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Abstract

Background: Non-alcoholic Fatty Liver Disease (NAFLD) embodies the hepatic 

manifestation of metabolic syndrome, commonly associated with obesity,

hyperinsulinaemia, peripheral insulin resistance, diabetes, hypertension,

hypercholesterolaemia and hypertriglyceridaemia (Sanyal, 2002). NAFLD is recently 

conceded to be a global epidemic burden, being ranked as the second leading cause of 

preventative death (Younossi, 2008). Since the pathogenesis of NAFLD remains 

controversial, no established pharmacological agent has been developed that effectively 

targets or prevents excessive fat accumulation in the hepatocytes and, as a result, 

current treatments are primarily symptomatic. Chinese herbal medicine has become a 

growing focus for Western medical research in the quest for more effective treatments 

since various Chinese herbal formulae are used in Asian countries for hepatic and 

metabolic syndromes (Chen et al, 2006, Hollander and Merchanick 2008).

Objective: To determine whether obesity related NAFLD could be induced in healthy 

rats by dietary manipulation alone and to investigate the effects of three Chinese herbal 

formulae in these animals on relevant variables on in vivo measures and on tissue 

analyses post mortem.

Design: The research comprised of two related studies. Study one was a between 

subjects equivalent group experiment with repeated measures, with the rats randomly 

divided among six intervention groups. Five groups were continuously fed a high fat 

diet (HFD) and one group fed a standard laboratory chow for 11 weeks until sacrifice. 

Study two entailed the collection of liver and adipose tissues immediately post mortem. 

These tissue weights were recorded and the livers were used to measure hepatic 

triglyceride content and for histological examination of the rat liver.

Participants and interventions: 56 male Sprague Dawley rats, six weeks old and 

weighing between 170 - 210g were randomly divided among six intervention groups. 

Five groups were continuously fed a HFD and one group, a standard laboratory chow 

for 11 weeks until sacrifice. After a five week induction period, the six week
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intervention phase commenced with the allocated intervention administered daily by 

oral gavage. Blood collection occurred in the last week before sacrifice for subsequent 

analyses. The pharmacological interventions comprised Rosiglitazone (RSG); anti

diabetic medication, SK0504 (S4), SK0506 (S6) and a decoction of SK0506 (DS6) as 

well as water for the two control groups. Note: S4 combines Jiao Gu Lan (Gynostemma 

pentaphyllum), San Qi (Panax notoginseng), Huang Lian (Rhizoma Coptidis) and Dan 

Shen {Salvia miltiorrhiza) and S6 combines Dan Shen {Salvia miltiorrhiza) and Zhi Zi 

{Fructus Gardenia Jasminodis).

Main outcome measures: Bodyweight, food and energy food intake; biochemical and 

hepatic analyses (plasma glucose, Non-esterified Fatty Acids (NEFA), cholesterol, 

triglycerides (TG), High Density Lipoprotein-Cholesterol (HDL-C), Alanine 

Transaminase (ALT), Aspartate Transaminase (AST) and hepatic triglycerides); and 

histopathological staining (to observe hepatic morphology) were measured.

Results: The results for the five week induction phase suggest that despite the 

difference in diet (HFD or standard chow) the rats regulated their energy intake as there 

was no significant difference in the increase in mean weight for the two diets.

During the intervention phase there were further increases in body weight that plateaued 

after four weeks, quite independent of diet or intervention. However, there was no clear 

relationship between caloric intake and weight gain in that there were significant 

differences between the two S6 groups and the others and yet this did not equate to any 

difference in weight gain.

At the end of the intervention period there was no significant difference between most 

groups in blood glucose levels and typically animals were within the healthy range. 

Therefore high fat feeding alone, particularly in a short period of time of ten weeks did 

not cause hyperglycaemia.

Within the intervention groups there was evidence of marked hyperlipidaemia with the 

HFD as evidenced by significant increases in NEFA, TG and cholesterol. In general, 

this was attenuated by the interventions. Notably both forms of the S6 intervention had 

a cardioprotective effect illustrated by the elevation of levels of HDL-C.



There were potentially hepatotoxie effects indicated by elevation of liver enzymes 

associated with HFD feeding alone that were supported by histopathological changes in 

the liver.

Post mortem comparisons included weights of adipose tissues, hepatic tissue and 

hepatic morphology for evidence of NAFLD. With the epidydimal, subcutaneous and 

inguinal fat deposits, there was a significant degree of fat accumulation in the HFD 

group compared with the chow group. RSG showed no beneficial effect with regard to 

fat accumulation, which contrasts with the effects of the two herbal formulae S4 and S6. 

There was no evidence of hepatomegaly in any group.

High fat feeding resulted in excess hepatic triglyceride levels which was attenuated by 

RSG, S4 and S6, with S6 being the most effective. Note that no intervention completely 

prevented this high fat feeding accumulation.

The significant increase in hepatic TG accumulation and plasma biochemical analysis 

(NEFA, TG and cholesterol) with the high fat feeding in control groups was supported 

from the histological findings of macro- and microvesicular steatosis fed the HFD alone. 

These histological changes were absent in animals fed the other HFD based 

interventions (S6, S4 and RSG). There was no discemable fibrosis in any of the groups.

Conclusion: HFD feeding alone produced NAFLD as hypertriglyceraemia,

hypercholesterolaemia and histological evidence of steatosis was observed. The three 

herbal formulae all attenuated the HFD’s hyperlipidaemic effects in relation to plasma 

TG, NEFA, cholesterol, HDL-C and hepatic TG as no steatosis was formed. However 

lack of difference in weights between standard chow and HFD fed rats during the 

induction and intervention phases suggests the model failed to produce obesity which 

may be due to the short period of 11 weeks of the dietary manipulation.

S4 and S6 both attenuated the effects on liver enzymes of the high fat diet, possibly 

indicating possible hepatoprotective effects with the values falling towards those for the 

Chow group. RSG by contrast elevated AST levels above those for HFD.

The two forms of S6; powder and decoction, compared in study one showed generally 

similar results.
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Chapter I: Introduction and Aims

1.1 Background to the study

Non-alcoholic Fatty Liver Disease (NAFLD) represents the hepatic manifestation of 

Metabolic Syndrome, as the majority of patients with NAFLD are also associated with 

obesity, hyperinsulinaemia, peripheral insulin resistance, diabetes, hypertension and 

hypertriglyceridaemia (Sanyal, 2002, Collantes, 2006).

NAFLD affects nearly 27% of the worldwide population and is regarded as the second 

leading cause of preventable death (Younossi, 2008). It affects all age and ethnic groups 

and is likely to increase as nations become increasingly developed commercially and 

industrially, consequently adopting changes in diet and lifestyle (Ludwig, 2007, Ma et 

al 2005).

Since NAFLD can only be determined by liver biopsy, which is both costly and 

invasive, and therefore not readily accessible to the majority of the population, its exact 

prevalence is unknown, but is likely to be currently underestimated.

An extensive amount of research is being undertaken worldwide to find a cure for 

NAFLD since the pathogenesis of NAFLD remains controversial and no established 

pharmacological agent has been developed that effectively targets or prevents excessive 

fat accumulation in the liver. As a result, current treatments are primarily symptomatic. 

Typically, medical interventions for NAFLD target the adjustments of risk factors, in 

particular weight reduction and diet. This problematic approach has shown that the oral 

drugs presently prescribed to NAFLD patients are effective in improving one or a few 

symptoms of metabolic syndrome however, they also concurrently aggravate other risk
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factors, causing further complications (McAvoy et al, 2006). For example, the oral 

antidiabetic drug, Rosiglitazone (RSG), which reduces insulin resistance and improves 

glycaemic and metabolic control, tends to promote undesirable weight gain, 

predominantly fat accumulation in the abdomen, causing central obesity and fluid 

retention (Nair et al, 2004).

Chinese herbal medicine (CHM) has become a growing focus for Western medical 

research in the quest for more effective treatments since various Chinese herbal 

formulae are used in Asian countries for hepatic and metabolic syndromes (Chen et al, 

2006, Chen et al, 2007, Hollander and Mechanick, 2008). They are commonly used to 

treat a range of hepatic disorders and are asserted to have hepatoprotective, antioxidant 

and anticancer effects and improve lipid and glucose metabolism as well as assisting in 

weight reduction (Chen et al, 2006, Jia et al, 2004, Nakayama et al, 2006, Hollander 

and Mechanick, 2008). The Chinese philosophy of the diseases in the liver and 

metabolic disorders entails phlegm-toxin, heat-toxin, stasis-toxin and toxin as 

underlying mechanism of hyperlipidaemia and hyperglycemia (Wang et al, 2005, Chen 

et al, 2007, Jia et al, 2003). The use of CHM for metabolic disorders, obesity and 

NAFLD is increasing amongst the Western communities, due to failure of the desired 

effects and incidents of adverse effects related to the Western drugs (Anderson et al, 

2000, Hollander and Mechanick, 2008, Jung et al, 2006, Jia et al, 2004, Kong 2004).

An area of interest and research that is expanding in CHM is to isolate the active 

constituents of a herb in order to develop more specific pharmacologically active 

derivatives. Inevitably this will occur on a larger scale due to the extensive access of 

herbs and herbal formulae.

While multi-functional effects of CHM in metabolic disorders have been shown 

through various vivo and vitro studies (Hong et al, 2007, Zhang et al, 2007, Nakayama
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et al, 2006 , Wang et al, 2003, Ji and Gong, 2007, Jia et al, 2003, Lou and Wang, 2008), 

these reports typically must be viewed with caution as a result of methodological 

shortcomings. Indeed in spite of CHM’s long history of clinical use there are few 

rigorous studies analysing the effects and mechanisms by which CHM agents exert their 

therapeutic effects in animal, molecular or clinical studies.

At the University of Technology, Sydney (UTS), studies of a number of CHM formulae 

have been underway over the past decade. The effects of the potentially active Chinese 

herbal formulae; SK0504 (S4) and SK0506 (S6) and decoction of SK0506 (DS6) were 

investigated in rats of obesity related NAFLD induced by High Fat Diet (HFD) feeding. 

These herbal formulae were previously studied in the animal models of diabetes and 

were readily available. Therefore the present study was undertaken in order to expand 

the investigations of S4 and S6 in a HFD induced animal model focusing upon the 

effects on NAFLD. In addition, this study compared the effects of two preparations of 

S6, a powder and decoction since both are common ways of prescribing CHM formulae.

1.2 Experimental aims

Overall the study aims were to determine whether obesity related NAFLD had been 

induced in healthy rats by dietary manipulation alone and subsequently to compare the 

possible effects in these animals of four pharmacological agents on relevant variables 

both on in vivo measures and on tissue analyses post mortem.

The dietary manipulation was HFD and standard laboratory chow.

The interventions comprised: RSG, S4, S6 and DS6 with two inactive controls.
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Aim I: To compare the effects on young healthy rats of two types of dietary 

manipulation administered over a period of five weeks on body weight, food and energy 

intake.

Aim II: Continuing the same feeding protocols to examine the effects over the 

following six week period of orally administered pharmacological interventions on 

body weight, Body Mass Index (BMI), food intake and energy intake, plasma glucose, 

Oral Glucose Tolerance Test (OGTT), Cholesterol, triglycerides, Non-esterified Fatty 

Acids (NEFA), High Density Lipoprotein- Cholesterol (HDL-C), Alanine transaminase 

(ALT) and Aspartate transaminase (AST).

Aim III: At post mortem to compare weights of livers and adipose tissues, hepatic 

triglycerides, hepatic morphology, for evidence of obesity related NAFLD.

While NAFLD is a chronic hepatic condition, the present study used young healthy rats 

within a short time frame, with the objective of inducing manifestations of NAFLD 

such as hyperlipidaemia, obesity, metabolic syndrome, hepatomegaly, steatosis and 

fibrosis. Therefore a subsidiary aim was to determine the suitability of such a model for 

evaluations of therapeutic agents intended for human NAFLD.
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1.3 Format of thesis

Chapter II: Literature Review

This includes the definitions, incidence and prevalence, risks, pathogenesis, relevant 

animal models, current diagnostic criteria, treatment protocols and pharmacological 

interventions available for NAFLD.

Chapter III: Material and Methods

The chapter describes the materials, experimental design and methods for the animal 

experiment and each of the assays and histological procedures together with the 

statistical analyses.

Chapter IV: Study I Results

In general the presentation of the results follows the same order as presented in the 

above statement of study aims. The first two aims are addressed in this chapter.

Chapter V: Study II Results

The third aim is presented in this chapter.

Chapter VI: Discussion and Conclusion

The study findings are evaluated in relation to the aims and relevant research reported 

in the literature. The chapter includes a consideration of limitations and possible 

changes to this type of research.

References

Appendices
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Chapter II: Literature Review

2.1 Metabolic Syndrome

The Metabolic Syndrome embodies a cluster of metabolic and haemodynamic disorders 

involving major risk agents, lifestyle and other emerging causative risk factors. Factors 

characteristic of Metabolic Syndrome are varying degrees of insulin and glucose 

intolerance, central abdominal visceral obesity, atherogenic dyslipidaemia (elevated 

triglycerides, Cholesterol, Low Density Lipoprotein (LDL) particles and low HDL-C), 

raised blood pressure, prothrombotic and proinflammatory states (Alberti et al, 2005 

and Eckel et al, 2005). The diagnostic criteria of Metabolic Syndrome are shown in 

Appendix I, integrated by various health and educational institutions.

The prevalence of Metabolic Syndrome is between 20-33.33% and it is predicted to 

increase continually with economic growth and modernisation, becoming a global 

health burden (Thomas et al, 2007). Metabolic Syndrome is referred to as the inducing 

factor for a “new cardiovascular epidemic,” as it triples the risk of a heart attack and 

doubles the risk of early mortality (Park et al, 2003). Furthermore those affected by this 

syndrome have a fivefold greater possibility of developing Type 2 diabetes which is 

ranked one of the top five leading causes of death (International Diabetes Federation, 

2005).

6



2. 2 NAFLD

2.2.1 Definition of NAFLD

NAFLD is a clinicopathological term (Browning and Horton, 2004) and regarded to be

a reversible condition where large vacuoles of triglyceride fat accumulate in liver cells 

via the development of a fatty inflammation of the liver strictly without excessive

alcohol intake (Day, 2005). It embodies a whole spectrum of hepatic pathology, ranging

from simple steatosis (accumulation of fat in the liver) to steatohepatitis (hepatic

steatosis with inflammation) to fibrosis (key developmental factor of cryptogenic

irreversible advanced scarring of the liver) and cirrhosis as a result of chronic liver

inflammation (Papandreou et ah 2007) as presented in Figure 2.1.

Obesity Hepatic NASH Cirrhosis HCC
steatosis

70-95% 10-20% 3-5% in

20years
? %

Figure 2.1: Disease spectrum of hepatic pathology (Source: Mendez-Sanchez et al, 2007) 
Disease spectrum and prevalence of NAFLD in obesity: Ranging from simple steatosis to 
hepatic steatosis to Non-alcoholic Steatohepatitis (NASH), cirrhosis to hepatocellular 
carcinoma (HCC).

2.2.2 NAFLD in relation to Metabolic Syndrome

It is now widely believed that NAFLD is a key feature of the Metabolic Syndrome. 

(Marchesini et al, 2001, Sanyal, 2002, Browning and Horton, 2004) and is considered to 

be the hepatic manifestation of the Metabolic Syndrome and as such should be
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incorporated into the management of the abnormalities in this syndrome (Nugent and 

Younossi, 2007, Sanyal, 2002).

Morphologically it is hard to differentiate alcoholic fatty liver disease from NAFLD as 

both display microvesicular and macrovesicular fatty changes at various phases. The 

potential clinical features which may be seen in NAFLD are displayed in Appendix II.

2.2.3 Incidence and prevalence

NAFLD is a global concern, affecting approximately 14-24% of the general population 

(Browning and Horton, 2004) and is one of the most common types of chronic liver 

disease in developed countries with an estimated prevalence of 30-36.9% of the 

population in those countries (Collantes et al, 2006 and Green et al, 2003).

The prevalence of obesity in Australia has more than doubled since 1980. In recent 

years, it has been estimated that in Australia 62% of men and 45% of women are either 

overweight or obese (Australian Bureau of Statistics, 2004-2005). Since there has been 

a parallel increase in the prevalence of NAFLD, it is believed that approximately 15-20% 

of the Australian adult population currently have NAFLD, amongst which two to three 

percent are thought to have the more advanced form Non-alcoholic Steatohepatitis 

(NASH) (Pagano et al, 2005). NASH is the more severe form of NAFLD with presence 

of hepatocyte injury, inflammation and potential fibrosis with a high risk of 

progressively leaning towards the dangerous end of the spectrum; cirrhosis, liver failure 

and hepatocellular carcinoma (McDonald, 2008).

The peak prevalence of NAFLD is between the ages of 40 to 49, although NAFLD has 

been reported in all age groups (Papandreou et al, 2007). NAFLD is commonly reported 

in men in their 40s compared with women in their 60s (Nugent and Younossi, 2007).
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The prevalence of NAFLD has been linked with both central obesity and BMI 

>30kg/m2. However obesity is not present in approximately 20% of NAFLD sufferers 

who are often referred to as ‘lean NASH’ sufferers (Pagano et al, 2005, Jarra et al, 

2008).

2.3 Risk factors for NAFLD

The major risk factors for developing NAFLD include increasing age, male gender and 

the presence of Type 2 diabetes and or Metabolic Syndrome. For example, clinical 

studies show that NAFLD was detected by ultrasound in 62% of cases recently 

diagnosed with Type 2 diabetes (Nugent and Younossi, 2007). Also high cholesterol 

levels and elevated triglycerides are common in people who develop NAFLD and 

NASH (McDonald, 2008). Other minor risk factors are abdominal surgery and side 

effects of long term medication are included in the Appendix III.

2.4 Diagnostic procedures and criteria of NAFLD

NAFLD is clinically diagnosed by looking at the manifestations of the Metabolic 

Syndrome, raised liver enzymes and hepatic abnormality as diagnosed by ultrasound. 

Liver biopsies are considered to be the gold standard for establishing the stages and 

severity of NAFLD, as diagnostic substantiation of laboratory tests, biochemical 

analysis and ultrasound may be insufficient or uncertain and further support for 

diagnosis are required to confirm the stages and severity of NAFLD (Macdonald, 2008). 

Liver biopsy is the only method of establishing the stages and severity of NAFLD, as 

diagnostic substantiation of laboratory tests, biochemical analysis and ultrasound may 

be insufficient or uncertain and further support for diagnosis are required to confirm the 

stages and severity of NAFLD as shown in Figure 2.2. Liver biopsy for severe liver
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disease such as NASH and hepatic fibrosis can be differentiated on a scoring system 

based on three histological features; steatosis, lobular inflammation and ballooning 

degeneration (Dixon et al, 2004).

Hepatomegaly and reduction in size of hepatic and portal veins may also be seen (refer 

to Appendix II) (Erkisson, 1986).

OBESITY ± Type II Diabetes

LIVER FUNCTION TESTS

NORMAL ABNORMAL

SONOGRAPHY/ CT Scan 
(If suspicion is high or incidental detection 
during testing of unrelated causes)

OTHER CAUSES OF TRANSAMINITIS

NEGATIVE POSITIVE NEGATIVE POSITIVE

No Action Liver Biopsy 
Consideration

Liver Biopsy 
Consideration

Appropriate
Management

Figure 2.2: NAFLD Diagnostic flow chart (Choudhury and Sanyal, 2004)

2.4.1 Exclusion criteria

In diagnosing and treating NAFLD it is crucial that there is no history of excessive 

alcohol intake (>10g/day for females and >20g/day for males) (Nugent and Younossi, 

2007). Hepatic viral diseases need to be excluded for NAFLD, along with other likely
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causes of liver diseases such as autoimmune hepatitis, hepatitis C, drug-induced 

hepatotoxicity, hemochromatosis, Wilson’s disease and Alpha-1-antitrypsin deficiency 

(Nugent and Younossi, 2007).

2.5 The liver

The essential stages of lipid metabolism including formation of free fatty acids, 

cholesterol, phospholipids and triglycerides occur in the liver. It is then obvious that 

damage to the liver cells can have profound effects on the essential metabolic processes 

of the body (Kumar et al, 2003).

The liver is functional unit, regarded as a classic lobule, which consists of cords or 

plates of the numerous liver cells emerging from a central vein to the portal tracts found 

on the periphery of a lobule (Cawson et al, 1989) as shown in Figure 2.3. Blood flow 

direction occurs from the portal tracts to the central vein and the portal venous blood 

with hepatic arterial blood mutually merge in the liver sinusoids and flow into the 

hepatic veins as show in Figure 2.4.

2.5.1 Histological criteria for diagnosis of NAFLD

The histological definition of NAFLD is the presence of macrovesicular fatty change in 

the hepatocytes with displacement of the nucleus to the edge of the cell (Ross et al, 

2003). Steatohepatitis refers to inflammation of the liver along with fat accumulation in 

the liver, microscopically characterised by hepatic fat accumulation (steatosis), 

predominantly lobular inflammation, ballooning degeneration of hepatocytes and 

fibrosis (Jarrar et al, 2008).
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hepatic
sinusoids

terminal hepatic venule 
(central vein)

bile duct

portal
vein

hepatic
artery

Figure 2.3: Diagram of a “classic” liver lobule (Source: Ross et al, 2003). This is a sketched 
diagram of a “classic” liver lobule represented by a six sided polyhedral prism with portal triads 
(hepatic artery, portal vein and bile duct) at each corner. The blood vessels of the portal triads 
deliver branches along the sides of the lobule which open into the hepatic sinusoids. The central 
vein is surrounded by interconnecting sheets of plates of hepatocytes and receives blood from 
the hepatic sinusoids.



portal vein
bile duct

Kupffcr cell
hepatic
artery

blood flow

bile flow

Figure 2.4: Diagram of the flow of blood and bile in the liver (Source: Ross ct al, 2003)
This is a sketched diagram of a classic lobule presenting the components of the portal triads, 
hepatic sinuses, central vein and the cords of hepatocytes. The red arrows signify the direction 
of the blood flow in the sinusoids. The green arrows show the direction of the bile flow.

2.5.2 Degree of fibrosis

Fibrosis is the excess deposition of large amounts of fibrous connective tissue of a

reparative process, as presented in Appendix IV and usually detected by collagen (scar

tissue) stained by the green colour in Masson’s Trichrome staining procedures 

(Damjanov and Linder, 2000).

Assessment of fibrosis has prognostic significance, as it enables clinicians to

differentiate patients with no or mild fibrosis, early or slowly progressing disease from

patients with severe fibrosis who have more advanced disease and are at higher risk of
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developing cirrhosis. The patients with cirrhosis are in particular risk of developing 

hepatocellular carcinoma (Tomlinson et al, 2008).

2.5.3 Grading of NAFLD

There are three grades in accessing NAFLD, starting from Grade 0 where no 

macrovesicular steatosis is detected (proportions shown in Appendix V).

Grade 1 is the mild stage, steatosis where up to one third of the liver cells are invaded 

by fat vacuoles, with occasional ballooned hepatocyte and there are scattered 

neutrophils and lymphocytes showing mild portal inflammation.

Grade 2 is the moderate stage where there is steatosis of any degree; apparent 

ballooning degeneration; mild to moderate inflammation; and fibrosis may be present. 

Grade 2 can progress to a more severe form of Grade 3 with augmentation of these 

same manifestations (Choudhury and Sanyal, 2004).

2.5.4 Staging of NAFLD

Grading of NAFLD refers to the development of steatohepatitis while staging of 

NAFLD identifies the degree of fibrosis. Four stages (presented in Appendix V) are 

identified distinguishing between progressive degrees of fibrosis ranging from focal 

fibrosis to extensive cirrhotic type fibrosis (Sanyal, 2002).

2.6 Liver function tests and liver toxicity

The main diagnostic indicator used for identifying liver dysfunction and hepatotoxicity 

are increasing circulating levels of Alanine Transaminase (ALT) and Aspartate 

Transaminase (AST).
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The three main types of liver abnormalities are (Gianni et al, 2005):

1) Hepatocyte damage

2) Cholestasis

3) Decreased hepatic blood flow due to cardiovascular disease

2.6.1 ALT

This hepatic enzyme is also known as serum glutamic pyruvic transaminase which 

assists to process protein. It is mainly produced in the liver and small amounts of it can 

be located in the kidney, heart, pancreas and muscle. Usually when the liver is injured 

or inflamed there will be a rise in ALT as it leaks from the hepatocytes into the blood 

stream (Koay and Walmsley, 1989). The normal range for this enzyme is 8-37 IU/L and 

any significant increases indicate hepatocellular damage particularly acute liver damage 

such as hepatitis or drug overdose (Dixon et al, 2004).

2.6.2 AST

AST is also referred to a serum glutamic oxaloacetic transaminase. This enzyme is 

associated with liver parenchymal cells and also found in red blood cells, cardiac and 

skeletal muscle therefore it is not restricted to liver specifically (Koay and Walmsley, 

1989). AST levels in normal subjects are between 10-34 IU/L. Raised AST may result 

from acute hepatic or myocardial necrosis, parasitic heartworm disease or white muscle 

disease (Zilva et al, 1988).
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2.6.3 Ratio of ALT: AST

The ratio of AST to ALT is useful in the differential diagnosis between causes of liver 

damage and function. When both levels have significantly risen, and the ALT: AST 

ratio is larger than 1.0, severe hepatic necrosis or alcoholic hepatic disease is suspected. 

If the ratio is found to be less than 1.0, then a diagnosis of an acute non-alcoholic 

hepatic condition is favoured (Gianni et al, 2005).

2.7 Pathogenesis of NAFLD

NAFLD has been internationally accepted as a widespread chronic liver disease and as 

an associating factor in other illnesses (Powell et al, 2006). The subclinical 

characteristic of liver disease has lead to increased research and the development of 

models to establish a diagnosis and interventions to impede its potential development 

into NASH, liver cirrhosis and potentially hepatocellular carcinoma (Chow et al, 2007). 

However, there are flaws in the methodology and accessibility to diagnostic procedures 

that make the follow-up and management of the disease challenging (Browning and 

Horton, 2004, Bugianesi et al, 2002).

The metabolic factors implicated in the development of NAFLD include insulin 

resistance, oxidative stress, stellate cell activation, apoptosis, and cytokine and 

adipokine pathways (Papandreou et al, 2007). Hepatic steatosis arises as a result of 

dysfunctions of several metabolic pathways that have yet to be fully discerned. An 

increase in the circulating fatty acid pool seems to be a key aspect in the pathogenesis 

of fatty liver. Deposition of hepatic fat promotes insulin resistance via abnormal 

intracellular insulin signalling. These lead to hepatic insulin resistance and fatty 

deposition. High calorie consumption coupled with a sedentary lifestyle in genetically 

susceptible individuals steers them towards peripheral insulin resistance and an
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increased circulating fatty acid pool. Thus, NAFLD could be viewed as a dynamic 

interaction amongst peripheral and hepatic metabolic disturbances where hepatic 

steatosis and insulin resistance influence one another. Notably, insulin resistance, in 

particular hepatic insulin resistance, is commonly seen in NAFLD and NASH patients, 

although the actual cause and degree of insulin resistance is still not yet explicitly 

known (Mendez-Sanchez et al, 2007, Browning and Horton, 2004, Jarrar et al, 2008). 

Conversely it is unclear why all patients with insulin resistance do not develop NASH.

2.7.1 Source of hepatic fatty acids in NAFLD

Hepatic steatosis is seen by the invasion of triglycerides in both macro and micro 

vesicles in more than 5% of hepatocytes, predominantly in perivenular hepatocytes with 

the periportal areas undamaged (Utzschneider and Kahnin, 2006). The net pool of free 

fatty acids (FFA) accessible for triglyceride synthesis rests on the interaction of its 

formation and usage pathway in the hepatocytes and its export into the plasma 

(Utzschneider and Kahm, 2006). FFA are stored in adipose tissue and this store 

contributes most of the fatty acids that flow to the liver during fasting. Other sources of 

fats are also important in NAFLD such as hepatic de novo lipogenesis (DNL) and 

dietary fatty acids which can enter the liver from overflowing into the plasma FFA pool 

or through the uptake of intestinally derived chylomicron residues. Recent evidence 

shows hepatic DNL is increased in NAFLD in response to hyperinsulinaemia (Zamora- 

Valdes et al, 2005), further discussed in Appendix VI.

2.8 Animal models

Animal models of metabolic syndrome, obesity and NAFLD can be established by 

various procedures such as dietary, genetic, chemical and surgical manipulations
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(Nanji, 2004). Rats are preferred over mice as they share more similar characteristics 

and conditions to humans and are superior to mouse models for testing the 

phamacodynamics and toxicity of potential therapeutic agents. The number and type of 

many of their detoxifying enzymes are very similar to those in humans (Abott, 2004). 

The larger size of rats compared to mice is advantageous in view of the larger blood and 

tissue samples that can be obtained.

2.8.1 Zucker Obese Fatty Rats (ZOF)

ZOF are commonly used for models of obesity, metabolic syndrome (Leonard et al,

2005), prediabetic stage of human disease (Marsh et al, 2007) and hepatic steatosis 

(Soden et al, 2007). ZOF tend to be hyperphagic as they are both leptin deficient and 

resistant (Bray, 1977) thereby serve as a good model for the above conditions.

In one study ZOF were used to see if Ezetimibe, an anti-hyperlipidaemic medication, 

improved high fat diet induced dyslipidaemia. Seven weeks old ZOF were fed a high fat 

rodent diet consisting of 60 kcal% fat, protein 20 kcal% and carbohydrate 20 kcal% for 

four weeks and followed lipid profile in cell, serum and tissue morphology (Deushi et al, 

2007). This dietary manipulation to the rats led to obesity accompanied by 

hypercholesterolemia, hypertriglyceridaemica, fasting hyperglycaemia and 

hyperinsulinaemia which are seen in patients with metabolic syndrome which were also 

consistent with the findings by Lopez-Soriano et al (1991) and Johnson et al (1971), 

and was reported in the Medical Research News that the ZOF model shares the 

symptoms of obesity with a growing number of Americans (Medical Research News, 

Strepp. Interview 9 Oct 2005). However ZOF rats did not seem to be the best model for 

NAFLD subjects with metabolic syndrome as reported by Deushi et al (2007). They 

noted that leptin-dependent pathways may play a role in liver fibrosis and insulin
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sensitivity and should be tested in a different animal model that is independent of the 

leptin-dependent pathway (Deushi et al, 2007).

2.8.2 Wistar Rats (WR)

WR are used in models for steatohepatitis as the syndrome is susceptible to damage by 

increasing the risk of progressing towards hepatic fibrosis and promoting the 

development of cirrhosis (Dixon et al, 2004). WR are widely used in models for 

alcoholic and non-alcoholic liver fibrosis in observing the degrees of fibrosis as shown 

in these two studies.

In one study WR were used to observe the protective effect of verapamil on multiple 

hepatotoxic factors which induced liver fibrosis. A high cholesterol diet, consisting of 

89.5% com flour, 10% lard, and 0.5% cholesterol was given for four weeks to see the 

fibrotic and fatty changes upon histopathology and biochemical analysis. (Xu et al,

2006)

In another study the effect of Infliximab on high-fat diet fed animal model was used to 

observe the effects of liver cytokine expression, morphology and insulin signal 

transduction. Six week old WR were fed for 35 days on a high fat diet consisting of 

primarily fat from pork and rich in saturated fat; 61 kcal% of saturated fat, 27 kcal% of 

carbohydrate and 12 kcal% of protein to induce steatohepatitis and fibrosis (Barbuio et 

al, 2007).

2.8.3 Sprague Dawley Rats (SD)

The majority of research articles investigating obesity, metabolic syndrome, hepatic and 

endocrine disorders use SD rats rather than Zucker rats due to the leptin dependent 

pathways. SD rats are preferred over WRs due to their docile nature.
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Several studies have supported their use as models of high fat diet induced NAFLD 

with metabolic syndrome in SD rats to mimic the clinical features manifested in the 

human disease conditions (Charbonneau et al, 2007, Altunkayank, 2005, Nanji, 2004, 

Lieber et al, 2004, Ragaa et al, 2007, Xu et al, 2006, Varman et al, 2004, Hong et al

2007).

2.9 Treatment for NAFLD

Treatment of NAFLD is vital in order to control the potential progression of steatosis 

and NASH which can lead on to cirrhosis and its complications. Metabolic Syndrome 

disorders are commonly displayed in patients with NAFLD, treatment of cardiovascular 

risk is also important (Marchesini et al, 2001). Four main treatment approaches are 

principally involved in the treatment and management of NAFLD; lifestyle 

intervention, dyslipidaemia therapy, insulin sensitising drugs and anti-oxidant/ anti

cytokine agents (McAvoy et al, 2006) as further discussed in Appendix VII.

2.9.1 Insulin sensitising agents

Hepatic and peripheral insulin resistance has been shown in NAFLD subjects. 

Therefore reducing insulin resistance has been a therapeutic target. Metformin and 

glitazones, are commonly taken antidiabetic medication used to treat NAFLD and have 

shown to reduce insulin resistance in obesity patients. It has been shown that terminated 

use of metformin had ALT levels returning to pre-treatment levels. In a recent 

randomised controlled trial metformin was more effective at stabilising 

aminotransferase levels than Vitamin E or a prescriptive diet (McAvoy, 2006). Though 

there have been effective biochemical improvements, inadequate histological data
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remains, requiring well designed controlled trials to evaluate the efficacy and safety of 

metformin in NAFLD patients.

The glitazones improve insulin resistance by activating the nuclear transcription factor 

peroxisome activated-receptor PPAR(y). In a small pilot study patients were treated 

with troglitazone for six months showing improvements in the biochemical marker 

ALT and liver histology (Nair et al, 2004). Due to the hepatoxicity of this drug, it has 

been removed, from the pharmaceutical market.

Pioglitazone and rosiglitazone have demonstrated improvement on ALT and liver 

histology in patients treated for 12 months, and as with metformin ALT concentrations 

return to pre-treatment levels on withdrawal of glitazone (Younossi, 2008). 

Unfortunately the most common side effect was weight gain, which may lead to poor 

compliance if these agents become a therapeutic option. Pioglitazone has shown to 

improve liver enzyme levels however significant reduction in fibrosis was not seen 

(Nugent and Younossi, 2007).

Long-term placebo controlled trials of the glitazones are required to further evaluate the 

benefit of insulin sensitising agents in NAFLD.

2.9.3 Chinese Herbal Medicines (CHM)

CHM incorporates the combination of herbs in set relative proportions termed a formula, 

where each respective herb consists of many putatively active principles and 

compounds that are claimed to elicit multiple therapeutic effects.

An increased area of interest and research is directed towards CHM to identify the 

active components in order to develop new pharmaceutical agents from these existing 

CHM formulae. Therefore this is a field that has the potential through further research 

to develop medicinal agents that may provide safe and effective therapeutic products.
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CHM was investigated due to its long existence, extensive literature with the emerging 

evidences based on its safety and holistic application as well as the therapeutic and 

synergistic efficacy on physiology and homeostasis in regards to the Metabolic 

Syndrome (Chen et al, 2007).

CHM is widely used for a range of hepatic disorders where it is asserted that it has 

hepatoprotective, antioxidant and anticancer effects and can improve lipid and glucose 

metabolism as well as assist in weight reduction (Chen et al, 2006, Hollander and 

Mechanick 2008, Jung et al, 2006, Wang and Wylie-Rosset, 2008, Jia et al, 2004). The 

latter three actions are listed in the current guidelines for interventions employed for the 

treatment and management of NAFLD.

The Chinese philosophy of the diseases in the liver and metabolic disorders entails 

phlegm-toxin, heat-toxin, stasis-toxin and toxin as underlying mechanism of 

hyperlipidaemia and hyperglycemia (Chen, 2007). An epidemology survey on the 

Traditional Chinese Medicine (TCM) syndrome typing and preliminary discussion on 

TCM etioglogy and pathogenesis of fatty liver was conducted on 503 subjects with fatty 

liver disease. Statistical analysis has shown that fatty liver syndrome to be clustered in 

four main TCM types of diagnosis; Weakness of spleen with liver stagnation, Weakness 

of spleen, Weakness of spleen with phlegm heat and the unclassified type (Wang et al, 

2005). Weakness of the spleen with liver stagnation was the most common pattern 

diagnosed in 62.32% of the subjects, leading to the conclusion that the pathogenesis of 

fatty liver was due to deficiency of origin, mainly deficiency of Spleen with turbid- 

phlegm and blood stasis. Many Chinese herbs have been widely used to treat this 

disease pattern.

However, in spite of CHM’s long history of use, there are few research publications that 

demonstrate the efficacy of any such formulae within a rigorously scientific framework
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(Hong et al, 2007, Zhang et al, 2008, Lou and Wang, 2008, Wang et al, 2003, Ji and 

Gong, 2007). Difficulties include the lack of standardisation of preparations, the 

complex mixture of herbs and the associated problems of attributing cause to observed 

effects. In recent years, increasingly research is being directed towards a treatment for 

NAFLD and NASH using CHM formulae.

There are no specific medications as yet to treat the steatosis. Effective medical 

interventions for NAFLD target the adjustment of risk factors, in particular weight 

reduction and diet. A group of drugs, such as insulin sensitising agents, dyslipidaemia 

therapy and weight loss drugs, are currently administered to target the multiple 

abnormalities of obesity related NAFLD. However current drugs are administered to 

focus on relief of symptoms rather than addressing the underlying causes. Such 

treatments are not without adverse side effects. Therefore further research is urgently 

required to unveil the underlying mechanism of NAFLD and to develop novel and safe 

medication in treating NAFLD.
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Chapter III: Materials and Methods

3.1 Experimental animals and diet

3.1.1 Animals

The studies reported in this thesis were carried out on male six week old Sprague 

Dawley (SD) rats weighing between 170-210g obtained from the Animal Resources 

Centre (Perth, Australia). Animals were housed in an environmentally controlled 

breeding room under the specified guidelines of the animal facility in the University of 

Technology, Sydney (UTS). The rats were housed in plastic boxes, four to a cage in a 

temperature controlled room (22.5°C) with a 12 hr light/dark cycle with lights on at 

7:00 am. The rats were permitted free access to water and either standard laboratory 

chow or HFD depending upon the phase of the study and their group allocation.

3.1.2 Ethics approval

All experiments reported in this thesis were approved by the UTS Animal Care and 

Ethics Committee (ACEC Protocol No. 0503-011 A, 2007-242) and composed using the 

National Health and Medical Research Council’s (Australia) guidelines for the care and 

use of animals for scientific purposes.
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3.1.3 Standard diet

The standard diet consisted of 49.5% carbohydrate, 25% protein, 5.7% fat (providing 

15% total calories, where 1 calorie is approximately equivalent to 4.184kJ), 11% 

moisture, 3.8% fibre and 5.1% ash (Gordon’s Specialty Stock Feed, Sydney, Australia) 

providing 14.77kJ per gram.

3.1.4 HFD

The HFD consisted of 34.83% fat (providing 59% total calories), 29.25% carbohydrate, 

28.31% protein, 6.33% mineral, and 1.3% vitamin providing 22.67kJ per gram. It was 

prepared by mixing a combination of com flour (Coles Supermarkets Australia Pty Ltd, 

Sydney, Australia), bran (Coles Supermarkets Australia Pty Ltd, Sydney, Australia), 

lard (Bi-Lo Australia Pty Ltd, Sydney, Australia), NZMP ALACID lactic casein 

(Fonterra, New Zealand), sucrose, trace materials, choline bitartrate, mineral mix AIN 

vitamins (MP Bioceuticals, Inc., Ohio, USA), methionine (MUSASHI, Victoria, 

Australia), and gelatine (GELITA NZ Ltd, Christchurch, New Zealand). The 

proportions of each component are shown in Table 3.1. The HFD was freshly prepared 

weekly and stored in the refrigerator at 2-5°C.
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Component Ingredient Amount (g) Ratio (%)

Carbohydrates Starch 266
Sucrose 102.38
Bran 8011111

17.35
6.68

5.22
Protein

m Gelatine
I

Methionine

Mineral Mix 
...... Trace Minerals

Choline Bitartrate 
Ain Vitamin

H j ' $ i jg|- ,' t IS

Table 3.1: The composition and relative proportions of the HFD.

26.09
1.96
0.26
34.83
4.57
1.3
0.46
1.3
100.00

3.2 Experimental design

3.2.1 Introduction

The research comprised of two related studies. Study I was a between subjects 

equivalent group experiment with repeated measures with the rats randomly divided 

among six intervention groups of sizes N = 8, 10, 12, 10, 8, 8. Five groups were 

continuously fed the HFD and one the standard laboratory chow for 11 weeks in two 

stages (five and six weeks) until sacrifice (Detailed description and flow charts 

provided over the page).

Study II involved only a subset of the rats from Study I and entailed the collection of 

liver and adipose tissues immediately post mortem. These tissue weights were recorded 

and the livers were used to measure hepatic triglyceride content and for histological 

examination of the rat liver.
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Study I (see Figure 3.1) consisted of the following three phases:

• Phase I: Adaptation - three days

• Phase II: Induction - five weeks

• Phase III: Intervention - six weeks

In Phase I: Adaptation, the rats (N = 56) had free access to water and standard 

laboratory chow for three days to acclimatise to their new environment before the 

commencement of experimental procedures.

In Phase II: Induction, during this five week period, the animals’ diets were 

manipulated so that one subgroup of rats (N = 8) received standard laboratory chow and 

the rest (N = 48) received the HFD.

In Phase III: Intervention, the allocated intervention preparations outlined in 3.2.3 was 

administered by oral gavage commencing at 10 am each day throughout the six week 

period. Blood collection occurred in the last week before sacrifice on Day 37 and stored 

at -20°C for subsequent analyses.

Data for three of the 56 rats entering the study were incomplete and have been 

excluded. Of these, two died (Group I and IV) on Day 27 and Day 6 respectively of the 

Intervention Phase and the blood collection failed for one in Group IV. Therefore 

numbers of rats in the study (N = 53) and specifically for Groups I (N = 7) and IV (N = 

10) have been adjusted in Figure 3.1 and in all analyses reported in Study I.

3.2.2 Pharmacological interventions

The pharmacological interventions administered daily are listed in Table 3.2 in relation 

to each group (see also Figure 3.1).
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Phase I: Adaptation (3 days)

53 Sprague Dawley

Phase II: Induction (5 weeks)

Group I Group VIGroup IV

N=10

Group II 

H20

N=10

Group V

Group B

HFD

(N=48)

Group III

N=10

Phase III: Intervention (6 weeks)

Group A

Chow

Figure 3.1: Flow chart illustrating Study ! design and procedures. For Study I, 53 rats were 
initially assigned into two groups that received either Chow (Control) or HFD. After five weeks 
(Induction phase), the HFD fed animals were subdivided into five groups and the designated 
pharmacological intervention administered orally throughout the six week Intervention Phase 
(Group III: RSG, Group IV: S4, Group V: S6 and Group VI: DS6). The intervention for both 
control groups (Group I and Group II) was water.

Group Diet Number (N) Intervention Code Dosage
I Chow 7 Water H20 5ml/kg

II HFD 10 Water h2o 5 ml/kg

III HFD 10 Rosiglitazone RSG 3 mg/kg

IV HFD 10 SK0504 S4 4g/kg

V HFD 8 SK0506 S6 4g/kg

VI HFD 8 Decoction of

SK0506

DS6 4ml/kg

Table 3.2: Diet, number, intervention, code and dosage allocated to each group.
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3.2.3 Powder form of SK0504 (S4)

A powder comprising equal proportions of herbal extracts of Jiao Gu Lan (Gynostemma 

pentaphyllum), San Qi (Panax notoginseng), Huang Lian (Rhizoma Coptidis), and Dan 

Shen {Salvia miltiorrhiza). This powder form of SK0504 was freshly dissolved in 

distilled water (lg/ml) each week and stored in the refrigerator at 2-5°C.

3.2.4 Powder form of Sk0506 (S6)

The powder form of SK0506 comprised a combination of herbal extracts of Dan Shen 

{Salvia miltiorrhiza) and Zhi Zi {Fructus Gardenia Jasminodis) in the ratio of 3:1.This 

was freshly dissolved in distilled water (lg/ml) each week and stored in the refrigerator, 

2-5°C.

3.2.5 Decoction of SK0506 (DS6)

Dan Shen {Salvia miltiorrhiza) (1.0kg) and 0.34kg of Zhi Zi {Fructus Gardenia 

Jasminodis) were soaked in two litres of 60% ethanol for ten hours at room 

temperature. One litre was compressed and collected. Then six litres of water were 

added and gently simmered for two hours. The covered container was simmered for a 

further eight hours (with the final volume reduced to approximately 1.5 litres) and 

placed in the cool room (2-5°C) overnight. The mixture was then filtered and 

compressed to remove herbal residues leaving a final solution volume of 895ml of 

SK0506. The decoction of SK0506 was stored in the refrigerator, 2-5°C. The dosage 

prescribed was (4ml/kg).

Note that the actual concentration of either Dan Shen or Zhi Zi in the decoction of 

SK0506 (ie DS6) can only be estimated. The theoretical maximum possible (ie if the
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extraction had zero losses) would be 1.12g/ml and 0.38g/ml respectively. With the 

dosage rate of'4ml/kg this would translate to a maximum possible dose of 4.48g/kg and 

1.52g/kg respectively. However in view of the number and type of steps in the 

extraction, a likely realistic recovery rate may be as low as 50 percent.

Herbal Component S4 S6 DS6 Max Cone, in DS6
Dan Shen (Salvia miltiorrhiza) lg/kg 3g/kg 4.48g/kg 1.12g/ml
Zhi Zi {Fructus Gardenia Jasminodis) lg/kg lg/kg 1.52g/kg 0.38g/ml
Jiao Gu Lan
{Gynostemma pentaphyllum)

lg/kg

San Qi {Panax notoginseng) lg/kg
Huang Lian {Rhizoma Coptidis) lg/kg
Total administered/day 4g/kg 4g/kg 6g/kg 1.5g/ml

Table 3.3: Herbal Component of S4, S6 and DS6 and the possible maximum concentration in 

DS6.

3.2.6 Rosiglitazone (RSG)

Rosiglitazone maleate was used in the form of the commercially available oral 

antidiabetic agent Avandia (CAS #: 0155141-29-0 GlaxoSmithKline, NSW, Australia). 

It was freshly prepared on the day of administration by dissolving lOmg in 5ml 0.9% 

NaCl and administered at the rate of 3mg/kg.

3.2.7 Collection of blood

The collection of blood was undertaken on Day 37 in the Intervention Phase, five days 

prior to sacrifice, from conscious rats that were fasted overnight for 16hours. The 

sample was withdrawn from the tail vein of the rat using a steel blade (Swann-Morton 

Ltd, England). Blood clotting of the tail was prevented by swabbing the end of the tail
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with heparin (Delta West, Perth, Australia) solution (5000 units/5ml). The blood was 

then centrifuged for 10 min at 5000 x g to isolate the plasma which was then stored at 

-20°C prior to the subsequent biochemical analyses listed in Section 3.3. Additional 

blood samples were collected for an OGTT. This involved administering a standard 

dose of 50% glucose solution (2mg/kg) by oral gavage followed by subsequent 

collection of blood samples at set intervals (30, 60, 90, 120 mins).

3.2.8 Collection of liver and tissue samples for Study II

At the end of Study I, all rats were anaesthetised with isoflurane, for collection of liver 

and fat from epididymal, inguinal and subcutaneous areas as described by Johnson et al 

(1971). Tissues were rapidly excised, weighed and snap frozen in liquid nitrogen, and 

stored at -76°C until analysis. A portion of the liver tissue was fixed in formaldehyde 

solution (10% w/v phosphate buffered formalin) for histological analysis. The 

formaldehyde solution was prepared by dissolving the buffer salts in 90ml of distilled 

water together with 100ml of formalin, 4g of sodium dihydrogen phosphate 

(monohydrate) and 6.5g of sodium phosphate diabasic (anhydrous) and pH stabilised 

between 7-7.2.

3.2.9 Chemicals

Chloroform, HC1, and glacial acetic acid were supplied by Chem-Supply (Gillman, 

Australia). Ethanol, methanol, acetic acid, Harris’s haematoxylin solution, sodium 

chloride (NaCl), sodium dihydrogen phosphate (monohydrate) (NaH2PO4.H20) and 

sodium phosphate diabasic (anhydrous) (Na2HP04) were supplied by Sigma-Aldrich
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(Castle Hill, Australia). Xylene and alcohol reagents were supplied by Thermo Fisher 

Scientific (Lidcombe, Australia).

Formalin, iron haematoxylin, Ponceau acid fuchsin, phosphotungstic acid, Scott’s Blue 

solution, and Light green solution were supplied by BDH AnalaR® Merck (Kilsyth, 

Australia). DPX Mountant, coverslips (Biobond, Electron Microscopy Sciences, 

Hatfield, Australia) 5000units/5ml heparin sodium and glucose was supplied by Delta 

West (Perth, Australia).

3.3 In vivo measurements

3.3.1 Bodyweight and food intake

The same scales (Adventurer TM Pro AV2101, Ohaus Corporation, USA) were used 

throughout to measure each rat's body weight, twice weekly during the Induction Phase 

and then daily throughout the intervention phase.

The average daily food consumption was calculated by measuring the total amount of 

fresh food given to each group, and then weighing the remaining food after each day, 

divided by the number of rats per group. Since the calorific value of the chow and HFD 

were intentionally quite different, the daily average energy intake was calculated for 

each group.

3.3.2 Body Mass Index (BMI)

The body length of the rat was measured from the tip of the nose to the anus. The final 

bodyweight before the sacrifice of the rats were measured and the BMI was then 

calculated in kg/m2.
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3.3.3 Glucose concentration and OGTT

For both tests the plasma glucose concentrations were measured by the glucose 

analyser, an automated calibrated machine; YISI 2300 STAT (Global Medical 

Instrumentation Inc., Minnesota, USA).

Note that all spectrophotometric readings reported in sections 3.3.4 to 3.5.1 were 

obtained using the same Power Wave ™ Microplate Spectrophotometer (BioTek, USA).

3.3.4 Triglyceride concentration

The triglyceride concentration was measured using the Triglycerides GPO-PAP reagent 

obtained from Roche (Australia) and 250mg/dL glycerol (Sigma, Australia). The 

principle of the triglyceride assay is that lipid is enzymatically hydrolysed by 

lipoprotein lipase into produce glycerol and fatty acids. The glycerol, in the presence of 

adenosine triphosphate (ATP), is then phosphorylated by glycerol kinase to form 

adenosine diphosphate (ADP) and glycerol-1-phosphate. Glycerol-1-phosphate is then 

converted to dihydroxyacetone phosphate and hydrogen peroxide by oxidation. The 

hydrogen peroxide reacts with 4-aminophenazone and 4-chlorophenol under the 

catalytic action of peroxidase to form a red dye. The absorbance of which at 490nm is 

correspondingly proportional to the triglyceride concentration in the sample.

Ten microlitres of glycerol 250mg/dL standards of 0, 2.5, 5, 7.5, 10, 15 and 20pl, and 

samples were transferred in duplicate into the 96-well microplate. Triglycerides GPO- 

PAP reagent was then added to each of these wells to make up the total volume of 

300pl per well. The mixed contents in the microtitre plate were incubated for ten 

minutes at room temperature, waiting upon colour development. The microplate was 

then shaken for ten seconds before measuring the absorbance of each well against the
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reagent blank at a wavelength of 490nm. The triglyceride concentration in each well 

was read from the standard curve calculated by the spectrophotometer.

3.3.5 NEFA concentration

Plasma NEFA concentration was measured using the commercially available Wako 

NEFA C test kit (Wako Pure Chemical Industries, Ltd Japan, 279-75401). In this 

enzymatic method, the acylation of coenzyme A (CoA) by the fatty acids in the 

presence of added acyl-CoA synthetase (ACS) produces acyl-CoA. The resultant acyl- 

CoA is oxidised by supplementing acyl-CoAoxidase (ACOD) to form hydrogen 

peroxide. Hydrogen peroxide in the presence of peroxidase permits the oxidative 

condensation of 3-methyl-N-ethyl-N-(B-hydroxyethyl)-aniline (MEHA) with 4- 

aminoantipyrine to form a purple product with an absorption maximum at a wavelength 

of 550nm.

Into a 96-well microplate, 5pl of the NEFA standards 0, 0.125, 0.25, 0.5,1, and 2 

mmol/L, and samples were transferred in duplicates. To each of the wells containing 

these contents, lOOpl of the colour reagent A was added. The microplate was then 

incubated in 37°C for ten minutes, after which 200pl of the colour reagent B was added 

to the same wells. The microplate was incubated in 37°C for ten minutes for a second 

time, before measuring the absorbance of each well against the reagent blank at a 

wavelength of 550nm. Serum NEFA concentrations of each sample could be read from 

the standard curve revealed by the spectrophotometer.

3.3.6 Cholesterol concentration

Cholesterol concentration was determined using Cholesterol CHOD-PAP Single 

Reagent D95116, obtained from Dialab (Wien, Austria). The principle of this assay is
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that cholesterol ester is hydrolysed by addition of cholesterol esterase into cholesterol. 

Cholesterol is further oxidised by cholesterol oxidase to produce hydrogen peroxide. 

The hydrogen peroxide produced then reacts with 4-aminoantipyrine under the catalytic 

action of peroxidase to form a quinoneimine dye, to develop a pink colour, in which the 

absorbance is measured at a wavelength of 500nm.

Into the 96-well microplate, 3 pi of the cholesterol standards, 0, 0.3125, 0.625, 1.25, 2.5, 

5, 10 pl/well, and serum samples were transferred in duplicates. To each of the wells 

containing these contents, 300pl of Cholesterol CHOD-PAP Single Reagent was added. 

The mixed contents of the wells were incubated at room temperature for 20minutes, 

before measuring the absorbance of each well against the reagent blank at a wavelength 

of 500nm. Serum cholesterol concentrations of each sample were read from the 

standard curve revealed by the spectrophotometer.

3.3.7 HDL-C concentration

The HDL-C concentration in serum was measured using the two reagents from 

Cholesterol HDL, Direct F03100 and HDL-C Calibrator F03710SV, purchased from 

Dialab (Wien, Austria). The principle of this assay is that HDL-C auto reagent works 

via the separation of the lipoprotein fractions, obtained by the addition of antibodies 

which are absorbed to the surface of chylomicrons, VDLD and LDL.

In a second phase, the supplemented detergent breaks up the HDL lipoproteins, 

allowing the availability of HDL-C for quantification via an enzymatic action. The 

HDL-C is further hydrolysed by cholesterol esterase and cholesterol oxidase to produce 

cholesten-3-on, fatty acid and hydrogen peroxide. The hydrogen peroxide with N-Ethyl- 

N-(2-Hydroxy-3-sulfopropyl)-3, 5-Dimethoxy-4-Flouroanilinecheck, sodium salt and 4-

35



Aminoantipyrine formed a blue dye in which the absorbance was measured at a 

wavelength of 600nm.

Three microlitres of HDL-C calibrator and serum samples were transferred in 

duplicates into the 96-well microplate. To each of these wells, 270 pi of HDL-C 

Reagent 1 was then inserted including blank to make up the total volume of 273pi per 

well. The mixed contents were incubated for five minutes at 37°C. The microplate was 

then shaken for three seconds before measuring the absorbance of each well against the 

reagent blank at a wavelength of 600nm. The 90pl of Reagent 2 was further 

supplemented to each well and the mixed contents were incubated for five minutes at 

37°C. Following the corresponding procedure as before, the second absorbance was 

read at a wavelength of 600nm against reagent blank. Serum HDL-C concentrations of 

each sample were calculated from differences of the two absorbance (A) readings and 

divided by the absorbance of the calibrator displayed by the spectrophotometer and 

further multiplied by the concentration of the calibrator (A A2- Al/ A of Calibrator x 

Cone. Of Calibrator).

3.4 Analyses of liver enzymes

3.4.1 ALT

The ALT concentration was measured using ALT Reagentl (R1): D94620 and ALT 

Reagent 2 (R2): D94620, obtained from Dialab (Wien, Austria). A working reagent was 

prepared by mixing four parts of R1 with one part of R2 in a Falcon tube and vortexed 

(4:1 ratio of Rl: R2). In this enzymatic method, L-alanine and 2-oxoglutarate produces 

pyruvate and L-glutamate by the catalytic action of ALT. The resultant pyruvate in the 

presence of NADH is further oxidised by lactate dehydrogenase (LDH) to form
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nicotinamide adenine dinucleotide (NAD+). As NADH is oxidised to NAD+, the 

resulting decrease in absorbance at 340nm is directly proportional to the activity of 

ALT in the sample.

Into the 96-well microplate, 20pl of blank and sample were transferred in duplicate. The 

prepared working reagent of lOOpl was added to each of the wells. The absorbance of 

each well was read at a wavelength of 340nm at precisely 0, 1, 2 and 3 minutes at 25°C. 

The ALT concentration in each was calculated from the average difference of the first 

and last absorbance reading displayed on the spectrophotometer per minute, multiplied 

by a factor of 952 (A A/ min x Factor).

3.4.2 AST

AST concentration was measured using AST Reagent 1 (Rl): D94610 and AST 

Reagent 2 (R2): D94610, obtained from Dialab (Wien, Austria). A working reagent 

was prepared by mixing four parts of Rl with one part of R2 in a Falcon tube and 

vortexed (4:1 ratio of Rl: R2). The principle of the AST enzymatic activity is similar to 

the ALT enzymatic method. In this enzymatic reaction, L-aspartate and 2-oxoglutarate 

produces oxaloacetate and L-glutamate by the catalytic action of AST. The resultant 

oxaloacetate in the presence of NADH, is further oxidised by malate dehydrogenase 

(MDH) to form nicotinamide adenine dinucleotide (NAD+). As NADH is oxidised to 

NAD+, the resulting decrease in absorbance at 340nm is directly proportional to the 

activity of AST in the sample.

Into the 96-well microplate, 20pl of blank and serum sample were transferred in 

duplicate. 100 pi of the prepared working reagent was then added to each of the wells 

containing these contents. The absorbance of each well was read at a wavelength of 

340nm at precisely 0, 1, 2 and 3 minutes at 25°C.
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The AST concentration in each was calculated from the average difference of the first 

and last absorbance reading displayed on the spectrophotometer per minute, multiplied 

by a factor of 952 (A A/ min x Factor).

3.5 Analyses of lipids in liver tissues

3.5.1 Hepatic triglyceride concentration

Total lipids were extracted from livers using the procedure described by Folch et al 

(1956). Liver samples (30mg) were homogenised with 2mL of chloroform-methanol 

(2:1, v/v) using Polytron (Ultra-Turrax T8, IKA-Labortechnik, Staufen, Germany) for 2 

x 15 seconds (Setting 5). The homogenate was vortexed, sealed and rotated on a mixing 

platform overnight. On the following day, the homogenate was washed with 2mL of 

0.6% saline and centrifuged for lOminutes at 4000xg using Eppendorf 581 OR 

Centrifuge (Global Medical Instrumentation, Inc., Minnesota, USA) to separate the 

homogenate into two layers with the total lipids in the lower layer. The top layer was 

discarded and the lipid layer was then evaporated to dryness under nitrogen gas. The 

organic phase was extracted via addition of pure ethanol and its triglyceride 

concentration determined via using the GPO Triglycerides reagent (Roche, Australia) 

and glycerol standard (Sigma, Australia) (see Section 3.3.1).

3.6 Histological procedures

3.6.1 Tissue preparation

Formalin-fixed tissues were prepared as described in Section 3.1.4 for rat liver 

morphology. The tissues were cut to size 10mm x 10mm x 3-5mm thick to ensure
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proper fixation. The cut tissue was inserted into tissue embedding cassette (Product 

Code: KAR2921-03, Lomb Scientific, Taren Point, Australia) and placed in 10% w/v 

phosphate buffered formalin before being processed on a Shandon Excelsior tissue 

processor machine (Thermo Fisher Scientific, Lidcombe, Australia). Tissue samples 

were processed through increasing grades of ethyl alcohol and xylene (70% ethylene 

glycol; Thermo Fisher Scientific) overnight for 12 hours. The processed tissues were 

embedded into paraffin blocks by the Shandon Histocentre 3 Embedding Machine 

(Electron Microscopic Sciences, Hatfield, Australia). Sectioning of tissue blocks was 

carried out on the Leica Jung Autocut microtome (Electron Microscopic Sciences, 

Hatfield, Australia), with a thickness of 5pm and placed into the water bath (Medite 

TFB35, HD Scientific Supplies, Wetherill, Australia) at 40°C.

The sections were mounted onto microscopic slides (Gerhard Menzel, 

Glasbearbeitungswerk, GmbH & Co., Braunschweig, Germany) and placed in a drying 

oven for an hour. The sections were then stored at room temperature prior to staining by 

either haematoxylin and eosin or Masson’s trichrome techniques. Photomicrographs 

were captured by Olympus BX51 microscope (Olympus, USA) at 20x magnification for 

gross inspection of the stained tissues.

3.6.2 Histological staining

The sections of paraformaldehyde-fixed paraffin embedded liver specimen were 

obtained as described in Section 3.2.6. The paraffin slides were rehydrated, first in 

xylene twice for two minutes; absolute alcohol twice for 30seconds; once in 95% 

alcohol; then placed in 70% alcohol for 30 seconds; and rinsed in tap water for two 

minutes before staining as outlined in Section 3.7.3 and 3.7.4.

39



After staining, the slides were dehydrated twice in each of the following solutions: 95% 

alcohol for 30seconds, absolute alcohol for one minute, and xylene for one minute, 

before being mounted by DPX mount and coverslipped (Biobond, Electron Microscopy 

Sciences, Hatfield, Australia). All slides were dried and viewed under light microscope 

with a camera attachment. The photomicrographs of the stained tissues were captured 

by Olympus BX51 microscope (Olympus, USA) at 20x magnification.

3.6.3 Haematoxylin and eosin staining

Rehydrated 5 pm sections of paraformaldehyde-fixed paraffin embedded liver specimen 

were stained by haematoxylin and eosin (HE) for the determination of liver 

morphology.

The rehydrated slides were stained in Harris’ alum haematoxylin for five minutes, 

rinsed in tap water for one minute, differentiated in acid alcohol for ten seconds and 

rinsed in tap water before being placed in Scott’s Blue solution for one minute. The 

slide was rinsed again in tap water for one minute and then checked under the light 

microscope to ensure that the cell nuclear material was stained blue by haematoxylin, 

before being counterstained in eosin for one minute. The stained sections where 

dehydrated in increasing grades of alcohol, then in two changes of xylene before 

mounting in DPX and coverslipping them.

3.6.4 Masson’s Trichrome staining

Rehydrated 5 pm sections of paraformaldehyde-fixed paraffin embedded liver specimen 

were stained by Masson’s Trichrome stain to define the connective tissue elements 

(collagen) for the evaluation of liver histology and fibrosis. The slides were stained in 

iron haematoxylin for two minutes, and further stained in Ponceaus acid fuchsin for five
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minutes and quickly rinsed in tap water. They were then differentiated in 5% aqueous 

phosphotungstic acid and checked under the microscope until the muscle fibres were 

bright red and the collagen fibres almost colourless. The stained slides were rinsed in 

1% v/v acetic acid and placed in light green solution for 30seconds and rinsed again in 

the acetic acid before dehydration of the slides for mounting. The staining procedure 

produces, green collagen fibres against the red keratin and light red cytoplasm with dark 

brown to black cell nuclei. The stained sections where dehydrated in increasing grades 

of alcohol, then in two changes of xylene before mounting in DPX and coverslipping 

them.

3.7 Statistical analyses

Comparisons involving bodyweight, food intake, BMI, tissue weights, plasma and 

hepatic biochemical analysis were analysed by one-way analysis of variance (ANOVA) 

followed by post hoc Tukey multiple comparisons. Statistical significance was set at 

a <0.05. All statistical analyses were performed using Graph Pad Prism 4 (Graph Pad 

software Inc., CA, USA).

Note that ‘statistically significant’ and ‘significant’ are used interchangeably with 

reference to differences between group means in relation to the study results. In all 

cases the meaning is that the associated p value is at least less than the set a level 

(0.05). In addition to the exact p value for each difference will have previously been 

included in the text.
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Chapter IV: Results for Study I

Overall the study aims were to determine whether obesity related NAFLD could be 

induced in healthy rats by dietary manipulation alone and subsequently to compare the 

possible effects in these animals of four pharmacological agents on relevant variables 

via in vivo measures and tissue analyses post mortem. The dietary manipulations were: 

high fat diet or standard laboratory chow and the interventions comprised: RSG, S4, S6 

and DS6 as well as two inactive controls (water). The results presented in this chapter 

address each specific aim in turn.

4.1 Aim I

To compare the effects on young healthy rats of two types of dietary manipulation 

administered over a period of five weeks on: body weight, food and energy intake.

4.1.1 Bodyweight during Induction Phase

At the beginning of the Induction Phase the overall mean body weight for the 53 rats 

was 183.19 ± 1.77g and the mean weights for the six groups, shown in Figure 4.1 did 

not differ statistically significantly (F5,47 = 0.26, p = 0.93). The figure also shows that 

by the end of the five week phase, the mean body weights for all groups had increased 

statistically significantly. While the mean bodyweights ranged from 395.37 ± 11.47g 

for the Chow group to 414.4 ± 15.63g for one of the HFD groups, none of the groups’ 

mean weights differed statistically significantly (F5,47= 0.27, p= 0.93). Therefore during
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this period the rate of weight gain by the groups of rats was not differentially affected 

by the two forms of diet.

Figure 4.1 Bodyweights (mean ± SEM) for the six groups of rats at the beginning (left hand 

graph) and at the end (right hand graph) of the five week Induction Phase.

4.1.2 Food intake during Induction Phase

Throughout the Induction Phase, the mean food intake between Chow control and the 

combined five HFD groups was significantly different with the Chow group consuming 

more (24.33 ± 0.83g per rat) than the HFD rats (14.73 ± 0.42g per rat) as shown in 

Figure 4.2. However when the calorific value per gram for the two food types were 

taken into account, the average energy intake by the two groups was very similar 

(Chow: 359.35 ± 12.26kJ, HFD: 333.93 ±9.52kJ).
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Figure 4.2: Mean daily food intake (g) per rat of Chow or HFD during the five week Induction 

Phase.

Therefore with respect to Aim I the two dietary regimes were accompanied by similar 

average weight gains and daily energy intakes although different weight of the foods 

was involved.

4.2 Aim II

While maintaining the same feeding regimes, to examine the effects over the 

following six week period of orally administered pharmacological interventions on 

body weight, food and energy intake, BMI, plasma glucose, OGTT, cholesterol, 

triglycerides, NEFA, HDL-C, ALT and AST.

4.2.1 Bodyweight during Intervention Phase

There was a common pattern of weight increase across the five weeks for all groups 

except DS6, with a statistically significant increase each week from 1 to 4 but not 

between Weeks 4 and 5. For the DS6 group bodyweight increases were only
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statistically significantly different between Week 1 and Weeks 4 and 5; Week 2 and 

Weeks 4 and 5; and Week 3 and Week 5 (Table 4.2).

Week Chow (g) HFD (g) RSG (g) S4 (g) S6 (g) DS6 (g)
405.03 ± 436.15 ± 442.23 ± 416.01 ± 417.2 ± 424.75 ±

1 11.43 15.99 15.38 8.55 8.27 19.84
419.06 ± 459.36 ± 467.16 ± 437.88 ± 424.09 ± 426.43 ±

2 11.80 16.42 17.26 8.64 7.07 19.44
438.16 ± 485.02 ± 487.18 ± 458.96 ± 440.55 ± 437.5 ±

3 13.78 17.72 18.99 9.51 7.46 19.69
453.59 ± 506.74 ± 504.89 ± 482.12 ± 459.81 ± 449.44 ±

4 14.49 17.62 19.96 10.34 7.88 19.55
455.74 ± 513.57 ± 514.47 ± 485.84 ± 465.33 ± 454.89 ±

5 14.44 19.45 20.45 11.72 8.26 19.20
F(d,f) 6,34 9,49 9,49 9,49 7,39 7,39
F value 50.65 119.63 110.53 67.54 30.21 16.78
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Table 4.1: Bodyweights (mean ± SEM) for each week with F and p values for the six groups.

Week Chow (p) HFD (p) RSG (p) S4 (p) S6 (P) DS6 (p)
1 vs 2 <0.05 <0.01 <0.01 <0.01 <0.01 >0.05
1 vs 3 <0.01 <0.01 <0.01 <0.01 <0.01 >0.05
1 vs 4 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
1 vs 5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
2 vs 3 <0.01 <0.01 <0.01 <0.01 <0.05 >0.05
2 vs 4 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
2 vs 5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
3 vs 4 <0.05 <0.01 <0.01 <0.01 <0.05 >0.05
3 vs 5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
4 vs 5 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

Table 4.2: Post hoc Tukey test between the five weeks of intervention for each group. 
The areas that are shaded did not reach statistical differences (p > 0.05).
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From Table 4.1, it can be seen that for all six groups the mean bodyweight gradually 

increased during the Intervention Phase. Weekly bodyweights for the groups (mean + 

SEM) are shown in Figure 4.3. However analysis of variance with Tukey post hoc 

testing involving comparisons across the groups by week failed to reveal any 

statistically significant differences in group means.

4.2.2 Food and energy intake during Intervention Phase

The differences in average food intake observed during the Induction Phase continued 

through the Intervention Phase for the two feeding regimes (Fs,204= 271.9, p< 0.0001) 

as shown in Figure 4.4. Post hoc Tukey tests identified a number of statistically 

significant differences.

The Chow had a higher average food intake (24.78 ± 0.25g) than the rest of the groups 

(p< 0.001). Among the HFD fed groups; HFD group (16.75 ± 0.14g) and RSG (16.84 ± 

0.23g) consumed significantly more food than the three remaining groups: S4 (15.71 ± 

0.16g, p< 0.01), S6 (15.18 ± 0.25g, p< 0.001) and DS6 (14.66 ± 0.29g, p<0.001). 

There were also significant differences between mean intakes for the S4 and the DS6 

groups (p< 0.05). However, no significant differences (p> 0.05) in the amount of food 

intake were noted with the HFD and RSG groups. No statistical differences between S4 

and S6 groups and S6 and DS6 groups or HFD and RSG groups were noted.

Figure 4.4a shows the mean daily food intake (g) and Figure 4.4b the mean daily energy 

intake (kJ) for the six groups of rats. From the figure it can be seen that the Chow group 

in spite of higher food intake had an energy intake in line with the five HFD fed groups.
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When the energy intake by group was compared across the five week period the 

following statistically significant differences (Fs, 204= 16.51, p< 0.0001) were identified 

from Tukey post hoc tests:

S6 (344.1 ± 5.67kJ) and DS6 (332.3 ± 6.47kJ) groups both consumed less joules than 

the Chow (366.1 ± 3.74kJ) control (p< 0.05 and p< 0.001 respectively), HFD (379.8 ± 

3.28kJ) or RSG (381.8 ± 5.22kJ) group (for all p< 0.001).

The HFD and RSG groups consumed more joules than the S4 (356.4 ± 3.85kJ) group 

(for both, p< 0.01).

There were also significant differences between the S4 and DS6 groups (p< 0.01).

There were no significant differences of energy consumption between the Chow and the 

HFD, RSG or S4 groups.
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Figure 4.3: Bodyweights (mean ± SEM) for the six groups of rats from Week 1 to 5 of the 
Intervention Phase.
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Figure 4.4a: Food intake during intervention. Mean daily food intake (g) per rat of Chow, HFD, 

RSG, S4, S6 and DS6 during Intervention Phase (5 weeks).
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Figure 4.4b: Energy intake during intervention. Mean daily energy intake (kJ) per rat for Chow, 
HFD, RSG, S4, S6 and DS6 groups during Intervention Phase (5 weeks).
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4.2.3 The effects of the interventions on BMI

For the measurement of the BMI in Week 5, there were significant differences observed 

across the groups (F5,47= 10.08, p< 0.0001) as presented in Figure 4.5. From the post 

hoc Tukey test revealed the following statistically significant differences. The Figure 

shows that both HFD and RSG groups had similar BMI readings.

The HFD (10.03 ± 0.35 kg/m2) mean BMI reading was significantly higher than Chow 

(8.81 ± 0.19 kg/m2, p< 0.05), S4 (8.60 ± 0.19 kg/m2, p< 0.01), S6 (7.97 ± 0.15 kg/m2, 

p< 0.001) or DS6 (8.05 ± 0.36, p< 0.001). Similarly, the RSG (9.73 ± 0.37 kg/m2) group 

had higher readings than these groups: Chow (p< 0.05), S4 (p< 0.05), S6 (p< 0.001) and 

DS6 (p< 0.01).

Group

Figure 4.5: Mean (± SEM) BMI for Chow, HFD, RSG, S4, S6 and DS6 measured in Week 6 of 

the Intervention Phase.
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Figure 4.6 shows the mean fasting NEFA levels from blood collected on Day 37 of the 

Intervention Phase.

4.2.4 The effects of the interventions upon NEFA levels

1.2-i

1.0-
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Chow HFD RSG S4 S6 DS6

Group

Figure 4.6: Fasting plasma NEFA (mean ± SEM) in Chow, HFD, RSG, S4, S6 and DS6 (Day 
37 of Intervention Phase).

Levels differed statistically significantly among the groups (Fs, 47 = 5.81, p= 0.0003) 

and the post hoc Tukey tests showed the following differences.

The NEFA levels in the HFD group; 1.1 ± 0.13 mEq/L, were statistically significantly 

higher than for the other five groups: Chow (0.53 ± 0.1 mEq/L, p< 0.01), RSG (0.5 ± 

0.049 mEq/L, p< 0.001) S4 (0.64 ± 0.1 mEq/L, p< 0.05), S6 (0.44 ± 0.09 mEq/L, p < 

0.001) and DS6 (0.63 ± 0.07 mEq/L, p< 0.05). There were no significant differences 

reflected within the rest of the groups.
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4.2.5 The effects of the interventions upon triglyceride levels

i

Chow HFD RSG S4 S6 DS6

Group

Figure 4.7: Fasting plasma triglycerides (mean ± SEM) in Chow, HFD,RSG, S4, S6 and DS6 
on Day 37 of Intervention Phase.

Figure 4.7 shows that the mean fasting triglyceride concentrations from blood collected 

on Day 37 of the Intervention Phase differed significantly across the groups at (F5,47 = 

6.02, p= 0.0002). Post hoc Tukey tests showed that the HFD (2.04 ± 0.21 mmol/L) 

group produced statistically significantly higher levels of triglycerides than S4; 1.4 ± 

0.15 mmol/L (p< 0.05), S6; 1.19 ± 0.1 mmol/L (p< 0.01) and DS6; 1.05 ± 0.06 mmol/L 

(p< 0.001). There were no other statistically significant differences observed amongst 

the groups: Chow control (1.5 ± 0.14 mmol/L,) and the RSG group (1.55 ± 0.09 

mmol/L).
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4.2.6 The effects of the interventions upon cholesterol levels
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Fig 4.8: Fasting plasma cholesterol (mean ± SEM) in Chow, HFD, RSG, S4, S6 and DS6 on 
Day 37 of Intervention Phase.

Figure 4.8 summarises the mean fasting cholesterol concentrations from blood 

collection on Day 37 of the intervention. Again the only statistically significant 

differences involved the HFD group (3.93 ± 0.36 mmol/L) compared with S4; 2.62 ± 

0.33 mmol/L (p< 0.05) or S6; 2.59 ± 0.20 mmol/L (p< 0.05) from analysis of variance 

(Fs, 47 = 3.09, p = 0.017) and post hoc Tukey tests.

There were no statistically significant differences amongst the other group means: chow 

control (2.89 ± 0.11 mmol/L), RSG (2.84 ± 0.47 mmol/L) and DS6 (2.88 ± 0.37 

mmol/L.
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The mean fasting HDL-C from blood collection on Day 37 of the Intervention Phase is 

presented in Figure 4.9.

4.2.7 The effects of the interventions upon HDL-C levels

Group

Fig 4.9: Mean (± SEM) fasting plasma HDL-C in Chow, HFD, RSG, S4, S6 and DS6 at Day 37 
of the Intervention Phase.

For the measurement of HDL-C, the following statistical significant differences were 

displayed among the groups following analysis of variance and Tukey post hoc tests (Fs, 

47= 8.51, p< 0.0001). The S6 group (3.06 ± 0.40mmol/L) and DS6 group (2.88 ± 0.37 

mmol/L) had higher mean levels of HDL-C than the Chow control (1.06 ± 0.12 mmol/L, 

p< 0.001), HFD (1.65 ± 0.36 mmol/L, p <0.001) or RSG (1.33 ± 0.18 mmol/L) groups 

(Figure 4.9).

There were no other significant differences noted amongst the groups. The mean HDL- 

C level for S4 was 2.22 ± 0.36 mmol/L.
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4.2.8 The effects of the interventions in glucose metabolism

CHOW HFD RSG S4 S6 DS6 

Group

Fig 4.10: Fasting plasma glucose (mean ± SEM) in Chow, HFD, RSG, S4, S6 and DS6 at Day 
37 of Intervention Phase.

Only one statistically significant difference was observed in the mean glucose 

concentrations across the groups (Fs,47= 3.28, p= 0.013). Post hoc Tukey tests showed 

that DS6 (4.77 ± 0.21 mmol/L) had lower mean glucose concentrations than the HFD 

(6.42 ± 0.46 mmol/L) control (p< 0.01).

There were no significant differences noted among the remaining groups for which the 

mean levels were: Chow control (5.71 ± 0.28 mmol/L), RSG; 5.4 ±0.19 mmol/L, S4 

(5.5 ± 0.24 mmol/L) and S6 (5.4 ± 0.27 mmol/L).

The results for the OGTT and Area Under the Curve (AUC) from blood collection on 

Day 37 of the Intervention Phase are presented in Figure 4.1 la and 4.1 lb respectively.
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Fig 4.11a: OGTT (mean ± SEM) in fasting serum of Chow, HFD, RSG, S4, S6 and DS6 
measured on Day 37 of the Intervention Phase.
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Fig 4.11b: Area under the curve (AUC) of serum glucose concentration-time profiles of Chow, 

HFD, RSG, S4, S6 and DS6 at Day 37 of the Intervention Phase. Data are mean ± SEM.

Since there were no significant differences observed in the OGTT, no significant 

differences were detected between the area under the curve (AUC) across the groups 

(Fs, 47= 0.58, p= 0.72). That is the plasma glucose clearance rates during the two hour 

OGTT did not differ significantly among the groups.

56



The blood glucose clearance rate (AUC glucose) of the groups were:

Chow 700.4 ± 49.5 mmol/min
HFD 817.1 ± 79.5 mmol/min
RSG 818.0 ± 72.4 mmol/min
S4 779.9 ± 45.5 mmol/min
S6 769.2 ± 55.1 mmol/min
DS6 731.9 ± 59.3 mmol/min

4.2.9 The effects of the interventions upon ALT
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Figure 4.12: Mean fasting plasma ALT (± SEM) in Chow, HFD, RSG, S4, S6 and DS6 at Day 
37of Intervention Phase.

While Figure 4.12 shows several striking differences in the mean fasting ALT 

concentrations from the Day 37 blood collections (Fs, 47= 3.87, p= 0.0051), from the 

post hoc Tukey tests, only three means differed statistically and at only p< 0.05. For 

all three, RSG mean ALT levels (40.33 ± 11.65 U/L) were elevated compared with the 

very similar levels of the Chow (8.024 ± 1.78 U/L), S4 (7.96 ± 1.12 U/L) and DS6
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(6.68 ±1.11 U/L) groups. There were no significant differences displayed amongst the 

remaining groups; S6 (12.55 ± 1.84 U/L) and HFD (26.62 ± 9.66 U/L). While the 

means appear to vary noticeably in Figure 4.13, the groups’ means do not differ 

statistically significantly, reflecting the large SEMs for the HFD and RSG groups. In 

these two groups, a minority of the rats (three in HFD and five in RSG) did develop 

peaked ALT levels while the majority had ALT values in line with the remaining 

groups.

4.2.10 The effects of the interventions upon AST

The mean fasting AST concentration obtained from blood collection on Day 37 of the 

Intervention Phase is presented in Figure 4.13.
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Figure 4.13: Mean fasting plasma AST (mean ± SEM) in Chow, HFD, RSG, S4, S6 and DS6 
on Day 37 of Intervention Phase.
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There were statistically significant differences in AST concentrations observed among 

the groups (Fs, 47= 5.29, p= 0.0006). Post hoc Tukey testing identified the following 

statistically significant differences.

The HFD (37.16 ± 8.58 U/L) generated a higher mean expression of AST levels than 

the other groups: Chow (14.85 ± 2.37 U/L, p< 0.05), RSG (16.09 ± 4.28 U/L, p< 0.05), 

S4 (12.06 ± 0.69 U/L, p< 0.01), S6 (11.52 ± 1.84 U/L, p< 0.01) and DS6 (10.12 ± 0.91 

U/L, p< 0.01). Note that irrespective of dietary regime the means for the high energy 

groups were in line with the standard Chow diet group.

4.2.11 The effects of the interventions in ALT: AST Ratio

The ratio of ALT: AST for each group is shown in Figure 4.14.

Group

Figure 4.14: Mean (± SEM) values of ALT: AST Ratio in Chow, HFD, RSG, S4, S6 and DS6 
on Day 37 of Intervention Phase.
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There were five statistically significant differences in the ALT: AST ratios noted across 

the groups (F5,47= 6.23, p= 0.0002). The Tukey post hoc test revealed that all were due 

to the RSG group (2.64 ± 0.67) having higher ratios than the others: Chow (0.56 ± 0.09, 

p <0.01), HFD (0.97 ± 0.22, p< 0.01), S4 (0.65 ± 0.08, p< 0.001), S6 (0.77 ± 0.05, p<

0. 01) and DS6 (0.64 ± 0.04, p< 0.01).

4.3 Study I Summary

The findings of Study I are summarised in Table 4.1 in relation to the two study aims.

1. Induction Phase: To compare the effects on young healthy rats of two types of 

dietary manipulation administered over a period of five weeks on: body weight, food 

and energy intake.

2a. Intervention Phase: To examine the effects on body weight, food and energy 

intake, BMI of the pharmacological interventions whilst retaining the Induction 

Phase dietary regimes.

b. Glucose Metabolism: To observe the effects of glucose metabolism during the 

Intervention Phase in each of the pharmacological interventions by means of plasma 

glucose and OGTT

c. Lipid Metabolism: To examine the effects of lipid metabolism for the 

pharmacological interventions given throughout the Intervention Phase via the 

concentrations of plasma cholesterol, triglycerides, NEFA and HDL-C.

d. Liver Enzymes: To detect the changes of liver enzymes on the pharmacological 

interventions administered during the Intervention Phase, via the measurement of 

plasma ALT, AST and ratio of ALT: AST.
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Measurement Summary of Results
Induction Body weight: No significant differences amongst groups
Phase Energy intake: No significant differences between the two diets.
Intervention
Phase

. ■

Body weight:

Energy intake:
BMI:

All groups except DS6 increased significantly from
Week 1 to Week 4 but not to Week 5.
DS6 significantly different between Week 1 with 4 and 
5; Week 2 with 4 and 5, and Week 3 and 5
S6 and DS6 lower other groups; S4 lower than HFD and
RSG
HFD and RSG higher than other groups

Glucose Plasma Glucose: DS6 lower than the HFD group
Metabolism OGTT: No significant differences among groups
Lipid Plasma NEFA: HFD higher than other groups
Metabolism Plasma Triglyceride: HFD higher than S4, S6 and DS6

Plasma Cholesterol: HFD higher than S4 and S6
Plasma HDL-C: S6 and DS6 groups higher than Chow, HFD and RSG

Liver Plasma ALT: RSG significantly higher than Chow, S4 and DS6
Enzymes Plasma AST: HFD significantly higher than other groups

ALT: AST ratio: RSG significantly higher than other groups

Table 4.3: Summary of results for Study I.
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Chapter V: Results for Study II

5.1 Aim III

To compare post mortem weights of livers and adipose tissues, hepatic 

triglycerides, hepatic morphology, for evidence of obesity related NAFLD

5.1.1 The effects of the interventions in epididymal fat

Figure 5.1 shows the mean weights of epididymal fat for the five groups of rats 

collected on Day 42. There were significant differences in the weights of epididymal fat 

across the groups (F4,3i= 7.86, p= 0.0002). Tukey post hoc tests identified the following 

statistical significant differences.

The mean weights of epididymal fat for HFD (12.03 ± 1.30g) and RSG (13.02 ± 1.76g,) 

groups were higher than for either the Chow (6.0 ± 0.83g) or the S6 (7.31 ± 0.55g) 

groups (p< 0.01 and p< 0.001; p< 0.05 and p< 0.01 respectively). There were no 

significant differences among the remaining groups and the mean weight for S4 was 

9.67 ± 0.67g.
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Figure 5.1: Weights of epidydmal fat (mean ± SEM) in Chow, HFD, RSG, S4 and S6 upon 
sacrifice.

The ratio of epididymal fat expressed against final bodyweight before sacrifice on Day 

42 is displayed in Figure 5.1a. Tukey post hoc tests revealed there was statistically 

significant differences of ratios were observed amongst the groups (F4,31= 8.98, p< 

0.0001). There was a similar statistical significant trend shown in the ratio for HFD 

(0.0133 ± 0.0016) and RSG (0.024 ± 0.0019) groups, higher ratios were seen for either 

the Chow (0.023 ± 0.0015) or the S6 (0.0016 ± 0.0012) groups (p < 0.01 and p< 0.001; 

p< 0.05 and p< 0.01 respectively). The ratio of S4 (0.019 ± 0.0012) group was also 

higher than the Chow control group at p< 0.05. There were no significant differences 

among the remaining pairs of groups.
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Figure 5.1a: Ratio of epidydmal fat (mean ± SEM) in Chow, HFD, RSG, S4 and S6 upon 
sacrifice.

5.1.2 The effects of the interventions in inguinal fat

The mean weights of inguinal fat are presented in Figure 5.2. Significant differences in 

the weights of inguinal fat were detected among the groups (F4,31= 17.85, p< 0.0001). 

The post hoc Tukey test revealed the following statistical significant differences.

The Chow control (6.82 ± 0.77g) and S6 (10.03 ± 0.83g) both produced lower mean 

weights of inguinal fat than the remaining groups; HFD (21.57 ± 2.36g), RSG (18.88 ± 

1.84g) and S4 (16.33 ± 1.02g) groups (p< 0.001 for all groups; p< 0.001, p< 0.001 and 

p< 0.01 respectively).

There were no significant differences among the other groups. While the mean weight 

for S4 was lower than for the HFD and RSG groups, the differences were not 

statistically significant.
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Figure 5.2: Weights of inguinal fat (mean ± SEM) in Chow, HFD, RSG, S4 and S6 upon 

sacrifice.

The ratio of inguinal fat expressed against final bodyweight before sacrifice on Day 42 

is presented in Figure 5.2a. There were statistical differences noted amongst the ratios 

of the groups (F4, 31= 24.29, p< 0.0001) and the Tukey post hoc test revealed the 

following statistical differences. The ratios for both the Chow (0.014 ± 0.0012) and 

S6 (0.021 ± 0.002), were significantly lower than for the other groups; HFD (0.04 ± 

0.003), RSG (0.035 ± 0.0014) and S4 (0.033 ± 0.0017) groups (p< 0.001 for all groups 

of pairs).
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Figure 5.2a: Ratio of inguinal fat (mean ± SEM) in Chow, HFD, RSG, S4 and S6 upon 

sacrifice.

5.1.3 The effects of the interventions in subcutaneous fat

For the measurement of subcutaneous fat, the mean weights are shown in Figure 5.3. 

Weights of subcutaneous fat differed statistically significantly among the groups (F4,3i 

= 13.23, p< 0.0001). The following statistical differences were attained from the post 

hoc Tukey tests.

The RSG (7.07 ± 1.64g) group had heavier weights of subcutaneous fat than Chow 

control (2.37 ± 0.30g, p< 0.001), S6 (2.91 ± 0.24g, p< 0.001) and S4 (4.14 ± 0.30g, p< 

0.01) groups.

The HFD (5.95 ± 0.37g) group also had higher mean weights of subcutaneous fat than 

Chow control (p< 0.001) and S6 (p< 0.01) groups.
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Figure 5.2: Weight of subcutaneous fat (mean ± SEM) in Chow, HFD, RSG, S4, S6 and DS6 

upon sacrifice.

The ratio of subcutaneous fat expressed against final bodyweight before sacrifice on 

Day 42 is shown in Figure 5.2a. There were statistical differences reflected amongst the 

ratios of the groups (F4,3i= 15.44, p <0.0001) and the Tukey post hoc test identified the 

following statistical differences.

Similar patterns of statistical differences from the weight of subcutaneous fat were 

observed in the ratios against the final bodyweight. The RSG (0.013 ± 0.0014) group 

had higher ratio than all the groups; Chow control (0.005 ± 0.0005, p< 0.001), S6 

(0.006 ± 0.0005, p< 0.001) and S4 (0.008 ± 0.0006, p< 0.01) groups.

Higher ratio in the HFD (0.011 ± 0.0009) were seen than for Chow (p< 0.001) or S6 (p< 

0.01) groups. S4 also had a higher reading than the Chow group at p< 0.05. There were 

no significant differences observed in the other groups.
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Figure 5.3a: Ratio of subcutaneous fat (mean ± SEM) in Chow, HFD, RSG, S4 and S6 upon 
sacrifice.

5.1.4 The effects of the interventions in the liver weights

The mean liver weights in the five groups of rats are shown in Figure 5.4. There were 

no statistically significant differences identified between the weights of the liver 

amongst the groups (F4,31= 0.71, p= 0.59). The respective mean weights of the livers 

are recorded as follows; Chow control (15.82 ± 0.8g), HFD (14.5 ± 1.11 g), RSG (15.31 

± 0.78g), S6 (15.86 ± 0.37g) and S4 (15.25 ± 0.53g).
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Figure 5.4: Mean (± SEM) weights of liver in Chow, HFD, RSG, S4 and S6 groups upon 
sacrifice.

5.1.5 The effects of the interventions on hepatic triglycerides

Significant differences in mean hepatic triglyceride levels were noted across the groups 

(F4,3i= 40.38, p< 0.0001). The mean concentrations of the hepatic triglycerides for the 

five groups of rats are presented in Figure 5.5. Table 5.1 summarises the mean levels 

and the p values from post hoc Tukey comparisons between pairs of means.
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Comparison RSG Chow

HFD
(43.2 ± 1.94pmol/g) A o © <0.001 <0.001 <0.001

RSG
(36.03 ±1.81 pmol/g) >0.05 <0.001 < 0.001

S4
(31.85 ± 0.75pmol/g) <0.01 <0.001

S6
(24.53 ± 1.16jLtmol/g) <0.05

Chow
(18.31 ± 1.94pmol/g)

Table 5.1: Mean hepatic triglyceride levels and significance level (p) for comparisons between 
pairs of group means.

Group

Figure 5.5: Measurement of triglyceride content (mean ± SEM) in liver of rat in Chow, HFD, 
RSG, S4 and S6 upon sacrifice.
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The mean hepatic triglyceride levels among the groups all differed statistically 

significantly with the single exception of the non-significant difference between the 

means for RSG and S4.

The order of mean levels among the groups was:

HFD was higher than all other groups

RSD was higher than Chow or S6 but no different from S4

S4 was higher than S6 or Chow

S6 was higher than Chow.

5.1.6 The effects of the interventions on general liver histology

In the Chow group, no discemable histological abnormalities were observed in the 

photomicrographs of the HE stained livers. The cells were of normal size and the 

nucleus was centrally positioned as shown in Slide A in Figure 5.6.

By comparison, in the HFD group approximately 50% of the hepatocytes were 

distended by fat (represented by the distinctly enlarged clear vacuoles which did not 

stain) that displaced the nucleus to the periphery. The photomicrographs displayed both 

microvesicular and macrovesicular steatosis, represented by either small or large 

droplets of fat displacing the nucleus. Acute inflammation was indicated by neutrophils 

around the central vein and near steatoic hepatocytes. Chronic inflammation was also 

evident by the presence of lymphocytes as shown in Slide B in Figure 5.6.

In the micrographs of the RSG group, many blood vessels were filled with red blood 

cells. The hepatic cells in this group were more enlarged than the Chow group. The 

nuclei of the cells were larger and denser in comparison with the Chow control.
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Macrophages and Kupffer cells were present around the distinct dilation of the 

sinusoids in comparison to both the Chow control and the HFD group (stained in black 

as shown in Slide C in Figure 5.6).

The S6 group showed similar histological features to the Chow control group with none 

of the macrovesicular steatosis noted in the HFD group (Slide C in Figure 5.6).

The S4 group also showed similar composition to the Chow control with at most, 

minimal steatosis displayed as shown in Slide E in Figure 5.6.

5.1.7 The effects of the interventions on liver stained by Masson’s Trichrome

The Masson’s Trichome is a specific stain for connective tissue and was used to 

identify potential fibrotic changes (see Figure 5.7). There was no evidence of fibrotic 

change in any of the livers from any group.
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Liver Stained Haematoxylin and Eosin (x 20)
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Figure 5.6: The photomicrographs of Haematoxyiin-eosin stained livers (magnification 
x 20) for the five interventions.
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Liver Stained Masson’s Trichrome (x 20)

Figure 5.7: The photomicrographs of Masson’s Trichrome stained livers (magnification 
x 20) for the five interventions.

74



5.2 Study II Summary

The findings of Study II are summarised below in relation to the third study aim.

To compare weights of adipose tissues (epididymal, inguinal and subcutaneous fat), 

hepatic tissue (liver weight and hepatic triglycerides) and hepatic morphology 

(Haematoxylin-eosin and Masson’s Trichrome) for evidence of obesity related 

NAFLD

Measurement
Weight:
Ratio:

Weight:

Ratio:

Weight:

Ratio:

Summary of Res
HFD and RSG significantly higher than Chow and S6 
HFD and RSG significantly higher than Chow and S6 
S4 higher than Chow
Chow and S6 lower than HFD, RSG and S4 
Chow and S6 lower than HFD, RSG and S4

The RSG higher than the other groups 
HFD group higher than Chow and S6 
Correspondent as above

Liver weight:
Hepatic
Triglyceride:

No significant differences amongst the groups 
HFD higher than other groups 
Chow lower than other groups 
S6 lower than HFD, RSG and S4

Hepatic 
morphology

...

Haematoxylin-
Eosin:

Masson’s
Trichrome:

Macro and microvesicular steatosis in HFD
Kupffer cells in the RSG group along with dilated
sinusoids.
No fibrosis detected in any of the groups

Table 5.2: Summary of results for Study II.
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Chapter VI: Discussion and Conclusion

6.1 Discussion

The main objective of this study was to investigate the Chinese herbal formulae S6 and 

S4 (which may possibly be used in the treatment of metabolic and diabetic disorders) 

for possible value for the treatment of obesity related NAFLD. Their potential 

therapeutic value was investigated in a rodent model of obesity related NAFLD induced 

by high fat feeding. This was conducted through the monitoring of bodyweight and 

food intake, biochemical and hepatic analysis and histopathological procedures.

6.1.1 Induction Phase

The Induction Phase in Study I, compared the effects on young healthy rats of two types 

of dietary manipulation administered over a period of five weeks on bodyweight, food 

and energy intake. The results suggest that despite the difference in diet the rats 

regulated their energy intake and there was no significant difference in the increase in 

mean weight for the two diets. This finding in the energy intake and bodyweight 

between the two dietary regimes was consistent with those previously reported in the 

studies by Deushi et al (2007), Ragaa et al (2007) and Varman et al (2004) using rodent 

models.

For the above studies, results for the HFD groups do not agree with those reported in 

study by Hong et al (2007). Male SD (180-200g) rats were fed a HFD (10% hog fat, 2.5% 

glucose, 2% cholesterol and 0.25% cholic acid added to normal chow) for six weeks, by 

which time the group had achieved a significant increase in bodyweight compared with
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rats fed with the standard Chow diet alone. Importantly the differences in group means 

were slight and inappropriate use of t tests instead of analysis of variance may account 

for the apparent level of statistical significance. Another possible source of difference 

between study findings may be the relative fat content of the different high fat diets and 

Hong et al’s information concerning the composition of high fat diet is incomplete.

6.1.2 Intervention Phase

During the following Intervention Phase the dietary regimes were continued with the 

five HFD groups which administered a designated pharmacological intervention daily 

and were compared with the Chow control in relation to a series of variables.

Body weight, food and energy intake

The energy intake did differ significantly between groups although, as with the 

Induction Phase, the Chow group consumed more food in order to achieve this outcome 

which was also seen in the studies of Deushi et al (2007), Lieber et al (2004) Ragaa et 

al (2007) and Varman et al (2004). During the Intervention Phase there was an increase 

in body weight that plateaued after four weeks, quite independent of diet or intervention. 

Notably there was a lag in weight increase seen with the DS6 intervention. It may be 

that the short duration of the total study was inadequate to allow for differences in 

weight to arise between the Chow and the HFD fed animals. Given the age of the 

animals, they were still involved in a significant amount of growth.

Excessive caloric intake is considered to play a major role in the genesis of NAFLD and 

it is criterion medical practice to recommend and encourage hyperlipidaemic patients 

with hepatic steatosis to diet as a therapy for fatty liver disease. Furthermore, weight 

reduction continues to be the core non-pharmacological intervention available for
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NAFLD patients (McAvoy, 2006). However, there was no clear relationship between 

caloric intake and weight gain in that there were significant differences between the two 

forms of S6 groups and the others and yet this did not equate to any difference in 

weight gain. The slower rate in weight gain and bodyweight may be due to a number of 

possible reasons such as the different insulin responses and biochemical pathways 

which are useful indicators for the differences in weight gain across the groups. Another 

possible reason may be due to the less fat and more muscle composition in the S6 and 

DS6 groups as the weights and ratio of the epididymal, inguinal and subcutaneous fat to 

the final bodyweight were significantly lower than the HFD and RSG groups and 

similar to the chow fed rats. The rationale of these reasons is difficult to discern in this 

limited study as further molecular studies and biochemical analyses could confirm the 

relationship between the caloric intake and the differences in weight gain.

BMI

In contrast to the measures of body weight, there was a significant increase in the 

estimate of BMI for the HFD and RSG groups compared with all other group. The 

findings of BMI were consistent as presented in the study by Altunkaynak (2005) as the 

HFD (30% fat, 50-52% carbohydrate, 18-20% protein, 1-2% vitamins and minerals) 

had significantly higher readings than the Chow (7-10% fat, 68-70% carbohydrates, 18

20% protein, 1-2% vitamins and minerals) fed SD female rats. However, this is a 

measure designed by Remmers et al (2008) for bipedal upright species and it may not 

be appropriate to apply it to rodents. This needs to be taken into consideration when 

interpreting any differences that were found in the BMI between groups. Measurement 

of fat content and fat distribution may have been more appropriate. To this end, post
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mortem values for epidydimal, inguinal and subcutaneous fat mass and ration to total 

body mass were examined in this study.

Glucose metabolism and OGTT

Disturbances in glucose metabolism would be expected to contribute to any liver 

dysfunction and overall metabolic problems. Notably, at the end of the intervention 

period there was no significant difference between most groups in blood glucose levels. 

Consistent observations were reported in Barbuio et al (2007) and Varman et al (2007). 

In a previous study (Tan et al, 2007) using a similar model, the high fat feeding did not 

increase fasting glucose levels and treatment with RSG and S6. The plasma glucose 

levels for all animals in the present study were within the healthy range (5-7 mmol/L) 

with the exception of except two in the HFD group (8.4 and 9.6 mmol/L). The only 

statistically significant difference noted was that the mean concentration of plasma 

glucose for the DS6 group was lower than for the HFD control. However, since this did 

not occur for the similar S6 group, it may reflect the liability of small group sizes. In 

general, the lack of difference between group means suggests that administration of the 

high fat diet for this period (ten weeks) was not associated with an induction of a 

diabetic state.

Therefore high fat feeding alone, particularly in a short period of time of ten weeks did 

not cause hyperglycaemia, but may potentially cause higher levels of glucose with 

continued long tenn high fat dieting. As the animals were young and still growing it is 

difficult to provide a definitive reason for this effect. Studies over a longer period or 

with adults might help elucidate this point.

There is a clinically established association between insulin resistance and obesity, 

however, in the current study there was no significant difference between groups. This
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is in line with no significant difference in weight gain and may also be a reflection of 

the short duration of the study with regard to the animals and the HFD.

Lipid metabolism: plasma cholesterol, triglycerides, NEFA and HDL-C 

Within the intervention groups there was evidence of marked hyperlipidaemia with the 

HFD (Hong et al, 2007, Deushi et al, 2007, Lieber et al, 2004 and Ragaa et al, 2007) as 

evidenced by significant increases in NEFA, triglycerides and cholesterol. In general, 

this was attenuated by the interventions. What is noteworthy is that the S6 intervention 

in both forms had a cardioprotective effect in that the HDL-cholesterol was 

significantly elevated.

A similar trend with the study of S4 in mice was seen with the NEFA and triglyceride 

levels (Shim et al, 2008). However with the study by Tan et al (2007) S6 was reported 

to reduce triglyceride levels but had no effect on NEFA levels, whereas RSG has 

significantly lowered NEFA levels in HFD fed rats.

Low levels of HDL-C are an important indicator for metabolic syndrome, however 

higher readings of HDL-C were noted in the HFD (treated and non-treated) groups than 

the Chow control. The Chow control group had the lowest HDL-C reading nevertheless 

all the groups were within the healthy range.

Liver enzymes: plasma ALT, AST and ratio of ALT: AST

The potentially hepatotoxic effects indicated by elevation of liver enzymes associated 

with HFD feeding alone or in combination with RSG noted were similar to findings 

reported by Ping et al (2006). These authors concluded that pioglitazone may have a 

milder liver damaging effect than RSG and hence may be a better alternative for the 

treatment of NAFLD. Notably in the present study, the RSG group, in addition to
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elevated levels of ALT, also had a significantly elevated ALT: AST ratio, which is 

considered a better indicator of hepatoprotective effect. Evidence of possible toxicity 

may also be manifested in histopathological changes in the liver, the detection of which 

was a component of Study II.

Post mortem

Study II was completed post mortem on a subset of animals from Study I. Note that the 

DS6 group was not available for Study II. The study compared weights of adipose 

tissues, hepatic tissue and hepatic morphology for evidence of obesity related NAFLD.

Adipose tissues

While there was no significant difference in total body mass between the groups at the 

termination of the study, relative fat content was significantly different. Notably with 

the epidydimal, subcutaneous and inguinal fat deposits, there was a significant degree 

of fat accumulation, whether this was determined by total mass or whether the fat was 

expressed as a proportion of the total body weight in the HFD group compared with the 

Chow group.

The weights for all three adipose tissues in the S6 group were lower than for HFD and 

RSG and although still above the Chow fed control may provide some support for the 

notion that S6 may reduce the risk of obesity. Similar findings were presented in the 

studies by Hong et al and Shih et al (2008) where the visceral tissues in the HFD fed 

animals were significantly greater than the Chow control.

Among the interventions, RSG was found to have no beneficial effect with regard to fat 

accumulation which was in contrast to the effects of the two herbal formulae. While this 

procedure can only be performed post mortem, it may provide a useful measure of
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obesity on this model, where BMI does not. It could be used as a measure against which 

other noninvasive in vivo measures could be validated, for example, bioelectrical 

impedance.

Liver weights

There was no evidence of hepatomegaly in any group. However, conflicting results 

were observed in the weights of the livers in a previous study by Ragaa et al (2007) 

where a significantly higher percentage of liver weight to total body weight was seen in 

the HFD fed group, however did not claim that hepatomegaly was induced from HFD 

feeding.

Hong et al (2007) reported that HFD feeding in male SD rats had induced hepatomegaly 

and perceived that hepatomegaly with increased levels of aminotransferases to be an 

important characteristic of NAFLD. Hepatomegaly is a potential clinical feature 

observed in liver injury and NAFLD patients (Bugianesi et al, 2002). However it is not 

a key component of obesity related NAFLD but a possible additional clinical feature.

Hepatic triglycerides

High fat feeding resulted in excess hepatic triglyceride levels in which consistent 

findings in studies of Varman et al (2004), Ragaa et al (2007). This accumulation of 

triglycerides in the liver was attenuated by all the interventions of which S6 was the 

most effective. Note that no intervention completely prevented this high fat feeding 

accumulation.
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Histological examination

The significant increase in hepatic triglyceride accumulation and plasma biochemical 

analysis (NEFA, triglycerides and cholesterol) with the high fat feeding was supported 

from the histological findings of macro- and microvesicular steatosis fed the HFD alone. 

These histological changes were absent in animals fed HFD with the respective 

interventions; S6, S4 and RSG.

The histological findings for the RSG animals did not support the postulated 

hepatotoxic effects of this drug as suggested by the liver enzymes analyses (ALT, AST 

and ALT: AST ratio). This may reflect the limits of the histological techniques used to 

discern subtle sub cellular pathological changes. However in the RSG group, there was 

evidence of inflammation, as manifested by presence of Kupffer cells along with dilated 

sinusoids.

The absence of any discemable fibrosis in any of the groups supports the view that this 

model at best only represents an early stage of NAFLD. NAFLD findings were 

observed with an absence of fibrosis in a histochemical study investigating the effects 

of HFD induced obesity on female rat livers suggesting that a high fat diet alone does 

not induce fibrotic damage (Altunkaynak, 2005).

A common side effect of RSG is weight gain, particularly fat accumulation in the 

abdominal region and excessive food consumption, therefore when patients are 

prescribed with RSG they are recommended to exercise whilst taking the drug 

(Malinowski and Bolesta, 2000).

Hepatoxicity is also a potential side effect of thiazolinedones, in particularly 

Troglitazones (Hauner, 2002). In this current short term study with young healthy rats it 

was notable that unlike the herbal formulae, RSG did not reduce fat accumulation.
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With respect to RSG, similar findings on the hepatic gross manifestation, hepatic 

biochemical manifestion and histopathological observations were noted in research 

carried out on the hepatoprotective effect of pioglitazone (a related Thiazolidione), in 

NAFLD in SD rats for 16 weeks (Ping et al, 2006). After eight weeks and sixteen weeks 

of treatment, Pioglitazone had shown to reduce the serum and hepatic triglycerides, 

providing no significant differences in reducing the level of liver enzymes and 

improving histopathological appearance of the general composition in comparison to 

the HFD group. However steatoic hepatocytes were observed in the SD rats after being 

treated with Pioglitazone for eight weeks with a higher percentage of steotosis formed 

after sixteen weeks.

Jiao Gu Lan (Gynostemma pentaphyullum) was shown to have lowered accumulation of 

triglycerides, total cholesterol and VLDL-C in SD and obese Zucker Fatty rats (Megalli 

et al, 2005 and 2006). Huang Lian (Rhizoma Coptidis) consists of an active constituent, 

Berberine, as noted in several publications which controls and lowers insulin resistance, 

obesity and abnormal glucose and lipid metabolism in dual vivo and in vitro 

experiments (Kong et al, 2004; Lee, 2006; Leng et al, 2004). San Qi (Panax 

notoginseng) administered to rats fed with a high fat diet was reported to have 

significantly lowered the levels of serum total cholesterol, triglyceride and LDL-C, as 

well as hepatic total cholesterol and triglycerides concentrations in comparison to the 

normal diet fed rats (Ji et al, 2007). Dan Shen (Salvia miltiorrhiza), an anticoagulant, 

was shown to exert anti-atherosclerotic effects and improve lipid profiles and 

metabolism in several studies (Chan et al, 2004). In the present study, the combination 

of Dan Shen and Zhi Zi significantly impeded the accumulation of hepatic triglycerides 

in the liver and hepatic cells thus normalising the liver enzymes to a healthy range. This
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contrasted with the effects of RSG which is currently used as a line of intervention for 

NAFLD patients.

While the findings along with those of other authors support further investigations into 

the therapeutic potential of traditional herbal formulae with regard to metabolic 

disorders, the present study design limits extrapolation of findings to the human 

condition.

A major concern with all studies involving herbal formulae is the issue of batch to batch 

variations resulting in inconsistencies with findings for S4 and S6 reported elsewhere 

(Shim et al, 2008 and Tan et al, 2007). Similarly, the composition of S6 and DS6 were 

not identical since, although they started out with the same two herbs, they were from 

different regions and preparations. The two forms of this formula did produce relatively 

similar effects, as there were no statistically significant differences noted between these 

groups of results.

6.2 Future prospects

Reviewing the present research design, during the weeks of intervention, the agents 

could have been evaluated noninvasively for possible presence of potential side effects 

(or their absence). A number of simple examples include:

Faecal examination: the faeces from the animals in the different groups could have been 

collected from appropriate wire floored cages and examined in relation to for example 

weight, fat, blood.

Urine collection: similarly urine could be collected from collection funnels situated 

under the wire floored cage and volume as well as components of possible interest 

measured for example presence of protein or blood, suggesting kidney damage.
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Activity levels: Changes in activity levels could be determined using activity boxes. 

Rectal temperature: presence of fever and potential infection.

In addition, a more sophisticated approach to measuring food intake is required where 

wastage can be measured and not inadvertently included as ingested food.

With hindsight it would have been useful to have freeze dried a known volume of the 

DS6 so that the actual weight of the powder form contained in a set volume of the 

decoction could have been determined. In this way, the exact relation of the weights of 

the powder to the initial weight of the crude herbs could have been elucidated. This may 

have improved comparisons between the effects of DS6 and S6. Unfortunately this was 

not considered while the DS6 was available.

The haemodynamic abnormalities of Metabolic Syndrome were presented in Chapter II, 

however the studies presented in this thesis did not examine the prospective 

haemodynamic properties of S4 or S6. Limited resources precluded investigations of, 

for example, energy expenditure to assess the cardiac performance, that could be used 

to determine many circulatory factors such as arterial, systolic and diastolic blood 

pressure, respiratory ventilation rate, cardiac output and total peripheral resistance. 

Histological studies on mitochondrial changes in the high fat diet could be examined 

via the electron microscope not only to detect the morphology of the mitochondrion in 

the liver but also to confirm whether the treatments of S4, S6 and RSG normalised the 

hepatic change.

Using frozen tissues stored from the present research, further investigation concerning 

the molecular mechanisms and expressions behind the effects of S4, S6 and RSG on 

lipid metabolisms could be undertaken in order to possibly clarify the mechanism of 

triglyceride deposit in the liver (mechanisms are further discussed in Appendix VI). 

Future investigation into the molecular expressions of adipocytokines in liver, adipose
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tissues (epididymal, inguinal and subcutaneous), muscles (quadriceps and 

gastrocnemius) and other tissue sites such as the heart and kidney, may provide 

valuable information in comprehending the mechanisms of anti-hyperlipidaemic and 

haemodynamic effects of S4, S6 and RSG.

6.3 Conclusion

This study investigated the effects of three Chinese herbal formulae in an experimental 

animal model. In the rats, HFD feeding alone produced NAFLD as hypertriglyceraemia, 

hypercholesterolaemia and histological evidence of steatosis was observed. The three 

herbal formulae all attenuated these effects of HFD in relation to plasma triglycerides, 

NEFA, cholesterol, hepatic triglycerides and histological findings confirmed the 

absence of steatosis. S4 and S6 both attenuated the effects of the high fat diet on liver 

enzymes of the high fat diet, indicating a possible hepatoprotective effects with the 

values falling towards those for the Chow group. RSG by contrast elevated AST levels 

above those for HFD. In addition S6 was effective in lowering the visceral weights for 

all three adipose tissues. The two forms of S6; powder and decoction compared in 

Study I, showed generally similar results and were either similar to or superior to the 

effects of S4 and also produced high plasma HDL-C levels. This suggests that attention 

of future related research should focus upon either the S6 formula per se or its 

individual herbal constituents of Dan Shen and Zhi Zi.

However, modification of the experimental model may be important since it failed to 

produce obesity in the rats, evidenced by the lack of difference in weights between 

Chow and HFD fed rats. While this may be due to the short period of 11 weeks of the 

dietary manipulation, since the HFD and Chow fed rats similarly regulated their energy
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intake, a longer study duration may not necessarily produce obesity.

CHM faces a paradox in that on one hand its proponents point to herbal preparations as 

natural, safe and generally free from side effects. On the other hand, most formulae are 

asserted to have wide ranging effects. For example Dan Shen is reported to be an anti

coagulant, as well as having a range of beneficial effects for asthmatic bronchitis, bum 

healing, cardiovascular disease/ angina, chronic prostatitis, diabetic complications 

(diabetic foot), dialysis (peritoneal), glaucoma, hypercholesterolaemia, nephritic disease, 

hepatic syndrome (cirrhosis, chronic hepatitis B, fibrosis), pancreatitis (acute), stroke 

(ischemic), syncope (vasovagal), tinnitus, hypertension, weight loss and many more 

(Medline Plus, 2009). However, if this is the case then each of these effects could be a 

potential side effect. This is similar to Western pharmacological agents. For example, 

codeine has excellent analgesic properties and is also very useful for treating diarrhoea. 

However codeine prescribed for analgesia is likely to produce constipation in normal 

subjects and thus, one main effect can become a side effect when another main effect is 

being used therapeutically.

88



References

Abott, A. (2004) Laboratory animals, the Renaissance rat, Nature 428: 464-466.

Adams, L., Zein, C. and Angulo, P. (2004) A pilot trial of pentoxifylline in non

alcoholic steatohepatits. Hepatology 99: 22365-22358.

Alberti, G., Zimmet, P. and Shaw, J. (2005) The Metabolic Syndrome- a new 

worldwide definition. The Lancet 366: 1059-1062.

Altunkaynak, Z. (2005) Effects of high fat diet induced obesity on female rat livers. 

European Journal of General Medicine 2: 100-109.

Anderson, J., Konz, E. and Jenkins, D. (2000) Health Advantages and Disadvantages of 

Weight-Reducing Diets: A Computer Analysis and Critical Review. Journal of the 

American College of Nutrition 19: 578-590.

Australian Bureau of Statistics (ABS). National Health Survey 2004-2005: Summary of 

results. ABS catalogue number. 4364.0 Canberra: ABS.

Barbuio, R., Milanski M., Bertolo, M., Saad, M. and Versolo, L. (2007) Infliximab 

reverses steatosis and improves insulin signal transduction in liver of rats fed a high-fat 

diet. Journal of Endocrinology 194: 539-550.

Browning, J. and Horton, J. (2004) Molecular mediators of hepatic steatosis and liver 

injury. The Journal of Clinical Investigation 114: 147-152.

Bray, G. (1977) The Zucker-fatty rat: a review. Federation Proceedings 36: 148-153.

89



Bugianesi, E., Leone, N., Vanni, E. (2002) Expanding the natural history of non

alcoholic steatohepatitis: from cryptogenic cirrhosis to hepatocellular carcinoma. 

Gastroenterology 123: 134-40.

Cawson, R., McCracken, A. Marcus, P. Zaatari, (1989) Pathology; The mechanisms of 

disease, 2nd edition, The C.V. Mosby Company, Saint Louis, Missouri.

Chalasani, N. Aljadhey, H., Kesterson, J., Murray, M. and Hall S. (2004) Patients with 

elevated liver enzymes are not at higher risk for statin hepatotoxicity. Gastroenterology 

126: 1287-1292.

Chan, K., Chui, S., Wong, D., Ha, W., Chan C. and Wong, R. (2004) Protective effects 

from Danshensu from the aqueous extract of Salvia miltiorrhiza (Danshen) against 

homocystein-induced endothelial dysfunction. Life Sciences 75: 3157-3171.

Charbonneau, A., Unson, C. and Lavoie J. (2007) High Fat Diet-induced hepatic 

steatosis reduces glucagon receptor content in rat hepatocytes: potential interaction with 

acute exercise. The Journal of Physiology 579: 255-267.

Cheal, K. Abbasi, F., Lamendola, C. and McLaughlin, T. (2004) Relationship to Insulin 

Resistance of the Adult Treatment Panel III Diagnostic Criteria for Identification of the 

Metabolic Syndromz.Diabetes 53: 1195-1200.

Chen, G., Liang G., Goldstein, J. and Brown S. (2004) Central role for liver X receptor 

in insulin mediated activation of Srebp-lc transcription and stimulation of fatty acid 

synthesis in liver. The Proceedings of the National Academy of Sciences of the United 

States of America 101:11245-50.

Chen, G., Lu, F., Jin, D., Xu, L. and Wang, K. (2007) Effect of huanglian jiedu 

decoction on glucose transporter 4 expression in adipose and skeletal muscle tissues of 

insulin resistant rats. Chinese Journal of Integrative Medicine 13: 41-45.

90



Chen, X., Zhou, H., Liu, Y., Wang, J., Li, H., Ung, C., Han, Y/. Cao, Z. and Chen Y. 

(2006) Database of traditional Chinese medicine and its application to studies of 

mechanism and to prescription validation. British Journal of Pharmacology 149: 1092

1103.

Choudhury, J. and Sanyal, A. (2004) Clinical aspects of Fatty Liver Disease. Seminars 

in Liver Disease 24: 349-362.

Chow, C., Tai, S., Lian C. and Tan, K. (2007) Significant non-alcoholic fatty liver 

disease is found in non-diabetic, pre-obese Chinese in Singapore. Singapore Medical 

Journal 48: 752-757.

Collantes, R., Ong, J. and Younossi Z. (2006) The metabolic syndrome and 

nonalcoholic fatty liver disease. Panminerva Medicine 48: 41-8.

Damjanov, I. and Linder, J. (2000) Pathology: A Color Atlas. Mosby Inc., St Louis, 

Missouri.

Day C. (2005) Genetics of Alcoholic Fatty Liver Disease and Non-alcoholic fatty liver 

disease. Gastroenterology 40: 348-353.

Deushi, M. Nomura M., Kawakami, A., Haraguchi, M., Ito, M. Okazaki, M., Ishii H., 

and Yoshida, M. (2007) Ezetimibe improves Liver Steatosis and Insulin Resistance in 

Obese Rat Model of Metabolic Syndrome. Federation of European Biochemical 

Sciences Letters 581: 5664-70.

Dixon, J., Bhathal, P., Hughes, N. and O’Brien, P. (2004) Nonalcoholic Fatty Disease: 

Improvement in Liver Histological Analysis with Weight Loss. Hepatology 39: 1647

1654.

Eckel, R., Grundy, S. and Zimmit, P. (2005) The metabolic syndrome. The Lancet 365: 

1415-1428.

91



Erkisson, S., Erkisson, K. and Bondesson, L. (1986) Nonalcoholic steatohepatitis in 

obesity: a reversible condition. Acta Medica Scandinavia 220: 83-8.

Evans, M. Me Cormack, T. and Procter-King, J. (2007) Best practice principles for 

cholesterol lowering. The British Journal of Cardiology 14: SI-SI 6.

Folch, J., Ascoli, I., Lees, M., Meath, J. and Le, N. (1951) Preparation of lipid extracts 

from brain tissue. Journal of Biology Chemistry 191: 833-841.

Gianni, E., Testa R. and Savinao, V. (2005) Liver enzyme alteration: a guideline for 

clinicians. Canadian Medical Association 172: 367-69.

Glazer, G. (2001) Long-term Pharmacotherapy of Obesity 2000: A review of efficacy 

and safety. American Medical Association 161: 1814-1824.

Green, A., King. EL, Roglic,G., Sicree, R. and Wild S. (2003) NASH-hepatic 

metabolism and not simply the metabolic syndrome. Hepatology 38: 14-7.

Grefhorst A., Elzinga, B. and Voshol, P. (2002) Stimulation of lipogenesis by 

pharmacological activation of the liver X receptor leads to production of large, 

triglyceride-rich very low density lipoprotein particles. Journal of Biological 

Chemistry 277: 34182-90.

Gregory, C. (2004) The Clinical Picture of Metabolic Syndrome: An updated on this 

complex of conditions and risk factors. Postgraduate Medicine 11.6: 30-38.

Hauner, H. (2002) The mode of action of thiazolidinediones. Diabetes Metabolism Res. 

Reb 18:10-15.

Hollander, J and Mechanick, J. (2008) Complementary and alternative medicine and the 

management of the metabolic syndrome. Journal of the American Dietitian Association 

108: 495-509.

92



Hong, X., Li, L. Wu, L. (2007) Effects of Fenofibrate and Xuezhikang on High Fat Diet 

induced Non-alcoholic Fatty Liver Disease, Clinical and Experimental Pharmacology 

and Physiology 34: 27-35.

International Diabetes Federation (IDF) (2005) The IDF consensus worldwide 

definition of metabolic syndrome. IDF Consensus Workshop.

Jarra, M., Baranova, R., Collantes, R. and Ranard, B. (2008) Adipokines and Cytokines 

in Non-Alcoholic Fatty Liver Disease. Alimentary Pharmacology and Therapeutics 27: 

412-421.

Ji, W. and Gong, B. (2007) Hypolipidaemic effects and mechanisms of Panax 

Notoginseng on lipid profile in hyperlipidaemic rats. Journal of Ethnopharmacology 

113: 318-324.

Jia, W., Gao, W. and Tang, L. (2003) Antidiabetic Herbal Drugs Officially Approved in 

China. Phytotherapy Research 17: 1127-34.

Jia, W., Gao, W., Yan, Y., Wang J., Xu,Z., Zheng, W and Xiao, P. (2004) The 

rediscovery of ancient Chinese herbal formulas. Phytotherapy Research 18: 681- 686.

Jung, M., Park, M., Lee, H., Kanh, Y., Kang, E and Kim, S. (2006) Antidiabetic agents 

from medicinal plants.Current Medicinal Chemistry 13: 1203-1218.

Johnson, P., Zucker, L., Cruce, J. and Hirsch, J. (1971) Cellularity of Adipose depots in 

the genetically obese Zucker Rat. The Journal of Lipid Research 12: 706- 714.

Knopp, R., Dujovne, C., Beaut, L., Lipka,L., Suresh, R. and Veltri, E. (2003) 

Evaluation of the efficacy, safety and tolerability of ezetimibe in primary 

hypercholesterolaemia: a pooled analysis from two controlled phase III clinical studies. 

International Journal of Clinical Practice 57: 363-368.

93



Koay, E. and Walmsley, R. (1989) Handbook of Chemical Pathology, PG Medical 

Books, Lucky Plaza, Singapore.

Kong, W., Wei, J., Abidi, P., Lin, M., Inaba S., Li, C., Wang Y., Wang, Z., Si, S., Pan, 

H., Wang, S., Wu, J., Wang, Y., Li, Z., Liu, J. and Jiang J. (2004) Berberine is a novel 

cholesterol-lowering drug working through a unique mechanism distinct from statins. 

Nature Medicine 10: 1344-1351.

Koteish, A. and Diehl, A. (2002) Animal models of Steatohepatitis. Best Practice and 

Research Clinical Gastroenterology 16: 679-688.

Kumar, V., Cotran, R. and Robbins, S. (2003) Robbin’s Basic Pathology, 7th Edition, 

Saunders Ltd, Philidephia, Pennyslvania.

Lavine, J. (2000) Vitamin E treatment of non-alcoholic steatohepatitis in children: a 

pilot study. Journal of Paediatrics 136: 734-738.

Lee, K. (2006) Research and future trends in pharmaceutical development of medicinal 

herbs from Chinese medicine. Public Health Nutrition 3: 515-522.

Leng, S., Lu, F. and Xu, L. (2004) Therapeutic effects of berberine in impaired glucose 

tolerance rats and its influence on insulin secretion. Acta Pharmacologica Sinica 25: 

496-502.

Leonard, B. Watson, R., Loomes, K., Phillips, A. and Cooper G. (2005) Insulin 

resistance in the Zucker diabetic fatty rat: a metabolic characterisation of obese and lean 

phenotypes. Acra Diabetologia 42: 162-170.

Leonarduzzi, G., Scavazza, A., Biasi, F., Chiarpotto, R., Camandola, S., Vogel, S., 

Dargel, R. and Poli, G. (1997) The lipid peroxidation end product 4-hydrozy-2,3- 

nonenal up-regulates transforming growth factor beta 1 expression in the macrophage 

lineage: a link between oxidative injury and fibrosclerosis. The Federation of American 

Societies for Experimental Biology (FASEB) Journal 11: 851-857.
94



Lieber, C., Leo, M., Mak, K., Xu, Y., Cai, Q., Ren, C., Ponomarenko, A. and DeCarli, 

M. (2004) Model of nonalcoholic Steatohepatitis. American Journal of Clinical 

Nutrition 79: 502-509.

Lopez-Soriano, F., Carbo, N. and Argiles, J. (1991) Lipid Metabolism in obese Zucker 

Rat. Biochemical Journal 274: 651-656.

Lou, S. and Wang, W. (2008) Effects of YiQi SanJu Formula on NAFLD: a randomised 

controlled trial. Journal of Chinese Integrated Medicine 6: 793-798.

Ludwig, D. (2007) Childhood Obesity- The Shape of Things to Come. The New 

England Journal of Medicine 357: 2325-2327.

McAvoy, N., Ferguson, J., Campbell, I. and Hayes, P. (2006) Non Alcoholic Fatty 

Liver Disease: Natural History, Pathogenesis and Treatment. The British Journal of 

Diabetes and Vascular Disease 6: 251-260.

McDonald, G. (2008) Non-alcoholic Fatty Liver Disease, Diabetes Management 

Journal 23:8-9

Ma. Y., Olendzki, B., Chiriboga, D., Hebert, J., Li, Y., Li, W., Campbell, M. Gendrewa 

and Ockene, S. (2005) Association between Dietary Carbohydrates and Bodyweight. 

American Journal of Epidemiology 161: 359-367.

Malinowski, J. and Bolesta, S. (2000) Rosiglitazone in the treatment of type 2 diabetes 

mellitus: a critical review. Clinical Therapeutics 22: 1-18.

Marsh, S., Powell, P., Agarwal, A. and Chatham, J. (2007) Cardiovascular dysfunction 

in Zucker obese and Zucker diabetic fatty rats: role of hydronephrosis. American 

Journal of Physiology, Heart and Circulatory Physiology 292: 292-298.

95



Maeda, N., Shimomura, I., Kishida, K. and Nishizawa, H. (2002) Diet induced insulin 

resistance in mice lacking adiponectin/ACRP30. Nature Medicine 8: 731-736.

Marchesini, G., Brizi, M., Bianchi, G., Tomassetti, S., Bugianesi, E., Lenzi, M., 

McCullough, A., Natale, S., Forlani, G. and Melchionda, N. (2001) Non Alcoholic 

Fatty Liver Disease, a feature of the Metabolic Syndrome. Diabetes 50: 1844-50.

Medical Research News. (9 October 2005) Interview with David W. Stepp., Obese 

Zucker rat model shares the symptoms of obesity with a growing number of Americans. 

www.mcs.edu (last assessed 27 August 2007).

Medline Plus, (last updated 20 January 2009) Drug and Supplements: Dan Shen (Salvia 

miltiorrhiza). A service of the U.S. National Library of Medicine and the National 

Institutes of Health, www.nlm.nih.sov/medlineplus/drusinfo/natural/mtient-danshen 

(last assessed 20 May 2009)

Megalli, S., Aktan, F., Davies, N. and Roufogalis, B. (2005) Phytopreventative anti- 

hyperlipidemic effects of gynostemma pentaphyllum in rats. Journal of Pharmacy and 

Pharmaceutical Sciences 8: 507-515.

Megalli, S., Davies, N. and Roufogalis, B. (2006) Anti-hyperlipdemic and 

hypoglycaemic effects of gynostemma pentaphyllum in the Zucker fatty rat. Journal of 

Pharmacy and Pharmaceutical Sciences 9: 281-291.

Mendez-Sanchez, N., Arresse, M., Zamora-Valdes, D. and Uribe, M. (2007) Current 

Concepts in the Pathogenesis of Non-alcoholic Fatty Liver Disease. Liver International 

27: 423-433.

Mendez-Sanchez, N., Chavez, N., Sanchez-Lara, K., Zamora-Valdes, D., Ramos, M. 

and Uribe, M. (2005) Adiponectin as a protective factor in hepatic steatosis. World 

Journal of Gastroenterology 11: 1737-41.

96



Nair, S., Diehl A., Wiseman, M., Farr, G. and Perrillo, R. (2004) Metformin in the 

treatment of non-alcoholic steatohepatitis: a pilot open label trial. Alimentary 

Pharmacology and Therapeutics 20:23-28.

Nanji, A. (2004) Another animal model for alcoholic steatoehpatitis: how close to the 

human condition? American Society for Clinical Nutrition 79: 350-351.

Nakayama, T., Suzuki, S., Kudo, H., Sassa, S. and Nomura, M. (2006) Effects of three 

Chinese Herbal Medicines on plasma and liver lipids in mice fed a high fat diet. Journal 

of Ethnopharmacology 109: 236-240.

Nugent, C. and Younossi, Z. (2007) Evaluation and management of obesity-related 

nonalcoholic fatty liver disease. Nature Clinical Practice Gastroenterology and 

Hepatology 4: 432-441.

Pagano, C., Soardo, G., Esposito, W., Fallo, F., Basan, L., Donnini, D., Federspil, G., 

Leonardo, S. and Vettor, R. (2005) Plasma adiponectin is decreased in non-alcoholic 

fatty liver disease. European Journal of Endocrinology 152: 113-118.

Pan, M., Cederbaum, A., Zhang, Y., Ginsberg, H., Williams, K. and Fisher, E. (2004) 

Lipid peroxidation and oxidant stress regulate hepatic apolipoprotein B degradation and 

VLDL production. Journal of Clinical Investigation 113: 1277-1287.

Papandreou, D., Rousso, I. and Mavromichalis, I. (2007) Update on non-alcoholic fatty 

liver disease in children. Clinical Nutrition 26: 409-15.

Park, Y., Zhu, S., Palaniappan, L., Heshka, S., Camethon, M. and Heymsfield, S. 

(2003) The Metabolic Syndrome: Prevalence and Associated Risk Factor Findings in 

the US Population From the Third National Health and Nutrition Examination Survey, 

1988-1994. Archives of Internal Medicine 163: 427-436.

97



Ping, X., Zhang, W., You-ming, Li, Y., Yu, C., Xu, Li and Xu, G. (2006) Research pm 

the protection effect of pioglitazone for non-alcoholic fatty liver disease (NAFLD) in 

rats. Journal of Zhejiang University Science 7: 627-633.

Powell, E., Jonsson, J. and Clouston, A. (2006) Steatosis as a cofactor in other liver 

diseases: hepatitis C virus, alcohol, hemochromatosis and others. Clinics in Liver 

Disease 11: 173-89.

Ragaa, H., Ahmed, Y., Allam, M. and Hesham, M. (2007) A Novel Therapeutic Drug 

(Copper Nicotinic Acid Complex) for Non-alcoholic Fatty Liver. Blackwell Publishing 

27: 454-464.

Remmers, F., Schreuder, M., Gemke, B. and Delemarre-cande Waal, H. (2008) Energy 

intake and resting energy expenditure in adult male rats after early postnatal food 

restriction. British Journal of Nutrition 99: 1149-1156.

Ross, M., Kaye, G. and Pawlina, W. (2003) Histology, A Text and Atlas, 4th edition, 

Lippincott Williams and Wilkins, Philadelphia, United States of America.

Sanyal, A. (2002) AGA Technical Review on Nonalcoholic Fatty Liver Disease. 

Gastroenterology 123: 1705-1725.

Scherer, P. (2006) Adipose tissue: from lipid storage compartment to endocrine organ. 

Diabetes 55: 1537-1545.

Shih, C., Lin, C. and Lin, W. (2008) Effects of Momordica charantia on insulin 

resistance and visceral obesity in mice on high-fat diet. Diabetes research and clinical 

practice HI: 134-143.

Shim, J., Kim, C., Tan, Y., Kim, J., Qu, X. (2008) Investigation of Chinese herbal 

extracts in treatment of metabolic syndrome. Australian Diabetes Society and 

Australian Diabetes Educators Association Annual Scientific Meeting Supplement 232: 

113-114.

98



Shimomura, I., Bashmakov, Y. and Horton, J. (1999) Increased levels of nuclear 

SREBP-lc associated with fatty livers in two mouse models of diabetes mellitus. 

Journal of Biological Chemistry 274: 30028-32.

Soden, J., Devereaux M., Hass, J., Gumpricht, E., Dahl, R., Gralla, J., Traber, M. and 

Sokol, R. (2007) Subcutaneous vitamin E ameliorates liver injury in an in vivo model of 

steatocholestasis. Hepatology 46: 485-495.

Song, J., Costa, K., Fischer, L., Kohlmeier, M., Kwock, L., Wang, S. and Zeisel, S. 

(2005) Polymorphism of the PEMT gene and susceptibility of non-alcoholic fatty liver 

disease. The Federation of American Societies for Experimental Biology Journal 19: 

1266-1271.

Tamura, S. and Shimomura, I. (2005) Contribution of adipose tissue and de novo 

lipogenesis to non-alcoholic fatty liver disease. The Journal of Clinical Investigation 

115:1139-1142.

Tan, Yi, Wang, Z., Seale, P. and Qu, X. (2007) Effects of Chinese Herbal Extracts on 

Metabolic Syndrome in High Fat Fed Rats. Diabetes 67th Scientific Sessions American 

Diabetic Association Supplement 56 (1) 1-A896.

Thomas, C. (1984) Sandritter’s Color Atlas and Textbook of Histopathology, 7th 

edition, Year Book Medical Publishers, Chicago, United States of America.

Thomas, N., Schooling, M., McGee, M. and Ho, S. (2007) Metabolic Syndrome 

increases all cause and vascular mortality: The Hong Kong Cardiovascular Risk Factor 

Study, Journal of Clinical Endocrinology 66: 666-71.

Tomlinson, S., Heagerty, A., Weetman, A. and Malik, R. (2008) Mechanisms of 

Disease: An introduction to clinical science, 2nd edition. Cambridge University Press, 

New York, United States of America.

99



Utzscheneider, K. and Kahnm S. (2006) Review: The Role of Insulin Resistance in 

Nonalcoholic Fatty Liver Disease. The Journal of Clinical Endocrinology and 

Metabolism 91: 4753-4761.

Varman, S., Liu, Z., Qu. X., Elder, B., Bilkz, S., Befroy, D., Romanelli, A. and 

Shulman, G. (2004) Mechanism of Hepatic Insulin Resistance in Non-alcoholic Fatty 

Liver Disease, The Journal of Biological Chemistry 279: 32345-32353.

Wang L., Higashiura, K., Ura, N., Mirura, T. and Shimamoto K. (2003) Chinese 

medicine, Jiang-Tang-Ke-Li, improves insulin resistance by modulating muscle fiber 

composition and muscle tumor necrosis factor-a in fructose-fed rats. Hypertension 

Research 26: 527-532.

Wang E. and Wylie-Rosset, J. (2008) Review of selected Chinese herbal medicines in 

the treatment of Type 2 diabetes. The Diabetes Educator 34: 1-10.

Wang Y., Wang, L., Gao, Y., Sun, X., Zhang, B., He, J., Wen, Y., Zhang, X., Zhao, Y. 

and Zhao, Q. (2005) Epidemic survey on TCM syndrome typing and preliminary 

discussion on TCM etiology and pathogenesis of fatty liver. Integrative Traditional 

Chinese Medicine and Western Medicine 25: 126-30.

Woodcroft, K. and Novak, R. (1997) Insulin effects on CYPE2E1, 2B, 3A and 4A 

expression in primary cultured rat hepatocytes. Chemico-biological Interactions 107: 

75-91.

World Health Organisation (1999) Definition, diagnosis and classification of diabetes 

mellitus and its complications. Report of a World Health Organisation Consultation, 

Geneva.

Xu, P., Zhang, X., Li, Y., Yu, C., Xu, L. and Xu, G. (2006) Research on protection 

effect of Pioglitazone for Non-Alcoholic Fatty Liver Disease in rats. Journal of 

Zhejiang University Press 7: 627-633.

100



Yeon, J., Choi, K., Baik, S., Kim, K., Lim, H., Park, K., Kim, J., Park, J., Kim, J., Bak, 

Y, Byun, K. and Lee, C. (2004) Reduced expression of perioxisome proliferator- 

activated receptor-alpha may have an important role in the development of Non

alcoholic Fatty Liver Disease. Journal of Hepatology 19: 799-804.

Younossi, Z. (2008) Review Article: Current Management of Non-Alcoholic Fatty 

Liver Disease and Non-Alcoholic Steatohepatitis. Alimentary Pharmacology and 

Therapeutics 28: 2-12.

Zamora-Valdes, D., Ponciaco, G. and Chavez, N. and Mendez-Sanchez, N. (2005) The 

endocannabinoid system in chronic liver disease. Annals of Hepatology 4: 248-254.

Zhang, S., Chen Z., Jiang, K., Cheng, Y. and Gu, Y. (2007) The effect of QuYu 

HuaTanTongLuo Decoction on Non Alcoholic Steatohepatits. Complementary 

Therapies in Medicine 4: 192-198.

Zilva, J., Pannall, P. and Mayne, P. (1988) Clinical Chemistry in Diagnosis and 

Treatment, Lloyd-Luke Medical Books, London, Great Britain.

101



Appendix I:
Diagnostic criteria of Metabolic Syndrome

Though the concept of Metabolic Syndrome has been around for over 80 years, the 

diagnostic criteria of metabolic syndrome are still not uniformly settled. The diagnostic 

criteria is currently in the process of being standardised and unified worldwide for 

diagnostic criteria and significant principles of Metabolic Syndrome; which is also 

referred under different names; Metabolic Syndrome X, syndrome X, insulin resistance 

syndrome, Reaven’s syndrome to explicitly delineate the manifestations and 

complications that are correlated with the increased risk of cardiovascular disease and 

Type 2 diabetes, over the decades (Gregory, 2004).

The principle standards of metabolic syndrome has been integrated by various health 

and educational institutions including (Eckel et al, 2005, World Health Organisation 

1999, Cheal et al, 2004, Park et al, 2003) World Health Organisation (WHO), 

International Diabetes Federation (IDF), the United States National Cholesterol 

Education Program Adult Treatment Panel III (NECP) and the European Group for the 

Study of Insulin Resistance (EGIR). Their criterions are shown below in the following 

table.
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Diabetes or
impaired glucose
tolerance or insulin
resistance plus 2 or
more of the
following:

Central
obesity
Waist
circumference
Plus any 2 of 
the following:

Insulin resistance
or
hyperinsulinaemia 
(only non-diabetic 
subjects) plus two
or more of its
following:

Three or more
of the
following:

> 140/90 mmHg >
130/85mmHg

> 140/90mmHg > 130/85
mmHg

> 1.695 mmol/L > 1.7mmo/L > 2.0mmol/L >

1.695mmol/L

0.9mmol/L (M) 
<1.0mmol/L (F)

1.03mmol/L
(M)
<1.29 (F)

<1.0mg/dL <40mg/dL
(M)
< 50mg/dL 
(F)

> 0.90 (M)
> 0.85 (F)
(Waist; Hip Ratio)

Ethnicity
Specific

> 94cm (M)
> 80cm (F)

> 102cm (M)
> 88cm (F)

Obesity: BMI > 
30kg/m2
Microalbuminuria:
Urinary albumin
excretion ratio >
20ug/min or
albumin: creatinine
ration >30mg/g

Fasting
plasma
glucose>
5.6mmol/L) or
previously
diagnosed
Type 2
Diabetes

Fasting plasma 
glucose
6.1 mmol/L

Fasting 
plasma 
glucose >
6.1 mmol/L
(1 lOOmg/dL)

Table: Current diagnostic criteria of Metabolic Syndrome
The diagnostic criteria of Metabolic Syndrome established by WHO, IDF, NECP and EGIR 
following a similar trend and threshold; basic criterion, blood pressure, TG level, HDL-C, waist 
circumference and other features such as glucose and Body Mass Index (BMI) measurements.
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Appendix II: Clinical Features of NAFLD

There are no definitive diagnostic signs for NAFLD. The most common associated 

clinical feature is a dull ache or discomfort in the upper right abdomen, which may be 

an indication of hepatomegaly may be physically examined if advanced liver disease is 

current with potential signs of hepatic decompensation (eg. Ascites, encephalopathy and 

jaundice) (Nugent and Younossi, 2007).

Symptoms of steatosis or NASH are usually vague and non-specific, they may or may 

not include:

i. Fatigue, lethargy

ii. Malaise

iii. Loss of appetite

iv. Weight Loss

v. Nausea

vi. Small, red spider veins under skin or easy bruising

vii. Yellowing of skin and eyes, dark cola-coloured urine

viii. Bleeding from engorged veins in oesophagus or intestines

ix. Decrease in libido

x. Fluid in the abdominal cavity (ascites)

xi. Itching on hands and feet, and eventually spreads to the entire body

xii. Swelling of legs and feet from oedema

xiii. Mental confusion, such as forgetfulness or encephalopathy

xiv. Liver failure (increase in AST, ALT: 2 to 5 fold)

xv. Increase in serum ALT/AST ratio (65-90%)
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xvi. Increase in serum Alkaline phosphatase (30%)

xvii. Increase in serum Ferritin 

xviii. Depression

xix. The signs and symptoms of metabolic syndrome manifest in obesity, particular 

around the abdominal region, hypertension, one or more abnormal cholesterol 

levels, such as high levels of triglycerides, low levels of high density 

lipoprotein (HDL) and resistance to insulin - responsible in the regulation of 

the blood sugar levels in the body (Tamura and Shimomura, 2005)

xx. There are links between obesity, diabetes and NAFLD identified in various 

articles and earliest publication on the condition. More recently it has been 

recognised that the link is with central obesity particularly, as well as other 

metabolic changes such as hypertriglyceridaemia, hyperuriaemia and insulin 

resistance. (Marchesini et al, 2001)
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Appendix III: Risk factors

Other risk factors for NAFLD include:

Abdominal surgery:

This surgery involves removal or large parts of the small intestines or bypass parts of 

the small intestine or gastric bypass. These surgical procedures often lead to rapid 

weight loss, which may increase the risk of NAFLD (Dixon et al, 2004).

Rapid weight loss has shown to worsen liver histology therefore weight reduction 

should be gradual, no more than 1.6kg per week (Nugent and Youssini, 2007).

Medications:

Patients taking oral corticosteroids such as prednisone and hydrocortisone, synthetic 

estrogens (Premarin, Ortho-Est) for menopause, amiodraone (Cordarone, Pacerone) for 

heart arrhythmias, tamoxifen (Nolvadex) for breast cancer, diltiazem (Dilacor XR, 

Cardizem) for hypertension, anti-retroviral drugs suchs as indinavir (Crixivan) for 

HIV/AIDS and methotrexate (Rheumatrex, Folex) an immune suppressing medication 

for rheumatoid arthritis are at risk of developing fatty livers after long term use. In rare 

cases cirrhosis may develop in patients taking medications for heart arrhythmia and 

immune suppression (Papandreou et al, 2007).
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Appendix IV: Degree of fibrosis

Fibrosis is the excess deposition of large amounts of fibrous connective tissue of a 

reparative process, as presented in the diagram below and usually detected by collagen 

(scar tissue) stained by the green colour in Masson’s Trichrome staining procedures 

(Damjanov and Linder, 2000).

Three parameters of hepatic fibrosis can be scored from beginning to end stage liver

disease;

1) Perisinusoidal fibrosis

2) Portal fibrosis

3) Bridging fibrosis

Cirrhosis of the liver

Postnecrotic Periportal micronodular Fatty alcoholic
micronodular cirrhosis cirrhosis cirrhosis

Diagram of the histological manifestations in the cirrhosis of liver (Source: Thomas, 1984) 
The red shown in the upper line indicates necrosis which can progressively manifest to fibrous 
scars as shown by the gray areas in the lower half of the figure.
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Appendix V: Grading and Staging of NAFLD

Grading of NAFLD

0 None 0%

1 Mild Up to 33%

2 Moderate 33-66%

3 Severe >66%

Table: Grading of Macrovesicular Steatosis (Jarrar et al, 2008)
This is a table presenting the diagnostic grades of 0 to 4 and the corresponding terms (None, 
mild, moderate and severe) and degree of macrovesicular steatosis represented by a percentage.

Staging of NAFLD

1 Hepatic Steatosis Zone III Perisinusoidal/pericellular

fibrosis; focally or extensively present

2 Steatohepatitis Zone III perisinusoidal/pericellular

fibrosis with focal or extensive periportal

fibrosis

3 Steatohepatitis with fibrosis Zone III perisinusoidal/ pericellular

fibrosis and portal fibrosis with focal or

extensive bridging fibrosis

4 Cirrhosis Intense bridging fibrosis with scarring

Table: Staging of NAFLD (Jarrar et al, 2008)
This is the diagnostic staging criteria of 1 to 4 followed by the corresponding terms and degree 
of fibrosis.
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Appendix VI: Pathogenesis of NAFLD

Mechanisms of Fat Accumulation in the Liver

Hepatic steatosis arises as a result of dysfunction of several metabolic pathways. An 

increase in the circulating fatty acid pool seems to be a key aspect in the pathogenesis 

of fatty liver (Mendez-Sanchez et al, 2007). However the activating function of 

expressed transcription factors, the action of adipokines and derangement of hepatic fat 

oxidation and very low-density lipoprotein (VLDL) secretion are still in the process of 

being identified (Browning and Horton, 2004). High calorie consumption in sedentary 

and genetically susceptible individuals engenders lipolysis, tumour necrosis factor-a 

expression and hypoadiponectinaemia, steering them towards peripheral insulin 

resistance and an increased circulating fatty acid pool. Deposition of hepatic fat 

promotes insulin resistance via abnormal intracellular insulin signalling. These 

progressions lead to hepatic insulin resistance and fatty deposition with increased 

production of sterol-regulatory element-binding protein-lc (SREBP-lc), CB-1 and 

ghrelin instigating de novo hepatic lipogenesis. (Shimomura et al, 1999)

Increased Adipose Tissue-derived Fatty Acid Pool

Adiopocytes are metabolically active cells that build up fatty acids in the form of 

triglycerides as a result of excessive caloric intake (Scherer, 2006). Oxidation of fatty 

acids requires more energy than oxidation of proteins or carbohydrates. The 

triglycerides from adiopose tissue undergo lipolysis during fasting, which releases free 

fatty acids (FFAs) and glycerol into the circulation for uptake by the liver. (Scherer, 

2006) The pancreas releases insulin, increasing lipogenesis and decreasing lipolysis and
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fatty acid mitochondrial oxidation. Cytokine signalling impedes tyrosine 

phosphorylation and abnormal non-signal transducing serine/threonine phosphorylation 

due to the deactivated or suppressed insulin receptor (Pan, et al, 2004). Insulin 

resistance is prone to develop through chronic excess energy intake in genetically 

susceptible sedentary individuals, deregulating insulin’s inhibitory effects upon the 

peripheral lipolyis and accumulation of FFA’s utilisation.

Role of Transcription Factors, Adipokines and Novel Metabolic Markers 

SREBP-lc

There are three sterol regulatory element binding proteins (SREBP) identified; SREBP- 

lc, SREBP-lc and SREBP-2. These are expressed in the liver and tissues involved with 

energy homeostasis and are activated by insulin, liver receptor (LXR-a), 

endocannabinoid receptor CB-1, suppressor of cytokine signalling (SOCS)-3 and 

inhibited by glucagons (Chen et al, 2004). The overexpression of SREBP in the liver of 

rats resulted in lipodystrophy, insulin resistance and hepatic steatosis (Shimorura et al, 

1999).

LXR-a

Liver receptors LXRs act as nuclear cholesterol sensors activated in response to 

elevated intracellular cholesterol levels in the form of oxysterols, hydroxycholesterol in 

hepatocytes and also in other cell types. They were found to be increasingly expressed 

in induction of massive liver steatosis and increased VLDL with a 2.5 fold increase in 

the serum levels (Grefthost et al, 2002).
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7.5.3 Adiponectin

Adiponectin is an adipose specific secretory protein, an insulin sensitiser and a TNF-a 

antagonist. Adiponectin promotes glucose utilization and fatty acid oxidation in the 

liver by activating AMP activated protein kinase (Utzschneider and Kahnm, 2006). 

Experimental studies have shown that administration of recombinant adiponectin causes 

reversion of NAFLD in mice, activation of camitine-palmitoyl transderase (CTP)-l and 

peroxisome proliferators-activated receptors (PPAR)-a and TNF-a antagonism (Maeda 

et al, 2002). Patients with hepatic steatosis present hypoadiponectinaemia independent 

of insulin resistance, and their adioponectin serum levels correspond with the 

progression of fatty infiltration (Mendez-Sanchez et al, 2005). Adiponectin is an anti

inflammatory with anti-steatotic properties which may be protective against steatosis, 

stimulating apoptotic changes and necrosis in hepatocytes by reducing the TNF-a 

production and inducing PPAR-a activity.

7.5.4 CYP Activity

It is also uncertain how a liver becomes fatty, the fat may have come from other parts of 

the body or the liver may absorb an increased amount of fat from the intestines (Tamura 

& Shimomura, 2005). Another possible theory is that the liver loses its ability to 

convert fat into a form that can be eliminated. However, lifestyle seems to be a 

dominant feature in progression of a fatty liver; that is, excessive consumption of fatty 

foods and minimal physical activity. Involvement of the cytochrome P4502 enzymes 

(CYP2E1) and members of the CYP4A subfamilies are said to be stimulated by fatty 

acids during the process of oxidative stress (Song et al, 2005). Increased availability of 

fatty acid is a proposed mechanism for the up regulation of CYP enzymes, possibly 

induced by leptin, however insulin has been shown to deregulate CYP2E1 and CYP4A
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(Woodcraft and Novak, 1997). Researchers deduce that there may be a genetic 

constituent to this disease and are examining whether genes cooperate in a functional 

development of NAFLD or if genes take part in the seriousness of this disease (Song et 

al, 2005).

PPAR-a

Peroxisome proliferators-activated receptor-a (PPAR-a) is a hepatic fatty acid-sensitive 

nuclear receptor which activates three pathways of fatty acid oxidation on the 

transcriptional level (Mendez-Sanchez et al, 2007). Endogenous agonists comprise of 

the majority of fatty acids, such as palmitic, palmitoleic, linoleic and arachidonic acids. 

PPAR-a transcription is inversely down regulated by TNF-a, the transcriptional activity 

of PPAR-a leads to the activation of mitochondrial, perioximal and microsomal fatty 

acid oxidation enzymes, gluconeogenic enzymes (phosphoenolpyruvate carboxyl 

kinase), lipogenesis enzymes (lipoprotein lipase) and synthesis of very long chains of 

fatty acids (Yeon et al, 2004). This in turn raises the availability of fatty acids for 

oxidation, causing a major decline in hepatic fatty acids. PPAR-a has been under 

expressed in experimental models of NAFLD, predominantly in the early stages. 

Treatment with exogenous PPAR-a agonists inhibit NAFLD in HFD fed mice and 

degenerated in experimental models of NAFLD (Koteish and Diehl, 2002).

TNF-a Activity

TNF-a expression is one of the initial events in hepatic injury instigating cytokine 

responses. The TNF-a target genes are found in minimal amounts, serving as key 

promoters of liver regeneration. However increased expression of TNF-a is also able to 

induce hepatocellular necrosis (Mendez-Sanchez et al, 2007).
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TNF-a stimulates inhibitory-kB kinase which downgrade IkB, which initiates the 

nuclear migration of nuclear factor (NK)-kB leading to an upregulation of interleukin-6 

(IL-6) (Koteish and Diehl, 2002). Overexpression of IkB kinase (IKK) causes excessive 

hepatic insulin resistance and steatosis, probably through potential of abnormal serine 

phosphorylation of insulin receptor substrate (IRS-1) and IRS-2.

There is inverse parallel expression of adiponectin with serum TNF-a, which also 

activates c-Jun N Terminal Kinase (JNK-1). Elevated JNK-1 expression was shown in 

mice fed with a steatogenic diet and higher adiponectin and resistance to NAFLD in 

JNK-1 knockout mice (Koteish and Diehl, 2002).

7.8 Oxidative Stress

Oxidative stress arises from oxidative damage of lipids, proteins and nuclear material 

and is caused by an imbalance between peroxidant and antioxidant compounds. It is 

stimulated by modifications of the mitochondrial respiratory chain, peroxisomal fatty 

acid oxidation and CYP activity, which are implicated in development of NAFLD to 

NASH (Lieber et al, 2004).

Oxidative stress in NAFLD, increases fatty acid availability which stimulates 

mitochondrial, peroxisomal and microsomal oxidation, causing an elevated production 

of reactive oxygen species (ROS), which in turn induces lipid peroxidation with 

Malondialdehydre (MDA) and hydroxynonenal (HNE) production, protein denaturation 

and NDA damage. MDA and HNE promote apoB protenoloysis, decreasing export of 

hepatocellular triglyceride thereby advancing in steatosis (Browning and Horton, 2004). 

The presence of decreased glutathione for ROS degradation and the upregulated TNF-a
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leads to hepatocellular necroinflammation and stellate cell in turn causing hepatic 

fibrosis.

ROS strike polyunsaturated fatty acids and activate lipid peroxidation, with remnants of 

long half-life aldehyde by products such as 4-hydroxy-2-nonenal and malodialdehyde. 

These products have been shown to achieve oxidative damage causing multiple cellular 

adaptations leading to microvesicular steatosis (Day, 2005). HNE and MDA generate 

Apop-B proteolysis via reduction of triglycerides, exporting through very low density 

lipoprotein (VLDL) formation (Pan et al, 2004). They impair nucleotide and protein 

synthesis; reduce glutathione and elevate the production of TNF-a production, causing 

necroinflammatory activity and fibrogenesis through the increased hepatic production 

of transforming growth factor (TGF)-Bl which triggers hepatic stellate cells into 

collagen-secreting myofibroblasts (Leonarduzzi et al, 1997).
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Appendix VII: Treatment for NAFLD

Lifestyle Intervention

Lifestyle interventions aimed at reducing weight through diet and physical exercise are 

a logical initial approach in order to reduce insulin resistance and cardiovascular risk as 

most NAFLD patients display a cluster of metabolic disorders (McAvoy, 2006). 

Reduction of weight seems to have a positive effect on ALT and steatosis in patients 

with NASH and extensive research has shown that weight loss decreases leptin and IL- 

6 (Erkisson et al, 1986). Unfortunately many lifestyle interventions are strenuous to 

carry out since they also rely on pharmacological treatment. Orlistat (an enteric 

inhibitor) and Sibutramine (a selective serotonin reuptake inhibitor) are the only two 

drugs that are recommended for long tenn use for weight loss but have notable side 

effects such as dryness of mouth, insomnia, elevated blood pressure and gastrointestinal 

effects. They have been shown to induce weight loss and decrease aminotransferase 

levels, improving liver histology in 90% of NAFLD patients (Nugent and Younossi, 

2007).

Meta-analysis of pharmacological treatments for obesity show mean weight loss after 

one year of 3-4kg for orlistat and 4.8-6. lkg for sibutramine (Glazer, 2001).

Rimonabant is a selective antagonist of central cannabinoid CB-1 receptor antagonist 

suppressing appetite, produced a mean weight loss of 6.6kg after one year (Tomlinson 

et al, 2008). Other agents that are currently under evaluation are lipase inhibitors, B-3 

receptor antagonists and anticonvulsant topiramate (Tomlinson et al, 2008).
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A more radical and invasive method of imposing weight loss is bariatric surgery, 

laproscopic adjustable gastric banding and liposuction. Two main processes are 

involved; by reducing the size of the stomach size to restrict food proportion which 

patients can eat and restrict calorie absorption via a small bypass surgery (McAvoy, 

2006). Symptoms seem to improve remarkably, reducing with sleep apnoea, decreasing 

the BMI by 12 due to a loss of 54% excess fat, and glucose levels dropping from 7.9 to 

6.1 (14months after surgery). In addition fasting blood sugar levels (BSL) decrease 

from 6.2 to 4.8 and there is a gradual resolution of diabetes mellitus (Nugent and 

Younossi, 2007). The majority of the patients are able to maintain their significant 

weight loss after gastric banding with strict diets and exercises with the aid of 

nutritionists and physiotherapists.

These invasive procedures have shown to improve liver biochemistry and steatosis 

however at the risk of morbidity. There is also some risk of infection and worsening 

steatosis involved after small bowel bypass surgery (Me Avoy, 2006).

Dyslipidaemia Therapy

Patients with hyperdyslipidaemia are prone to multiple cardiovascular risk factors 

thereby benefiting from a statin, a cholesterol lowering drug. Statins inhibit synthesis 

and production of cholesterol in the liver reducing the storage of hepatic cholesterol 

(Evans et al, 2007). Ezetimibe, an inhibitor of cholesterol absorption from the small 

intestine inhibits de novo synthesis of cholesterol, which also reduces the storage of 

hepatic cholesterol and promotes a faster removal of circulating LDL cholesterol from 

the blood (Evans et al, 2007). In an animal study ezetimibe has shown to reduce hepatic 

steatosis and fibrosis by reducing lipid accumulation and synthesis of lipoprotein, thus 

reducing the insulin resistance from a high fat induced diet (Deushi et al, 2007). It has
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been shown in patients that ezetimibe can improve their lipid profile as levels of serum 

LDL cholesterol levels and triglycerides were reduced (Knopp et al, 2003). In a large 

cohort study from the United States it was shown that patients with elevated liver 

enzymes were not at higher risk of hepatotoxicity with statin use (Chalasani et al, 2004).

Anti-oxidant/ anti-cytokine Agents

Ursodeoxycholic acid (UDCA), Vitamin E, beta-carotene, pentoxifylline and selenium 

are types of anti-oxidant, anti-cytokine agents. Cytoprotective agents such as betaine, 

ursodeoycholic acid are shown to reduce lipid levels and are used to treat NAFLD 

patients (Sanyal, 2002). However none has had a proven role in the treatment of 

NAFLD.

In a two year randomized controlled trial, treatment of UDCA was administered at a 

dose of 13 to 15mg/day and noted that it was well handled, however it was not better 

than placebo for patients of NASH. ALT concentrations were improved in both the 

treatment and placebo groups emphasising the importance for a placebo controlled trials 

in this field (Lavine, 2000). Vitamin E has shown some potential benefits in a pilot 

study however there is insufficient evidence for its application (Lavine, 2000). 

Pentoxifylline, a TNF-a inhibitor which is used in alcoholic hepatitis has also been 

tested in a pilot study which had shown improvements in ALT levels (Adams et al, 

2004).
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Appendix VIII: Statistical analysis tables

Results for Study I

Aim I: To compare the effects on young healthy rats of two types of dietary 

manipulation administered over a period of five weeks on: body weight, food and 

energy intake.

Bodyweight during Induction Phase

Initial Bodyweight
ANOVA Table SS df MS F P

Treatment (between columns) 232 5 46.39 0.26 0.93
Residual (within columns) 8396 47 178.6
Total 8628 52

Final Bodyweight
ANOVA Table SS df MS F P
Treatment (between columns) 232 5 46.39 0.27 0.93
Residual (within columns) 8396 47 178.6
Total 8628 52
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Aim II: While maintaining the same feeding regimes, to examine the effects over 

the following six week period of orally administered pharmacological interventions 

on body weight, food and energy intake, BMI, plasma glucose, OGTT, cholesterol, 

triglycerides, NEFA, HDL-C, ALT and AST.

Bodyweight during Intervention Phase

Final Bodyweight
ANOVA Table SS df MS
Treatment (between columns) 40400 5 8081
Residual (within columns) 110300 38 2903
Total 150700 43

Food and energy intake during Intervention Phase

Food Intake (g)
ANOVA Table SS df MS F P

Treatment (between columns) 2469 5 493.8 271.9 <0.0001
Residual (within columns)
Total

370.4
2839

204
209

1.816

Energy Intake (kJ)
ANOVA Table SS df MS F P

Treatment (between columns) 67900 5 13580 16.51 <0.0001
Residual (within columns)
Total

167700
235600

204
209

822.3

The effects of the interventions on BMI

BMI
ANOVA Table SS df MS F P

Treatment (between columns) 22.72 5 4.543 10.08 <0.0001
Residual (within columns) 16.22 47 0.4506
Total 38.94 52
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The effects of the interventions upon NEFA levels

NEFA
ANOVA Table SS df MS F P

Treatment (between columns) 2.417 5 0.4835 5.81 0.0003
Residual (within columns) 3.913 47 0.0833
Total 6.33 52

The effects of the interventions upon triglyceride levels

Triglyceride
ANOVA Table SS df MS F P

Treatment (between columns) 5.323 5 1.065 6.02 0.0002
Residual (within columns) 8.314 47 0.1769
Total 13.64 52

The effects of the interventions upon cholesterol levels

Cholesterol
ANOVA Table SS df MS F P

Treatment (between columns) 11.87 5 2.373 3.09 0.07
Residual (within columns) 36.05 47 0.7671
Total 47.92 52

The effects of the interventions upon HDL-C levels

HDL-C
ANOVA Table SS df MS F P

Treatment (between columns) 26.03 5 5.206 8.51 <0.0001
Residual (within columns) 24.47 47 0.6118
Total 50.5 52

The effects of the interventions in glucose metabolism

Glucose
ANOVA Table SS df MS F P

Treatment (between columns) 12.94 5 2.589 3.28 0.013
Residual (within columns) 37.16 47 0.7905
Total 50.1 52
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OGTT
ANOVA Table SS df MS F P

Treatment (between columns) 5.46 5 1.092 0.58 0.72
Residual (within columns) 45.35 47 1.89
Total 50.81 52

The effects of the interventions upon ALT

ALT
ANOVA Table SS df MS F P

Treatment (between columns) 8696 5 1739 3.87 0.0051
Residual (within columns) 21120 47 449.4
Total 29820 52

The effects of the interventions upon AST

AST
ANOVA Table !3S df MS F P

Treatment (between columns) 4952 5 990.5 5.29 0.0006
Residual (within columns) 8798 47 187.2
Total 13750 52

The effects of the interventions in ALT: AST Ratio

ALT:AST Ratio
ANOVA Table SS df MS F P

Treatment (between columns) 30.58 5 6.116 6.23 0.0002
Residual (within columns) 46.15 47 0.9819
Total 76.73 52
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Results for Study II

Aim III: To compare post mortem weights of livers and adipose tissues, hepatic 

triglycerides, hepatic morphology, for evidence of obesity related NAFLD

The effects of the interventions in epididymal fat

Epididymal Fat
ANOVA Table SS df MS F P

Treatment (between columns) 224.8 4 56.19 7.86 0.0002
Residual (within columns) 221.8 31 7.153
Total 446.5 35

Fat: Bodyweight Ratio
ANOVA Table SS df MS F P

Treatment (between columns) 0.0005 4 0.0001 8.98 <0.0001
Residual (within columns) 0.0005 31 2E-05
Total 0.001 35

The effects of the interventions in inguinal fat

Inguinal Fat
ANOVA Table SS df MS F P

Treatment (between columns) 962.1 4 240.5 17.85 <0.0001
Residual (within columns) 417.8 31 13.48
Total 1380 35

Fat: Bodyweight Ratio
ANOVA Table SS df MS F P

Treatment (between columns) 0.0029 4 0.0007 24.29 <0.0001
Residual (within columns) 0.0009 31 3E-05
Total 0.0038 35
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The effects of the interventions in subcutaneous fat

Subcutaneous Fat
ANOVA Table SS df MS F P

Treatment (between columns) 100.2 4 25.05 13.23 <0.0001
Residual (within columns) 58.71 31 1.894
Total 158.9 35

Fat: Bodyweight Ratio
ANOVA Table SS df MS F P

Treatment (between columns) 0.0003 4 7E-05 15.44 <0.0001
Residual (within columns) 0.0001 31 4E-06
Total 0.0004 35

The effects of the interventions in the liver weights

Liver weights 
ANOVA Table

Treatment (between columns) 
Residual (within columns) 
Total

SS df
9.778 

107 
116.8

MS
4 2.445

31 3.451
35

F P
0.71 0.59

The effects of the interventions on hepatic triglycerides

Hepatic Triglycerides
ANOVA Table SS df MS F P

Treatment (between columns) 2345 4 586.3 40.38 <0.0001
Residual (within columns) 450.1 31 14.52
Total 2795 35
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