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A BST R A C T 
 

The metabolic syndrome is a cluster of metabolic abnormalities comprising of 

dyslipidaemia and insulin resistance (IR). Peroxisome proliferator-activated receptor 

-activated transcription factor with a pivotal role in 

adipocyte differentiation and insulin sensitization. Studies on the ligand binding 

potential of glycyrrhizic acid (GA), a potential agonist 

results in the amelioration of metabolic syndrome. Two isoforms of 1 -hydroxysteroid 

dehydrogenases, namely -HSD1 -HSD2, regulate intracellular glucocorticoid 

levels. Lipoprotein lipase (LPL), a regulator of lipoprotein metabolism, is a downstream 

gene of PPAR  and its expression is reduced with the occurrence of IR and increased 

activities of -HSD.  

The effects of two different routes of GA administration (oral vs. 

intraperitoneal), different dosages of GA and treatment periods were studied in rats. It 

was found that oral administration of 100 mg/kg GA led to optimum improvements in 

all the studied parameters. GA treatment led to an overall significant decrease in blood 

glucose and HOMA-IR (P < 0.05) as well as serum insulin levels (P > 0.05) and 

improvements in the lipid profile with a decrease in serum TAG, total cholesterol and 

LDL-cholesterol accompanied by an increase in HDL-cholesterol (P > 0.05).  

Expression levels of total PP -

HSD1 and 2 activities were measured in six different tissues, i.e., the subcutaneous and 

visceral adipose tissues, abdominal muscle, quadriceps femoris, liver and kidney. Oral 

administration of 100 mg/kg GA led to significant increases in the expression levels of 

tissues, abdominal muscle and quadriceps femoris (P < 0.05) while non-significant 

increases (i.e., P > 0.05) were observed in the liver and kidney. The increase in tissue 

LPL expression correlated with the improvement of lipid profile in the GA-administered 

rats. GA administration also led to significant decreases (P -HSD1 activity 
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in all the studied tissues except fo -HSD2 

activity was significantly decreased in all the six tissues examined (P < 0.05). 

Overall, this study has shown that GA can possibly be used to ameliorate 

metabolic syndrome and demonstrated the interlinking -HSD and 

LPL in glucose homeostasis and lipid metabolism. 
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Chapter 1  
 
IN T R O DU C T I O N 
 

1.1 Metabolic syndrome 
  

A Swedish physician, Eskil Kylin, first reported metabolic syndrome as a 

clinical entity in 1923 based on the manifestation of a constellation of conditions such as 

gout, hypertension and hyperglycaemia. Worldwide concerns and awareness were 

heightened as the understanding of the disorder deepened to include the presence of 

other complications (Balkau et al., 2007). Metabolic syndrome reflects the major role of 

visceral (abdominal or central variant) obesity (Carr et al., 2004) and insulin resistance 

in association with dyslipidaemia, glucose intolerance and hypertension (Moller and 

Kaufman, 2005), ultimately leading to inflammatory, dyslipidaemic, pro-thrombic states 

and increase risk of ischaemic heart disease (Grundy et al., 2005; Babu and Fogelfield, 

2006).  

 

1.1.1 Epidemiology of the metabolic syndrome 
 

Clinical definitions of the metabolic syndrome has been proposed by multiple 

organizations, with the latest being defined by the American Diabetes Association 

(ADA) in 2008, preceding the pioneer proposal by World Health Organization (WHO) 

in 1998 and International Diabetes Federation (IDF) in 2005 (Balkau et al., 2007; 

American Diabetes Association, 2008). In between, the National Cholesterol Education 

Program  Adult Treatment Panel III (ATP III) put forward a differing definition of 

metabolic syndrome, which would eventually be used as a guideline for the most recent 

definition of metabolic syndrome (Alberti et al., 2005). The current clinical definition 

by ADA in 2008 involves the suppression of the emphasis placed on diabetes and 
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insulin resistance as core criteria in earlier definitions and the emergence of central 

obesity as a core criterion for the syndrome. The threshold of all the other variables were 

similar to those of the ATP III definition, with the exception of the impaired fasting 

glucose threshold (5.6 mmol/L [100mg/dL]), adapted from the most recent diagnostic 

levels by the ADA. Despite the presence of multiple clinical definitions, the differing 

definitions essentially evolve around similar core cardio-metabolic risk factors such as 

central obesity, hyperglycaemia, dyslipidaemia and hypertension but differ in their cut-

off points and threshold values (Table 1.1) (Chew et al., 2006).  

Metabolic syndrome is a prevalent disorder that increases with age (Eckel et al., 

2005) and obesity (Batsis et al., 2007). The incidence of metabolic syndrome is also 

dependent on gender (van Zwieten and Mancia, 2006) and ethnicity (Miranda et al., 

2005), with men and Hispanics more susceptible compared to women and blacks or 

whites respectively. A worrying trend in the 21st century is the increasing prevalence of 

obesity in children and adolescents, thus increasing their risk of developing metabolic 

syndrome (Eckel et al., 2005; Chew et al., 2006).  

However, the prevalence of obesity and metabolic syndrome cannot be directly 

extrapolated to Asians as studies on these populations are less comprehensive when 

compared to studies of Caucasians, with constant underestimation of the prevalence 

rates due to variations in the definition of the syndrome (Nestel et al., 2007). In a study 

on the three major ethnic groups (Chinese, Malay and Indians) in Singapore , minor 

modifications such as a specific reduction in the BMI and waist circumference criteria 

tailored to represent the Asian population proved to be more accurate and could be 

extrapolated to represent the Asian community as a whole (Tan et al., 2004). 
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Table 1.1: Clinical definitions of metabolic syndrome by various organizations 
 

 W H O (1998) A TP I I I (2001) A D A (2008) 

Central obesity BMI > 30kg/m2 and/or Waist circumference (cm) (gender and ethnic specific) 
Waist/Hip ratio Asian Caucasian Europid South Asians Japanese 

Men > 0.90      
Women > 0.85      

Triglyceride (mmol/L)   
HDL 

(mmol/L) 
Men  < 1.03 or specific treatment for low HDL-cholesterol level 

Women  < 1.3 or specific treatment for low HDL-cholesterol level 

Blood pressure (mmHg)   

Fasting plasma glucose 
(mmol/L) 

 T2DM IGT IFG 

  or previously diagnosed T2DM 
Fasting  < 7.0 6.1-7.0 

2-hrs 
post  7.8-

11.1 < 7.8 

Urinary protein  - - 
Criteria required for 

diagnosis 
Glucose intolerance, T2DM and two of 

the others above Three or more of the five criteria above Central obesity and two others of the above 

WHO: World Health Organization, ATP III: National Cholesterol Education Program  Adult Treatment Panel III, IDF: International 
Diabetes Federation, BMI: body mass index, HDL: high-density lipoprotein, T2DM: type 2 diabetes mellitus, IGT: impaired glucose 
tolerance, IFG: impaired fasting glycaemia 
(Chew et al., 2006; Batsis el al., 2007 and American Diabetes Association, 2008) 
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1.1.2 Pathophysiology of the metabolic syndrome 
 

Insulin resistance has been hypothesized as the best pathophysiological process 

used to explain the metabolic syndrome (Eckel et al., 2005) although their direct 

consequential relationship remains debatable (Miranda et al., 2005). Obesity and insulin 

resistance has been shown to be the two predominant underlying mechanisms that lead 

to the development of the syndrome (Misra and Khurana, 2008). 

 

1.1.2.1 Obesity 
  

Obesity is caused by imbalances between energy intake and expenditure leading 

to increased storage of triacylglycerol (TAG) by the body (Miranda et al., 2005). 

Genetic and environmental factors such as sedentary lifestyles, smoking and poor 

dietary habits are common factors that promote the incidence of obesity (Cummings and 

Schwartz, 2003; Milnar et al., 2007). Obesity-related cases of metabolic syndrome are 

depot specific and more prominent when the fat is accumulated around the subcutaneous 

and visceral (intra-abdominal) area (Grundy et al., 2005).  The accumulation of fat at the 

latter is associated with greater detrimental effects and would eventually lead to an 

increase in the release and accumulation of free fatty acids from the adipose tissues to 

peripheral tissues (Eckel et al., 2005). Increased accumulation of visceral fat would lead 

to a parallel increase in the secretion of pro-inflammatory cytokines, thus vindicating its 

role to promote or further elevate insulin resistance (Bagry et al., 2008).   

 

1.1.2.2 Insulin resistance (IR) 
  

Insulin resistance, an insufficient response or biological effect of target (adipose, 

liver and skeletal muscle) cells to physiological plasma insulin levels (Milnar et al., 

2007), plays a pivotal, if not the main role in the pathogenesis of metabolic syndrome 

(Bagry et al., 2008). Insulin is a hormone responsible for the stimulation of peripheral 
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glucose uptake and inhibition of hepatic glucose production to regulate plasma glucose 

levels (Wassink et al., 2007). 

 

 The aetiology of IR, similar to those of obesity and type 2 diabetes mellitus, 

involves a complex interplay between genetic predispositions, environmental factors, 

stress (Bagry et al., 2008) and aging (Milnar et al., 2007), leading to hyperinsulinaemia, 

hyperglycaemia as well as lipid and lipoprotein dysregulation (Bagry et al., 2008). The 

presence of the previously mentioned conditions and concomitant elevated serum free 

fatty acid levels provide a positive feedback to sustain the pathologic state and 

perpetuate the severity of IR (Fujumoto, 2000; Bagry et al., 2008). Figures 1.1a and b 

depict the derogatory effects of adipocyte dysfunction towards metabolic syndrome; 

elevated secretion of pro-inflammatory cytokines and circulatory free fatty acid levels 

while Table 1.2 compares the complementary causative roles of insulin resistance and 

obesity.     

Although obesity is a common predisposing factor preceding insulin resistance, 

it must however be noted that insulin resistant individuals are not necessarily obese but 

possesses abnormal upper body fat distribution (Grundy et al., 2005). Likewise, 

individuals of normal weight are also susceptible to insulin resistance (Eckel et al., 

2005). 

 

1.1.3 C linical significance of the metabolic syndrome 
  

Metabolic syndrome could also serve as a predictive tool for the early detection 

of two prevalent clinical entities that are becoming increasingly related; cardiovascular 

disease (CVD) and type 2 diabetes mellitus (T2DM). Patients had reported a (i) 

threefold increased risk of developing myocardial infarction or stroke (Bagry et al., 

2008), (ii) fivefold increased risk of developing T2DM (Bagry et al., 2008), further 

enhancing the risk of CVD (Chew et al., 2006) and (iii) sevenfold increased risk for 

non-diabetic patients to develop T2DM (Chew et al., 2006).  
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(a) Increase in adiposity mediates excessive free fatty acid (FFA) release 
into the circulation which would stimulate increased production of 
glucose, triacylglycerol (TAG) and very low density lipoproteins 
(VLDL). Insulin-mediated glucose uptake by muscles is also inhibited 
due to reduced insulin sensitivity. Associated defects encompass a 
reduction in glucose partitioning to glycogen and increased 
triacylglycerol lipid accumulation. Hyperinsulinaemia ensue due to 
increased pancreatic insulin secretion in concert with increase in 
circulatory glucose and a certain extent FFA. Resulting 
hyperinsulinaemia enhances sodium reabsorption and sympathetic 
nervous system (SNS) activity, which contributes to hypertension (Eckel 
et al., 2005). 

(b) Paracrine and endocrine effect of the pro-inflammatory state is contributed 
by excessive FFA. Enhanced secretion of cytokines such as interleukin-6 (IL-6) 
and tumor necrosis factor alpha (TNF-
resistance and lipolysis of adipose tissue TAG stores to circulating FFA. 
Increase in circulatory cytokines would lead to enhanced hepatic glucose and 
VLDL production by the liver and increases insulin resistance in muscle. Both 
cytokines and FFA also increase liver fibrinogen and plasminogen activator 
inhibitor-1 (PAI-1) production to match the overproduction of PAI-1 by adipose 
tissue which results in a prothrombic state. Reduction in anti-inflammatory and 
insulin sensitizing cytokine adiponectin production is associated with metabolic 
syndrome and might contribute to the pathophysiology of the syndrome (Eckel 
et al., 2005).     

Figures 1.1: Pathophysiology of metabolic syndrome
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Table 1.2: Complementary roles of insulin resistance and obesity in the development of 
metabolic syndrome (Miranda et al., 2005) 

Insulin resistance Obesity 

Insulin resistance 
 
 
 

Compensatory hyperinsulinaemia to 
maintain euglycaemia 

 
 
 

-cell exhaustion and diabetes, 
dyslipidaemia (high fatty acid flux) 

 
 
 

Metabolic syndrome 
 
 
 

Increased atherosclerosis and 
cardiovascular disease 

Triacylglycerol and fatty acids 
 
 
 

Triacylglycerol stored in small peripheral 
adipocytes 

 
 
 

Energy in > energy out 
 
 
 

During obesity, excess triacylglycerol 
transferred to hepatocytes, skeletal 

monocytes and visceral adipocytes to 
cause abnormally large peripheral 

adipocytes 
 
 
 

Excess triacylglycerol causes insulin 
resistance and metabolic syndrome with 
increased risk for  cardiovascular disease 
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1.1.4 Possible remedy for the metabolic syndrome 
  

Since an absolute cause for the syndrome has yet to be identified, the current 

strategy employed to combat the syndrome is targeted at the amelioration of risk factors 

(Balkau et al., 2007). Although lifestyle modifications such as weight loss, regular 

exercise and a healthy diet have been suggested by researchers to mitigate the syndrome, 

it has proven to be insufficient (Fulop et al., 2006).   

 

1.2 Diabetes mellitus 
  

Diabetes mellitus is a metabolic condition with impairment in insulin secretion, 

action or both, resulting in chronic hyperglycaemia as well as disturbances in 

carbohydrate, fat and protein mechanism (Alberti and Zimmet, 1998). There are several 

different manifestations of diabetes mellitus such as type 1 diabetes mellitus, type 2 

diabetes mellitus and gestational diabetes which are the most common (Permutt et al., 

2005). Among others are insulin-resistant type 1 diabetes (double diabetes), latent 

autoimmune diabetes of adults (LADA) and maturity onset diabetes of the young 

(MODY) (Tan and Lim, 2001; American Diabetes Association, 2002).  

 

1.2.1 Type 2 diabetes mell itus  
  

T2DM, or previously known as non-insulin-dependent diabetes mellitus due to 

classification of patients based on their treatment rather than pathogenesis of the disease 

(Alberti and Zimmet, 1998), is the most prevalent form of diabetes, encompassing 

approximately 95% of all diabetic cases (Permutt et al., 2005). As opposed to the 

absolute insulin deficiency due to autoimmune destruc -cells 

associated with type 1 diabetes mellitus, T2DM involves the impairment of insulin 

-cells (Richter et al., 2007). 
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1.2.1.1 Epidemiology of T2D M 
  

According to statistics recorded by the WHO, there were a reported 135 million 

diabetic individuals worldwide in 1995, with more than half the cases reported in India, 

China and the United States alone. Based on these statistics, it was projected that by 

2025, the number would escalate to approximately 300 million individuals, with Asians 

expected to contribute to half the number (Cockram, 2000). It was also estimated that 

the number of diabetic individuals in developed and lesser-developed countries would 

increase by 42% from 51 million to 72 million and 170% from 84 million to 228 million 

individuals respectively (Fujimoto, 2000). The Malaysian National Health and 

Morbidity Survey (NHMS) III performed in 2006 indicated that the prevalence of 

diabetes mellitus in Malaysia was 14.9%, a staggering 86% increase over a decade from 

8% in 1996. This has now proven to be an underestimate as the prevalence in 2006 was 

already 12% (Table 1.3). An estimate by WHO has indicated that by 2030, Malaysia 

would have a total 2.48 million diabetics (prevalence of 10.8%) compared to the 0.94 

million diabetics in 2000, indicating an increase of 164% (Mastura et al., 2008).  

 

 The incidence of diabetes mellitus is attributed to both genetic and 

environmental factors. T2DM displays a polygenic inheritance pattern (Ostenson, 2001) 

and the genes associated with T2DM are listed in Table 1.4. Defects or mutations in any 

of the mentioned genes would lead to the proliferation of T2DM (Groop, 1999). The 

prevalence of T2DM increases with age, with the middle-aged and adults older than 65 

years being the most susceptible groups to the disease (Permutt et al., 2005). The 

ethnicity and race of an individual has also been found to be a risk factor for the 

development of diabetes, with the minority ethnic and racial groups migrating from 

lesser-developed areas to urbanized regions more susceptible respectively (Fujimoto, 

2000). Studies on nutritional and lifestyle trends (Groop, 1999) have highlighted the 

roles of both factors in the development of T2DM in obese, insulin resistant (Permutt et 

al., 2005) and individuals with unfavourable body fat distribution (Harris, 1995), more 
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so with the presence of conditions such as impaired glucose tolerance (IGT) and 

impaired fasting glucose (IFG) (Permutt et al., 2005). 

 

1.2.1.2 Pathophysiology of T2D M 
  

Although researchers have disputed that impaired insulin secretion is the chief 

cause of T2DM, evidence has proven that T2DM is a heterogenous disorder which could 

not be attributed to any single pathological mechanism but instead to a cluster of 

metabolic abnormalities (Groop, 1999; Mahler and Adler, 1999). As the majority of 

diabetic individuals are overweight or exhibiting traits of visceral obesity, the ability of 

insulin to perform its usual function would be impaired (Mahler and Adler, 1999). 

Obese individuals would exhibit antagonism towards insulin action through an increase 

in the secretion of adipocytokines (Korc, 2003) and elevated lipolytic rate which in turn 

releases free fatty acids. Increased levels of free fatty acids would reduce the potency of 

insulin to suppress glucose production in the liver and cause a positive feedback for fatty 

acid synthesis (Saltiel, 2001). Continuation of the mentioned condition would eventually 

lead to deterioration in glucose homeostasis through abnormal increases in hepatic 

glucose production and a reduction in glucose uptake efficiency (Groop, 1999). Thus, it 

has been proven that the main regulators for the incidence of T2DM are the combined 

effects of impaired insulin sensitivity and peripheral insulin resistance (Mahler and 

Adler, 1999). The metabolic staging of T2DM is summarized in Figure 1.2.  
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Table1. 3: Prevalence of selected health problems: Comparison between NHMS II 
(1996) and NHMS III (2006) (Mastura et al., 2008) 

 N H MS I I N H MS I I I 

Diabetes mellitus (among 

adult 30 years old & above) 
8.3% (95% CI: 7.8  8.7) 

14.9% (95% CI: 14.4  

15.5) 

Hypertension (among adult 

30 years & above) 

29.9% (95% CI: 29.1  

30.7) 

42.6% (95% CI: 41.8  

43.3) 

Overweight (among adult 

18 years old & above) 

16.6% (95% CI: 16.1  

17.1) 

29.1% (95% CI: 28.6  

29.7) 

Obesity (among adult 18 

years old & above) 
4.4% (95% CI: 4.1  4.7) 

14.0% (95% CI: 13.6  

14.5) 

Current smoker (among 

adult 18 years old & above) 

24.8% (95% CI: 24.1  

25.4) 

22.8% (95% CI: 22.3  

23.3) 

 

 

Table 1.4: Several genes that are associated with T2DM and their functions (Permutt et 
al., 2005) 

Gene Gene name Function 

ABCC8 
ATP-binding cassette, subfamily C, 

sulfonylurea receptor 

Regulator of potassium channels and 

insulin release 

CAPN10 Calpain 10 Protease 

GCGR Glucagon receptor 
Controls hepatic glucose production and 

insulin secretion 

GCK Glucokinase Glucose metabolism 

KCNJ11 
Potassium inwardly-rectifying channel, 

subfamily J, member 11 
Regulation of insulin secretion 

PPARG Peroxisome proliferator-activated  Transcription factor 

HNF4A  Transcription factor 

SLC2A1 Glut 1 Glucose transporter 
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Figure 1.2: Metabolic staging of type 2 diabetes mellitus.  

T2DM is preceded by a progressive decrease in insulin action and the subsequent 
-cell to compensate for the ensuing IR. Incidence of IR in visceral fat 

mediates an increase in FFA production which worsens IR in liver and muscle. Initially 
-cell would compensate for IR by increasing insulin secretion until the threshold is 

reached and the compensatory mechanism could not cope with the degeneration, thus 
leading to impaired glucose tolerance and ultimately diabetes (Saltiel, 2001). 
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1.2.2 Therapeutic agents  
  

Since 1942, sulfonylureas have been used to treat type 2 diabetes mellitus. It 

requires functional p -cells for their hypoglycaemic effect. All the current 

-cells, thus 

resulting in the closure of potassium adenosine tri-phosphate (ATP) channels. As a 

result, the calcium channel will open and lead to an increase in the cytoplastic calcium 

that stimulates insulin release (Mahler and Adler, 1999).  

 

  Biguanides are glucose lowering drugs that work primarily by decreasing hepatic 

glucose production and to lesser extent by decreasing peripheral insulin resistance. This 

drug acts by causing the translocation of glucose transporters from the microsomal 

fraction to the plasma membrane of hepatic and muscle cells. Biguanides also improve 

the lipid profile by causing a decline in total and very low density lipoprotein 

triacylglycerol, total cholesterol and very low density cholesterol levels and an increase 

in high density lipoprotein cholesterol levels (Mahler and Adler, 1999).   

 

Other therapeutic agents currently being used are -glucosidase inhibitors and 

thiazolidinedione (TZD). -glucosidase inhibitors act by slowing the absorption of 

carbohydrates from the intestines, minimizing the postprandial rise in blood glucose 

(Mahler and Adler, 1999). On the other hand, TZDs are insulin sensitizers that work in 

tandem with peroxisome proliferator-  to lower blood 

glucose and insulin levels with the ultimate aim of improving insulin sensitivity 

(Jermendy, 2007). TZDs are selective synthetic ligands with a 

(Kota et al.

its structure resulting in its activation (Dubuquoy et al.

by TZD causes (i) proliferation and differentiation of pre-adipocytes to smaller and 

more insulin-sensitive adipocytes, (ii) a decrease in free fatty acid and TAG levels 

together with a redistribution of free fatty acids from visceral to subcutaneous adipose 

-cell function, both directly and indirectly (Jermendy, 
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2007). T

sensitization properties (Dubuquoy et al., 2002). 

 

cognate ligands leads to the emergence of its 

insulin sensitization properties, the potential of natural ligands are being unearthed in 

view of replacing their synthetic counterparts. In spite of rave reviews regarding the 

insulin sensitizing capabilities and the potential shown by TZDs, there are several 

drawbacks in its use as a therapeutic drug to improve insulin sensitivity. During its 

heyday, there were three different drugs marketed as TZDs; troglitazone, rosiglitazone 

and pioglitazone. However, only two of the TZDs remain in the market as troglitazone 

has been removed due to reports of severe idiosyncratic hepatotoxicity, side effects 

unique only to troglitazone (Jermendy, 2007; Rubenstrunk et al., 2007). Several side 

effects constantly associated with the use of TZDs include the presence of fluid 

retention and weight gain due to an increase in adipose tissue mass and body fluid 

expansion, the latter being further associated with hemodilution and peripheral edema 

(Rubenstrunk et al., 2007). The most worrying adverse effect involves an increase in the 

risk of heart failure with a hazard ratio of 1.7 (Guo and Tabrizchi, 2006), probably due 

to an increase in cardiac workload and subsequent cardiac insufficiency generated from 

fluid retention (Rubenstrunk et al., 2007). 

 
  

1.3 Natural solution  G lycyrrhizic acid 
 

Glycyrrhizic acid (GA), the principal bioactive component found in commercial 

licorice products, constituting 3-5% of fresh root (Liquiriti radix) and 10-25% of its 

extract (Glycyrrhizae extractum crudum or Succus liquiritiae) is the focus of this study 

-ligand binding activity through 

ligand binding assays (Kuroda et al., 2003; Mae et al., 2003). The licorice plant, genus 

name Glycyrrhiza [Greek: glykos (sweet) and rhiza (root)], have been an integral part of 

traditional medicinal interventions, dating back to its use by the ancient Romans and 
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Greeks for treatment of asthma, dry cough and the prevention of thirst. The Chinese 

have also harvested its potential to treat ailments such as tuberculosis and peptic ulcers 

(Isbrucker and Burdock, 2006) while the Tibetians and Indians used it to combat 

inflammatory and pulmonary complications (Baltina, 2003). In the 21st century, GA is 

still being widely used by the community as conditioning and flavouring agents in 

tobacco, sweets, chocolates, chewing gum and certain alcoholic beverages (Ploeger et 

al., 2001). More importantly, GA possesses a wide range of biological activities which 

encompasses anti-inflammatory, anti-ulcer, anti-allergic, antidote, anti-oxidant, anti-

viral and anti-tumor properties (Baltina, 2003).  

 

1.3.1 Pharmacokinetics of G A 
  

GA is a water-soluble saponin compound naturally available as a mixture of 

potassium-calcium-magnesium salts. It comprises of glycyrrhetic acid (GE), a tri-

terpenoid aglycone, conjugated to a disaccharide of glucoronic acid (Figure 1.3) 

(Ploeger et al., 2001).  

 

Upon oral ingestion of GA, it undergoes pre-systemic de-glucuronidation by 

intestinal bacteria (such as Eubacterium sp. (strain GHL), Ruminococcus sp. PO1-3 and 

Clostridium innocuum ES2406, all containing a specia -glucoronidase) (Ploeger et 

al., 2001) and completely absorbed as monoglycone 18- -glycyrrhetic acid (GM) and 

GE (Wang et al., 1995) without any evidence suggestive of systemic hydrolysis (Takeda 

et al., 1996). Thus, GA would be completely absorbed as GE and would result in low 

oral bioavailability of GA, which is evident as GA is undetectable in rat and human 

plasma at oral doses below 50mg/kg and 100mg/kg respectively (Ploeger et al., 2000).  
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Figure 1.3: Chemical structure of glycyrrhizic acid (GA) and glycyrrhetic acid (GE) 
(Ploeger et al., 2001) 
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Systemic analysis of both GA and GE revealed similar pharmacokinetic 

properties and both bind extensively to specific and non-specific binding sites of human 

and rat plasma albumin. Capacity-limited processes mediate sinusoidal and canalicular 

transport of compounds, as well as distribution, metabolism and excretion which affect 

their dose-dependent clearance from plasma (Ploeger et al., 2001). 

 

1.3.2 Enterohepatic reci rculation 
 

Enterohepatic recirculation of GE and its glucuronide metabolites occur due to 

further conjugation or reduction following excretion into the bile and subsequently re-

metabolized by the afore-mentioned commensal bacteria. The enterohepatic 

recirculation rate is proportional to the amount of GE present in the system (Ploeger et 

al., 2001) and although GA and GE accumulation in tissues are minimal, the recycling 

may lead to potential systemic accumulation which becomes more apparent when 

administered daily (Isbrucker and Burdock, 2006). The enterohepatic recirculation of 

GE is responsible for the delay in the terminal plasma clearance of GE (Ploeger et al., 

2001). A summary of the pharmacokinetics of GA is displayed in Figure 1.4.    
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Figure 1.4: Pharmacokinetics of glycyrrhizic acid (GA).  

GA is hydrolyzed by intestinal microbes either completely (step 1) or through a two-step 
intermediary process (steps 2a and 2b) upon oral ingestion. The sinusoidal transport of 
GA is mediated by a capacity limited carrier protein (step 3) and GE is extensively 
bound to albumin with minimal distribution to peripheral tissues. GE is then hydrolyzed 
almost completely to glucoronide and sulfate conjugates (GM) and excreted into the bile 
by cMOAT (step 5). Biliary excretion of GE metabolites is also mediated by canalicular 
multispecific organic anion transporter (cMOAT), whereby the metabolites are 
reabsorbed as GE after excretion into duodenum and subjected to bacterial hydrolysis 
(steps 2a and 2b) (Ng, 2008). 
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1.3.3 Pharmacodynamics of G A 
  

Both GA and GE exhibit non-selective competitive inhibition of the enzyme 

- -HSD) activity, the latter 200 to 1000 times 

more poten -HSD 

isoforms, type 1 and 2, catalyze the interconversion of hormonally active 11-hydroxy 

glucocorticoids (cortisol in human and corticosterone in rodents) and their inert 11-keto 

derivatives (cortisone in human and 11-dehydrocorticosterone in rodents) (Tomlinson et 

al., 2004).  

Chronic exposure to GA has been associated with corticosteroid-like effects and 

changes in cortisol metabolism in the tissues which may cause hypermineralocorticoid-

like effects such as electrolyte imbalance, hypertension and depression of the renin-

angiotensin-aldosterone system (Ploeger et al., 2000; Isbrucker and Burdock, 2006). 

However, the effects are reversible upon withdrawal of GA (Isbrucker and Burdock, 

2006). Clinical studies have revealed the principal mechanism to be excess tissue 

corticosteroids acting on mineralocorticoid receptors through competitive inhibition of 

1 -HSD enzymatic activity, thus allowing the interaction between glucocorticoids and 

the mineralocorticoid receptors in the kidneys (Tanahashi et al., 2002). 

 

1.4 Peroxisome proliferator-activated receptor gamma   

 

  ligand-activated transcription factor originating from the nuclear 

receptor comprising six structural regions in four functional domains (Figure 1.5). The 

four functional domains were identified as A/B, C, D and E/F. The A/B region 

positioned at the variable NH2-terminal contains a ligand-independent activation 

function 1 (AF-1), 

phosphorylation (Guo and Tabrizchi, 2006). The C domain contains the DNA-binding 
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Figure 1.5:  

Tabrizchi, 2006).  

Abbreviations: AF-1, activated function-1 domain; AF-2, activation function-2 domain; 

DBD, DNA-binding domain; PPRE, peroxisome proliferator response element  
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domain, the most conserved domain characteristic of all nuclear receptors. It contains 

two zinc finger motifs (Li and Glass, 2004) which mediate the recognition of sequence-

specific nucleotides within regulatory regions of the peroxisome proliferator response 

elements (PPREs) (Guo and Tabrizchi, 2006). Besides being a co-factor docking domain 

(Kota et al., 2005), the D domain also allows the rotation of the DNA-binding domain as 

well as connects the DNA-binding domain to the E/F region (Guo and Tabrizchi, 2006). 

Meanwhile, the E/F domain is the ligand binding domain which confers ligand 

specificity and possesses ligand-dependent activation function 2 (AF-2) which is 

responsible for the recruitment of co-factors to activate the receptors bound to PPRE and 

the gene transcription mechanism (Kota et al., 2005). 

 

1.4.1  
  

transcriptional activites, with or without the presence of ligands in the ligand-binding 

domain (Li and Glass, 2004). Prior to the activation of 

conformational changes present in the AF-2 region (Houseknecht et al., 2002) which 

retinoid X receptor (RXR). Similar to 

activation is also 

governed by the presence of cognate ligands such as 9 cis-retinoic acid (Brown and 

containing direct repeat (DR)-1 elements of two hexanucleotides with a single 

nucleotide spacer separating the AGGTCA sequence through their respective DNA-

binding domains (Kota et al., 2005; Brown and Plutzky, 2007). 
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involves post-translational modificatio  phosphorylation 

(Brown and Plutzky, 2007). The binding would in turn induce the recruitment of co-

repressors such as nuclear receptor co-repressor and the silencing mediator of retinoic 

acid and thyroid receptors to form co-repressor complexes to ultimately repress basal 

gene transcription (Figure 1.6a) (Li and Glass, 2004; Gurnell, 2005). The co-repressor 

complex possesses histone deacetylase activity to repress the transcription process 

through the condensation of nucleosomes (Auwerx, 1999).  

 

Activation of gene transcription could also be governed by ligand-dependent-

allosteric changes in the ligand binding domain complexes which would lead to the 

recruitment of co-activators either in the absence of the co-repressor complex or as a 

replacement for the co-repressors (Figure 1.6b) (Li and Glass, 2004; Gurnell, 2005). 

Increase in gene transcription is attributed to the histone acetylation activities of the co-

activator complex which promotes the unfolding of the chromatin structure to increase 

accessibility to the promoter regions (Gurnell, 2005).  

 

1.4.2  
  

In both human 

splicing of 5 exons in the NH2-terminal region and differential promoter action 

(Fernyhough et al., 2007). Both the protein isoforms differ only at the NH2-terminal of 

(Heikkinen et al., 2007).  Despite having only two protein isoforms, there are four 

et al., 2007). Due to the 

(Gurnell, 2005), the  
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(a) -

repressors with histone deacetylation properties to target genes to 

repress basal transcription activity (Gurnell, 2005). 

(b) 

induces a conformational change in the receptor and promotes 

co-repressor release. Upon release of co-repressor, 

recruitment of co-activators (steroid receptor co-activator-1 

and cAMP response element (CREB)  binding protein) 

occurs (Gurnell, 2005).  

Figures 1.6:  

Abbreviations: Peroxisome proliferator-

Retinoid X receptor (RXR). 
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the PPAR 2 protein (Figure 1.7) 

(Auwerx, 1999; Fernyhough et al., 2007). 

 

1.4.3  
  

Due to differences in their function and protein structures, both isoforms display 

distinct expression patterns (Heikkinen et al.

isoform and is abundantly available in the adipose tissues and large intestines while 

moderate amounts are localized in the kidney, liver and small intestine. Only small 

amounts o The distribution pattern of 

 

 

1.4.4  
  

gene cassette expression in different pathways to produce a coordinated response to 

intracellular or extracellular stimulus (Table 1.5) (Evans et al., 2004; Brown and 

Plutzky, 2007). The regulation 

including glucose homeostasis, lipid and lipoprotein metabolism, inflammatory and 

immune responses (Ricote and Glass, 2007) as well as adipogenesis (Brown and 

importance as lipid sensors activated by dietary fatty acids and their metabolites to 

enhance metabolism (Evans et al., 2004). 
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---[A1]-----[A2]----[B]----------[1]---[2]---[3]-----[4]---[5]-----[6] Human/ Rat 

 

 

[A1][A2][1][2][3][4][5][6] mRNA isoform 1         [1-6] 

         PPAR 1 protein 

[B][1][2][3][4][5][6] mRNA isoform 2   [B] [1-6] 

     PPAR 2 protein 

[A2][1][2][3][4][5][6] mRNA isoform 3         [1-6] 

     PPAR 1 protein 

[1][2][3][4][5][6] mRNA isoform 3         [1-6] 

     PPAR 1 protein

  

 

 

Figure 1.7: nd mRNA isoforms.  

protein and mRNA isoforms (Auwerx, 

1999). 
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Table 1.5 tion of specific gene 
cassettes (Brown and Plutzky, 2007) 

target pathways Genes activated 

Adipogenesis aP2, adiponectin, adipsin, C/EBP  

Lipid metabolism 
LPL, ABCA1, ABCG1, fatty acid binding 

protein 4 

Glucose control 
GLUT4, thioredoxin-binding protein-2, 

resistin 

Inflammation/vascular 

Interferon- es (MIG, iTAC, 

IP10), chemokine receptors (CCR2), 

tumor necrosis factor- -9 

 

Abbreviations: Fatty acid binding protein (aP2), CCATT/enhancer binding protein  
(C/EBP ), Lipoprotein lipase (LPL), ATP binding cassette transporter member 1, sub-
family ABCA (ABCA1), ATP binding cassette, subfamily G member 1 (ABCG1), 

-
inducible T-cell alpha chemoattractant (iTAC), Interferon-inducible protein 10 (IP10), 
Matrix metallopeptidase 9 (MMP-9). 
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1.4.4.1  
  

pre-adipocyte precursor cells into mature adipocytes capable of lipid filling as well as 

the mediation of hormone and cytokine expression (Kota et al., 2005; Dahlman and 

Arner, 2007). In addition to an increase in smaller and more insulin sensitive adipocytes, 

-filled visceral adipocytes and 

a redistribution of the free fatty acids towards the subcutaneous adipose tissues (Guo 

and Tabrizchi, 2006). The increase in adipocyte number increases the lipid storage 

capacity and indirectly confers protection towards non-adipose tissues in the event of 

excessive lipid accumulation (Camp et al.

two transcription factor nd sterol 

regulatory element-binding protein (SREBP) to transactivate adipose-specific genes, 

leading to promotion of adipogenesis and TAG storage (Cartwright et al., 2007; 

Dahlman and Arner, 2007). 

   

1.4.4.2  
  

A pivotal component in glucose homeostasis is the glucose-induced stimulation 

ould 

subsequently improve insulin sensitivity in the muscles and liver as it triggers muscle 

glucose disposal and inhibition of hepatic glucose output through an increase in insulin 

action. Inhibition of hepatic glucose output is achieved through fluctuations in the 

et al., 

2004). Although the adipose tissue accounts for only approximately 10% of insulin-

stimulated glucose disposal (Evans et al., 2004), it has been proven to be the main target 

for insulin sensitizing effects as researchers have shown that mice without adipose 

tissues are refractory to anti-diabetic effects of TZD (Rangwala and Lazar, 2004).  



29 

  

lucose 

expression of genes that 

encode the insulin-responsive glucose transporter known as GLUT4 and c-Cbl 

associating protein (CAP). Both are required for GLUT4 translocation to the cell surface 

and CAP acts as the stimulator for glucose transport (Evans et al.

activation would subsequently increase the expression of GLUT4 and increase glucose 

uptake into adipocytes to reduce the levels of circulatory glucose (Fernyhough et al., 

2007). 

 

 

1.5  L ipoprotein lipase  
  

Lipoprotein lipase (LPL) is a water-soluble enzyme that liberates free fatty acids 

through the hydrolysis of ester bonds of water-soluble substrates such as TAG, 

phospholipids and cholesterol esters (Wong and Schotz, 2002; Brown and Rader, 2007). 

LPL is a 55-kDa glycoprotein consisting of 450 amino acids (Dugi et al., 1992; van 

Tilbeurgh et al., 1994) and although the tertiary protein structure of LPL has not been 

documented, the molecular structure was based on the elucidated three-dimensional 

structure of pancreatic lipase (Santamarina-Fojo and Brewer Jr., 1994; Brown and 

Rader, 2007) [Figure 1.8]. The similarity between both the lipases has been attributed to 

the high primary sequence homology and disulfide linkages for structural stability 

(Santamarina-Fojo and Brewer Jr., 1994). 

 

 The catalytically active enzyme exists as a homodimer, with each monomer 

organized into distinct structural domains; a larger NH2-terminal consisting of the 

catalytic centre and the apoC-II interaction site and a smaller COOH-terminal involved 

in the regulation of substrate specificity (van Tilbeurgh et al., 1994; Mead et al., 2002) 

[Figure 1.9]. 
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Figure 1.8: The three-dimensional structure of lipoprotein lipase with the location of 
amino and carboxyl terminal domains as well as the lid and catalytic triad residues 
(Santamarina-Fojo and Brewer Jr., 1994).  
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Figure 1.9: LPL model of the catalytically active enzyme exists as a larger NH2-terminal 
consisting of the catalytic centre and a smaller COOH-terminal (Wong et al., 1994).  
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1.5.1 Physiological function of LPL 
  

LPL is responsible for the hydrolysis of circulating TAG moiety of TAG-rich 

lipoproteins, namely chylomicrons and very-low-density lipoprotein (VLDL) in addition 

to playing an active role in overall lipoprotein metabolism [Figure 1.10]. The heparin 

sulfate proteoglycans (HSPG) are responsible for anchoring the enzyme to its 

physiological site of action, the luminal surface of capillary endothelial cells (Preiss-

Landi et al., 2002). As LPL regulates the plasma TAG concentration, disturbances to 

LPL activity would result in dire metabolic consequences for lipoprotein metabolism 

(Kageyama et al., 2003).    

 

1.5.2 Synthesis and site of LPL expression 
  

Endothelial LPL protein originates from the tissue parenchymal cells prior to 

translocation to the site of action (Braun and Severson, 1992). LPL is synthesized and 

highly expressed in the adipose tissues, cardiac and skeletal muscle, kidney and 

mammary glands while lower levels are present in the liver, adrenal and brain (Zhang et 

al., 2001). 

 

 Following transcription of the LPL gene, post-translational modification such as 

N-linked glycosylation occurs in the rough endoplasmic reticulum (RER) to bestow 

catalytic activity to the nascent LPL polypeptide. The carbohydrate moiety undergoes 

further modification as it transverses through the RER and Golgi apparatus. The sorting 

process occurs within the trans-Golgi cisternae and the LPL glycoprotein would be 

incorporated into secretory vesicles. The glycoprotein would then be either delivered to 

the lysosomes for intracellular degradation or to the plasma membrane of parenchymal 

cell surface for exocytosis and translocation to functional heparin sulfate proteoglycans 

(HSPG) binding sites (Braun and Severson, 1992; Mead et al., 2002) [Figure 1.11]. 
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Figure 1.10: Binding of a lipoprotein to LPL on the inner surface of a capillary.  

Apo C-II of lipoproteins will activate LPL thus leading to the hydrolysis of the core 

TAG to FFA and glycerol. The FFA are either re-esterified for storage as TAG in the 

adipose tissues or oxidized for energy in skeletal and cardiac muscles while glycerol is 

returned to the liver (Mathews et al., 2000).  

[LPL: lipoprotein lipase; apo: apolipoprotein; VLDL: very-low-density lipoprotein; 

TAG: triacylglycerol; FFA: free fatty acids]  
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Figure 1.11: The synthesis of LPL (Braun and Severson, 1992). 

Nascent LPL protein Dimerized LPL LPL undergoing Golgi processing

Active, glycosylated LPL

Nascent LPL protein Dimerized LPLDimerized LPL LPL undergoing Golgi processing

Active, glycosylated LPL  
 



35 

  

1.5.3 In vivo regulation and transcr iptional control of LPL 
expression  

  

The regulation of LPL activity is tissue-specific with reciprocal changes to assist 

direct fatty acid utilization based on the specific metabolic demands of each tissue 

(Braun and Severson, 1992). Both dietary and hormonal changes are responsible for the 

regulation of LPL activity through transcriptional and post-transcriptional mechanisms. 

Fasting or exercise would cause a decrease and increase in adipose tissue and muscle 

LPL activity respectively; this is likely an attempt by the latter to compensate for a 

calorie-deprived condition (Mead et al., 2002). Lactation would lead to a marked 

increase in mammary gland LPL activity which in turn directs the circulating TAG for 

milk synthesis (Braun and Severson, 1992). Thus, the tissue-specific regulation of LPL 

ensures localized control of free fatty acid (FFA) uptake and distribution of nutrients to 

tissues. 

 

 Interaction between specific transcription factors and the cis-acting elements in 

the regulatory regions upstream and downstream of the LPL gene is required for its 

transcriptional control (Mead et al., 2002). The expression of LPL is governed by the 

would bind to the PPRE present in the promoter region of the 

LPL gene and increases the LPL gene expression (Mead et al., 2002; Kota et al., 2005). 

The induction of lipoprotein lipase synthesis 

adipocytes in order to increase local generation of free fatty acids (Rangwala and Lazar, 

2004). 

  

Cortisol can also exert chronic effects on lipid metabolism, where excess cortisol 

would promote an increase in the LPL activity. This effect involves an increased level of 

LPL mRNA leading to increased relative LPL synthesis and additional post-translational 

regulation. Furthermore, the anti-lipolytic action of insulin during hyperinsulinaemic 
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conditions can cause lipid mobilization, resulting in increased lipid accumulation 

(Rosmond et al., 2006).  

 

1.5.4 Dyslipidaemia and LPL  Protective role against 
dyslipidaemia 

  

Dyslipidaemia is associated with a cluster of inter-related plasma lipid and 

lipoprotein abnormalities, amounting to it being a hallmark risk factor in metabolic 

syndrome (Kolovou et al., 2005). There are four characteristics of dyslipidaemia; 

increased flux of FFA, elevated TAG levels (hypertriglyceridaemia), reduced high 

density lipoprotein (HDL) levels and increased small, dense low density lipoprotein 

(LDL). The most significant characteristic which contributes to the development of 

dyslipidaemia is the elevation in plasma FFA concentration (Krauss, 2004; Kolovou et 

al., 2005).  

 

Dyslipidaemia is widely established as an independent risk factor for 

cardiovascular disease. Low HDL cholesterol and hypertriglyceridaemia have been 

found to be significantly related to myocardial infarction/stroke in patients with 

metabolic syndrome (Kolovou et al., 2005). As mentioned earlier in Section 1.1.2.2, 

although obesity is a common finding in insulin resistant individuals, those individuals 

are not necessarily obese but possess abnormal upper body fat distribution (Grundy et 

al., 2005). It must also be stressed that normal weight individuals are also susceptible to 

insulin resistance (Eckel et al., 2005), thus cementing the importance of dyslipidaemic 

conditions in the development of metabolic syndrome.  

 

 Obesity-induced secretion of adipocytokines is responsible for 

hypertriglyceridaemia as it increases the flux of adipose tissue-derived FFA towards the 

liver via the portal vein, which in turn stimulates hepatic TAG synthesis to ultimately 

increase the secretion of VLDL particles (Kolovou et al., 2005; Fulop et al., 2006). 

Sustained elevation of FFA levels would promote insulin resistance and cause a positive 
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feedback to sustain the pathologic state of insulin resistance as mentioned in Section 

1.1.2.2, leading to a reduction in LPL expression and eventually retards the LPL activity 

(Mead et al., 2002; Kageyama et al., 2003).  

 

 The hypertriglyceridaemic condition arises from three different sources; (i) 

lipolysis of TAG store from adipose tissues causing elevation in the flux of FFA to the 

liver, (ii) decreasing LPL levels which leads to the inhibition of lipolysis of 

chylomicrons and VLDL and (iii) increased hepatic de novo TAG synthesis due to 

insulin resistance (Lann and LeRoith, 2007). However, it has been proven that 

stimulation of LPL activity would lower plasma TAG and increase HDL levels 

(Mukherjee, 2003) as humans with enhanced LPL activity tend to develop low plasma 

TAG and high HDL levels, rendering protection from myocardial infarction while 

humans deficient in LPL develop hypertriglyceridaemia (Pillarisetti and Saxena, 2003; 

Tsutsumi, 2003). 

 

1.5.4.1 C umulative beneficial effe  
  

activation and subsequently cause an increase in the LPL activity by binding to the 

hances insulin 

sensitivity by reducing circulatory free fatty acid levels through an increase in the 

number of adipocytes together with an increase in net flux of free fatty acids into 

adipocytes (Figure 1.12). This would prevent the accumulation of free fatty acids in 

non-adipose tissues and control the levels of circulating TAG with the ultimate aim of 

ameliorating the risk factors for metabolic syndrome (Rangwala and Lazar, 2004). 
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Figure 1.12:  

 

lipoprotein lipase (LPL) and levels of fatty acid transporters [fatty acid transport protein 

(FATP) and CD36], which releases FFA and causes greater influx of FFA into 

adipocytes respectively. Glycerol-3-phosphate required for esterification of the FFA to 

triacylglycerol is provided by glyceroneogenesis via phosphoenol pyruvate 

carboxykinase (PEPCK) in addition to phosphorylation of exogenous glycerol via 

glycerol kinase (GyK) (Rangwala and Lazar, 2004). 

Abbreviations: DHAP, dihydroxyacetone phosphate    
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1.6  Corticosteroid hormones 
  

Corticosteroid hormones, derived from the common precursor cholesterol with a 

common structure consisting of a single cyclopentane and three cyclohexane rings, are 

synthesized by the adrenal cortex. The hormones are functionally divided into three 

classes according to their principal effects; namely glucocorticoid (GC; cortisol and 

corticosterone), mineralocorticoid (MC; aldosterone and deoxycorticosterone) and 

androgens (Seckl, 1997). 

 

1.6.1  M echanism of corticosteroid action   
  

Corticosteroids are lipid-soluble hormones that readily transverse cell 

membranes via passive diffusion (Björntorp and Rosmond, 2000) and their actions are 

mediated through intracellular protein receptors belonging to a superfamily of ligand-

activated transcription factors (Evans, 1988). The receptors are predominantly localized 

within the cytoplasm and could be divided into mineralocorticoid receptors (MR) 

(Hollenberg et al., 1985) and glucocorticoid receptors (GR) (Krozowski and Funder, 

-

HSD which modifies the final active cytosolic concentration and effects (Björntorp and 

Rosmond, 2000). 

 

 Binding of MR and GR with their respective hormones would result in the 

attachment of hormone-receptor complex to specific DNA sequences known as the 

glucocorticoid response element (GRE). The GREs act as regulatory nuclear 

transcription factors to induce or repress target gene transcription as well as alter mRNA 

synthesis for proteins that mediate their multiple physiological effects. The non-classical 

mode of GR action involves ligand activation with other transcription factors or the 
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RNA polymerase II complex rather than direct binding with the GRE (Björntorp and 

Rosmond, 2000). 

 

1.6.1.1 Role of mineralocorticoids and glucocorticoids 
 

 MC has two functions; (i) regulation of renal epithelial sodium transport and 

indirectly, the circulatory volume homeostasis through concomitant water reabsorption 

from the nephron (Miller and Chrousos, 2001) and (ii) the control of potassium 

homeostasis. The binding of MC to MR in the cytosol of epithelial cells causes 

modification of apical sodium ion channel and basal lateral NA+/K+-adenosine 

triphosphatase (ATPase), leading to increased sodium ion transport across cell 

membrane (Dluby et al., 2003). 

 

 The physiologically active cortisol and corticosterone are responsible for 95% of 

all GC activity in human and rodents respectively (Miller and Chrousos, 2001). GCs 

play an important role in the regulation of intermediary metabolism and possess 

extensive influences on carbohydrate, protein and lipid metabolism. They play a 

protective secondary role against glucose deprivation, coordinated by anabolic effects 

on hepatic tissues and catabolic effects on extra-hepatic tissues. GCs also stimulate the 

differentiation and proliferation of pre-adipocytes to adipocytes through the 

transcriptional activation of key differentiation genes in addition to increasing the 

-HSD1 (Hauner et al., 1989).  

 

 

1.6.2 -hydroxysteroid dehydrogenases 
  

-HSDs are enzymes sharing 21% homology 

primarily within conserved regions of the short-chain dehydrogenase / reductase 

superfamily but are derived from separate gene products (Tomlinson et al., 2004).  
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 -HSD type 1 is predominantly reduced by nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent 11-oxo-reductase in vivo. It regenerates active GCs, 

thus amplifying intracellular GC action while the nicotinamide adenine dinucleotide 

phosphate (NADP+)-dependent 11-dehydrogenase activity catalyses the reverse 

direction, converting cortisone to cortisol in humans and 11-dehydrocorticosterone to 

corticosterone in rodents (Draper and Stewart, 2005). However, the directionality is 

dependent on the availability of the NADPH and NADP+ co-factors respectively. 

 

 -HSD type 2 is an exclusive nicotinamide adenine dinucleotide (NAD)-

dependent dehydrogenase converting active cortisol into inactive cortisone and 

inactivates intracellular GCs. It is highly expressed in MC targeted tissues, such as the 

kidney and colon while minimally expressed in the spleen (Krozowski et al., 1999). The 

distinct differences between both isozymes are summarized in Table 1.6 and illustrated 

in Figure 1.13 (Draper et al., 2003).  

 

 

1.6.2.1  - -HSD2 
  

The tissue-specific expression of both isoforms play a pivotal role in pre-

receptor metabolism of corticosteroid hormones, thus regulating intracellular levels of 

GCs and MC activities in vivo and downstream activation of GR and MR (Draper and 

Stewart, 2005). 

 

 

1.6.2.1.1 -  
  

Excess GCs have been proven to enhance visceral obesity, hyperlipidaemia and 

-HSD 
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expression (Berthiaume et al.  been noted to inhibit the 

-HSD1 expression, thus rendering anti-diabetic effects in vivo and improve 

glucose homeostasis (Berger et al. -HSD1 also reduces the risk 

of hyperglycaemia, hyperlipidaemia and hyperinsulinaemia constantly associated with 

GC metabolism (Berger et al., 2001; Berthiaume et al., 2007).  
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Table 1.6 -HSD 1 and 2 isozymes 

 -HSD1 -HSD2 

Protein size 292 amino acids 

34 kDa 

405 amino acids 

44 kDa 

Function Controls and amplifies 

intracellular levels of cortisol 

to GR 

Protects non-selective MR from 

illicit activation by cortisol 

leaving free access for 

aldosterone 

Direction of 

reaction 

Bi-directional 

11-oxo-reductase 

(predominates in vivo), bi-

directional (in vitro) 

Uni-directional 

Dehydrogenase (only) 

Co-factor NADP+  

(dehydrogenase direction) 

NADPH  

(oxo-reductase direction) 

Exclusive NAD+ dependent 

Substrate affinity Low affinity 

Km  

High affinity (100x more than 

type 1) 

(corticosterone) 

Tissue expression Liver, adipose, brain, gonads, 

vasculature, lung, immune 

cells, bone 

MC target tissues such as; kidney, 

colon, salivary glands, placenta 

Diurnal variation  

 

No marked diurnal variation 

 

(kDa: kilo-daltons, NADPH: reduced nicotinamide adenosine dinucleotide phosphate, 

NADP+: nicotinamide adenine dinucleotide phosphate, NAD+: nicotinamide adenine 

dinucleotide) 
(Draper and Stewart, 2005) 
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Figure 1.13: -HSD 1 and 2.  

-HSD on its glucocorticoid substrates, interconversion between cortisone and cortisol (Adapted from 

Draper and Stewart, 2005). 
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1.7 A ims 
  

Despite the rapid advancement in medical technology, the WHO has stated that 

diabetes mellitus has reached epidemic proportions and its prevalence would be one of 

the main human threats in the 21st century and beyond (Permutt et al., 2005). Closer to 

home, the prevalence of diabetes mellitus in both Malaysia and Singapore has been 

doubling every decade since the mid-1970s (Cockram, 2000). In 1997, a National 

Survey was performed in Malaysia and it was determined that the prevalence of 

diabetics among the adult population to be exceeding 8% (Cockram, 2000). The most 

recent NHMS III survey indicated that the prevalence of diabetes mellitus in Malaysia 

has increased by over 86% between years 1996-2006 to 14.9%, almost doubling in its 

magnitude over the last decade (Mastura et al., 2008). Based on the projections, the 

disease would be afflicting a larger population as time passes. Thus, it is of the utmost 

importance to develop a solution and prevent the situation from further deteriorating.  

 

 -HSD and LPL have 

been implicated to improve the metabolic risk factors associated with diabetes mellitus 

-HSD activities has not been fully utilized and documented. Although the ligand 

, very little 

research has been conducted to elucidate 

improve insulin sensitivity (Kuroda et al., 2003).   

 

secretion of adipocytokines would lead to an insulin resistant state in humans (Fulop et 

al., 2006; Qi and Rodrigues, 2006). Research 

promise in ameliorating the effects of insulin resistance due to its role in adipogenesis 

and insulin sensitization. Oral feeding of GA for seven weeks to genetically diabetic 

KK-Ay mice resulted in reduction in blood glucose levels, displaying its insulin 

sensitizing properties (Takii et al., 2001). Treatment of experimental animals with 
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carbenoxolone, a synthetic GE analog led to a dose-dependent reduction in plasma TAG 

and FFA in obese, hyperlipidaemic mice following subcutaneous administration 

(Nuotio-Antar et al., 2007) while oral administration of the same compound to obese 

Zucker rats caused a decrease in plasma TAG (Livingstone and Walker, 2003). Thus, 

-HSD activity and the 

subsequent transcriptional activation of LPL might improve insulin sensitivity and 

ameliorate the risk factors for metabolic syndrome. 

 

To date, there has not been much research done on the cumulative effects of GA 

-HSD and LPL to ameliorate insulin resistance and lipid dysregulation. 

Thus the objectives of this study are to: 

(a) Determine and compare the following parameters between treated and non-

treated rats:  

(i) two different routes of administration (intraperitoneal and oral)  

(ii) different dosages of glycyrrhizic acid (25, 50, 100 and 150mg/kg) 

(iii) different treatment periods of glycyrrhizic acid upon administration 

(12, 24, 48 hours and 1 week) 

(b) Determine the levels of glucose, serum insulin and Homeostasis Model of 

Assessment for Insulin Resistant (HOMA-IR) in the above rats.  

(c) Quantify the expression of  LPL levels and 

-HSD isoforms 1 and 2 in visceral and subcutaneous adipose 

tissue, abdominal muscle, quadriceps femoris, liver and kidney of the above rats. 

(d) Study histological changes in the liver and the size of visceral and subcutaneous 

adipose tissue adipocytes of GA-administered rats.   
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Chapter 2  

 
M A T E RI A LS A ND M E T H O DS 
 

2.1 Animal and T reatment  

2.1.1 A nimal ethics 
 

Prior to the commencement of the project, approval was sought from the Monash 

University Animal Ethics Committee in accordance to the 2004 Australian Code of 

Practice for the Care and Use of Animal for Scientific Purposes and Relevant Victorian 

Legislation (Prevention of Cruelty to Animals Act 1986). The project was only 

undertaken after approval was obtained (AEC Approval Number SOBSB/MY/2006/46). 

 

2.1.2 Sample size determination 
 

Eight animals were allocated to each treatment group as computation displayed 

more than 80% power (1   to detect a 5% significance level via comparisons of 

means (unpaired data) (Appendix 1) (Campbell and Machin, 2002). 

 

2.1.3 A nimal housing and diet 
 

Male Sprague Dawley rats (Rattus novergicus) weighing between 160g to 200g 

were purchased from the University Malaya animal facility and were bred in the animal 

facility of the Monash University Sunway campus. The rats were individually housed in 

polypropylene cages at approximately 23ºC with a 12- hour light and dark cycle (lights 

on at 0700 hours and lights out at 1900 hours). Each cage was littered with paper 

shavings as bedding and the rats were given Glenn Forest stock-feeder rat chow and tap 

water ad libitum. 
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2.1.4 Exper imental design  
 
 

Rats were randomly assigned to two groups designated the control and GA-

administered groups (Figure 2.1) and the initial body weight (grams) of all rats were 

taken. Rats in the control group were given tap water without GA while the rats in the 

GA-administered group were given GA dissolved in distilled water via different routes 

of administration (intraperitoneal and oral), different dosages (25, 50, 75, 100 and 150 

mg/kg body weight of rat) and different time durations (12, 24 and 48 hours as well as 1 

week). Daily food and fluid consumption was measured for determination of weight 

gain. 

 

2.1.5 Determination of systolic blood pressure 

 

A week prior to the start of GA administration of 100 mg/kg for 1 week, all rats 

were subjected to tail-cuff blood pressure measurement to allow habituation that 

increases rat compliance. 

Blood pressure was measured using the NIBP controller (ADInstruments, 

Australia). Conscious rats were placed into a plastic restrainer of which the depth was 

adjusted to fit the animal comfortably but restricting their movements. A tail-cuff with a 

pulse transducer was applied onto the tail of the restrained animal and the tail was 

heated using a table lamp with 60W bulb for 20-30 minutes. Blood pressure was 

measured by inflating the tail-cuff once the heart rate had stabilized. The recording and 

determination of blood pressure were performed using the Chart recording software. 

This procedure was performed every alternate day.  

Similar protocol was then conducted to determine the systolic blood pressure of 

all rats throughout the one week duration of treatment.  
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2.1.6 Sample collection 
 

Upon completion of the projected treatment period, the rats were fasted for 12 

hours prior to humane sacrifice between 0800 to 1000 hours under the influence of 

anaesthesia via intraperitoneal administration of pentobarbital sodium [Nembutal] 

(150mg/kg), following the approved institutional animal ethics guidelines (AEC 

Approval Number SOBSB/MY/2006/46). 

 

2.1.6.1 Blood and serum collection 
 

Immediately upon dissection, blood was drained from the cardiac ventricle via 

the apex of each rat using a 5 mL syringe and 22G needle. Then, five drops of blood 

were added into a microtube containing 0.5 g of ethylenediamine tetraacetic acid 

(EDTA) and sodium fluoride (1:2 w/w). The contents were then mixed thoroughly prior 

to the determination of plasma glucose levels.  

Another 5 mL of blood was allowed to clot at room temperature (25°C) for 30 

minutes prior to centrifugation at 4°C and 12,000 x g for 10 minutes. The serum was 

then aliquoted into microtubes before storage at -80ºC until required for analysis (Figure 

2.1).  

 

2.1.6.2 T issue harvesting 

Tissues of interest such as liver (L), kidney (K), subcutaneous and visceral 

adipose tissues (ATS and ATV), abdominal and quadriceps femoris muscles (MA and 

MT) were identified and promptly harvested. All the tissues were equally cut into three 

sections; (i) the first section was placed into individual cryovials (Nalgene, USA), 

immediately snap-frozen in liquid nitrogen and stored at -80ºC prior to real time PCR 

analysis, (ii) the second section was placed into 15 mL polypropylene conical tubes 

prior to -HSD activity and 



 

  

51  

(iii) the remaining sections were trimmed into cubes approximately 5×5×5 mm prior to 

fixation for histology analysis (Figure 2.1).  

 

2.2 Blood and Serum Biochemical Analysis 

2.2.1 Blood glucose dete
method 

 

the microtube from Section 2.1.6.1 was added to 2.9 mL of 

protein precipitant in a Falcon tube. The solution was mixed well and later centrifuged 

at 894 x g for 10 minutes. 0.5 mL of the resulting supernatant was transferred into an 

aluminum foil-wrapped test tube. Then, 1.5 mL of Colour Reagent (containing 0.09M 

NaH2PO4: 0.02M NaN3: 0.002M C11H13N3O: 900U glucose oxidase: 50U peroxidase) 

was added and the test tubes were subjected to incubation at 37°C for 20 minutes. Later, 

0.2 mL of the solution was transferred into a microtitre plate, with duplicates done for 

each tube. A series of standards ranging from 5 mmol/L to 20 mmol/L were prepared. 

The microtitre plate was read at 515 nm using BIO-TEK Powerwave XS Microplate 

Scanning Spectrophotometer. Quantification of blood glucose levels were based on a 

reference curve derived from the absorbance unit at 515 nm against different 

concentration of standards (Appendix 2; Figure A2.1).  
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Figure 2.1: Flow chart for experimental design.



   53  

2.2.2 Serum insulin determination by E L ISA  
 

Determination of serum insulin levels was done using the Rat/Mouse Insulin 

ELISA Kit (Linco Research, USA) that employs the sandwich ELISA assay concept. All 

analyses were performed in duplicates in a 96-well microtitre plate. The microtitre plate 

was coated with mouse monoclonal anti-rat insulin antibodies and subjected to three 

washes with 300 L of Wash Buffer (as provided by the manufacturer) per wash. This 

was followed by the sequential addition of 10 L of Assay Buffer (as per manufacturer) 

and 10 L of Matrix Solution (as per manufacturer) to all wells and the subsequent 

addition of 10 L of insulin standards, control and samples to their respective wells. 80 

L of biotinylated anti-insulin detection antibodies were then added to all wells and the 

plate was sealed, agitated and incubated for 2 hours at room temperature. The plate was 

again washed three times with 300 L of Wash Buffer per wash and 100 L of 

streptavidin-horseradish peroxidase conjugate was added to all wells. The plate was 

sealed, agitated and incubated for 30 minutes at room temperature before being 

subjected to six washes with 300 L of Wash Buffer per wash. This was followed by the 

addition of 100 L of -tetramethylbenzidine substrate to the all wells. The plate 

was sealed for a final round of 15 minutes incubation at room temperature. Lastly, 100 

L of Stop Solution (as per manufacturer) was added to all the wells and the absorbance 

was measured at 450 nm and 590 nm with BIO-TEK Powerwave XS Microplate 

Scanning Spectrophotometer within 5 minutes (Figure 2.2).  

The increase in absorbance from 590 nm to 450 nm is directly proportional to the 

level of insulin present and quantification of insulin level was done using the standard 

curve generated from a series of insulin standards ranging from 0.2 to 10 ng/mL 

(Appendix 2; Figure A2.2).  
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 The microtitre plate was washed with 3x 300 µl of wash buffer  
   
 10 µl of assay buffer were added to the blank and sample wells  
   
 10 µl of matrix solution were added to the blank, standard and the control 

wells 

 
   
 10 µl of the standards, controls and samples were added to the wells 

respectively 

 
   
 80 µl of the monoclonal mouse anti-rat insulin antibody were added to all 

wells 

 
   
 The plate was sealed, agitated and incubated for 2 hours at room temperature  
   
 100 µl of streptavidin-horseradish peroxidase conjugate were added to all 

wells 

 
   
 The plate was sealed, agitated and incubated for 2 hours at room temperature 

(25°C) 

 
   
 Each well was washed six times with 300 µl wash buffer  
   
 -tetramethylbenzidine were added to all wells  
   
 The plate was sealed, agitated and incubated for 15 minutes at room 

temperature 

 
   
 Each well was washed three times with 300 µl wash buffer  
   
 100 µl of 0.3M hydrochloric acid was added to each well  
   
 Absorbance of each well was read at 450 nm and 590 nm  

 

Figure 2.2: Flow-chart of insulin determination by Enzyme-linked Immunosorbent assay 
(ELISA). 
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2.2.3 Calculation of homeostasis model assessment of insulin resistance 
(H O M A-IR) 
 

The insulin resistance of each rat was determined using HOMA-IR indices, 

which involves the product of fasting plasma glucose and fasting serum insulin in 

mmol/L and ng/mL respectively divided by 22.5 (Konrad et al., 2007). 

 

2.2.4 Determination of serum tr iacylglycerol (T A G) 
 

Serum TAG was quantified using the Wako Triglyceride E kit (Wako, Japan). 15 

standards (ranging form 0.50  3.00 mmol/L) 

were added to individual aluminium foil-wrapped test tubes containing 2.25 mL of 

Working Solution and the mixtures were incubated at 37°C for 5 minutes. 200 

coloured solution was pipetted into a microtitre plate in duplicates and the plate was 

read at 600 nm using the BIO-TEK Powerwave XS Microplate Scanning 

Spectrophotometer. The level of serum TAG was determined with reference to the 

standard curve generated (Appendix 2; Figure A2.3).  

 

2.2.5 Determination of serum total cholesterol 
 

Serum total cholesterol was quantified using the Randox CH200 Cholesterol kit 

1.00 to 5.00 mmol/L) were added to individual aluminium foil-wrapped test tubes 

containing 1.0 mL of reagent R1 and the mixture was incubated at 37°C for 5 minutes. 

microtitre plate in duplicates and the 

plate was read at 500 nm using the BIO-TEK Powerwave XS Microplate Scanning 

Spectrophotometer. The level of serum cholesterol was determined with reference to the 

standard curve generated (Appendix 2; Figure A2.4). 
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2.2.6 Determination of serum H D L- and L D L-cholesterol  
 

HDL-cholesterol was first separated from the LDL and VLDL fraction by 

precipitation of the latter two using the Randox CH203 HDL Precipitant (Randox, UK). 

10 minutes, followed by centrifugation at 4000 rpm for 10 minutes.  

Cholesterol assay was then performed using the Randoz CH200 Cholesterol kit 

(Randox, UK) aforementioned in section 2.2.5. 25 m 

samples, blank and HDL standards were added 

microtitre plate 

in duplicates and the plate was read at 500 nm using the BIO-TEK Powerwave XS 

Microplate Scanning Spectrophotometer. The level of serum HDL cholesterol was 

determined with reference to the standard curve generated (Appendix 2; Figure A2.5). 

LDL-cholesterol was calculated using the Friedewald formula below, using the 

levels of total cholesterol, TAG and HDL-cholesterol obtained (Friedewald et al., 1972): 

 

LDL-cholesterol = Total Cholesterol TAG HDL-Cholesterol
2.2

LDL-cholesterol = Total Cholesterol TAG HDL-Cholesterol
2.2                                                          



   57  

2.3 Real-time Reverse T ranscription Polymerase Chain 
Reaction (qR T-PC R) quantification 

-
Proligo, USA) 

2.3.1 Total mRN A extraction from tissue samples 
 

Total mRNA extraction from kidney, liver and both abdominal and quadriceps 

femoris muscles were performed using the Qiagen RNeasy Mini Kit while the Qiagen 

RNeasy Lipid Tissue Mini Kit was used for the total mRNA extraction from 

subcutaneous and visceral adipose tissues. The protocols for extraction of total mRNA 

from these different tissues were obtained from the manufacturer of the extraction kits 

and are shown in Appendices 3 to 5. 

 

2.3.2 Storage of extracted mRN A 
 

Purified mRNA was stored at -20OC until required. 

 

2.3.3 Q uantification and purity analysis of extracted mRN A  
 

The concentration of eluted mRNA was estimated through measurements of 

absorbance at 260 nm (A260) using a Perkin Elmer Lambda 25 UV/VIS spectrometer. 

The concentration of RNA could be determined using an absorbance of 1 unit at A260 

 

 

Extracted mRNA samples were diluted 50 ti

-free water. RNA analysis was performed by measuring the 

absorbance of the diluted RNA with a PerkinElmer Lambda 25 UV/VIS Spectrometer 

(PerkinElmer, USA). RNase-free water was used as a blank. The concentration of 

mRNA could be obtained by using the following equation: 
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RNA concentration =A260  

For analysis of RNA purity, another reading at 280 nm (A280) was obtained. The 

ratio of A260/A280 was then compared with known pure RNA range of 1.9 to 2.1 (Qiagen, 

2006). RNase-free water was again used as the blank. 

 

2.3.4 A nalysis of RN A integr ity 

 

Extracted RNA samples were subjected to agarose gel electrophoresis for the 

determination of quality and integrity of extracted RNA. 1.2% (w/v) native agarose for 

electrophoresis was prepared by completely dissolving 0.36 g of agarose powder in 30 

mL of 1X TBE buffer. The solution was then allowed to cool prior to casting of the gel. 

The gel was then left for approximately 20 minutes to solidify. The gel tanks were filled 

with 1X TBE buffer and the RNA samples were loaded into the wells together with two 

sets of ssRNA ladder markers (New England Biolabs). The electrophoresis process was 

performed with a potential difference of 80V. The resulting gel was treated with 

ethidium bromide (0.5 mg/mL) for approximately 20 minutes prior to documentation 

with a SynGene GeneGenius Bio Imaging system. The estimation of RNA integrity was 

observed through the degree of smearing of 18S and 28S ribosomal RNA bands present 

in the gel image. 
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2.3.5 RNase-free DNase treatment 
 

The extracted RNA samples were treated with RNase-free DNase (Promega RQ1 

RNase-free DNase) by incubating with the RNase-free DNase reaction mixture 

(Appendix 6) at 37° L of RQ1 DNase Stop Solution (as 

provided by the manufacturer) was added followed by incubation at 65°C for a further 

10 minutes. 

 

 

2.3.6 cDN A synthesis 
 

Synthesis of cDNA was conducted using Qiagen Omniscript Reverse 

Transcriptase (Qiagen, USA). The preparation of cDNA synthesis reaction mixture is 

shown in Appendix 7. The samples from Section 2.3.5 were incubated with the reaction 

mixture at 37°C for one hour and were subsequently stored at -80°C until required for 

analysis.  

 

2.3.7 Primer and probe design for rat to
-actin 

 
Gene specific forward an

-actin (BAC) using PRIMER3 software for partial amplification of 

each gene. The design of primers was in accordance to several basic requirements noted 

below (Nolan et al., 2006): 

(a) Primer size was set within a range of 15 to 25 nucleotides, with the optimum 

value of 20 nucleotides. 

(b) Melting temperature (Tm) was set between 55°C to 65°C, with an optimum of 

60°C. 

(c) Guanosine and cytosine (GC) content was set between 40 to 60 percent. 
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Analyses of the designed primers were performed using the Nucleotide-nucleotide 

Basic Local Alignment Searching Tool (BLAST) program available from the National 

Centre for Biotechnology Information (NCBI) website. The presence of possible 

palindromic sequences and primer-dimer formation were also checked using the Primer 

Premier 5 program prior to the synthesis of the primers. The profiles of all the primers 

are shown in Appendix 8. 

Upon synthesis of primers by Sigma-Proligo (Sigma, USA), the Tm of each primer 

was manually rechecked using the equation given below (Nolan et al., 2006): 

Tm = 2°C x (A+T) + 4°C x (G+C)   

 Locked Nucleic Acid (LNA) Dual-labeled Fluorogenic Probes were also 

designed for rat total P

The profiles of each probe are shown in Appendix 8. 

 

2.3.8 Real-time Reverse T ranscr iption Polyme rase Chain Reaction  
(Nolan et al., 2006) 

 

All the optimization involved in qRT-  

BAC were performed using the DNA Engine Opticon 2 Continuous Fluorescence 

Detector from MJ Research® Incorporated. The parameters involved in the optimization 

process included both primer concentrations, Locked Nucleic Acid (LNA) probe 

concentration as well as annealing (50°C - 60°C) and elongation (60°C - 75°C) 

Taq 

(2.5 Units of Jumpstart Taq DNA Polymerase, 10 mM Tris-HCl, 50 mM KCl, 1.7 mM 

MgCl2 and 0.2 mM of dNTPs), forward and reverse primers for each respective gene, 

specific LNA Dual-labeled Fluorogenic Probe, cDNA template (from Section 2.3.6) and 

RNase-

mixtures (Appendix 9) were 

LPL and BAC expression in the liver (L), kidney (K), subcutaneous and visceral adipose 

tissues (ATS and ATV), abdominal and quadriceps femoris muscles (MA and MT).  
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2.3.9 Calibration of standard curve 
 

Construction of calibration curves fo  done 

(Lee et al.

nt obtained by PCR were ligated into pDrive vectors at the multiple 

cloning site and transformed on LB agar plates containing ampicillin, IPTG and X-Gal. 

Recombinant clones were selected based on the blue-white X-Gal IPTG induction 

method and grown on LB media. Extraction of the plasmid DNA was performed using 

QIAprep Spin Miniprep Kit (Tiu, 2008). A similar procedure was used to obtain the 

inant pDrive plasmid was performed to 

sequencing results to nucleotide sequence similarity search using BLASTN (Altschul et 

al., 1990), the identity of the insert in the recombinant pDrive plasmid was confirmed 

(Appendix 10).  

 

The plasmids were quantified spectrophotometrically and the copy number of the 

pDrive plasmid (Lee et al., 2008): 

DNA (copy) =  6.02 x 1023 (copies mol-1) x DNA amount (g) 

                 DNA length (bp) x 660 (g mol-1 bp-1) 

      

A hundred fold dilution series was performed for both plasmids. The standard 

curve was constructed with the logarithm of initial template copy numbers against the 

respective Ct values of the diluted plasmids (Appendix 10.8, Figure A10.7 and A10.8). 
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2.3.10 

expression (Nolan et al., 2006) 

 

Upon optimization of qRT-PCR parameters, expression of the respective genes 

was quantified using the optimized temperature profile (Appendix 11) in 

reaction mixtures. All qRT-PCR were carried out on a Peltier Thermal Cycler PTC-100 

(MJ Research, UK) and analysis was performed using the DNA Engine Opticon® 2 

Continuous Fluorescence Detection system (MJ Research, UK).  

 

2.3.11 , 1 and 
 

 
Absolute quantification was performed through the substitution of the raw Ct 

readings for all the tissue samples into the calibrated standard curve in Section 2.3.9. 

y number of 

(Ameshima et al., 2003). 

 

2.3.12            Relative quantification of LPL expression 
 

The comparison of LPL expression between control and GA-administered rats 

were performed using the Comparative Ct t) Method that is based on the 

expression ratio of the target gene relative to a reference gene (Plaffl et al., 2002). Ct is 

levels rises above the background. To ensure valid comparison of LPL expression, Ct 

values were fixed at the same position across all samples (Vaerman et al., 2004).  
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2.3.13          Agarose gel electrophoresis of amplified PC R products -
-actin) 

 
Random amplified products were subjected to 4% agarose gel (w/v) 

electrophoresis to determine the presence of the desired products (

-actin). Preparation of gel was similar to that in Section 2.3.4 with 

the exception of using 1.2 g of agarose powder diluted in 30 mL of 1X TBE buffer and 

the use of a 25 bp DNA step ladder obtained from Promega, USA. Amplicons and the 

25 bp ladder were run on the agarose gel which was subsequently stained with 0.5 

mg/mL ethidium bromide for approximately 15 minutes, followed by destaining under 

running water for 2 minutes. The gel was viewed and captured using SynGene Gene 

Genius Bio Imaging System. The presence of the desired bands was noted with 

reference to the DNA ladder markers used (Appendix 10.8.3). 

 

 

2.4 -hydroxysteroid dehydrogenases -HSDs) 
activities   

2.4.1 Homogenization of tissues 
 

All reagents were freshly prepared prior to dissection. All tissue samples, buffers 

and homogenates were kept on ice and procedures were performed in duplicates at 4°C 

throughout the experiment unless otherwise stated. 

Krebs-Ringer (KR) bicarbonate buffer was prepared as described in Appendix 

12. The harvested tissues were homogenized, in a ratio of 1.0 g of tissue to 2.0 mL of 

KR buffer, with a Heidolph DIAX 900 rotor stator homogenizer. The rotor was rinsed 

with 70% ethanol followed by KR buffer prior to homogenization of the next sample. 
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2.4.2 Determination of prote in concentration 
 

A series of protein standards varying from 0.3 to 1.8 mg/mL was prepared by 

diluting a stock bovine serum albumin (BSA) (2 mg/mL) with KR buffer (Appendix 

13). The homogenised lysates were centrifuged in a Hettich Zentrifugen Universal 32R 

centrifuge at 14,000 x g for 20 minutes at 4°C.  

 

10 µL of afore-mentioned BSA standards, homogenates supernatants and KR 

buffer were placed into a 96-well microtitre plate for assay of protein content using 

et al., 2007). 25 µL and 200 µL of Bio-Rad 

Reagents A and B respectively, were added into each well, mixed properly and 

incubated at room temperature for 15 minutes before spectrophotometric measurement 

at 650 nm by a BIO-TEK Powerwave XS microtitre plate reader. A standard protein 

curve was prepared from the corresponding results of blanks (KR buffer) and known 

protein concentrations of BSA solutions for the determination of unknown protein 

concentrations of the homogenates (Appendix 12). A standard curve was constructed for 

every assay to prevent batch to batch variation. 

 
2.4.3 -HSD 
 

50 mg of tissue protein were incubated with 0.1 mM corticosterone in the 

presence of excess cofactor (0.35 -HSD type 1 and 0.35 mM 

-HSD type 2) in a microtube. KR buffer (containing 0.2% glucose and 

0.2% BSA) was added to  and the mixture was incubated at 

37°C in a Memmert water-bath for one hour. The reaction was terminated by storage of 

microtubes at -20ºC (Morton et al., 2004). 
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2.4.4 Extraction of glucocorticoid (11-dehydrocorticosterone) 
 

 of ethyl acetate was added to each microtube and was placed 

horizontally on a rotating Protech orbital shaker at 100 rpm for 30 minutes, prior to 

centrifugation in an Eppendorf microentrifuge 5415R at 22ºC, 16,000 x g for 10 

minutes. The resulting upper organic layer was transferred into a new microtube, 

evaporated under flow of nitrogen  of High 

Performance Liquid Chromatography (HPLC) mobile phase (20% methanol, 30% 

acetonitrile and 50% water v/v) prior to analysis (Nwe et al., 2000). 

 

2.4.5 Q uantification by H igh Performance L iquid C hromatography  
 

-hydroxy-11- -hydroxy-

11-DHB) ranging from 1 to 10 (Appendix 14) were used to determine retention time 

and standard product curve for quantification of 11-DHB from the tissue samples. 

 

A Hamilton syringe was used to inject 100  of the above sample into a sample 

loop of the Perkin Elmer Series 200 Liquid Chromatography Pump which was 

connected to the Vacuum Degasser, for analysis on a reverse phase Waters Symmetry® 

C18 5  mm) column by gradient elution. The first five minutes of the 

gradient elution used was from 10:15:75 (v/v) methanol:acetonitrile:water and was later 

switched to 20:30:50 (v/v) methanol:acetonitrile:water. This was followed by isocratic 

elution for the next 10 minutes. The mobile phase flow rate was set constant at 1 

mL/min. A Perkin Elmer Series 200 Diode Array Detector was used for 

spectrophotometric measurement at 254 nm (Nwe et al., 2000).  

 

-HSD types 1 and 2 were expressed as: 1 Unit (U) of 

-HSD was the formation of 11- -

mentioned pre-defined experimental conditions of 50 mg of tissue protein at an 

incubation time of one hour at 37°C (Lavery et al., 2007). 
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2.5 H istological analysis 
2.5.1 F ixation of tissues 
 

Each tissue sample was fixed by immersion in a universal bottle containing 10% 

(v/v) neutral-buffered formalin to facilitate better penetration by the fixative. Immersed 

tissues were left at room temperature for 48 hours with replacement of fixative every 2 

days until the tissues hardened. 

 

 

2.5.2 Impregnation and infiltration of tissues 
 

Tissue impregnation consisted of two steps, namely dehydration and clearing. 

Dehydration involved removal of water within tissues by sequential immersion in 

increasing concentrations of ethanol (50%, 70%, 80%, 95% and 100% v/v) in water for 

1 hour each at room temperature followed by absolute ethanol for another hour. Clearing 

involved immersion of tissues in a mixture of xylene and absolute ethanol (1:1 ratio v/v) 

followed by pure xylene, each lasting 24 hours until the tissues became transparent. 

Flow-chart for this procedure is shown in Figure 2.3. 

Tissue infiltration consisted of serial addition of paraffin flakes to tissues 

immersed in xylene and incubated in a Memmert oven at gradually increasing 

temperatures (40°C, 50°C and 55°C) for 24 hours each. The paraffin-xylene mixture 

was discarded and replaced with fresh (molten or liquid) paraffin. The tissues were 

incubated in uncapped universal bottles at 60°C for three days with daily changes of 

fresh liquid paraffin (Figure 2.3). 

 

2.5.3 Embedding of tissues 
 

Embedding consisted of immersion of tissues in semi molten paraffin that was 

previously poured into a cardboard box placed on a tray left on ice. This allowed cooling 

and solidification of the paraffin base while the upper layers were kept warm and molten 

by gently skimming the surface with a warm spatula. Tissues were gently lowered into 
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the semi-molten paraffin once the paraffin base started becoming translucent. The whole 

block was allowed to solidify at room temperature before hardening at 4°C in a 

refrigerator for half an hour. 

 

2.5.4 Sectioning of tissues 
 

The hardened paraffin block was trimmed into smaller blocks of individual 

tissues prior to mounting on a Leica rotary microtome Modell RM2135 for sectioning at 

a thickness of 6 m and an angle of 10°. The tissue sections were placed afloat in a 

water-bath maintained at 45°C and fished onto microscopic glass slides. The slides were 

dried overnight before dewaxing and rehydration (Figure 2.3). 

 

2.5.5 Dewaxing and rehydration 
 

The slides were de-paraffinized by immersion in xylene followed by a mixture of 

xylene and absolute ethanol (1:1 v/v) for half an hour and 15 minutes respectively. The 

slides were then immersed in decreasing concentrations of ethanol, 100%, 95%, 80% 

and 70%, each lasting 10 minutes before immersion in distilled water for five minutes 

(Figure 2.3). 

 

2.5.6 Staining 
 

Staining methods, as illustrated in Figure 2.4, were performed at 27ºC, whilst 

each wash, rinse and immersion lasted 30 seconds, one and five minutes respectively 

unless stated otherwise. 
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F I X A T I O N 
   
 Immersion in 10% neutral-buffered formalin  
   
 Replaced every 2 days until tissue is hardened  
   

D E H Y DR A T I O N 
   
 Sequential immersion of tissues in ethanol 50%, 60%, 70%, 80% and 

95% (v/v) 
1 hour 
each 

 
   
 Immersion of tissues in absolute ethanol. Repeat step 1 hour 

each 
 

    
C L E A RIN G 

   
 Immersion of tissues in a mixture of xylene and ethanol (1:1) 24 hours  
   
 Immersion of tissues in xylene (repeat until tissues are hardened) 24 hours  
   

IN F I L T R A T I O N  
   
 Addition of paraffin flakes into xylene immersed tissue at increasing 

temperatures of 40 ºC, 50 ºC and 55 ºC 
24 hrs 
each 

 
   
 At 60 ºC (with daily replacement of paraffin) 3 days  
    

E M B E DDIN G & SE C T I O NIN G 
   
 Tissue embedded in paraffin block and cooled at 8 ºC  
   
 Sectioned to thickness of 6 µm  
   
 Dried on microscope glass slides  
   

D E W A X IN G & R E H Y DR A T I O N 
   
 Immersion in xylene 30 mins  
   
 Immersion in xylene: ethanol mixture (1:1) 15 mins  
   
 Immersion in absolute ethanol 10 mins  
   
 Sequential immersion in ethanol 95 %, 80 %, 70 % (v/v), 5 mins 

each 
 

   
 Immersion in water 5 mins  
Figure 2.3: Flow chart illustrating histological protocol.  
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2.5.6.1 Haematoxylin and Eosin (H & E) stain 
 

De-paraffinized slides were immersed in haematoxylin for one minute, followed 

by washing in distilled water, H&E decolorizing acid solution, H&E bluing solution, 

70% ethanol, 90% ethanol and water. The slides were subsequently rinsed in eosin for 

one minute, followed by washing twice in 95% ethanol and twice in absolute ethanol. 

Finally, they were rinsed in xylene before air-dried. 

 

2.5.6.2  
 

De-paraffinized slides were serially immersed in periodic acid solution, distilled 

, 5 and 15 minutes respectively and another rinse in 

distilled water for five minutes. The slides were subsequently washed in haematoxylin 

for 10 seconds, distilled water for 30 seconds and ammonia water for 10 seconds, 

followed by washing in distilled water, 70% ethanol, 95% ethanol and absolute ethanol. 

Finally, they were rinsed in xylene before air-dried.  

 

 

2.5.6.3 Mounting and analysis 
 

Formalin fixed paraffin embedded tissue sections were mounted with one drop 

of Depex mounting medium on the centre of the slide before placement of a cover slip. 

H&E and PAS stained slides were photographed in triplicate using a Nikon Eclipse 

E200 microscope connected to Nikon Digital Sight DS-U2. 

 

All slides were examined under 100x and 400x magnification. Adipocyte 

morphology was characterized by analysis of mean ce 2) of 100 adipocytes 

under 400x magnification per slide using the software Motic Image Plus 2.0. The 

scaling factor was pre-calibrated by a Motic technician. 
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H A E M A T O X Y L IN & E OSIN   
     

Haematoxylin 1-2 mins  Periodic Acid solution 10 mins 
   

Distilled Water 30 secs  Distilled Water 5 mins 
   

H&E decolourising acid 
solution 

30 secs   15 mins 
   

H&E blueing solution 30 secs  Distilled Water 5 mins 
   

70% alcohol 30 secs  Haematoxylin 30 secs 
   

90% alcohol 30 secs  Distilled Water 30 secs 
   

Distilled Water 30 secs  Ammonia Water 30 secs 
   

Eosin 1 mins  Distilled Water 30 secs 
   

95% alcohol 2 x 30 secs  70% alcohol 30 secs 
   

100% alcohol 2 x 30 secs  95% alcohol 30 secs 
   

Xylene 1 min  100% alcohol 30 secs 
   

Air dry  Xylene 1 min 
   

  Air dry 
      Figure 2.4 A               Figure 2.4 B 

Figure 2.4: Flow-
staining respectively.  
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2.6 Statistical analysis 
 

Analyses of all data were performed using Statistical Package for the Social 

Sciences (SPSS) for Windows, version 16 with the exception of relative LPL 

expression. Prior to the test, the normality of the data was tested to determine the 

distribution of the data, with significance value of P 

expression was performed using Relative Expression Software Tool (REST©) MCS 

Beta 2006. A p-  

 

Results for blood glucose (mmol/L), serum insulin (ng/mL), HOMA-IR, total 

-HSD1 and 2 activities were 

presented as medians and subjected to analysis by Mann-Whitney U-test. The use of 

median to represent data was to negate the adverse effects of outliers towards the final 

data since relatively large variations were observed (Campbell and Machin, 2002).  
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Chapter 3  
 
R ESU L TS  
 

3.1 E ffects of oral vs. intraperitoneal administration of 
glycyrrhizic acid in rats   

50 mg/kg of GA were given to rats either orally or intraperitoneally for 12 hours.  

  

3.1.1 Blood glucose, serum insulin and H O M A-IR 
  

Results for the blood glucose levels, serum insulin levels and the HOMA-IR 

indices for rats given GA either orally or intraperitoneally are listed in Table 3.1 and 

shown in Figures 3.1, 3.2 and 3.3 respectively. Slight decreases in the blood glucose and 

serum insulin levels as well as the HOMA-IR values were observed after 12 hours of 

GA treatment. Nevertheless, no significant differences were observed in all three 

parameters when compared between the two routes of administration.   
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Table 3.1: Median blood glucose and serum insulin levels as well as the HOMA-IR indices of rats administered with GA orally and 
intraperitoneally 

Subject M edian blood glucose levels M edian serum insulin levels H O M A-IR index 

(mmol/L) P value (ng/mL) P value  P value 

Rats given GA orally 7.37 
(5.69  10.25) 

0.15 

2.98 
(1.68  3.49) 

0.47 

1.30 
(0.54  1.71) 

0.10 

Control 9.49 
(7.37  10.50) 

3.21 
(2.31  4.87) 

1.68  
(1.00  2.22) 

 
Rats given GA 

intraperitoneally 

 
5.69 

(5.06  7.67)  
0.10 

 
2.63 

(1.49  3.50)  
0.08 

 
0.57 

(0.52  0.90)  
0.27 

Control 7.88 
(5.02  9.82) 

3.21 
(2.52  3.73) 

0.82 
(0.43  1.22) 

 

Only a P  
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Figure 3.1: Blood glucose levels in rats given GA orally or intraperitoneally. 

No significant difference (P > 0.05) was observed between the two routes of GA 
administration.  
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Figure 3.2: Serum insulin levels in rats given GA orally or intraperitoneally.  

No significant differences were observed (P > 0.05) for both groups. 
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Figure 3.3: HOMA-IR in rats given GA orally or intraperitoneally.  

The differences in the HOMA-IR for both groups were not statistically significant (P > 
0.05). 
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3.1.2  

3.1.2.1 
studied tissues 

  
 

based on the substitution of the Ct values obtained from the qRT-PCR of various tissues 

into the equation obtained from the standard curve (Appendix 10.8). The qRT-PCR 

analysis was based on Taqman LNA Dual-labeled Fluorogenic Probe. All the expression 

values were normalized through standardizing the use of 1µg of total RNA for reverse 

transcription to cDNA in all tissues and ultimately expressed as copy number per µg of 

mRNA (Lee et al., 2008). 

et al., 

2003). The differences in the copy numbers per µg of total RNA between the control 

and GA-administered rats were expressed as fold differences (Alonso, personal 

communication, July 22nd 2009). 

 

3.1.2.2  
  

All tissues from the orally or intraperitoneally GA-administered rats displayed a 

p (Figures 3.4a and b; 

Table 3.2), with the visceral adipose tissue displaying the highest expression levels 

followed by the subcutaneous adipose tissue, quadriceps femoris, liver, abdominal 

muscle and kidney. However the increased expression levels in all tissues were not 

statistically significant for both routes (P > 0.05). Interestingly, it is in the subcutaneous 

-fold 

increase) and not in the visceral adipose tissues which displayed only a 9.2-fold increase 

(Table 3.2). 
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Table 3.2: Fold -
administered with GA.  

-
administered rats, the increased levels were statistically not significant (P > 0.05).  

 

Tissue Fold-  
Oral Intraperitoneal 

ATS 49.0 32.3 
ATV 9.2 6.1 
MA 11.2 3.9 
MT 17.4 6.8 
L 16.4 8.2 
K 7.2 3.4 

 
Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, 

abdominal muscle; MT, quadriceps femoris muscle; L, liver; K, kidney.  
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Figures 3.4: -administered rats (a) orally and (b) 
intraperitoneally. 

 ls for all tissues in GA-administered rats, the increased levels were statistically 
not significant (P > 0.05). Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; 
MT, quadriceps femoris muscle; L, liver; K, kidney.  
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3.1.2.3  
  

pression levels, all tissues from the orally or 

intraperitoneally GA-administered rats 

compared to the control group (Figures 3.5a and b; Table 3.3), with visceral adipose 

tissue displaying the highest expression levels and the kidney displaying the lowest 

expression levels. The increase in  expression levels in all the tissues was 

however, not statistically significant between both routes (P > 0.05).  

 

3.1.2.4  
 
All tissues from the orally or intraperitoneally GA-administered rats displayed an 

s 

3.6a and b; Table 3.4 emed to be tissue-specific, with 

the visceral and subcutaneous adipose tissues displaying much higher expression levels 

compared to the other studied tissues. However, the increased expression levels in all 

the tissues were not statistically significant with both routes (P > 0.05).  

 

3.1.2.5 Relative LPL expression in the various studied tissues 
  

The expression of LPL in the various studied tissues was determined by fold 

difference based on the 2-  method. BAC was used as the endogenous reference gene, 

with the control group as the calibrator. Since the control group was used as the 

calibrator, the LPL expression of all tissues was given a baseline value of 1.00 (Plaffl et 

al., 2002).  
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Table 3.3 -
administered with GA.  

tissues of GA-administered rats, the increase was not significant (P > 0.05).  

Tissue Fold-  
Oral Intraperitoneal 

ATS 31.7 11.9 
ATV 21.7 14.8 
MA 30.9 18.5 
MT 36.8 15.2 
L 33.1 26.2 
K 19.0 29.6 

 
Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, 

abdominal muscle; MT, quadriceps femoris muscle; L, liver; K, kidney.  
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Table 3.4 -
administered with GA. 

-
administered rats, albeit statistically not significant (P > 0.05). 

Tissue Fold-  
Oral Intraperitoneal 

ATS 24.2 11.2 
ATV 28.9 10.6 
MA 6.3 6.5 
MT 28.5 13.4 
L 18.5 21.7 
K 10.9 14.4 

 
Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, 

abdominal muscle; MT, quadriceps femoris muscle; L, liver; K, kidney.  
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Figures 3.5 -administered rats (a) orally and (b) intraperitoneally.  

Even tho -administered rats, the increase was 
not significant (P > 0.05). Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; 
MT, quadriceps femoris muscle; L, liver; K, kidney.  
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Figures 3.6 -administered rats (a) orally and (b) intraperitoneally.  

ues in the GA-administered rats, albeit statistically not significant (P 
> 0.05). Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps 
femoris muscle; L, liver; K, kidney.  
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For the orally-administered rats, LPL expression was increased in all the studied 

tissues of the GA-administered rats compared to the control group (Figure 3.7a). Of the 

six tissues studied, the quadriceps femoris displayed the highest increase in LPL 

expression (i.e., 52.8%) followed by the abdominal muscle (48.2%), liver (42.4%), 

visceral (27.1%) and subcutaneous adipose tissues (13.1%) and the lowest increase in 

the kidneys (5.1%). None of the increase in the fold differences was however 

statistically significant (P > 0.05).  

 

For the intraperitoneally-administerered rats, the increase in LPL expression was 

noted in all the studied tissues of the GA-administered rats compared to the control 

group (Figure 3.7b). Similar to the orally-administered rats, the quadriceps femoris 

displayed the highest increase, with 40.8% increase, followed by the abdominal muscle 

(35.1%), subcutaneous adipose tissue (19.2%), liver (14.3%), visceral adipose tissue 

(9.2%) and kidney (5.4%). Although there was an increase in LPL expression in all 

tissues, none of the increase was statistically significant (P > 0.05). The increased 

expression levels in all the tissues were also not statistically significant when compared 

between both routes (P > 0.05).  

 

3.1.3 - -HSD2 activities  

 
 The separation of glucocorticoids (GC) was accomplished by reverse phase 

chromatography. The product, 11-dehydrocorticosterone (11-DHB), is more hydrophilic 

than the substrate, corticosterone, due to the presence of an 11-keto group in the former. 

-hydroxy-11-DHB was used as the representative standard for 11-DHB as it contains 

were eluted in order of increasing hydrophobicity, i.e., 17 -hydroxy-11-DHB, 11-DHB 

and corticosterone, due to increased interactions between the alkyl carbon chains of the 

C-18 column and hydrophobic groups (Pácha et al., 1997). The most hydrophobic GC, 

corticosterone, possessed retention times between 10.3 to 10.6 minutes while a
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Figures 3.7: Relative expression (fold difference) for LPL in various tissues in GA-administered rats (a) orally and (b) 
intraperitoneally with -actin as reference, GA-administered group as target and control group as calibrator. 

Although all tissues showed increased LPL expression following GA-administration, the increased levels were not statistically 
significant (P > 0.05). Abbreviationss: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, 
quadriceps femoris muscle; L, liver; K, kidney.  
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consistent peak with retention times of 9.1 to 9.2 minutes was deduced to be 11-DHB 

(Appendix 14; Figure A14.2). 

 

3.1.3.1  -HSD1 activities  
  

All the tissues of the rats orally- and intraperitoneally-administered with GA 

-HSD1 activities, with all but the liver tissue displaying a 

non-significant decrease (P > 0.05). -HSD1 

activities in rats given GA either orally or intraperitoneally are listed in Table 3.5 and 

-

HSD1 activities in rats given GA intraperitoneally was higher than that of rats orally-

administered with GA, the comparison between the GA administered rats for both routes 

of administration displayed no significant difference.   

 

3.1.3.2  -HSD2 activities 
  

-HSD1 activities, all the tissues of rats  that 

were orally- and intraperitoneally-administered with GA d -

HSD2 activities with only the liver tissue showing a statistically significant (P < 0.05) 

reduction. -HSD2 activities in rats given GA 

either orally or intraperitoneally are listed in Table 3.6 and shown in Figures 3.9a and b 

-HSD2 activities with a 

34.17% reduction for rats given GA orally and a 40.81% reduction for rats given GA 

intraperitoneally. The percentage reduction of -HSD2 activities in rats that were 

given GA orally- and intraperioneally-administered were similar while the comparison 

between the GA administered rats for both routes of administration displayed no 

significant difference.    
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Table 3.5: Percentage -HSD1 activities of rats administered with GA orally and intraperitoneally  

Subject 

Subcutaneous 

adipose tissue 

Visceral    

adipose tissue 

Abdominal 

muscle 

Quadriceps 

femoris 
Liver Kidney 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

Rats given GA 

orally 
17.90 0.16 17.62 0.16 18.92 0.19 9.45 0.18 18.93 0.04* 12.35 0.45 

Rats given GA 

intraperitoneally 
25.13 0.17 48.42 0.17 29.44 0.12 35.83 0.19 47.63 0.03* 27.71 0.16 

 

Only a P  
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Figures 3.8: 11 -HSD1 activities in various tissues of the control and GA-administered rats (a) orally and (b) intraperitoneally.  

All tissues showed reduction in 1 -HSD1 activities with the liver displaying a statistically significant reduction (* indicates P < 
0.05). Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps 
femoris muscle; L, liver; K, kidney.  
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Table 3.6 -HSD2 activities of rats administered with GA orally and intraperitoneally  

Subject 

Subcutaneous 

adipose tissue 

Visceral     

adipose tissue 

Abdominal 

muscle 

Quadriceps 

femoris 
Liver Kidney 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

% 

reduction 

P 

value 

Rats given GA 

orally 
27.25 0.16 20.37 0.13 17.31 0.15 12.32 0.16 34.17 0.04* 9.10 0.45 

Rats given GA 

intraperitoneally 
19.59 0.20 25.78 0.16 15.33 0.13 18.75 0.17 40.81 0.03* 4.97 0.16 

 

Only a P  
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Figures 3.9: 11 -HSD2 activities in various tissues of the control and GA-administered rats (a) orally and (b) intraperitoneally.  

Although all tissues showed a -HSD2 activities following GA-administration, only the liver showed a 
statistically significant reduction (* indicates P < 0.05). Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose 
tissue; MA, abdominal muscle; MT, quadriceps femoris muscle; L, liver; K, kidney.  
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3.2 E ffects of different dosages of orally-administered 
glycyrrhizic acid  

 

3.2.1 E ffects of different dosages of G A administered 
 

Based on the results from Section 3.1, no significant difference was 

demonstrated between both the two routes of GA administration. Since there was no 

significant difference observed, therefore subsequent work was done using oral 

administration of GA. 

Dosages of 25, 50, 75, 100 and 150 mg/kg of GA were chosen for the subsequent 

part of the study. Oral administration of all the studied dosages of GA for 12 hours 

resulted in improvement of all the parameters studied, albeit no significant differences 

noted between all the different studied dosages. Since there was no significant 

difference noted between the different dosages administered for 12 hours, therefore 

similar dosages were orally administered to rats for 24 hours.       

 

3.2.2 Blood glucose, serum insulin and H O M A-IR 
 
Significant decrease in the blood glucose levels were seen in rats given GA 

between 50, 75, 100 and 150 mg/kg (P = 0.05, 0.03, 0.02 and 0.01 respectively; P <  

0.05) (Figure 3.10) for 24 hours while no significant difference in the serum insulin 

levels was observed between the different dosages used (P > 0.05) (Figure 3.11).  

Significant decrease in HOMA-IR was seen in rats given 100 and 150mg/kg of 

GA compared to the control (P = 0.05; P  0.05). However, no significant difference 

was detected when the HOMA-IR of rats given 100 and 150 mg/kg GA was compared 

(Figure 3.12).  
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Figure 3.10: Blood glucose levels in GA-treated and control rats given 25, 50, 75, 100 
and 150 mg/kg GA. 

Decreased blood glucose levels were observed for all GA-administered rats with 
significant levels observed for dosages of 50  150 mg/kg (* indicates P < 0.05 and ** 
P < 0.01). 
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Figure 3.11: Serum insulin levels in GA-treated and control rats given 25, 50, 75, 100 
and 150 mg/kg GA. 

No significant decrease in insulin levels were observed following GA treatment (P > 
0.05 for all dosages).  
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Figure 3.12: HOMA-IR in GA-treated and control rats given 25, 50, 75, 100 and 150 
mg/kg GA.  

Decreased HOMA-IR values were obtained for all GA-administered rats with rats given 
100 and 150 mg/kg GA showing statistically significant decreased values (* indicates P 
< 0.05). 
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3.2.3 Serum lipid profile  
 
Consistent improvement in all lipid parameters were observed in the GA-

administered rats relative to the control with the different dosages (25, 50, 75, 100 and 

150 mg/kg) used (P > 0.05) (Figure 3.13). There was a general trend of further reduction 

in serum TAG, total cholesterol and LDL-cholesterol with increasing dosages of GA 

administered (Table 3.7). Conversely, the amount of HDL-cholesterol increased with 

GA treatment. 

With the various dosages used, no statistical difference between rats given the 

100 and 150 mg/kg GA was obtained.  

 

3.2.4  

3.2.4.1 Subcutaneous and visceral adipose tissues 
 
Regardless of the dosage 

in the subcutaneous and visceral adipose tissues were higher in the GA-administered rats 

compared to the control rats (Figures 3.14 a and b; Table 3.8). However, the increase in 

the expression levels in the subcutaneous adipose tissue with the various dosages was 

statistically insignificant (P > 0.05). 

expression levels in the visceral adipose tissue, significant increase was only noted in 

the rats administered with 100 (P = 0.04) and 150 mg/kg (P = 0.02) of GA  (P < 0.05) 

where an approximately 80-fold increase was observed. No significant difference was 

seen between rats given 100 and 150 mg/kg GA.  
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Table 3.7: Effects on the serum lipid profile of rats administered with GA given in various dosages 

 

Only a P  

 
 
 
 
 

 
Lipid parameter 

25 mg/kg GA 50 mg/kg GA 75 mg/kg GA 100 mg/kg GA 150 mg/kg GA 

% change P value % change P value % change P value % change P value % change P value 

Serum TAG 18.85 0.21 20.35 0.20 20.87 0.18 28.68 0.16 29.17 0.13 

Total cholesterol 5.29 0.16 11.39 0.15 14.14 0.14 21.57 0.11 19.80 0.11 

LDL  cholesterol 4.35 0.19 8.45 0.16 17.10 0.16 21.87 0.14 29.33 0.14 

HDL  cholesterol 6.48 0.18 3.80 0.20 10.08 0.14 18.18 0.13 22.22 0.12 
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Figure 3.13: Mean serum TAG, total cholesterol, HDL-cholesterol and LDL-cholesterol of control rats and rats administered with 
various dosages of GA (P > 0.05 for all parameters).  
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Table 3.8  

-administration (* indicates P < 0.05). 

Tissue 
Fold-  

25 mg/kg 50 mg/kg 75 mg/kg 100 mg/kg 150 mg/kg 

ATS 38.7 37.1 29.4 35.8 25.1 

ATV 51.8 61.1 61.3 78.2 * 80.0 * 

MA 0.85 7.6 11.2 33.3 * 36.9 * 

MT 18.7 49.2 * 53.9 * 88.2 * 93.2 * 

L 7.3 9.4 13.3 35.5 35.0 

K 25.3 30.5 31.2 30.9 33.6 

 

Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris 

muscle; L, liver; K, kidney. 
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Figures 3.14  levels in (a) subcutaneous and (b) visceral adipose tissues of rats administered with various 
dosages of glycyrrhizic acid.  

ollowing GA-administration (* indicates P < 0.05). 
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3.2.4.2 Abdominal muscle and quadriceps femoris 
 

-administration was 

observed for both the abdominal muscle and quadriceps femoris regardless of the 

different dosages of GA given (Figure 3.15). In both cases

expression levels was statistically significant (P < 0.05) for rats given 100 and 150 

levels of approximately 90-fold for both dosages of GA whereas the increase in the 

abdominal muscle was only roughly 35-fold (Table 3.8). However, no significant 

and 150 mg/kg GA. 

 

3.2.4.3 L iver and kidney 
 

As was observed for the abdominal muscle and quadriceps femoris, GA-

and kidney (Figure 3.17) of rats given various dosages of GA when compared to the 

control rats. However, in both cases, the increased expression levels were not 

statistically significant (P > 0.05). 

  

3.2.5  

3.2.5.1 Subcutaneous and visceral adipose tissues 
 
Similar to total  expression, 1 also displayed higher expression 

levels in the subcutaneous and visceral adipose tissues compared to the control rats 

(Figures 3.18 a and b; Table 3.9). However, the increase in the expression levels in the 

subcutaneous adipose tissue with the various dosages was statistically insignificant (P >  
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Figures 3.15: Total P
dosages of glycyrrhizic acid.  

 significant 
increases (* indicates P < 0.05). 
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Figure 3.16: 
various dosages of glycyrrhizic acid. 

-administration for all 
dosages albeit P > 0.05. 
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Figure 3.17
dosages of glycyrrhizic acid.  

 P > 
0.05 for all. 
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0.05). Th

tissue and significant increase was only noted in the rats administered with 100 (P = 

0.05) and 150 mg/kg of GA (P = 0.04) (P < 0.05). No difference between rats given the 

100 and 150 mg/kg GA was seen. 

 

3.2.5.2 Abdominal muscle and quadriceps femoris 
 

An increase in 1 expression levels following GA-administration was 

observed for both the abdominal muscle and quadriceps femoris regardless of the 

different dosages of GA given (Figure 3.19a and b). In both cases, the increase in 

P < 0.05) for rats given 100 and 

150 mg/kg GA. However, no significant difference was observed when comparing the 

ven 100 and 150 mg/kg GA. 

 

3.2.5.3 L iver and kidney 
 

As was observed for the abdominal muscle and quadriceps femoris, GA-

and kidney (Figure 3.21) of rats given various dosages of GA when compared to the 

control rats. However, in both cases, the increased expression levels were not 

statistically significant (P > 0.05). 
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Table 3.9:   

-administration (* indicates P < 0.05). 

 

Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris 

muscle; L, liver; K, kidney. 

 

 

 

 

 

 

Tissue 
 

25 mg/kg 50 mg/kg 75 mg/kg 100 mg/kg 150 mg/kg 

ATS 9.7 10.7 8.9 17.5 19.8 

ATV 49.6 36.5 37.7 52.2 * 57.2 * 

MA 1.5 7.3 11.2 26.5 * 34.0 * 

MT 29.9 51.1 * 50.5 * 68.5 * 74.1 * 

L 6.0 4.6 8.7 16.2 23.4 

K 7.8 4.9 13.1 18.3 18.0 
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Figures 3.18
of glycyrrhizic acid.   

s following GA-administration (* indicates P < 0.05). 
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Figures 3.19
of glycyrrhizic acid.  

mg/kg GA showing statistically significant 
increases (* indicates P < 0.05). 
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Figure 3.20: 
various dosages of glycyrrhizic acid. 

ing GA-administration for all 
dosages albeit P > 0.05. 
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Figure 3.21
dosages of glycyrrhizic acid.  

P > 
0.05 for all.  
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3.2.6  

3.2.6.1 Subcutaneous and visceral adipose tissues 
 
Similar to total  and 1 expression, 2 also displayed higher 

expression levels in the subcutaneous and visceral adipose tissues compared to the 

control rats (Figures 3.22 a and b; Table 3.10). However the increase in the 

subcutaneous adipose tissue with various dosages was statistically insignificant (P > 

0.05). T 2 expression levels in the visceral adipose tissue 

and significant increase was only noted in the treated rats with 100 and 150 mg/kg of 

GA (P = 0.03; P < 0.05). No difference between rats given the 100 and 150 mg/kg GA 

was obtained.  

 

3.2.6.2 Abdominal muscle and quadriceps femoris 
 
An increase in 2 expression levels following GA-administration was 

observed for both the abdominal muscle and quadriceps femoris regardless of the 

different dosages of GA given (Figure 3.23a and b). In both cases, the increase in 

nt (P < 0.05) for rats given 100 and 

150 mg/kg GA. However, no significant difference was observed when comparing the 
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Table 3.10 d with various dosages of GA (as indicated in mg/kg).  

-administration (* indicates P < 0.05). 

Tissue 
 

25 mg/kg 50 mg/kg 75 mg/kg 100 mg/kg 150 mg/kg 

ATS 1.23 7.8 7.1 8.9 9.7 

ATV 23.3 80.1 83.6 111.8 * 130.5 * 

MA 1.86 9.6 12.6 27.2 * 36.8 * 

MT 16.9 38.7 * 35.2 * 61.5 * 72.4 * 

L 8.5 8.4 9.8 9.7 10.9 

K 8.9 9.7 10.9 13.6 13.8 

 

Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris 

muscle; L, liver; K, kidney. 
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Figures 3.22
of glycyrrhizic acid.  

-administration (* indicates P < 0.05). 
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Figures 3.23: 
of glycyrrhizic acid.  

mg/kg GA showing statistically significant 
increases (* indicates P < 0.05).  
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3.2.6.3  L iver and kidney 
 
As observed for the abdominal muscle and quadriceps femoris, GA-

(Figure 3.24) 

and kidney (Figure 3.25) of rats given various dosages of GA when compared to the 

control rats. However, in both cases, the increased expression levels were not 

statistically significant (P > 0.05).  

 

3.2.7 Relative LPL expression in the various studied tissues 
  

Regardless of the dosage of GA administered, the LPL expression levels in the 

subcutaneous and visceral adipose tissues were higher in the GA-administered rats 

compared to the control rats. However, the increase in the expression levels in the 

subcutaneous adipose tissue with the various dosages was statistically insignificant (P > 

0.05). Although there was an increase in LPL expression levels in the visceral adipose 

tissue, significant increase was only noted in the rats administered with 100 (P = 0.05) 

and 150 mg/kg (P = 0.05) of GA (P 

expression in rats given 150 mg/kg of GA was higher than that of rats administered with 

100 mg/kg GA, the comparison between both the dosages displayed no significant 

difference.  
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Figure 3.24 ression levels in the liver tissue of rats administered with 
various dosages of glycyrrhizic acid.  

-administration for all 
dosages albeit P > 0.05. 
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Figure 3.25 ney of rats administered with various 
dosages of glycyrrhizic acid.  

although P > 0.05 for all.  
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 An increase in LPL expression levels following GA-administration was observed 

for both the abdominal muscle and quadriceps femoris regardless of the different 

dosages of GA given. In both cases, the increase in LPL expression levels was 

statistically significant (P < 0.05). However, no significant difference was observed 

when comparing the LPL expression levels n the abdominal muscle and quadriceps 

femoris of rats given 100 and 150 mg/kg GA.  

Similarly, treatment with increasing dosages of GA led to increasing levels of 

LPL expression in both the liver and kidneys of rats, with 47% and 37% higher levels of 

LPL in the liver and kidneys respectively with administration of 150 mg/kg GA. 

Nevertheless, the increased LPL expression level in both the liver and kidneys were not 

statistically significant (P > 0.05) (Table 3.11 and Figure 3.26).  

 

3.2.8 - -HSD2 activities 

3.2.8.1 -HSD1 activities  
  

Figures 3.27  3.29 -HSD1 activities in the subcutaneous and 

visceral adipose tissues, abdominal muscle, quadriceps fermoris, liver and kidney of rats 

given different dosages of glycyrrhizic acid (25, 50, 75, 100 and 150 mg/kg). In all the 

-HSD1 activities. A 

-HSD1 activities was noted in the visceral adipose tissues 

(ranging from 16.3%  39.14%) when compared to the subcutaneous adipose tissues 

(decreased by 6.28%  -HSD1 activities was 

only statistically significant in the visceral adipose tissues of rats given 100 and 150 

mg/kg GA.  
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Table 3.11: Percentage increase of LPL expression in the various tissues of rats administered with various dosages of GA. 

Subjects 

25 mg/kg 50 mg/kg 75 mg/kg 100 mg/kg 150 mg/kg 

% 

increase 

P 

value 

% 

increase 

P 

value 

% 

increase 

P 

value 

% 

increase 

P 

value 

% 

increase 

P 

value 

Subcutaneous adipose tissue 8 0.18 14 0.16 12 0.14 27 0.12 49 0.09 

Visceral adipose tissue 9 0.15 19 0.11 11 0.12 53 0.05 63 0.05 

Abdominal muscle 31 0.11 34 0.10 44 0.05 51 0.05 67 0.04 

Quadriceps femoris 24 0.12 35 0.09 46 0.05 62 0.04 71 0.03 

Liver 5 0.16 12 0.14 29 0.12 36 0.12 47 0.09 

Kidney 7 0.17 11 0.14 13 0.14 22 0.11 37 0.10 

 

Only a P  
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Figure 3.26: Relative expression (Fold difference) for LPL in various tissues of GA-administered rats with various dosages with -
actin as reference, GA-administered group as target and control group as calibrator. 

LPL expression increased with increasing dosage of GA administered in all tissues examined (* indicates P < 0.05). Abbreviations: 
ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris muscle; L, liver; K, 
kidney.  
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 Both the abdominal muscle and quadriceps femoris showed similar trends of 

decreasing -HSD1 activities with increasing dosages of GA administered. The 

-HSD1 activities in both tissues were roughly similar with the 

activity in the abdominal muscle decreasing from 13.06%  38.59% whereas the activity 

in quadriceps femoris decreased by 14.6%  -

HSD1 activities was statistically significant in the abdominal muscle of rats given 100 

-HSD1 

activities was signifi -HSD1 

activities were decreased in the liver and kidneys of rats administered with GA, with 

decreased activities that ranged from 21.4%  36.6% in the liver and 16.14%  21.33% 

in the kidneys (Figure -HSD1 activities in the kidneys were 

-HSD1 

activities was significant for all dosages of GA except 25 mg/kg. 

 

3.2.8.2 -HSD2 activities  
 
As in th - -HSD2 activities were found to be 

reduced in all the tissues examined (i.e., subcutaneous and visceral adipose tissues, 

abdominal muscle, quadriceps femoris, liver and kidney) for rats that had been given 

different dosages of GA (Figures 3.30  3.32).  
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 (b) Visceral adipose tissue 

 
Figures 3.27: 11 -HSD1 activities in (a) subcutaneous and (b) visceral adipose tissues 
of rats administered with various dosages of glycyrrhizic acid. 

 -HSD1 activities were observed in rats given GA (* 
indicates P < 0.05).  
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(a) Abdominal muscle  

 
(b) Quadriceps femoris  

 
Figures 3.28: 11 -HSD1 activities in (a) abdominal muscle and (b) quadriceps femoris 
of rats administered with various dosages of glycyrrhizic acid (* indicate P < 0.05).  
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(a) Liver  

 
(b) Kidney 

 
Figures 3.29: 11 -HSD1 activities in the (a) liver and (b) kidney of rats administered 
with various dosages of glycyrrhizic acid.  

Reduction in -HSD1 activites were noted in both tissues for all dosages of GA (* 
indicate P < 0.05).  
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 - -HSD2 activities in the visceral 

adipose tissues were only by a slightly larger amount (9.6%  24.19%) when compared 

to the reduction in subcutaneous adipose tissues (4.8%  18.71%) (Figure 3.30). The 

-HSD2 activities was statistically significant in the visceral adipose 

tissues of rats given 100 and 150 mg/kg GA while for the subcutaneous adipose tissues, 

the decrease in activities was significant for rats administered with 75, 100 and 150 

mg/kg GA. 

-HSD2 activities in the abdominal muscle and 

quadriceps femoris following GA-administration were observed (Figure 3.31), as was 

previously - -HSD2 activities in the liver 

decreased by a larger amount (26.8%  38.15%) when compared to the kidneys (6.2%  

-HSD1 activities.  
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(b) Visceral adipose tissue  

 
Figures 3.30: 11 -HSD2 activities in (a) subcutaneous and (b) visceral adipose tissues 
of rats administered with various dosages of glycyrrhizic acid.  

In both types of adipose t -HSD2 
activities (* indicate P < 0.05).  
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(a) Abdominal muscle 
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(b) Quadriceps femoris 
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Figures 3.31: 11 -HSD2 activities in (a) abdominal muscle and (b) quadriceps femoris 
of rats administered with various dosages of glycyrrhizic acid.  

-HSD2 activities were observed for both tissues following GA 
administration (* indicate P < 0.05).  
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(a) Liver  

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

 
(b) Kidney 

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

 
Figures 3.32: 11 -HSD2 activities in the (a) liver and (b) kidney of rats administered 
with various dosages of glycyrrhizic acid.  

-HSD2 activities was seen (* indicate P < 0.05).  
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3.3 Different treatment per iods of orally-administered 
glycyrrhizic acid at 100 mg/kg 

 

3.3.1 T reatment per iods with dosage of 100 mg/kg of G A 
 
The rats were given GA orally at 100 mg/kg for 12, 24 and 48 hours as well as 

one week duration. As there was no significant difference seen in rats given either 100 

or 150 mg/kg of GA (see section 3.2), all subsequent work was conducted using 100 

mg/kg GA.  

 

3.3.2 Blood glucose, serum insulin and H O M A-IR 
 
Treatment with GA led to significant decrease in the blood glucose levels of rats 

after 24 (P = 0.02), 48 hours (P = 0.02) and one week (P = 0.01) (P < 0.05). Blood 

glucose levels decreased by 23.7% within 12 hours of GA treatment and decreased 

further by 66.3% 48 hours after treatment, remaining at around 65% lower than the 

blood glucose levels of the control rats even after one week of treatment (Figure 3.33). 

Serum insulin levels were also lower in rats administered with GA. Median insulin 

levels decreased by 20.0% after 12 hours of GA treatment and was further reduced by 

37.0% after 48 hours of treatment; nevertheless, the degree of decrease in serum insulin 

levels was not statistically significant (i.e., P > 0.05) (Figure 3.34). The HOMA-IR 

values were significantly reduced by 54.3% after 24 hours of GA treatment and 

remained at around 64% lower than the control rats after one week of GA administration 

(Figure 3.35).   
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* * ** * *

 
Figure 3.33: Blood glucose levels in GA-treated and control rats given GA for 12, 24 
and 48 hours as well as one week.  

Note the decrease in blood glucose levels for the GA-treated rats (* indicates P < 0.05). 
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Figure 3.34: Serum insulin levels in GA-treated and control rats given GA for 12, 24 
and 48 hours as well as one week.  

Lower serum insulin levels were observed following GA treatment but the levels of 
decrease were not statistically significant (P > 0.05 for all treatment periods).  
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* * *** ** **

 
Figure 3.35: HOMA-IR in GA-treated and control rats given GA for 12, 24 and 48 hours 
as well as one week.  

Marked decrease in the HOMA-IR values were observed following GA treatment (* 
indicates P < 0.05). 
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3.3.3 Serum lipid parameters 
 
Consistent improvement in all lipid parameters was observed in the GA-

administered rats relative to the control with the different treatment periods (P > 0.05) 

(Figure 3.36). Serum TAG, total cholesterol and LDL-cholesterol levels decreased with 

increasing time of GA treatment. Serum TAG reduced by 26.5% (P = 0.12) after 12 

hours of GA treatment and remained at 35.2% (P = 0.09) lower than the control rats 

after one week of GA treatment. Total cholesterol decreased by 8.9% (P = 0.16) after 12 

hours of GA treatment and was further reduced by 33.8% after one week of treatment. 

Similarly, mean serum LDL-cholesterol was reduced from 1.62% (P = 0.11) after 12 

hours of treatment to 33.8% (P = 0.08) after one week of GA treatment. However, mean 

serum HDL-cholesterol increased by 3.3% (P = 0.14) after 12 hours of GA 

administration and increased further by 18.2% (P = 0.10) after 24 hours and 22.6% (P = 

0.09) after one week of treatment. 

 

3.3.4  
3.3.4.1 Subcutaneous and visceral adipose tissues 

 

subcutaneous and visceral adipose tissues when compared to the control rats (Figure 

3.37; Table 3.12). However, the visceral adipose tissues showed a larger increase in total 

-fold increase after 48 hours of GA treatment) 

when compared to the increase in the subcutaneous adipose tissues (about 40-fold after 

48 hours and 80-fold after one week of treatment) which was statistically significant 

only for the one week treatment period (P = 0.02; P < 0.05). The increases in the 

visceral adipose tissues were statistically significant in rats administered with 100 mg/kg 

of GA for 24, 48 hours and one week (P = 0.04; P < 0.05).  
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Figure 3.36: Mean serum TAG, total cholesterol, HDL-cholesterol and LDL-cholesterol of control and GA-administered rats with 
various treatment periods.  

An overall improvement in the lipid profiles was observed with decrease in serum TAG, total cholesterol and LDL-cholesterol and 
increases in HDL-cholesterol levels following GA treatment (P > 0.05 for all parameters).  
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Table 3.12  mg/kg GA for various treatment periods as 
indicated. 

 -administration (* indicates P < 0.05). 

Tissue 
Fold-  

12 hours 24 hours 48 hours 1 week 

ATS 0.7 35.9 38.7 79.9 * 

ATV 16.8 78.5 * 102.6 * 108.8 * 

MA 20.7 83.5 * 85.9 * 92.6 * 

MT 31.2 108.1 * 112.6 * 116.9 * 

L 35.4 53.5 58.1 56.7 

K 9.4 11.2 17.9 19.7 

 

Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris 

muscle; L, liver; K, kidney. 
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Figures 3.37
at various treatment periods.  

P < 0.05). 
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3.3.4.2 Abdominal muscle and quadriceps femoris 
  

Both abdominal muscle and quadriceps femoris showed increase in tota

expression following GA administration with larger increase in the quadriceps femoris 

compared to the abdominal muscle (Figure 3.38). The quadriceps femoris showed more 

than 100-

while the abdominal muscle displayed more than 80-fold increase for the same treatment 

period. In both tissues, the increase in total PPAR

significant (P < 0.05) in rats treated with GA for 24 hours, 48 hours and one week.  

   

3.3.4.3 L iver and kidney 
 

and the kidneys (Figure 3.40) of rats. However, the increased expression levels were not 

statistically significant (P < 0.05).  

 

3.3.5  

3.3.5.1 Subcutaneous and visceral adipose tissues 
 
Similar to total , 1 also displayed higher expression levels in the 

subcutaneous and visceral adipose tissues compared to the control rats (Figures 3.41; 

Table 3.13). However, the increase in the subcutaneous adipose tissue at various 

treatment periods was statistically insignificant (P > 0.05) except for the one week 

treatment period (P = 0.01; P < 0.05). Significant increase in PP

in the visceral adipose tissue was noted for all time frames (P = 0.04-0.05; P < 0.05) 

except for the 12-hour treatment period. 
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Figures 3.38 s administered with 100 mg/kg 
at various treatment periods. 

-treatment (* indicates P < 0.05). 
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Figure 3.39  with 100 
mg/kg GA at various treatment periods. 

the increment was not statistically significant (P > 0.05). 
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Figure 3.40 s of rats administered with 100 

following GA treatment (P > 0.05 for all treatment periods). 
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Table 3.13 GA over various treatment periods.  

-administration (* indicates P < 0.05). 

Tissue 
Fold-  

12 hours 24 hours 48 hours 1 week 

ATS 15.8 17.4 26.8 59.8 * 

ATV 15.2 52.0 * 66.9 * 77.5 * 

MA 14.5 46.5 * 53.9 * 72.2 * 

MT 18.6 58.5 * 102.2 * 127.3 * 

L 16.7 16.9 22.4 58.1 

K 27.8 28.5 19.9 17.8 

 

Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris 

muscle; L, liver; K, kidney. 
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Figures 3.41
various treatment periods.  

P < 0.05). 
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3.3.5.2 Abdominal muscle and quadriceps femoris 
 

both the abdominal muscle (P = 0.03  0.04) and quadriceps femoris (P = 0.03  0.05) 

except for the 12-hour treatment period (Figure 3.42).  

  

3.3.5.3 L iver and kidney 
 
The 1 expression levels in both the liver (Figure 3.43) and kidneys 

(Figure 3.44) were higher in the GA-administered rats compared to the control rats. 

However the increase in the expression levels in both these tissues at various treatment 

periods was statistically insignificant (P > 0.05).  

 

3.3.6  

3.3.6.1 Subcutaneous and visceral adipose tissues 
 
Similar to total  and 

observed in the subcutaneous and visceral adipose tissues of rats following GA 

pronounced in the visceral adipose tissues (with a nearly 50-fold increase after 48 hours 

of GA treatment) as compared to the subcutaneous adipose tissues (about 15-fold 

increase after 48 hours) with a statistically significant increase for all time frames (P = 

0.03  0.04; P < 0.05) except for the 12-hour treatment period. 
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Figures 3.42  femoris of rats administered with 100 mg/kg at 
various treatment periods. 

P < 0.05). 
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Figure 3.43 inistered with 100 mg/kg 
GA at various treatment periods. 

increases were not significant (P > 0.05). 
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Figure 3.44 d with 100 
mg/kg GA at various treatment periods. 

P > 0.05).  

. 
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Table 3.14 periods.  

-administration (* indicates P < 0.05). 

Tissue 
 

12 hours 24 hours 48 hours 1 week 

ATS 0.53 4.99 14.7 21.1 * 

ATV 8.12 31.8 * 47.2 * 54.9 * 

MA 18.9 37.4 * 46.8 * 62.1 * 

MT 13.4 45.5 * 68.8 * 113.8 * 

L 34.1 45.7 46.3 49.9 

K 24.2 31.1 38.2 41.3 

 

Abbreviations: ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris 

muscle; L, liver; K, kidney. 
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Figures 3.45
various treatment periods.  

the subcutaneous 
adipose tissues (* indicates P < 0.05). 
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3.3.6.3 Abdominal muscle and quadriceps femoris 
 
Both abdominal muscle and the quadriceps femoris showed marked increase in 

 increased 

expression was statistically significant in all treatment periods except for the rats given 

GA for 12 hours. Quadriceps femoris showed a more than 100-

levels after one week of treatment while the abdominal muscle displayed an 

approximately 80-fold increase.  

  

3.3.6.4 L iver and kidney 
 
The 2 expression levels in the liver and the kidney were higher in the 

GA-administered rats compared to the control rats (Figures 3.47 and 3.48). However the 

increase in the expression levels in both tissues was not statistically significant (P > 

0.05).  

  

3.3.7 Relative LPL expression in the various studied tissues 
 
Relative LPL expression in all the tissues studied showed an increase with 

increasing time of GA treatment (Figure 3.49). In the subcutaneous adipose tissues, 

relative LPL expression increased by 6.7% (P = 0.15) following 12 hours of GA 

treatment and this increased further by 27% (P = 0.10), 34% (P = 0.09) and 51% (P = 

0.05) after 24 hours, 48 hours and one week of GA treatment, respectively. A similar 

level of increase in LPL expression was also observed in the visceral adipose tissues 

with increments of 7.1% (P = 0.10) after 12 hours of treatment to 67% (P = 0.04) after 

one week of GA administration.  
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Figures 3.46: PPAR
various treatment periods.  

P < 0.05). 
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Figure 3.47: PP
GA at various treatment periods showing increase in expression levels after GA 
treatment (P > 0.05 for all treatment periods). 
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Figure 3.48 f rats administered with 100 
mg/kg GA at various treatment periods.  

P > 0.05 for all treatment 
periods. 
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Figure 3.49: Relative expression (Fold difference) for LPL in various tissues in GA-administered rats at 100mg/kg in various 
treatment periods with -actin as reference, GA-administered group as target and control group as calibrator (* indicates P < 0.05).  

All tissues showed increased LPL expression levels following GA treatment. Abbreviations: ATS, subcutaneous adipose tissue; ATV, 
visceral adipose tissue; MA, abdominal muscle; MT, quadriceps femoris muscle; L, liver; K, kidney.  
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Both the abdominal muscle and quadriceps femoris also showed similar levels of 

increase in relative LPL expression. In the abdominal muscle, 12 hours of GA treatment 

led to a 8.9% (P = 0.10) increase in relative LPL expression and this further increased to 

55% (P = 0.05) after 48 hours of GA treatment and maintained at 56% (P = 0.04) after 

one week of GA treatment. In the quadriceps femoris, relative LPL expression increased 

by 9.5% (P = 0.11) after 12 hours of GA treatment and peaked at 67% (P = 0.04) after 

one week of treatment.  

 

Increased LPL expression was also observed in the liver and the kidneys albeit at 

a smaller level and not statistically significant. In both tissues, highest level of LPL 

expression was seen after one week of GA treatment with the liver showing a 40% (P = 

0.09) increase and the kidneys, a 34% (P = 0.09) increase.  

 

3.3.8 -HSD1 and 1 -HSD2 activities  

3.3.8.1 -HSD1 activities 
  

-HSD1 activities was observed following GA treatment for all 

the tissues examined (i.e., subcutaneous and visceral adipose tissues, abdominal muscle, 

quadriceps femoris, liver and kidneys) and across all the different treatment periods (12, 

24, 48 hours and one week) (Figures 3.50  3.52).  

 

-HSD1 activities was more pronounced in the visceral 

adipose tissues when compared with the subcutaneous adipose tissues. (Figure 3.50) In 

-HSD1 activity decreased by 21.91% (P = 0.10) after 12 

hours of GA treatment and decreased further by 40.0% (P = 0.05) and 41.12% (P = 

0.04) after 48 hours and one week of GA treatment respectively. In contrast, for the 

-HSD1 activity decreased by only 5.70% (P = 0.14) 

after 12 hours of GA treatment and 10.05% (P = 0.11) after 48 hours treatment.  
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(b) Visceral adipose tissue 
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Figures 3.50: 11 -HSD1 activities in (a) subcutaneous and (b) visceral adipose tissues 
of rats administered with 100 mg/kg GA at various treatment periods (* indicates P < 
0.05). 
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(a) Abdominal muscle 
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(b) Quadriceps femoris 
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Figures 3.51: 11 -HSD1 activities in (a) abdominal muscle (b) quadriceps femoris of 
rats administered with 100 mg/kg GA at various treatment periods (* indicates P < 
0.05). 
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(a) Liver 
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(b) Kidney 

 

Figures 3.52: 11 -HSD1 activities in the (a) liver and (b) kidney of rats administered 
with 100 mg/kg GA at various treatment periods (* indicates P < 0.05). 

-HSD1 activity decreased by only 8.9% (P = 

0.12) in the subcutaneous adipose tissues.  
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 The abdominal muscle had a slightly larger reduction i -HSD1 activities 

following GA treatment when compared to the quadriceps femoris (Figure 3.51). After 

-HSD1 activity in the abdominal muscle decreased by 

28.09% (P = 0.10) whereas in the quadriceps femoris, the activity decreased by 17.54% 

(P -HSD1 activity in the abdominal 

muscle was lowered by 41.09% (P = 0.04) as compared to 30.84% (P = 0.04) reduction 

in the quadriceps femoris. 

 

When comparing the liver and the kidneys, the liver had a much more significant 

-HSD1 activity following GA treatment (Figure 3.52). After 12 hours of 

-HSD1 activities were lowered by 32.59% (P = 0.05) in the liver whereas 

in the kidneys, the activities were reduced by only 7.29% (P = 0.10). Similarly, after 48 

-HSD1 activities were down by 37.18% 

(P = 0.04) and 38.98% (P = 0.04) respectively in the liver, whereas in the kidneys, the 

activity levels were reduced by only 22.5% (P = 0.07) and 26.03% (P = 0.05), 

respectively.   

 

3.3.8.2 -HSD2 activities 
 

- -HSD2 activities was observed in all the 

tissues examined across all the treatment periods. Interestingly, there was not such a 

marked decreas -HSD2 activities in the visceral adipose tissues when compared 

-HSD2 activities decreased by 6.43% (P = 0.10) after 12 

hours of GA treatment and decreased further by 25.28% (P = 0.05) after one week of 

-HSD2 activities 

were reduced by 9.30% (P = 0.12) after 12 hours of GA treatment and 16.40% (P = 

0.05) after one week of treatment.  

-HSD2 

activities in the abdominal muscle compared with the quadriceps femoris (Figure 3.54) 

-HSD1 activity observed in the 
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abdominal muscle when compared with the quadriceps femoris. After 12 hours of GA 

-HSD2 activities were lowered by 13.16% (P = 0.11) in the abdominal 

muscle and 9.24% (P = 0.08) in the quadriceps femoris. Following 48 hours of 

-HSD2 activities dropped by 19.45% (P = 0.05) in the abdominal muscle 

while in the quadriceps femoris, the levels decreased by 25.85% (P = 0.05). After one 

-HSD2 activities were down by 21.61% (P = 0.05) in the 

abdominal muscle and 19.66% (P = 0.05) in the quadriceps femoris. 

 

-HSD2 activities 

-

-HSD2 activities in the liver were 

lowered by 22.40% (P = 0.05) and this decreased further by 35.61% (P = 0.03) after 48 

hours and 37.98% (P -HSD2 

activities decreased by 13.65% (P = 0.09) after 12 hours of GA treatment and decreased 

by only 19.76% (P = 0.05) and 19.51% (P = 0.05) after 48 hours and one week of GA 

treatment respectively.   
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(a) Subcutaneous adipose tissue 

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

 
(b) Visceral adipose tissue 

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

11
-H

SD
2 

ac
tiv

iti
es

 (U
ni

ts
)

 

Figures 3.53: 11 -HSD2 activities in (a) subcutaneous and (b) visceral adipose tissues 
of rats administered with 100 mg/kg GA at various treatment periods (* indicates P < 
0.05). 

 



   164  

(a) Abdominal muscle 
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(b) Quadriceps femoris 
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Figures 3.54: 11 -HSD2 activities in (a) abdominal muscle and (b) quadriceps femoris  
of rats administered with 100 mg/kg GA at various treatment periods (* indicates P < 
0.05). 
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(a) Liver 
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(b) Kidney 
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Figures 3.55: 11 -HSD2 activities in the (a) liver and (b) kidney of rats administered 
with 100 mg/kg GA at various treatment periods (* indicates P < 0.05).  
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3.4 Conditions shown to give optimal effects of glycyr rhizic 
acid in rats 

 
Oral and intraperitoneal administrations of GA to the rats were done to 

determine the most effective route of administration for the compound by measuring the 

various parameters (i.e., blood glucose and serum insulin levels, lipid profile, expression 

 -HSD1 and 2 activities). No 

significant difference was seen (see section 3.1). Subsequently, GA was given to the rats 

orally. Dosages of 25, 50, 75, 100 and 150 mg/kg GA were used to determine the most 

effective concentration and 100 mg/kg of GA was found to be the optimum 

concentration as there no significant differences in the rats treated with either 100 or 150 

mg/kg GA (see section 3.2). GA treatment was carried out for a period of 12, 24 and 48 

hours as well as one week and it was found that one week of GA treatment yielded the 

optimal effect on the various parameters measured (see section 3.3). Thus, subsequent 

work was conducted with GA at 100 mg/kg for one week.  

 

3.4.1 Rat tail-cuff pressure measurements 
 
No significant difference (P > 0.05) between the tail-cuff pressure readings of 

both the control and rats treated with 100 mg/kg GA at days 0, 2, 4 and 6 was seen 

(Figure 3.56). 
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Figure 3.56: Mean tail-cuff pressure of the control and rats administered with 100mg/kg 
GA over a period of one week.  

No significant difference (P > 0.05) in the tail-cuff pressure of the control and GA-

treated rats was observed. 
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3.4.2 Summary of the parameters studied 
 
In rats that were orally-administered with 100 mg/kg GA for one week, both 

blood glucose levels and HOMA-IR values were significantly decreased (P < 0.05) by 

about 65% while serum insulin levels were lowered by about 37% (P > 0.05). There 

were improvements in the lipid profile parameters with a decrease in serum TAG (by 

35%), total cholesterol (34%) and LDL-cholesterol (34%) accompanied by an increase 

(by 22%) in HDL-cholesterol (P > 0.05).  

 

P < 0.05) by more 

than 100-fold in the visceral adipose tissues and quadriceps femoris, approximately 80-

fold in the subcutaneous adipose tissues and 90-fold in abdominal muscle. The 

quadriceps femoris also showed more than 100-

expression levels after one week of GA treatment. LPL expression also showed 

increased levels with statistically significant increases in the subcutaneous and visceral 

adipose tissues (51% and 67%, respectively), as well as the abdominal muscle and 

quadriceps femoris (56% and 67% increases, respectively). 11 -HSD1 was significantly 

decreased in all studied tissues (P < 0.05) except for the subcutaneous adipose tissue 

while the 11 -HSD2 was significantly decreased in all the six tissues (P < 0.05) 

 

Thus 100 mg/kg GA administration orally for one week gave optimum values in 

all parameters studied. The administration of 100 mg/kg GA for one week resulted in 

the most statistically significant improvements within the said treatment group as well as 

between the different treatment groups.  
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3.4.3 H istological analysis 

3.4.3.1 Morphometr ic analysis of adipose tissues (visceral and 
subcutaneous)  

 
The size of adipocytes has been implicated as a parameter for differentiation of 

adipocyte morphology (Bujalska et al., 2007). Figure 3.57 shows tissue sections of 

adipose tissues in the control and GA-administered rats stained with H&E stain. Areas 

of roughly 100 adipocytes per tissue section per field view were viewed under 100 × 

magnifications. 

 

The mean area of both the subcutaneous and visceral adipocytes decreased in the 

GA-administered group when compared to the control, with a larger reduction observed 

in the subcutaneous adipocytes. In the visceral adipose tissue, the mean adipocyte area 

in the control group was 389.37  2 while that of the GA-administered group 

was 369.05  2 (i.e., a reduction of 5.24 %; P > 0.05). In contrast, a reduction 

of 47.62% (P > 0.05) in the mean adipocyte area for the subcutaneous adipocytes was 

observed with the mean adipocyte area of 410.20  2 in the control group as 

compared to only 214.86  2 in the GA-administered group (Figure 3.57). 

 

 

3.4.3.2 L iver T issue 
 
Photomicrographs of PAS stained liver slides viewed under 400× magnification 

(Figure 3.58) showed no structural difference between the control and GA-administered 

groups. However, a darker magenta colouration was observed in the GA-administered 

tissue compared to that of the control rats. This could be due to an increase in glycogen 

content (Kiernan, 1999) as blood glucose levels were significantly reduced.   

 

Similar morphometric analysis of subcutaneous and visceral adipose tissues and 

liver were observed in rats treated with GA for different dosages and time frame. There 
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were no morphological differences observed in the abdominal muscle and kidney in rats 

administered with 100 mg/kg GA for one week (Figure 3.59). Absence of morphological 

differences was also observed in the abdominal muscle, quadriceps femoris and kidney 

of rats with the other studied dosages and treatment durations of GA administration.  
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Figure 3.57: Mean area of adipocytes ( m2) for the subcutaneous and visceral adipose 
tissues in the GA-treated rats compared with the control rats after one week of oral GA 
administration. 

 Note the larger reduction in mean adipocyte area for the subcutaneous adipose tissues 
as compared to the visceral adipose tissues (P > 0.05). Magnification: 400X. 



   173  

 

CONTROL TREATED

LIVER

CONTROL TREATED

LIVER

 
 

Figure 3.58: The liver tissue of GA-administered rats and control after one week of oral 
GA administration.  

Note the intense magenta in the treated tissue. Magnification: 100X. 
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Figure 3.59: The abdominal muscle and kidney of GA-administered rats and control 
after one week of oral GA administration at 100 mg/kg.  

There were no morphological differences observed. Magnification: 400X. 
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Chapter 4  
 
DISC USSI O N 

   

Clinical definitions of the metabolic syndrome has been proposed by multiple 

organizations, with the latest being defined by the American Diabetes Association 

(ADA) in 2008, preceding the pioneer proposal by the World Health Organization 

(WHO) in 1998 (Balkau et al., 2007; ADA, 2008). The criteria for the presence of 

metabolic syndrome are impaired fasting glucose, impaired glucose tolerance or 

insulin resistance (Hollander and Mechanick, 2008). Insulin is responsible for the 

regulation of plasma glucose levels by stimulating glucose uptake, metabolism and 

utilization in peripheral insulin-sensitive tissues (Guo and Tabrizchi, 2006; Wassink 

et al., 2007). Insulin resistance depicts a state of decreased sensitivity of peripheral 

tissues towards insulin-stimulated glucose uptake or production leading to 

compensatory hyperinsulinaemia to maintain homeostasis which contributes towards 

insulin resistance (Shen, 2007).  It also has a close association with genetic 

predisposition, aging and sedentary lifestyle (Zimmet et al., 2001). Insulin resistance 

often co-exists with hypertension, dyslipidaemia, atherosclerosis, central obesity 

(Guo and Tabrizchi, 2006) and often proceeds to T2DM (Koh-Banaerjee et al., 

2004). Thus, the hallmark symptoms of the metabolic syndrome involve deviation 

from normal glucose metabolism, with elevated fasting glucose and insulin levels.  

 

Since the 1940s, therapeutic agents have been used to treat T2DM. In spite of 

rave reviews regarding their insulin sensitizing capabilities, there are several 

drawbacks in their use as therapeutic drugs to improve insulin sensitivity (Jermendy, 

2007; Rubenstrunk et al., 2007). Thus, the solution would be the use of potential 

natural ligands which are being unearthed in view of replacing their synthetic 

counterparts. Glycyrrhizic acid is a natural constituent and active principle of licorice 

isolated from the dried root of Glycyrrhiza glabra. Knowledge of its medicinal 

properties and use of the plant has been recorded for over 4000 years (Stromer et al., 

1993; Ploeger et al -ligand 

binding activity through ligand binding assays (Kuroda et al., 2003; Mae et al., 
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2003).  

-HSD and LPL in relation to 

glucose and lipid profiles were studied as it has been implicated to improve the 

metabolic risk factors associated with diabetes mellitus and metabolic syndrome. 

 

4.1 E ffects of G A administration by two different routes, 
dosages and treatment per iods 

 

Part A : 

Although there are different routes of administration for therapeutic agents, 

only two routes were evaluated in this study. The rats were subjected to GA 

administration via two routes: oral and intraperitoneal. Although previous studies 

have established that administration of GA orally resulted in low bioavailability, the 

results of the present study has proven that both routes of administration did not 

portray any significant differences in all the studied parameters (glucose and insulin 

levels, HOMA- -HSD1 

and 2 activities).  

 

-HSD1 and 2 activities were seen only in the liver 

of GA-administered rats via both routes of administration. This could be due to the 

influence of the first-pass effect where drugs were first exposed to the liver before 

reaching the vascular system (Gibaldi and Perrier, 1975). Inhibition -HSD1 

and 2 activities could be seen earlier as GA was reported to be a competitive 

inhibitor towards these enzymes (Whorwood et al., 1993; Tanahashi et al., 2002) 

hours to a few days to demonstrate its cellular effect (Rang et al., 2003). 

 

An example of a parenteral administration method would be the 

intraperitoneal administration of GA. Advantages of the intraperitoneal 

administration method over the oral administration method includes rapid, extensive 
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and predictable delivery of the drug. This would ensure an effective dose of 

accurately administered drug with direct access to the bloodstream as well as the 

ability to be instantaneously stopped whenever necessary (Liska, 2004; Brunton et 

al., 2006). However, there are also several disadvantages associated with the 

intraperitoneal administration of drugs. The absolute need for sterility, the pain 

involved in the injection process, the need for slow injection procedures, inability to 

administer large volumes of drugs and the occasional difficulty for patients to 

perform injection themselves in times when self-medication is necessary would be 

the main concerns regarding the suitability of the parenteral administration of drugs 

(Brunton et al., 2006). Besides injectables costing more than other drug forms, the 

drug has got to be converted into a solution or a very fine suspension prior to 

administration (Liska, 2004).  

 

Oral drug administration is widely used and is the most common route of 

administration (Brunton et al., 2006). In addition to being a simple, safe, cheap and 

acceptable option to patients (Loh et al., 1993), oral administration is also the most 

convenient and economical option (Brunton et al., 2006). Several disadvantages of 

the oral route include the occasional interference of the drug action by food taken 

concurrently, destruction by digestive enzymes and irregularities in the absorption of 

drugs based on their physical properties (Brunton et al., 2006).    

 

Despite the poor bioavailability stemming from the degradative processes 

catalyzed by digestive enzymes in the stomach and poor absorption of drugs from 

the intestinal tract (Gibaldi and Perrier, 1975), oral administration was utilized for 

the remainder of the present study because it is a relatively easy method of 

administration compared to the intraperitoneal route and most importantly, it does 

not involve invasive procedures and does not cause pain to the rats. The use of oral 

administration for the remainder of the study was further justified by the absence of 

any significant differences in all the studied parameters between both the oral and 

intraperitoneal routes although in theory, the intraperitoneal route should produce a 

greater response. 
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Part B: 

Upon the determination of the optimal route of GA administration, the effects 

of different dosages of GA on rats were studied. The dosages administered were 25, 

50, 75, 100 and 150 mg/kg. Studies reported by Ishbrucker and Burdock (2006) and 

Ploeger et al. (2001) found that oral administration of GA would only be detectable 

in the plasma after doses exceeding 50 mg/kg. Ploeger et al. (2001) also further 

fortified the claim on the low oral bioavailability of GA, with plasma levels of GA 

only detectable after oral doses of 50  500 mg/kg. The 25 mg/kg dosage was chosen 

as it was reported that oral dosages below 25 mg/kg was expected to have no 

capacity-limited absorption of GA in both rats and humans (Ploeger et al., 2001). 

  

Based on the information, a baseline of 25 mg/kg of GA was orally-

administered to the rats to determine the effects of GA on all the studied parameters. 

The results obtained from the oral administration of 25 mg/kg of GA supported the 

findings reported by Ishbrucker and Burdock (2006) and Ploeger et al. (2001), where 

there was no significant difference between the GA-administered rats and the control 

rats in all the studied parameters. The glucose and insulin levels, HOMA- -

xpression were 

increased upon oral administration of 25 mg/kg GA, albeit the changes were 

insignificant.  

  

Therefore, the oral administration of higher dosages of GA was done, with 

the dosages varying from 25, 50, 75, 100 to 150 mg/kg. Upon administration of the 

above dosages, a similar trend was observed in all the parameters determined, with 

the rats administered with both 100 mg/kg and 150 mg/kg of GA displaying the most 

significant changes in all the parameters. However, there was no significant 

difference in all the parameters between the rats fed with 100 and 150 mg/kg of GA. 

This could be due to the saturation of the plasma albumin carrier proteins involved in 

the binding of both GA and GE (Ploeger et al., 2001). It has been reported that the 

binding of GA to plasma albumin and its subsequent absorption is saturable at doses 

of 25mg/kg and above in both rats and humans (Anderson, 2007). The administration 

of both 100 and 150 mg/kg of GA to the rats resulted in the most improvement in all 

the parameters.  
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Since the administration of both 100 and 150 mg/kg displayed no significant 

differences in all the tested parameters, 100 mg/kg of GA was use for the remainder 

of the study. The administration of 100 mg/kg of GA to the rats was not toxic as the 

LD50 for GA in rats was reported to be 610 mg/kg (Anderson, 2007).   

 

Part C : 

Experiments to establish the optimal GA treatment period were carried out 

after the optimal route of administration and dosage of GA were determined. The 

treatment duration evaluated was 12, 24, 48 hours and one week. The 12 hours 

treatment was chosen as GA has low oral bioavailability and remains in the plasma 

for over 8 hours (Anderson, 2007). Besides, the time taken for the GE to reach its 

maximum plasma levels upon oral administration of GA (10  480 mg/kg) ranged 

from 12 to 16 hours (Ploeger et al., 2001). Taking into account both the factors 

mentioned, the 12-hour treatment was chosen as the starting point. The 24, 48 hours 

and one week treatment duration was performed to determine the effect of 100 

mg/kg GA for longer treatment periods. 

  

Upon completion of the study, it was observed that treatment of 100 mg/kg 

GA for one week gave the most changes in all the parameters, with more significant 

improvements compared to the 24- and 48-hour treatment. The results in this study 

was in concordance with that reported by Nwe et al. (2000), where administration of 

80 - 100 mg/kg of GA for a duration of one week were found to lower the oxidative 

-HSD in the testis and liver of rats. 

 
4.2 Blood glucose, serum insulin and H O M A-IR 

 

The occurrence of disorders such as metabolic syndrome and T2DM are 

usually preceded by the presence of insulin resistance (Ko et al., 2007). Insulin is 

responsible for the regulation of plasma glucose levels (Wassink et al., 2007). A 

state of decreased sensitivity of peripheral tissues towards insulin-stimulated glucose 
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uptake or production leading to compensatory hyperinsulinaemia to maintain 

homeostasis, contributes towards insulin resistance (Shen, 2007). Hallmark 

symptoms of metabolic syndrome involve deviation from normal glucose 

metabolism, with elevated fasting glucose and insulin levels (Batsis et al., 2007).  

 

The rats treated with various dosages of GA and for different time periods 

displayed lower median blood glucose levels compared to the control (Figures 3.10 

and 3.33). Glucose homeostasis was reported to occur within 2 hours after the last 

carbohydrate meal (Guyton and Hall, 2005). Therefore, in the present study, all the 

rats were subjected to 12-hr fasting blood glucose in order to represent the hepatic 

output via glycogenolysis.  

 

Takii et al. (2001) and Francis et al. (2002) reported that the absence of 

hyperglycaemic conditions in the GA-administered rats could be attributable to the 

inhibition of active Na+-glucose co-transport system in the small intestine, which in 

turn inhibits active glucose transport across the brush border. This system could be 

inhibited by the triterpene saponin structure of GA, which in turn negates the rapid 

and drastic postprandial blood glucose rise, ultimately leading to improved insulin 

sensitivity.    

 

Although numerous studies have reported on the blood glucose lowering 

effect of GA, the exact regulatory mechanism has yet to be fully established. Based 

on studies done by Takii et al. (2001) and Nakagawa et al. (2004), normal and obese 

genetically diabetic KK-Ay mice given ethanolic extract of licorice roots displayed 

suppression of blood glucose levels, with the latter attributing the effect to activation 

of PPA  

 

glucagon gene transcription and secretion (Krätzner et al., 2008). The action of 

glucagon opposes those of insulin, promoting glycogenolysis and gluconeogenesis, 

which ultim

-

cell-specific activation of the glucagon gene (Krätzner et al., 2008). In a study 

reported by Kuroda et al. (2003), the administration of GA and TZDs to genetically 
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diabetic KK-Ay rats significantly decreased blood glucose levels, prompting the 

researchers to speculate that both GA and TZDs possessed a similar biological 

mechanism.  

 

 in the adipose tissue has been shown to increase the 

expression of glucose transporter isotype 4 (GLUT4) and c-Cbl associating protein 

(CAP) which plays an important role in translocating GLUT4 to the cell surface (Wu 

et al., 1998; Baumann et al., 2000). The glucose transporters are glucose sensors for 

glucose stimulating insulin sensors (GSIS), where a decrease in the expression 

results in a decrease in glucose threshold for insulin secretion. Thus, the activation of 

 glucose-sensing ability which activates 

GLUT 4 gene expression and leads to an increase in glucose uptake (Kim and Ahn, 

2004).  

 

The decrease in blood glucose could also be attributable to the inhibition of 

-HSD. GA and GE are non-selective inhibitors -HSD activity (Ishbrucker 

-HSD 1 activity, 

-

HSD 1 is responsible for the interconversion of active glucocorticoids to their 

inactive 11-keto derivatives (Tomlinson et al., 2004; Draper and Stewart, 2005). 

-HSD 1 has the potential of reducing blood glucose level 

through the prevention of insulin antagonism (Whorwood et al., 2002).  

 

Glucocorticoid (GC), a functional antagonist of insulin, is able to decrease 

insulin sensitivity in the liver and peripheral organs (Tomlinson and Stewart, 2007; 

Vegiopoulos and Verzig, 2007). GC is  able to increase blood glucose by (1) 

increasing gluconeogenesis in the liver by increasing the rate-limiting enzymes 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), 

(2) increasing gluconeogenic substrate (amino acids and glycerol) by inducing 

proteolysis and lipolysis in the skeletal muscles and adipose tissues respectively, (3) 

-cells and (4) decreasing peripheral 

tissue glucose uptake through inhibition of insulin-stimulated glucose uptake by 

opposing the translocation of GLUT4 translocation to the cell surface membrane 

(decreases insulin sensitivity) (Dimitriadis et al., 1997; Andrews et al., 2003; 
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Cassuto et al., 2005; Tomlinson and Stewart, 2007; Vegiopoulos and Verzig, 2007). 

 

B - ted with reduced 

expression of PEPCK and G6Pase (Alberts et al., 2002; Kim and Ahn, 2004), the 

two rate-limiting enzymes of the gluconeogenesis pathway that is abnormally 

induced in T2DM patients (Vegiopoulos and Herzig, 2007). Alberts et al. (2002) 

reported that uncontrolled and accelerated gluconeogenesis contributes to at least 

90% of the hepatic glucose output in T2DM patients and is therefore a significant 

contributor to hyperglycaemia.  

 

Therefore, GA might have a glucose-lowering effect through increased 

-HSDs. This was supported by the results in 

this study as there was a significant decrease in the blood glucose levels as well as an 

increase in the glycogen storage in the liver as demonstrated by histological studies 

(Figure 3.58).  

 

From the present study, it was observed that the serum insulin levels in the 

GA-administered rats were lower than those of the control rats. The decrease in the 

serum insulin levels could be attributed to the insulin sensitization properties due to 

oversee the suppression of hepatic glucose production and enhancement of glucose 

ld 

have been responsible for the drop in the serum insulin levels in the GA-

ability to restore both GLUT 2 and glucokinase (GK) expression which ultimately 

decreases insulin secretion and lowers serum insulin levels. This is because both the 

GLUT 2 transporter and the enzyme GK are components of the glucose-sensing 

-cells whose expression are decreased in diabetes (Kim and Ahn, 

-cells are able to sense the changes in blood glucose levels 

through GLUT2 and GK (Marty et al., 2005) and therefore decreases the glucose-

stimulated insulin secretion (GSIS) (Davani et al., 2000; Swali et al., 2008). The 

consequences of the enhanced glucose sensing apparatus include the restoration of 

-cell function and protection against apoptosis, which ultimately allows for 

a reduction in insulin secretion (Kim and Ahn, 2004). 
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Results from this study concurred with the findings reported by Takii et al. 

(2001) and Jiang et al. (2002). Jiang et al. (2002) reported that oral administration of 

fa/fa) rats for seven days 

led to a reduction in insulin levels while Takii et al. (2001) fed GA to diabetic KK-

Ay mice for seven weeks and reported a decrease in the serum insulin levels.  

 

The decrease in serum insulin levels in the GA-administered rats may be due 

to (1) a decrease in blood glucose thus decreasing the pancreatic GSIS and (2) a 

decrease in compensatory insulin secretion due to an increase in the insulin 

-

HSD1 (Guyton and Hall, 2005).  

 

The use of TZDs has also been known to exert beneficial effects on the 

-cells, where its anti-hyperinsulinaemic actions interrupt the 

compensatory increase in insulin secretion during deterioration of insulin resistance 

states. In a study done by Buckingham et al. (1998), systemic clearance of insulin 

was not affected although administration of TZD to Zucker fatty rats caused a 

reduction in pre-proinsulin mRNA. Nevertheless, a reduction in demand for insulin 

is followed by a reduction in its synthesis, an indirect indication of improved insulin 

sensitivity. Thus, it could be proposed that the reduction in insulin levels in this 

study was due to an improvement in insulin sensitivity upon GA administration. 

 

promotes adipocyte differentiation and apoptosis in the subcutaneous and visceral 

adipose tissues respectively (Kota et al., 2005; Guo and Tabrizchi, 2006). The 

presence of small and more insulin-sensitive adipocytes increases insulin sensitivity 

and thus decreases the amount of insulin secreted by the pancre -cells (Kota et 

al.

the adipocyte hormone gene expressions to improve insulin sensitivity. Activation of 

ulin sensitivity in 

the liver and skeletal muscles (Berger et al., 2005) while a concurrent decrease in the 

production of leptin, resistin, tumour necrosis factor- - -6 (IL-6) 

-HSD1 ameliorates the potential existence of insulin resistance (Rangwala 
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sensitivity.  

 

Subsequently, with reduction in both blood glucose and serum insulin, the 

GA-administered rats developed a lower HOMA-IR, denoting higher insulin 

sensitivity compared to the control. The HOMA-IR is used for the assessment of 

insulin sensitivity, a higher value indicating lower insulin sensitivity (higher insulin 

resistance) and vice versa (Wallace et al., 2004). Improvements in insulin sensitivity 

following GA administration are in agreement with studies reporting similar results, 

- et al., 2003; Andrews et al., 

2003; Berthiaume et al., 2004).  

 

There was a significant decrease in the HOMA-IR index for the GA-

administered rats compared to the control rats. By virtue of the ease in obtaining 

measurements of insulin resistance and its increasing frequency of use in studies, 

HOMA-IR is the preferred and reliable method of measuring insulin resistance 

(Miranda et al., 2005). Since HOMA-IR is a yardstick for measurement of insulin 

resistance, the results indicated that the oral administration of 100 or 150 mg/kg GA 

for one week was sufficient to improve insulin sensitivity in rats.  

 

4.3  
4.3.1 L iver 

 

Results from the present study indicated that the expression levels of total 

-administered rats compared to 

the control rats. The expression levels of 

reported by Guo and Tabrizchi (2006). Alternative promoter splicing is the 

nder normal 

present in the liver. The presence of increased circulating fatty acids in obese mice 



   186  

syn -Puig et 

al., 1996). However in this study, normal lean rats were used thus the higher 

 

 

in adipocyte 

differentiation and insulin sensitization (Kota et al., 2005) and is characterized by the 

adipose-

liver is an organ involved in glucose and lipid metabolism, only low level

by Boelsterli and Bedoucha (2002) and Heikkinen et al. (2007). However, Boelsterli 

and Bedoucha (2002) reported that the up-

due to nutritional status and the presence of natural ligands.  

 

sions. Davies et al. (1999) has proven that 

-regulated upon oral 

administration of an agonist, TZD to male Sprague Dawley rats. Although the exact 

 remains unknown, it has 

been postulated that a circulating factor might be responsible for the stimulation of 

(Chao et al., 2000; Boelsterli and Bedoucha, 2002).  

 

The up-re

genes such as adipocyte fatty acid binding protein (aP2) and fatty acid translocase 

(FAT/CD36), previously present only in trace amounts in the liver of lean mice. 

Activation of aP2 in the liver prevents the detrimental effects of free fatty acids on 

cells and membranes while that of FAT/CD36 facilitates fatty acid transport, which 

ultimately lowers serum triacylglycerol levels and improves insulin sensitivity 

(Memon et al., 2000). 

 

Gavrilova et al -knockout mice were found to 

display a delay in hepatic triacylglycerol uptake which ultimately leads to 

hyperlipidaemia, hyperglycaemia and hyperinsulinaemia. Murine models such as 
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ob/ob (leptin-deficient mice) and db/db mice (leptin receptor-deficient mice), have 

been shown to exhibit an up-

expression levels (Chao et al., 2000; Memon et al., 2000; Bedoucha et al., 2001; 

Boelsterli and Bedoucha, 2002).  

 

4.3.2 K idney 
 

Dobrian (2006) and Guo and Tabrizchi (2006) reported that expression of 

complementing the fact that the kidney is not the main regulatory organ involved in 

lipid and glucose homeostasis. The results in our present study concur with the above 

work as the kidney of GA-

compared to the other tissues studied. 

   

with retinoid X receptor (RXR) in the inner medullary collecting ducts, glomeruli 

and renal microvascular endothelial cells in rats (Dobrian, 2006). The up-regulation 

expression in the kidney suggests the potential regulation on renal sodium transport 

(Heikkinen et al., 2007) and systemic fluid retention (Dobrian, 2006). Specific 

with collecting duct- et al., 2005; Zhang et al., 

ZDs may potentially 

ameliorate elevated blood pressure in obesity-induced hypertension and renal 

injuries associated with obesity and insulin resistance in rats (Guan, 2004; Ruan et 

al ctive 

effects on the kidneys through improved glucose metabolism (Chung et al., 2005). 

 

kidneys; the exact mechanism remains unclear (Chung et al., 2005). It has been 

widely reported that 

diabetic nephropathy (Guan, 2004; Ruan et al., 2008). Comparative studies done on 
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metformin and sulphonylurea exhibited 

agonists confer superior renal protection on type 2 diabetes models (Guan, 2004; 

Chung et al., 2005; Ruan et al., 2008). However, it has been found that the 

ultifactorial and 

(Chung et al., 2005).  

 

nephroprotective effect on the kidneys. Not only is the presence of microalbuminuria 

often associated with insulin resistance, it is also a predictive tool for future clinical 

proteinuria and increased risks of cardiovascular mortality (Buckingham et al., 

1998). It is also present in the World Health Organization clinical definition of 

metabolic syndrome in 1998 (Chew et al., 2006). Thus, in the present study, the 

potential glycaemic control exerted by the kidneys could be due to the activation of 

excretion of urinary albumin as reported by Guan (2004) and Ruan et al. (2008).  

 

Several other mechanisms could be implicated with the up-regulation of total 

us 

displaying its anti-inflammatory and anti-fibrotic effects (Ricote et al., 1998; 

Guytom et al., 2001; Zheng et al., 2002). Up-

kidneys has also been known to exert a vascular protective effect by attenuation of 

oxidative and nitrative stresses (Bagi et al., 2004). Further vascular protective effects 

were observed through the reduction in the thickness of the common carotid artery 

(Sidhu et al., 2004) by inhibition of smooth muscle proliferation (de Dios et al., 

2003). 

 

 -angiotensin 

system (RAS) in the kidney. This prevents the inflammatory processes associated 

with RAS activation (Chung et al., 2005; Dobrian, 2006). Alleviation of RAS is also 

beneficial as angiotensin II is an important mediator in the pathogenesis of diabetic 

-apoptotic effects (Chung et 
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al.

renoprotective effects in addition to its glycaemic control. 

  

Such observations may possibly suggest additional role of GA against 

diabetic nephropathy besides its hypoglycaemic effects and improvement in insulin 

sensitivity (Mae et al., 2003; Nakagawa et al., 2004).  

 

 

4.3.3 Skeletal muscles 
 

Hevener et al. (2003) reported that PPAR  plays a crucial role in skeletal 

muscle insulin sensitivity and its agonistic action has an indirect effect on insulin 

muscles were low compared to those of adipose tissues (Henever, et al., 2003), 

(Loviscach et al., 2000). The results from our study is in agreement to those reported 

by Loviscach et al. (2000), where the expression levels of both abdominal and 

quadriceps femoris muscles were lower compared to adipose tissues. The expression 

abdominal and quadriceps femoris muscle of GA-administered rats compared to the 

controls.  

 

Muscles are pivotal tissues in glucose homeostasis and it is the primary organ 

for the insulin-stimulated glucose disposal, contributing to at least 70% of insulin-

stimulated glucose disposal (Semple et al., 2006). Due to the large relative mass of 

m

metabolic effects (Heikkinen et al.

in the GA-administered rats suggests possible up-regulation by GA. Increase in 

ression correlates with enhanced insulin-stimulated glucose uptake into 

the muscles mediated by increased insulin-stimulated phosphatidylinositol-3-kinase 

(PI3K) activity and translocation of GLUT4 towards the cell membrane (Cha et al., 

2001; Semple et al.

of the quadriceps femoris muscle in the GA-administered rats were probably due to 

the enhancement in insulin-stimulated glucose uptake mechanisms. Guri et al. (2006) 
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reported that muscles are responsible for up to 80 percent of glucose uptake in the 

body and it seems likely that the significant reduction in blood glucose may be 

attributed to the muscle-specific glucose uptake through the GA-

up-regulation pathways.  

 

Heikkinen et al. (2007) reported that muscle-

development of severe insulin resistance, which was characterized by postprandial 

hyperglycaemic and hyperinsulinaemic conditions accompanied by increased in 

white adipose tissues (Heikkinen et al., 2007). Thus, this is the first direct evidence 

latory responses in the skeletal 

muscles (Hevener et al., 2003).  

 

Although treated with TZDs, muscle- -deficient mice 

displayed severe muscle insulin resistance which ultimately led to 

hyperinsulinaemia, glucose intolerance and hypertriglyceridaemia. This provided an 

absence of up-regulation in the skeletal muscles could lead to the failure to enhance 

insulin-mediated glucose uptake and insulin sensitivity (Heikkinen et al., 2007).  

 

 In our present study, lipoprotein lipase (LPL) also displayed a significant 

fold difference in the abdominal muscle and quadriceps femoris when relative 

quantification of LPL was done. LPL was reported to be a downstream gene that is 

would lead to an increase in the expression of LPL (Desvergne and Wahli, 1999). 

similar significant increase in LPL gene expression. 

 

Based on histological studies on GA-administered rats by our research group, 

minimal lipid storage was observed in the skeletal muscles (unpublished results), 

thus indicating that the skeletal muscles are not the ma

activation. Muscle and adipose-specific GLUT4 inhibition could result in insulin 

resistance (Smith, 2002). Muscle GLUT4 depletion could lead to increased glucose 
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uptake by adipose tissue and ultimately cause an increase in adipose tissue mass 

(Smith, 2002). Semple and co-workers reported that more concrete studies on the 

enhancement of insulin-stimulated glucose uptake needs to be done as the muscle-

-talk 

between different insulin-sensitive organs (Semple et al., 2006).  

 

4.3.4 Adipose tissues 
  

Up-

both the visceral and subcutaneous adipose tissues of GA-administered rats were 

seen. Adipose tissues of different anatomical locations have different physiological 

and biochemical properties (Rodriguez et al., 2004). It was found that deposition of 

adipose tissues at different anatomical positions, particularly in the visceral region 

seems to portray positive corelation with the development of metabolic syndrome 

and T2DM (Montague et al., 1998).   

 

Camp et al. 

adipogenesis and adipocyte differentiation as well as insulin sensitization (Kota et 

al., 2005). The results in the present study is in concordance to those reported by 

Camp et al. 

important in adipogenesis as a 95% reduc

tissues resulted in complete failure to perform adipogenesis. Camp et al. (2002) 

-  while complete 

accumulation of fats in the visceral adipose tissue is directly proportional to risk of 

diabetes and cardiovascular complications compared to an increase in the 

subcutaneous adipose tissues (Boyko et al., 2000; Cartwright et al., 2007). 
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Thus, the up-

led to the stimulation of adipocyte differentiation of pre-adipocytes to form smaller 

but more insulin sensitive adipocytes (Guo and Tabrizchi, 2006). It was reported that 

an increase in the number of smaller and more insulin sensitive adipocytes by at least 

four fold could occur (Okuno et al., 1998).  

 

sion of genes 

which promote adipocyte differentiation like CCAAT/enhancer-binding proteins 

(C/EBPs) (Camp et al., 2002) and sterol regulatory element binding protein 1 

(SREBP-1) (Spiegelman and Flier, 1996). The development of smaller adipocytes is 

focused in the subcutaneous sites rather than the visceral region and this would 

increase the uptake of free fatty acids released from the hypertrophied adipocytes in 

in lipid storage and metabolism such as phosphoenolphyruvate carboxykinase 

(PEPCK), LPL, acyl CoA synthase (ACS), fatty acid-binding-protein (aP2) and fatty 

acid transport protein-1 (FATP-1) to ultimately retain the mature adipocyte 

phenotype upon differentiation, through a positive feedback reaction (Fajas et al., 

1998; Auwerx, 1999). Increased expression of pre-adipocyte differentiation 

promoting genes in the subcutaneous adipose tissues could provoke the formation of 

insulin sensitive adipocytes which permits the increase of triacylglycerol storage in 

the subcutaneous adipose tissue (Gilde et al., 2006). Based on the present 

histological analysis, the GA-administered rats displayed smaller adipocytes in the 

subcutaneous adipose tissues as opposed to those in the control group. Since the 

accumulation of free fatty acids in the visceral adipose tissues contribute to an 

increased risk of developing diabetes mellitus and metabolic syndrome, the 

repartitioning of fatty acids towards the subcutaneous adipose tissue caused by the 

apoptosis of mature adipocytes and stimulation of adipocyte differentiation confers a 

-regulation 

proves to be beneficial in terms of decreasing fat storage in visceral adipose tissue 

(reducing visceral obesity) by redirecting the deposition towards the subcutaneous 

adipose tissues (Glide et al., 2006) thereby decreasing the risk of developing T2DM 

and metabolic syndrome.   
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ogenesis, 

 

of adipogenesis to sustain the expression of the mature adipocyte phenotype (Camp 

et al., 2002). 

 

Adipose tissues also function as an endocrine organ that secretes hormones 

and cytokines which would affect energy metabolism (Kota et al., 2005). The up-

reg -

inflammatory adipokines such as interleukin-6 (IL-

(TNF-

resistance by interfering with the normal signaling cascade of insulin receptors 

(Picard and Auwerx, 2002; Rangwala and Lazar, 2004; Kota et al., 2005).  

 

-regulate the expression of leptin and 

resistin. Leptin is responsible for the regulation of body weight through inhibition of 

feeding behavior (Camp et al., 2002) while resistin causes insulin resistance (Guo 

and Tabrizchi, 2006). A hormone secreted by adipocytes, adiponectin, may be up-

crease muscle fatty acid 

oxidation and improve insulin action to ameliorate insulin resistance (Camp et al., 

2002). Increased levels of adiponectin confer insulin sensitivity to skeletal muscles 

and liver as well. In the liver, adiponectin inhibits gluconeogenesis through a 

reduction in the both the PEPCK and glucose-6-phosphatase expression while 

increased fatty acid oxidation in the skeletal muscles enable enhanced glucose 

uptake (Gilde et al., 2006; Waki and Tontonoz, 2006). Up-

causes an increase in GLUT4 and c-Cbl associating protein (CAP), both pivotal for 

the translocation of GLUT4 to the cell surface for enhanced glucose uptake (Camp et 

al., 2002; Guo and Tabrizchi, 2006). Thus, the up-

observed in the present study could have improved insulin sensitivity through the 

regulation of adipokine (increase adiponectin secretion) and adipose tissue 

inflammatory mediators (down regulation of TNF- -6).   
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Histological analysis showed a decrease in adipocyte sizes in the visceral 

adipose tissues in the present study, thereby suggesting potential repartitioning of 

free fatty acids from visceral adipose tissues to subcutaneous adipose tissues induced 

which is a risk factor itself for the development of metabolic syndrome and diabetes 

mellitus. It has been proven that visceral fat is more lipolytic and thus increases the 

efficiency in the delivery of free fatty acids to organs such as the liver and skeletal 

muscle which would then lead to insulin resistance. However, increased 

subcutaneous adipose tissue has less detrimental effects as the smaller and more 

insulin sensitive adipocytes would reduce the circulatory free fatty acids and prevent 

accumulation in the muscle, liver and pancreatic islets (Camp et al., 2002). Thus, the 

repartitioning of adipose tissues observed in our study might not have detrimental 

effects as the HOMA-IR showed that there was improvement in insulin sensitivity. 

 

4.4 LPL expression in the studied tissues 
 

Insulin resistance plays a pivotal role in metabolic syndrome leading to 

hyperinsulinaemia, hyperglycaemia, lipid and lipoprotein dysregulation 

(dyslipidaemia and visceral obesity) (Fulop et al., 2006). LPL, which is a key 

regulator of lipoprotein metabolism, has been reported by Pollare et al. (1991) and 

Kern (1997) to be reduced in both the adipose tissues and muscles in the presence of 

IR.  

 

Kageyama et al. (2003) reported that insulin is associated with the 

biosynthesis of LPL, where the insulin-signaling pathway will activate both the 

promoter to up-regulate the LPL gene expression (Hanyu et al., 2004). It was 

demonstrated that plasma LPL activity reflects the whole-body insulin sensitivity 

and was negatively correlated with HOMA-IR. This was supported by the results 

from this study which were in agreement with the observations mentioned above, 

where higher insulin sensitivity (lower HOMA-IR) in the GA-administered rats 

could develop concomitantly with an increase in tissue LPL expression.  
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Mead and co-workers (2002) reported that changes in the LPL expression are 

mediated predominantly through the action of hormones, such as insulin, 

glucocorticoid and adrenaline. Regulators of LPL mRNA expression such as insulin 

and glucose increase the mRNA expression and its activity in pre-adipocytes while 

glucocorticoids, IL-6 and TNF- -decreasing effects (Mead et al., 2002). 

However, this was not observed in our study as the insulin level was decreased 

concomitantly with an increase in tissue LPL-expression. Therefore, it could be that 

LPL gene expression was strongly up-  

 

expression of LPL (Desvergne and Wahli, 1999). Thus, the increase 

expression in this study was accompanied by a similar significant increase in LPL 

gene expression. LPL is a key enzyme in the metabolism of triacylglycerol-rich 

lipoproteins and plays the role of a gatekeeper in energy metabolism by controlling 

the generation of fatty acids. In adipose tissues, the increase in LPL production could 

enhance the clearance of plasma triacylglycerol and provide the pre-adipocytes with 

additional fatty acids, which can further stimulate the transactivation capacity of 

PPAR (Schoonjans et al., 1996). 

 

Variation in fat cell sizes and LPL activity among different anatomical fat 

depots have been documented (Fried et al., 1993). It was found that obese subjects 

will have lower LPL activity at the omental depot (visceral depot) compared to the 

subcutaneous fat cells. Thus, the lower LPL expression in the omental adipose tissue 

may be a general feature of overall insulin resistance (Fried et al., 1993). Our results 

with lean rats support the findings by Fried and co-workers (1993) where the LPL 

expression in the visceral depots were found to be higher compared to the 

subcutaneous depots.  

 

Boden and Shulman (2002) reported that over-expression of LPL in the 

muscle and liver could lead to increase in intra-tissue TAG content and such increase 

in lipid accumulation in peripheral tissues have been linked to impairment of insulin 

signaling and IR. The present study was not in concordance with Boden and 
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the GA-administered rats. Such disagreement could be due to the presence of leptin 

sensitivity in the experimental subjects. Muoio and Newgard (2006) reported that in 

the leptin resistant state, the LPL-

leading to up-regulation of the lipogenic enzymes like the acetyl-CoA carboxylase 

(ACC) and fatty acid synthase (FAS) that could lead to ectopic TAG accumulation 

(Unger and Orci, 2001). However, in the leptin sensitive state, LPL-generated free 

transcription of genes of FA oxidation such as mitochondrial carnitine 

palmitoyltransferase-I (mCPT-I) and acyl-CoA oxidase (ACO). These enzymes 

could promote the compensatory oxidation of the surplus free fatty acid, with the 

unneeded energy dissipated as heat (Unger and Orci, 2001). Therefore, it could be 

postulated that the experimental rats used were leptin sensitive as there was an 

increase in tissue LPL expression coupled with a decrease in tissue lipid 

accumulation (unpublished data).    

 

LPL expression has been found in the kidney and was shown to hydrolyze 

TAG in circulating lipoproteins. However, no significant changes were seen in the 

activity or the amount of detectable LPL in the kidney although treated with acute 

insulin (Tavangar et al., 1992). Our present study was in concordance with those 

reported by Tavangar et al. (1992) as there were no significant differences in the 

kidney of the GA-administered rats compared to the control.  

 

4.5 Modulation of serum lipid 
 

In the present study, increase in tissue LPL expression was consistent with 

the improvement of serum lipid parameters in the GA-administered rats. A reduction 

in serum TAG, total cholesterol and LDL-cholesterol together with an elevation in 

HDL-cholesterol was observed (Figures 3.13 and 3.36).  

 

The decrease in TAG in GA-administered rats may be attributed to the action 

of GA which causes an increase in its tissue uptake. Berthiaume et al. (2007) had 

-hydroxysteroid dehydrogenase 1 could reduce 

hepatic very-low-density lipoprotein (VLDL) which may have increased the hepatic 
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free fatty acid oxidation due to the induced expression of fat-catabolizing enzymes 

(Morton et al., 2001). Hepatic VLDL secretion is regulated by the amount of lipids 

available for the assembly of VLDL (Berthiaume et al., 2007). Thus, this could have 

caused the reduction in TAG as it is required to boost the VLDL secretion.  

 

Increased LPL action on plasma lipoproteins would lead to an accelerated 

conversion of VLDL to IDL and LDL particles (Lefebvre et al., 1997). However, 

this was not observed in the present study. The decrease in LDL-cholesterol in GA-

administered rats may be due the decreased levels of VLDL since LDL is a 

derivative of VLDL (Lefebvre et al., 1997). Elevation of HDL-cholesterol in GA-

administered rats may be due to the increased apo A-I production since the rate of 

HDL synthesis is dependent on the production of apo A-I (Kolovou et al., 2005). 

Apo-A-I is the major protein of HDL that is subjected to accelerate catabolism in 

individuals with metabolic syndrome (Kolovou et al., 2005). Morton and co-workers 

(2001) along with Staels and co-workers (1998) have reported that apo A-I mRNA 

-HSD1 knock-out mice as well as after the 

apo A-I (Dullens et al., 2007). Therefore this could be postulated as the HDL-

increasing mechanism of GA.  

 

Dullens and co-workers (2007) also reported that increase in apo A-I 

production could be a suitable target for the treatment of dyslipidaemia together with 

the current treatments (e.g. fibrates) of lowering serum LDL-cholesterol. Increasing 

HDL-cholesterol can also serve as an alternative way for dyslipidaemia treatment. 

Dyslipidaemia is often characterized by a normal range or only mildly-raised LDL-

cholesterol. However, the underlying abnormality was found to be the predominance 

of the more atherogenic small, dense LDL rather than the less atherogenic large, 

buoyant LDL particles (Kolovou et al., 2005). It was demonstrated that a greater 

increase of LDL and VLDL may cause a greater decrease in HDL as there is a 

reciprocal relationship between the concentration of VLDL and HDL (Kolovou et 

al., 2005). Many studies have shown that small, dense LDL particles have pro-

atherogenic properties such as (i) reduced LDL receptor-mediated clearance (ii) 

increase arterial wall retention and (iii) increased susceptibility to oxidation 

(Kolovou et al., 2005).  
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Thus, the beneficial act of HDL in atheroprotective mechanism is brought 

about through its ability to counteract LDL oxidation, which is the major initiating 

event that promotes the development of atherosclerosis. Therefore, pharmacological 

interventions now focus on raising the HDL-cholesterol levels as a therapeutic target 

in combating dyslipidaemia (Mayers et al., 2003; Chapman et al., 2004; Drexel, 

2006).  

 

The increased LPL expression by GA in this study may be pivotal in the 

amelioration of lipid parameters especially in dyslipidaemic subjects. This is because 

in the dyslipidaemic state, induced LPL expression may contribute to the increased 

clearance of such lipoproteins to reduce serum TAG. Besides, the formation of 

small, dense LDL and reduction in HDL in the dyslipidaemic subjects are attributed 

to CETP-mediated lipid exchange between both lipoprotein particles and TAG-

enriched VLDL particles. This exchange was discovered by Tan and co-workers 

(1999) to be substrate driven rather than enzyme driven. Thus, an elevated 

catabolism of TAG-enriched VLDL by LPL may serve to positively re-modulate 

HDL and LDL profiles in dyslipidaemic subjects.  Hence this mechanism could be 

responsible for the benefits of increased LPL expression in those following 

pharmacological intervention.  

 

 

4.6 -HSD1 and 2 activities  
 

The GA dosages used in the present study have significant inhibitory effects 

-HSD1 and 2. The effects of GA and its derivative, GE are diffuse and 

widespread in the body. It was reported that GE is a more potent inhibi -

-HSD2 (Li et al., 1997).  

 

 

4.6.1 Adipose tissues 
 

Adipose tissue is the largest energy store in the body and has an important 

function in maintaining energy balance by controlled synthesis and breakdown of 
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lipids. Besides being an energy storage organ, the adipose tissue is an endocrine 

organ, especially the visceral adipose tissue, as it has more active endocrine activities 

compared to the subcutaneous adipose tissue (Ronti et al., 2006). Adipose tissue can 

be divided into the stromal tissue fraction (the pre- -HSD2 

-HSD1 is expressed and 

oxoreductase activities detected (Fain et al., 2008).  

 

-HSD1 activities were higher compared to -

HSD2 activities in both the subcutaneous and visceral depots. This is in agreement 

with a report by Bujalska et al -HSD2 activities 

-HSD1 

activities.  

        

      Glucocorticoid (GC) increases the expression of the hormone-sensitive lipase 

and decreases the expression of PEPCK (Vegiopoulos and Verzig, 2007). This 

increases the rate of lipolysis and decreases the availability of glycerol for re-

esterification of free fatty acids. As a result, the pouring of glycerol and free fatty 

-

HSD1 in the adipose tissues suppresses lipolysis, thus decreasing the supply of 

gluconeogenic substrate to the liver and the release of free fatty acids into the blood 

circulation (Savage et al -HSD1 in the adipose tissue is able 

to suppress gluconeogenesis by decreasing the substrate availability and preventing 

the release of free fatty acid which could induce insulin resistance. Masuzaki and co-

- -HSD1 

mice showed resistance against induced obesity and its metabolic consequences 

while Paterson and co-workers (2005) reported that adipocyte-specific over-

-HSD1 could promote the development of visceral obesity and 

metabolic syndrome in transgenic rodents. Berger et al. (2001) and Laplante et al. 

t has a potential in down-regulating the 

-HSD1 (Wake et al., 2007) activity in both adipose depots (Morton 

et al., 2004).  

 

Adipose tissues, especially the visceral adipose tissue, are an active endocrine 

organ which secretes pro-inflammatory cytokines and adipokines such as TNF- -
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6 and resistin. This could increase insulin resistance in the liver and skeletal muscle. 

-HSD1 has been shown to decrease the secretion of the pro-

inflammatory cytokines and adipokines by the visceral depot. Thus, this helps to 

improve insulin sensitivity in the liver and skeletal muscles (Draper and Stewart, 

2005; Ronti et al., 2006).  

 

-HSD1 activity from dehydrogenase reaction to 

oxoreductase reaction is required for the differentiation of pre-adipocytes to 

adipocytes (Bujalska et al. -HSD1 oxoreductase reaction 

in both the subcutaneous and visceral depot differentiation leads to hypertrophy of 

the adipocytes, thus decreasing the development of obesity (Bujalska et al., 2008).  

 

-HSD2 activity in the visceral adipose tissue was in agreement 

with the findings of Milagro et al. (2007). According to Lee et al. -

HSD2 was detected in pre-adipocytes but not in the adipocytes. 11 -HSD2 converts 

the active GC to inactive GC which is required for the stimulation of the pre-

-HSD2 in the pre-adipocytes converts the highly protein-

bound active GC into negligible protein-bound inactive GC, which then provides the 

-HSD1 in the adipocytes in a paracrine manner. Conversion of 

-HSD1 in the adipocytes exposes the adipocytes to 

the active GC (Lee et al., 2008). Exposure of adipocytes to active GC could result in 

a dose- -HSD1 level and activity which further amplifies 

the local generation of active GC (Bujalska et al., 1999). Therefore, a decrease in the 

-HSD2 activities in the subcutaneous and visceral depots was able to prevent 

obesity by (i) decreasing the proliferation of pre-adipocytes and (ii) decreasing the 

-HSD1 to adipocytes by a paracrine manner, thus 

decreasing the exposure of active GC in the adipocytes.  

 

- -HSD2 activities were 

higher in the subcutaneous adipose tissue. This could indicate a higher proliferation 

of pre-adipocytes and a higher differentiation of adipocytes in the subcutaneous 

compared to the visceral depots after GA treatment (Liu et al., 2008). The presence 

of more pre-adipocytes and increased differentiation of adipocytes in the 

subcutaneous depot (Mussig et al., 2008) may indicate a redistribution of free fatty 
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acids from the visceral to the subcutaneous depot and therefore could prevent 

visceral adiposity. The present study further supports the work done by Mussig and 

co-workers (2008) as there was an increase in the number of small size adipocytes in 

the subcutaneous depots (Figure 3.58).  

 

Bujalska et al. (1999) reported that cortisol (corticosterone)- -

HSD1 up-regulation in adipose stromal cell cultures was inhibited by co-incubation 

with GE. This is in agreement with results from this study which showed a 

-HSD1 activities in both subcutaneous and visceral 

depots.  

 

4.6.2 Skeletal muscles 
 

Abdominal muscle and quadriceps femoris, both of which are skeletal 

muscles are target tissues of GC and insulin. The balance between the actions of GC 

and insulin determines the turnover rate of the muscle proteins. These muscles are 

major sites of peripheral insulin resistance and glucose disposal (Vegiopoulos and 

Verzig, 2007). Skeletal muscle accounts for the majority of insulin-induced glucose 

uptake, utilization and storage in mammals and is a prime target for GC-induced IR 

via alteration through post-GR effects either on downstream insulin signaling or 

glucose utilization (Qi and Rodrigues, 2006).  

 

- -HSD2 activities were shown to be anatomical 

-HSD1 and 2 activities were lower in the quadriceps femoris 

-HSD1 activities in the quadriceps 

femoris is supported by the genomic study by Gomez-Sanchez et al. (2008), who 

-HSD1 gene in thigh muscle was lower than 

t -HSD2 activities were comparable but lower 

-HSD1 activities in abdominal muscle. This might be a protective 

mechanism to prevent excessive activation of GR by increasing the turnover rate of 

active GC since 1 -HSD2 has been reported to have a protective effect on skeletal 

muscles (Jang et al., 2007).  
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-HSD1 activities in the 

quadriceps femoris compared to the abdominal muscle. This may be due to the 

higher physical activities undertaken by the quadriceps femoris and thus has higher 

metabolic capabilities compared to the abdominal muscle (Stump et al., 2006). The 

-HSD2 activity in the quadriceps femoris could be due to a 

decrease in the turnover rate of the active GC in order to compensate for the low 

-HSD1 activities in the quadriceps femoris compared to the abdominal muscle 

(Stump et al., 2006).  

 

- -HSD2 in the abdominal 

and quadriceps femoris muscles. This is agreeable with current reports of higher 

- -HSD2 in the muscle (Edwards et al., 

1988; Draper and Stewart, 2005; Jang et al., 2007). However, Jang and co-workers 

(2007) demonstrated a poor correlation -HSD1 and 2 expressions with their 

respective activities. This, suggests the presence of site-specific post-translational 

factors such as (i) availability of co-factors (NADP and NADPH), (ii) close 

functionality of microsomal hexose-6-phosphate dehydrogenase and glucose-6-

phosphatase which affect enzyme kinetics (Walker et al., 2007) and (iii) expressions 

of GC receptors (Whorwood et al., 2002).  

 

-HSD1 activity increases active GC levels in the skeletal 

muscles. This will suppress the insulin signalling pathway by decreasing insulin 

receptor autophosphorylation and insulin receptor substrate-1 (IRS-1) expression and 

phosphorylation (Vegiopoulos and Verzig, 2007). GCs also decrease insulin-

stimulated glycogen synthesis by preventing dephosphorylation (and hence 

preventing activation) of glycogen synthase (Ruzzin et al., 2005). GCs also prevent 

GLUT4 translocation to the cell surface membrane, thus decreasing the uptake of 

blood glucose. Last but not least, GC also prevents amino acids uptake into the 

skeletal muscles, proteolysis and inhibits protein synthesis in skeletal muscles, thus 

increasing the substrate for gluconeogenesis in the liver (Vegiopoulos and Verzig, 

2007).  

 

-HSD1 activities which decreases intracellular active 

GC levels in the skeletal muscles by GA and GE will prevent hyperglycaemia by 
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increasing insulin sensitivity of the skeletal muscles and decreasing the effects of GC 

on glucose and protein metabolism (Vegiopoulos and Verzig, 2007).      

Furthermore -HSD1 has been proven to increase uptake of free 

-oxidation by increasing the expression of mitochondrial carnitine 

palmitoyltransferase 1 and acyl-CoA oxidase. Therefore, this can prevent the 

development of dyslipidaemia and FFA-induced insulin resistance (Berthiaume et 

al., 2007). 

 

Although other potential mechanisms may contribute towards reducing 

insulin signaling and action in skeletal muscles (Stump et al -

HSD1 activities in muscles may contribute to the observed improvement in insulin 

sensitivity (Whorwood et al., 2002; Berthiaume et al., 2007).  

 

4.6.3 L iver 
 

-HSD1 activity amongst the six tissues that 

were examined, not only in the GA-administered rats but in the control rats as well. 

-HSD1 is highly expressed in metabolically active tissues and act predominantly 

as an oxo-reductase in vivo that regenerates active corticosterone (cortisol in 

humans) (Tomlinson et al., 2004). The liver is also a GC-targeted organ whereby GC 

-HSD1 is 

essential for potentiating the effects of GC. The liver is also an important site for 

-HSD1 is involved in the phase I 

biotransformation of various foreign substances from xenobiotics, drugs, insecticides 

to carcinogens where it reduces the carbonyl groups to highly reactive hydroxyl 

group in these compounds for glucuronyl or sulphate conjugation (Tomlinson et al., 

2004).   

 

-HSD2 activities were detected in the liver in both the control and GA-

administered rats. However, the GA- -HSD2 

-HSD2 activities might be due to 

the high density of blood vessels in the liver since epithelial cells of the blood vessel 

-HSD2 (Gong et al., 2008).   
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-HSD1 activities in the liver is deleterious. Liu et al. 

-HSD1 expression in the hepatocytes contributes 

to the development of phenotypes seen in the db/db mice, a diabetic rodent model. 

Furthermore, Paterson et al -HSD1 

expression levels in apoE-HSD1 transgenic mice model has been shown to develop 

insulin resistance, hyperglycaemia, fatty liver and dyslipidaemia. Therefore, the 

-HSD1 by GA in the liver is able to prevent the development of 

insulin resistance, hyperglycaemia, fatty liver and dyslipidaemia. This was also 

supported by a research done by Shimoyama and co-workers (2003), where a 

significant dose- -HSD1 activity with similar dose 

of GA (100 and 200 mg/kg p.o.) was seen.   

 

-HSD1 enables GC to be more available to the hepatocytes. As 

mentioned above, GC increases hepatic gluconeogenesis and this is due to the 

induction of PEPCK and G6Pase where GC-GR complex up-regulates the 

transcription of these genes by binding to the glucocorticoid regulatory unit (GRU) 

(Cassuto et al., 2005). Cassuto and co-workers (2005) also demonstrated that an 

-HSD1 in the hepatocytes in cell cultures could increase 

its binding to GR and therefore increases the expression of PEPCK and G6Pase 

genes. The high expression of PEPCK caused by high levels of GCs is one of the key 

factors in hyperglycaemia and insulin resistance leading to diabetes mellitus (Valera 

et al., 1994; Sun et al -HSD1 by GA decreases the 

active GC available for the GR binding and thereby decreasing the expression of 

PEPCK and G6Pase genes. This was further supported by recent data from our 

research group which showed decreased PEPCK and G6Pase activities in GA-

administered rats (unpublished data).  

 

GC also increases the activity of fatty acid synthase and acetyl-CoA 

carboxylase which then lead to dyslipidaemia by increasing the very-low-density 

lipoprotein (VLDL) production and secretion as well as TAG synthesis. 

-oxidation of the free fatty acids by interfering with the 

activity of acyl-CoA dehydrogenase, subsequently leading to TAG accumulation in 

the liver (fatty liver) (Nuotio-Antar et al. -HSD1 by GA 

may decrease the active GC levels in the hepatocytes which could then prevent the 
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development of fatty liver (Nuotio-Antar et al., 2007). Berthiaume et al. (2007) 

-HSD1 inhibition increased the partitioning of TAG towards 

-HSD1 also decreases the secretion of VLDL and 

TAG production and their accumulation in the liver (Berthiaume et al., 2007).  

    

-HSD1 prevents dyslipidaemia and fatty liver 

development by (i) decreasing activities of fatty acid synthase and acetyl-CoA 

carboxylase (therefore preventing accumulation of TAG in the liver) (ii) decreasing 

free fatty acids delivery from the visceral depot by the suppression of lipolysis after 

-HSD1 by GA and (iii) decreasing VLDL secretion from the liver 

into the blood circulation (Mai et al., 2005).  

 

-HSD1 activities could increase hepatic glucose uptake by 

increasing translocation of GLUT2 to the cell surface membrane of hepatocytes 

-HSD1 inhibition by GA in the 

normal male Sprague Dawley rats could lead to the removal of excess glucose in the 

blood circulation when the blood glucose was higher than the basal blood glucose 

level. This shows that GA may have a fine-tuning effect on blood glucose levels.  

 

4.6.4 K idney 
 

-HSD1 activity was detected in this current study and this was expected 

as low levels of gluconeogenesis can occur in the kidney when the rats encounter 

-HSD2 activities 

-HSD2 in the 

-HSD2 activities were observed in the kidney and this may be due to the 

function of the kidney as a MC-targeted organ. Draper and Stewart (2005) reported 

that the presen -HSD2 in the kidney is essential for protecting the MR from 

non-specific binding of active GC.  

 

-HSD2 activities in the kidney has been demonstrated to increase in 

severe obesity and negatively associated with insulin sensitivity in humans (Mussig 

et al., 2008) and in the obese Zucker rats compared to the lean Zucker rats 

(Livingstone et al -HSD2 in the kidney converts the active GC to 
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inactive GC. The inactive GC has low binding affinity towards the corticosteroid-

binding globulin and albumin while active GC binds tightly to these proteins with a 

very small fraction of active GC existing in the free form (the biologically active 

form). In addition, inactive GC levels do not show diurnal variations while active 

GC does (Tomlinson et al., 2004). Thus, the circulating inactive GC acts as a rapid 

-HSD1 in the adipose tissues and the 

-HSD1 

to maintain or even increase the active GC levels in the adipose tissues and liver.   

 

-HSD2 activity in the kidney intensifies the supply of direct 

- -HSD1 activities (Livingstone et al., 

2000; Mussig et al., 2008) further inducing insulin resistance in the liver and 

lipolysis in the adipose tissues, especially the visceral depot. Furthermore, the free 

fatty acids released into the hepatic portal vein and transported to the liver could also 

induce hepatic insulin resistance (Mai et al., 2005). Consequently, the increase in the 

-HSD2 activities in kidney induces hepatic insulin resistance and adipose tissue 

-HSD1 to produce 

active GC in the adipose tissues and the liver when the active GC in the blood 

-HSD2 by GA could be beneficial 

as it can prevent hepatic insulin resistance and reduce lipolysis in the adipose tissues 

(Mussig et al., 2008).  

 

4.7 H istological analysis 
4.7.1 Adipose tissue 

 

Based on Figure 3.57, the size of adipocytes in the subcutaneous adipose 

tissue exhibited a decrease but there was an increase in the number of adipocytes. 

The increase in the number of small adipocytes could be a result of adipocyte 

differentiation. Okuno et al. (1998) showed that the size of adipocytes became 

smaller after administration of troglitazone to Zucker fatty rats leading them to 

conclude that the reduction was due to TNF-

activation.  
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A number of genes involved in fat metabolism such as lipoprotein lipase, 

acyl-CoA synthase, uncoupling protein and fatty acid binding protein was shown to 

have peroxisome proliferator responsive element (PPRE) in their promoter region. 

Therefore, it was postulated that the anti-diabetic effects of TZD is mostly due to the 

lipid remodeling effect of PPAR activation (Okuno et al., 1998). Small adipocytes 

are more sensitive to insulin and they can take in more glucose due to the high 

surface area. Upon insulin stimulation, small adipocytes were proven to oxidize 

more glucose compared to large adipocytes. Therefore, the increased number of 

small adipocytes in subcutaneous tissue of GA-administered rats can actually 

decrease blood glucose levels (Okuno et al., 1998). Insulin has anti-lipolytic actions 

and small adipocytes appeared to be more sensitive to this action. Hence, small 

adipocytes secrete less free fatty acid compared to those hypertrophied adipocytes. 

Besides, small adipocytes secrete less tumor necros -

large adipocytes (Mori et al., 1999). Cell culture studies showed that TNF-

autophosphorylation of insulin receptor and interferes with the phosphorylation of 

insulin receptor substrate-1 (Gokhan et al., 1994; Sell et al., 2006). Therefore, the 

increase in the number of small adipocytes improves insulin resistance.  

 

In the visceral adipose tissue, the size of adipocytes in GA-administered rats 

appeared to be similar to the control rats. This was consistent with the studies done 

by Mori and co-workers (1999), who showed that the differentiation of pre-

adipocytes into adipocytes only occurred in the subcutaneous adipose tissue. 

However, the adipocytes in the visceral depots of GA-administered rats appeared to 

be irregular shaped. The irregular shaped cells could most likely be caused by 

apoptosis. It is an important process to maintain tissue homeostasis by ensuring the 

proliferation rate of tissues is equaled to the rates of cell death (Thompson, 1995). 

Apoptosis of adipocytes regulates adipose tissue distribution and as a preventive 

measure in avoiding the over-spill of fatty acid into other organs (Delle-Fera et al., 

2000).  

 

Visceral adipose tissue has different functions and metabolism compared to 

subcutaneous adipose tissue. From the endocrinology perspective, the visceral depot 

is more active compared to the subcutaneous (Rosen and Spiegelman, 2006). Thus it 

has been identified as one of the factors of metabolic syndrome (Hanson et al., 
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2002). McCarty (2001) discovered that the visceral adipocytes are insensitive to 

insulin, an entity that plays a pivotal role in anti-lipolytic actions and promotes re-

esterification of fatty acids. McCarty (2001) also reported that visceral depots are 

more prone to undergo lipolysis compared to the subcutaneous. Therefore this will 

lead to the free fatty acid being released by the visceral depot to enter the portal 

circulation. When the supply of fatty acid is overwhelming, it will be stored in the 

liver and muscle. The increased intramuscular triacylglycerol levels and high 

triacylglycerol levels in liver will cause impairment in insulin sensitivity (McCarty, 

2001).  

 

On the other hand, subcutaneous adipose tissue is highly sensitive to insulin 

action. Under normal conditions, subcutaneous adipose tissue will not release fatty 

acids into the circulation. But under conditions where fuel is needed, subcutaneous 

adipose tissue will release free fatty acids as an energy fuel source which is unlikely 

to be re-stored in other parts of the body. In other words, the fat stored in the 

subcutaneous depot is not pathogenic while fat stored in the visceral depot is 

pathogenic (McCarty, 2001).  

 

The lipolysis occurred in the visceral adipose tissue might be due to the 

-HSD 1. Although both adipose tissues have 11 -HSD1, the visceral 

adipose tissues have higher amount compared to the subcutaneous adipose tissues 

(Armanini et al., 2005). Previous study by Hansen and co-workers (2006) showed 

that over- -HSD1 in mice caused visceral obesity by increasing the 

levels of corticosterone. In our study, 11 -HSD1 activity in rats given GA was lower 

than the control rats in the visceral depot, supporting the presence of lipolysis 

reported by McCarty (2001), where inhibition of 11 -HSD1 by GA prevented the 

occurrence of visceral obesity.  

 

 -HSDs, visceral obesity can also be 

-HSD1 which reduces the 

availability of cortisol. Cortisol (active GC) causes accumulation of triacylglycerols 

in adipocytes and the differentiation of pre-adipocytes into adipocytes (Armanini et 

al., 2005). Therefore, in the visceral depots the size of adipocytes remained the same. 

indicating no differentiation of adipocytes occurred (Figure 3.57). Milagro and co-
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-HSD2 is involved in the regulation of adipocytes 

-HSD2 synthesis was up-regulated in 

the subcutaneous adipose tissue of high fat-fed animals leading to the prediction that 

the up-regulation is able to diminish the action of glucocorticoid, hence decreasing 

lipid depot in this tissue (Milagro et al., 2007). GA was long known to inhibit both 

-HSD type 1 and 2 (Ploeger et al., 2001). Ther -HSD2 

by GA could possibly improve lipid deposition in the subcutaneous tissue. The 

where it protects other organs from harmful effects of free fatty acids (Davies et al., 

2001). Hence, this further supports that GA could improve insulin sensitivity through 

-HSD2.  

 

In addition, PPAR  activation by GA in the adipose tissue may be 

responsible for the smaller adipocytes seen in the GA-administered rats. PPAR  

stimulates the differentiation of pre-adipocytes in the adipose tissues, thus generating 

smaller adipocytes that are more insulin-sensitive than the larger adipocytes and are 

more efficient in storing lipids (Bogacka et al., 2004; Ronti et al., 2006). This 

occurrence is known as the adipose tissue remodeling system as it accounts for the 

lipid-steal hypothesis, where smaller adipocytes generally take up circulating free 

fatty acids more easily, thus reducing the flux of free fatty acid to the liver and 

muscles. The beneficial effect of this process reverses the incidence of IR and was 

reported to be responsible for the insulin-sensitizing effects of TZDs (Bragt and 

Popeijus, 2008). Berthiaume et al. (2004) and Bogacka et al. (2004) reported that 

PPAR  predominantly triggers adipocyte differentiation in the subcutaneous adipose 

tissue rather than in the visceral adipose. Thus, it favors the diversion of lipid from 

the visceral depot to the subcutaneous depot. This will lead to an increase in the 

subcutaneous accumulation and a decrease or unchanged size of the visceral adipose 

tissue (Berthiaume et al., 2004; Bogacka et al., 2004).  

 

4.7.2 L iver 
 

The liver is one of the most important organs in the body which is involved 

in metabolism, detoxification of foreign substances and storage of vitamins and 



   210  

minerals. It is one of the major target organs of insulin. The involvement of the liver 

in carbohydrate metabolism is particularly important in the control of blood glucose 

levels. Liver buffers blood glucose by storing glucose as glycogen when the blood 

glucose levels are high. When there is a need for glucose, the liver releases glucose 

from its glycogen storage through glycogenolysis. When the glycogen stores are 

depleted, the liver converts glucogenic amino acids and glycerol to glucose by 

gluconeogenesis (Marieb, 1998). The histological staining of the liver from both the 

control and GA-administered rats demonstrated normal morphology. This indicates 

that glycyrrhizic acid did not cause any adverse effects such as inflammation in the 

liver. However, the GA-administered rats showed darker magenta color compared to 

the control rats (Figure 3.58), which are indicative of higher polysaccharide and 

carbohydrate contents (Kiernan, 1999).  

 

GA improves insulin sensitivity of the liver and hence increases glucose 

uptake into hepatocytes for storage. These changes in glucose homeostasis are 

affected by GA through the activation of PPAR  and the PPAR  activator has been 

demonstrated to downregulate genes involved in gluconeogenesis such as pyruvate 

carboxylase, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-

phosphatase (Way et al., 2001). Under normal physiological conditions, both 

glucokinase and glucose transporter 2 (GLUT2) act as the glucose sensing apparatus 

-regulation of GLUT2 and glucokinase 

expression. GLUT2 helps in the uptake of glucose into the liver while glucokinase 

traps the glucose by phopshorylation. These will eventually lead to glycogen 

synthesis in the liver (Kim and Ahn, 2004).  

 

4.8 -HSD inhibition on blood 
pressure 
 

Despite its shortcomings, the tail-cuff method for measuring systolic blood 

pressure (SBP) in rats is still very useful, especially when the screening of large 

populations of animals and/or the follow-up of SBP over long time periods are 

involved (Fritz and Rinaldi, 2007). The blood pressure measurements obtained using 

the tail-cuff method did not show much variation over the treatment period of one 
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week. However, Stormer et al. (1993) reported that chronic administration of 0.5 g 

GA to humans has been associated with the development of pseudoaldosteronism 

and this includes symptoms such as electrolyte imbalance (hypernatraemia and 

hypokalaemia) and increased blood pressure in rats. Administration of 0.5 g of GA 

to humans daily for 3 to 10 days resulted in similar symptoms (Stormer et al., 1993). 

Such effects were due to the non- -

HSD1 but als -HSD2. Therefore, following the administration of GA, 

glucocorticoid activation of the mineralocorticoid receptor (MR) could result in 

mediation of physiological mineralocorticoid actions such as sodium reabsorption 

and potassium excretion which are associated with increased blood pressure resulting 

from renal sodium retention (Ferrari and Krozowski, 2000). However in our study, 

not much variation was noted in the blood pressure. This could be due to the length 

of exposure and dosages of GA used, which were shorter than those reported by 

Stormer and workers (1993).  

 

blood pressure in both diabetic animal models and human patients. Although not 

much variation in blood pressure was reported, there was a slight decrease in blood 

pressure in the GA-administered rats. Here, we postulate that there are two 

indirect mechanism. The direct mechanism is associated with 

the vasculature and kidney tubule while the secondary mechanism involves the 

(Dobrian, 2006). Normal Sprague Dawley rats fed 47 and 94 mg/kg of TZD was 

found by Song et al. (2004) to display a decrease in blood pressure after 3 days and 

the treatment using the lower dosage actually resulted in a lower blood pressure 

compared to the higher dose. The increase in blood pressure of spontaneously 

hypertensive rats was also suppressed upon oral administration of 300 mg/kg body 

weight ethanolic licorice extract for four weeks (Mae et al., 2003).  

 

Although the direct regulation of blood pressure control has been reported by 

researchers, the exact mechanism has not been elucidated. However, a breakthrough 

was discovered as both the endothelial and smooth muscle cells were identified as 

key cells involved in the amelioration of blood pressure (Dobrian, 2006). The up-
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d the inhibition of 

vasoconstrictors such as endothelin-1 (Iglarz et al., 2003) and stimulation of 

vasodilators such as nitric oxide (NO) in endothelial cells leading to decreased blood 

pressure (Ryan et al., 2004).  Down-regulation of the AT1 receptor upo

activation reduces vascular contractility in the smooth muscle cells also lead to lower 

blood pressure (Takeda et al., 2000). The normal function of the AT1 receptor 

increases sodium and water retention, thus leading to a sustained bout of 

hypertension (Dobrian, 2006).  

 

Hypertension in obesity arises from increased sodium reabsorption in the 

renal proximal tubule due to an increased renal sympathetic and renin-angiotensin 

system (RAS) activation (Dobrian, 2006). Although the blood pressure results in the 

present study did not show much variation over the treatment duration, the regulation 

Angiotensin II increases during hypertension (Dobrian, 2006) but activation of 

PP

receptor 1, thus leading to inhibition of the RAS (Ruan et al., 2008).  

 

Besides the RAS, leptin has also been shown to cause hypertension. A study 

by Rahmouni et al. (2005) showed that hyperleptinaemia caused by diet-induced 

obesity in mice resulted in increased renal sympathetic activity and increased blood 

through binding on the promoter region of the leptin gene (De Vos et al., 1995). 

Dobrian (2006) on the other hand postulated that the mechanism of blood pressure 

which ultimately has a direct tubular effect. The above was supported by findings of 

our research group where leptin concentration in GA-administered rats was no 

different compared to the control groups (unpublished results).  

 

-HSD2 in the kidney can cause 

hypertension, hypokalaemia and hypernatraemia (Stromer et al., 1993). However, it 

was not observed in the present study as the administration of GA to Sprague 

Dawley rats leads to increased expression of renal medulla cyclooxygenase type 2 

(COX- -HSD 2 inhibition (Yao et al., 2005). This will cause an increase 
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in the prostaglandin levels which have natriuretic and diuretic effects and lead to 

prevention of hypertensive state in rats (Yao et al., 2005). 

  

4.9  
 

Concern has been raised over the suitability of TZDs as anti-diabetic drugs as 

they have the potential to cause edema, cardiovascular complications and weight 

gain in spite of their effectiveness in alleviating blood glucose levels (Shearer and 

Billin, 2007). Thus, researchers are looking for natural substitutes for TZDs in view 

of retaining the same levels of efficacy but with reduced side effects. To date, 

polyunsaturated fatty acids have been reported to possess non-

ligand-binding activity and flavanoids, isoprenols and triterpene acids are the most 

recent compounds to exhibit such characteristics (Kuroda et al., 2003; Mae et al., 

2003). Both researches performed ligand binding assays on ethanolic root extracts of 

licorice and detected ligand-binding activity.  

 

Diabetic KK-Ay mice fed with approximately 100 to 300 mg/kg body weight 

ethanolic extract of licorice for four weeks resulted in a decrease in blood glucose 

and serum insulin levels while diet-induced obese C57BL mice displayed a reduction 

in the weight of the visceral adipose tissues upon similar treatment (Mae et al., 

2003). Studies done by Takii et al. (2001) and Kuroda et al. (2003) reported a 

decrease in blood glucose levels upon feeding of 4.1g/kg diet and 100mg/kg body 

weight GA to genetically diabetic KK-Ay mice for 7 weeks and 4 days respectively 

while Takii et al. (2001) showed a significant decrease in serum insulin levels as 

well. A different study involving obese diabetic KK-Ay mice fed with licorice extract 

for four weeks displayed a reduction in blood glucose levels and weight of 

abdominal fat (Nakagawa et al., 2004). Our results showed that GA may be a 

amelioration of blood glucose and serum insulin levels. 
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4.10 Postulated effects of G A 
 

-ligand binding activity 

using ligand binding assays (Kuroda et al., 2003; Mae et al., 2003). From the present 

ession 

observed in the subcutaneous adipose tissue while the lowest was seen in the kidney. 

Both the visceral and subcutaneous adipose tissues displayed the highest expression 

thus substantiating its importance in adipogenesis and adipocyte remodeling. 

Inc

skeletal muscles may indicate an increase in circulatory glucose uptake by increasing 

the translocation of glucose transporters to the cell membrane thus enhancing the 

circulatory glu

kidney, which plays an important role in the regulation of electrolyte concentration 

and blood pressure. The up-

expression levels coupled with a significant decrease in blood glucose and non-

significant decrease in serum insulin levels as well as a significant increase of 

HOMA-IR indicates improvement in insulin sensitivity due likely to ligand-binding 

e tissues, agonist action of GA on 

et al., 2006; Waki and Tontonoz 

2006) which stimulate (i) apoptosis of mature adipocytes and pre-adipocytes 

differentiations (Delle-Fera et al., 2000) and (ii) net influx of free fatty acids into 

-regulates 

GLUT4 and glucose kinase which in turn facilitate (i) the influx of glucose into 

skeletal muscle tissues and (ii) increase glycogen synthesis (Semple et al., 2006). 

with up-regulation of GLUT2 which increases hepatic glucose influx and glycogen 

synthesis.  

 

Up- pon 

-

HSD1 enzyme activity and an increase in the downstream LPL gene expression 

-HSD1 enzyme activity 

improves insulin sensitivity through a reduction in hepatic gluconeogenesis and 
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improved glucose uptake into peripheral organs (Dimitriadis et al., 1997) while the 

increase in LPL gene expression increases the storage of free fatty acids (Desvergne 

and Wahli, 1999). Thus, the acti

-HSD1 

enzyme activity and an increase in LPL gene expression.  

 

The insulin sensitizing effects of GA was based on the lowering of active GC 

- -

HSD1 is able to decrease the blood glucose levels by (i) increasing glucose uptake in 

the liver, skeletal muscles and adipose tissues via increasing translocation of glucose 

transporters to the cell surface membrane, (ii) decreasing hepatic gluconeogenesis 

and (iii) decreasing supply of gluconeogenic substrate by preventing proteolysis and 

lipolysis in the skeletal muscles and adipose tissues (Vegiopoulous and Verzig, 

2007; Savage et al., 2007).  

 

-HSD1 activities also decreases insulin resistance by 

decreasing lipolysis and hence preventing FFA-induced insulin resistance in the liver 

and peripheral tissues. Furthermore, a decrease in lipolysis (especially in the visceral 

depot) will prevent excessive secretion of VLDL and hence dyslipidaemia, thereby 

decreasing transport of free fatty acids to the liver. Furthermore, repartitioning of 

triacylglycerol from the visceral to the subcutaneous depot could help in preventing 

- -HSD2 activities in the 

subcutaneous and visceral adipose tissues.  

 

-HSD, LPL, insulin sensitizing 

properties, improved lipid profile and the regulation of blood pressure are 

summarized in Figure 4.1.  
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Figure 4.1: Postulated mechanisms of GA action.  

Note: Black font  Data from this study; Blue font  Data obtained from other studies done by our research group; Red font  Information obtained from publications. 
Abbreviations: FFA, Free fatty acid; TAG, Triacylglycerol; VLDL, Veryl-low-density lipoprotein; HDL, High density lipoprotein; Na+, Sodium; K+, Potassium; GLUT4, 
Glucose transporter 4; H6PDH, Hexose-6 phosphate dehydrogenase; PEPC

- -hydroxysteroid dehydrogenase.  



  

 

 

 

Chapter 5 
 

Conclusion 
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C O N C L USI O N 
 

The results of this study showed that the most effective route of GA 

administration was the oral route as there were no significant differences seen between 

the oral and intraperitoneal routes in the various parameters studied (i.e., blood glucose 

and serum insulin levels, lipid profile, 

as well as -HSD1 and 2 activities). Thus, all subsequent work was performed using 

oral administration. Although the administration of 100 and 150 mg/kg of GA was 

found to be the optimum concentration among the different dosages studied (25, 50, 75, 

100 and 150 mg/kg), there were no significant differences between the rats administered 

with either 100 mg/kg or 150 mg/kg of GA. Thus, 100 mg/kg GA was chosen as the 

optimum dosage for subsequent work as the lower dosage could produce a similar effect 

as that of the higher dosage. One week of GA administration yielded optimal effects on 

the various parameters measured when various time lines of 12, 24, 48 hours and one 

week were studied.  

 

Blood glucose and HOMA-IR were significantly decreased in rats orally-

administered with 100 mg/kg GA for 1 week (P < 0.05) while serum insulin displayed a 

non-significant decrease (P < 0.05). The decrease in blood glucose levels could account 

for the decrease in serum insulin levels. Thus, a reduction in the demand for insulin will 

cause a reduction in its synthesis, which indirectly signifies an improvement in insulin 

sensitivity.  

 

There were improvements in the lipid profile with a decrease in serum TAG, 

total cholesterol and LDL-cholesterol accompanied by an increase in HDL-cholesterol 

(P > 0.05). The increase in tissue LPL expression correlates with the improvement in 

lipid parameters in the GA-administered rats.  
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  activation in 

the liver, which in turn increased fatty acid transportation, thereby leading to a decrease 

-

-HSD1) could reduce hepatic very-low density 

lipoprotein (VLDL) levels, which in turn increases the oxidation of hepatic free fatty 

acid. This could cause the reduction in TAG as it is required to boost the VLDL 

secretion. The decrease in LDL-cholesterol in GA-administered rats may be due to the 

lowered levels of VLDL since LDL is a derivative of VLDL. Elevation of HDL-

cholesterol in GA-administered rats may be due to the increased apo A-I production 

since the rate of HDL synthesis is dependent on the production of apo A-I 

 

 Total PPAR , PPAR 1 and PPAR 2 expressions were significantly increased in 

the subcutaneous and visceral adipose tissues, abdominal muscle and quadriceps femoris 

(P < 0.05) while a non-significant increase was observed in the liver and the kidney (P > 

0.05). Similar to the expression of PPAR , the LPL expression was also significantly 

increased in the subcutaneous and visceral adipose tissues, abdominal muscle and 

quadriceps femoris (P < 0.05) while a non-significant increase was observed in the liver 

and the kidney (P > 0.05). 

homeostasis and lipid metabolism. Up- the liver and 

skeletal muscles enhances glucose uptake through the up-regulation of GLUT2 and 

GLUT4 respectively while the up-

adipogenesis, (ii) promotes apoptosis of mature, lipid-filled adipocytes and (iii) 

regulates the hormones and adipokines secreted in view of increasing insulin sensitivity. 

the kidneys, which has only a small contribution towards glucose homeostasis. 

Nevertheless, the low expression l

regulation of sodium exchange and blood pressure.  

 

11 -HSD1 was significantly decreased in all the studied tissues (P < 0.05) 

except for the subcutaneous adipose tissue while the 11 -HSD2 was significantly 
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decreased in all the six tissues (P < 0.05). The decrease in the 11 -HSD1 and 11 -HSD2 

activities may have lowered the active glucocorticoids in metabolically active tissues 

(eg: skeletal muscle), which in turn increased the translocation of the glucose transporter 

isotype 4 and 2 (GLUT-4 and GLUT-2) to facilitate the removal of glucose from the 

blood. This was supported by our data as there was a significant decrease in the blood 

glucose levels as well as an increase in glycogen storage in the liver, as demonstrated by 

histological studies on the liver and other tissues.  

 

Overall, this study has proven its importance by demonstrating the interlinking 

-HSD and LPL in reducing blood glucose and HOMA-IR and 

improving the lipid profile in rats. Studies on these parameters have not been reported 

before and thus this study highlighted the combined 

-HSD in combating the risk factors of metabolic syndrome. Effects of GA on these 

factors have also not been reported before and the present study demonstrated that it 

could play a role in modulating the expression of these parameters. 

 

F U T UR E W O R K 
 

Not much work has been done on the exact mechanism of the activation of 

-glucosidase 

inhibitors, sulfonylureas and biguanides in treating diabetes mellitus is slowly enticing 

researchers towards developing a natural substitute with fewer side effects.  

 

In order to confirm the postulation that GA could lead to the activation of 

PPRE-containing reporter construct. Examples of cell lines previously used were the 

NIH 3T3 and CV-1 fibroblast cells (Wang et al., 2000; Sato et al., 2002).  
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The use of rat models with metabolic syndrome risk factors (obese and diabetic 

rats such as Zucker diabetic fatty rats) would be highly advocated compared to just 

prolonging the treatment duration at the current dose with wild type rats. This is to 

ensure that the effects of GA could be more prominently observed in the former. 

Examples of these are illustrated, where (i) the hypoglycaemic effects of inhibition of 

-HSD1 by GA may only be mediated when there is excessive, but not basal glucose 

levels and (ii) the lower HOMA-IR, that is indicative of improved insulin sensitivity 

would be more meaningful in the insulin resistant state, rather than in an already insulin 

sensitive wild type rat.  

  

-oxidation was induced in the GA-administered group, 

investigation could be carried out on (i) the increase in the expression of genes coding 

-oxidation such as skeletal muscle isotype of carnitine 

palmitoyltransferase I (mCPT-I) and acyl-CoA oxidase (ACO) and (ii) a decreased 

respiratory quotient compared to the control.  
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APPE NDI X 1  
 
Equation for calculation of sample size 
 

m = (z  + z2 )2 [ 1 (1  1) + 2 (1  2)] / 2 

 

(z  + z )2  = ordinates for the normal distribution 

  when  power = 80%, (z  + z )2 = 7.849 

   power = 90%, (z  + z )2 = 10.507 

1  = proportion in the control group 

  = 0.05 

2  = proportion in the treated group 

  = 0.00 

  = difference in means 

  = 2  1  

  = significance level (taken to be 5%) 

 

(Campbell and Machin, 2002) 
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APPE NDI X 2 
Table A.2.1: Volume of respective reagents used for the preparation of glucose 
standards 

Standard G lucose 
(10 mmol/ L)/ L 

Protein Precipitate 
/mL F inal Volume/ mL 

F inal glucose 
concentration/ 

mmol/L 
100 5.9 6.0 5 

200 5.8 6.0 10 

300 5.7 6.0 15 

400 5.6 6.0 20 

 

 
Figure A2.1: Representative standard curve of glucose standards ranging from 5 to 20 
mmol/L.  
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Table A2.2: Volume of respective reagents used for the preparation of insulin standards 

Concentration of insulin 
standards/ ng/mL 

Volume of standard 
 

F inal insulin 
concentration/ ng/mL 

0.2 10 0.2 

0.5 10 0.5 

1.0 10 1.0 

2.0 10 2.0 

5.0 10 5.0 

10.0 10 10.0 

 

 
Figure A2.2: Representative standard curve of insulin standards ranging from 0.2 to 10 
ng/mL. 
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Table A.2.3: Volume of respective reagents used for the preparation of TAG standards 

Standard T A G 
(3.39 mmol/L)/ L    

F inal T A G 
concentration/ 

mmol/L 
2.2 12.8 15.0 0.50 

4.4 10.6 15.0 1.00 

8.8 6.2 15.0 2.00 

13.2 1.8 15.0 3.00 

 

y = 0.0241x
R² = 0.9989

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.00 1.00 2.00 3.00 4.00

TAG Concentration (mmol/L)

A
bs

or
ba

nc
e 

at
 6

00
 n

m

 
Figure A2.3: Representative standard curve of TAG standards ranging from 0.50 to 3.00 
mmol/L. 
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Table A.2.4: Volume of respective reagents used for the preparation of cholesterol 
standards 

Standard 
cholesterol 

 
  

F inal cholesterol 
concentration/ 

mg/dL 
1.9 8.1 10.0 1.00 

3.9 6.1 10.0 2.00 

5.8 4.2 10.0 3.00 

7.7 2.5 10.0 4.00 

9.7 0.3 10.0 5.00 

 

y = 0.0281x
R² = 0.9988
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Figure A2.4: Representative standard curve of cholesterol standards ranging from 1.00 
to 5.00 mmol/L. 
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Table A2.5: Volume of respective reagents used for the preparation of HDL-cholesterol 
standards 

Standard H D L-
cholesterol 

 

Distilled water 
  

F inal H D L-
cholesterol 

concentration/ 
mg/dL 

4.7 30.3 35.0 0.20 

9.5 25.5 35.0 0.40 

18.9 16.1 35.0 0.80 

28.4 6.6 35.0 1.20 

33.1 1.9 35.0 1.40 

 

y = 0.0792x
R² = 0.9981
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Figure A2.5: Representative standard curve of HDL-cholesterol standards ranging from 
0.20 to 1.40 mmol/L. 
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APPE NDI X 3  
Protocol for total mRN A extraction from liver and 
kidney (Q iagen, USA) 
 

30mg of liver and kidney tissues mentioned in Section 2.1.6.2 were snap frozen 

in liquid nitrogen and ground to fine powder under liquid nitrogen using a mortar and 

pestle. The suspension was transferred to an RNase-free, liquid-nitrogen-cooled 

microcentrifuge tube and the liquid nitrogen was all

buffer RLT (as per manufacturer) was added into each tube. The solution was mixed to 

ensure homogenous mixing prior to the transfer of the lysate into a Qiashredder spin 

column placed in a 2ml collection tube. The lysate was centrifuged at 16,000 x g for 2 

minutes to homogenize the tissue. The supernatant was transferred to a new 

of the mixture was transferred into an RNeasy spin column placed in a 2ml collection 

tube. The column was centrifuged at 10,000 x g for 15 seconds and the resulting flow-

through was discarded. The same centrifugation conditions were used for the remainder 

of the lysate.  

 

 ) was added into the RNeasy 

spin column and centrifuged at 10,000 x g for 15 seconds to wash the column 

membrane. The flow-through was again discarded and the spin column was transferred 

to another clean 2ml- ufacturer) was 

added into the spin column and centrifuged at 10,000 x g for 15 seconds. The flow-

through was discarded. The step was repeated with the same conditions except 

centrifugation duration was increased to two minutes instead of 15 seconds. The spin 

column was transferred to a new 2ml-collection tube and was centrifuged at 16,000 x g 

for one minute. The spin column was again transferred to a new 2ml-collection tube and 

-free water was added directly to the membrane. The spin column was 

centrifuged at 10,000 x g for one minute to elute the bound mRNA. 
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APPE NDI X 4  
Protocol for total mRN A extraction from 
abdominal and quadriceps femoris muscles 
(Q iagen, USA) 
 

30mg of abdominal and quadriceps femoris muscles mentioned in Section 

2.1.6.2 were snap frozen in liquid nitrogen and ground to fine powder under liquid 

nitrogen using a mortar and pestle. The suspension was transferred to an RNase-free, 

liquid-nitrogen-cooled microcentrifuge tube and the liquid nitrogen was allowed to 

evaporate. Then, 

vortex to ensure homogenous mixing prior to the transfer of the lysate into a 

Qiashredder spin column placed in a 2ml-collection tube. The lysate was centrifuged at 

16,000 x g for 2 minutes. 5

solution were added to the flow-through (eluent) and mixed thoroughly. The column 

was incubated at 55OC for 10 minutes in a water bath prior to centrifugation at 10,000 x 

g for three minutes. The supernatant was transferred into a new microcentrifuge tube 

mixture was transferred into an RNeasy spin column placed in a 2ml collection tube. 

The column was centrifuged at 10,000 x g for 15 seconds and the flow-through was 

discarded. The same centrifugation conditions were used for the rest of the lysate.  

 

spin column and centrifuged at 10,000 x g for 15 seconds to wash the column 

membrane. The flow-through was again discarded and the spin column was transferred 

to another clean 2ml-

added into the spin column and centrifuged at 10,000 x g for 15 seconds. The flow-

through was discarded. The step was repeated under the same conditions except 

centrifugation duration was increased to two minutes instead of 15 seconds. The spin 

column was transferred to a new 2ml collection tube and was centrifuged at 16,000 x g 
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for one minute. The spin column was again transferred to a new 2ml collection tube and 

-free water was added directly to the membrane. The spin column was 

centrifuged at 10,000 x g for one minute to elute the bound mRNA. 

 

APPE NDI X 5  
Protocol for total mRN A extraction from 
subcutaneous and visceral adipose tissues (Q iagen, 
USA) 
 

100mg of subcutaneous and visceral adipose tissue were cut into tiny pieces and 

placed into a 2ml-microcentrifuge tube. 1ml of QIAzol Lysis Reagent (as per 

manufacturer) and 20 stainless steel beads with diameters of approximately 5mm were 

immediately added into the microcentrifuge tube. The tissue was homogenized by 

vortexing for two minutes. The homogenate was transferred into a new 2ml-

microcentrifuge tube and placed at room temperature (25°C) for 5 minutes to ensure 

mixture was vortexed for 15 seconds before incubation at room temperature for 3 

minutes. Then, the tube was centrifuged at 4ºC and 12,000 x g for 15 minutes. The 

an RNeasy spin column placed in a 2ml-collection tube and centrifuged at 10,000 x g for 

15 seconds. The flow-through was discarded. The same centrifugation conditions were 

repeated for the rest of the mixture. 

 

spin column and centrifuged at 10,000 x g for 15 seconds to wash the column 

membrane. The flow-through was again discarded and the spin column was transferred 
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added into the spin column and centrifuged at 10,000 x g for 15 seconds. The flow-

through was discarded. The step was repeated with the same conditions except 

centrifugation duration was increased to two minutes instead of 15 seconds. The spin 

column was transferred to a new 2ml-collection tube and centrifuged at 16,000 x g for 

one minute. The spin column was again transferred to a new 2ml-collection tube and 

-free water was added directly to the membrane. The spin column was 

centrifuged at 10,000 x g for one minute to elute the bound mRNA. 

 

APPE NDI X 6 
Table A6.1: Reaction mixture for RNase-free DNase treatment 

Reaction mixture 1X reaction mixture F inal concent ration 

   

RQ1 RNase-free DNase 10X reaction buffer  1X 

RQ1 RNase-   5 units 

Total  - 
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APPE NDI X 7 
Table A7.1: Reaction mixture for cDNA synthesis 

Reaction mixture 
1X reaction 

mixture 
F inal concent ration 

10X Buffer Reverse Transcriptase  1X 

dNTP Mix (5mM each dNTP)  0.5mM each dNTP 

Oligo-   1mM 

  10 units 

Omniscript Reverse Transcriptase  4 units 

RNase-free water  - 

RNA template   

Total  - 
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APPE NDI X 8 
Table A8.1  

Primer/Probe  Length (bp) Tm(O C) Amplicon size (bp) 

 TATGCTGTTATGGGTGAAACTC 22 64 

91  CTTGTGAAGTGCTCATAGGC 20 62 

 (6-Fam)CCTCCTGTTGACCCAGAGC(BHQ1) 18 91 

primer CCCTGGCAAAGCATTTGTAT 20 58 

100 primer GGTGATTTGTCTGTTGTCTTTCC 23 66 

 (6-Fam)TCCTTCCCGCTGACCA(BHQ1) 16 84 

LPL forward primer CAGCAAGGCATACAGGTG 18 58 
 

143 
 

LPL reverse primer CGAGTCTTCAGGTACATCTTAC 22 60 

LPL LNA probe (6-Fam)TTCTCTTGGCTCTGACC(BHQ1) 17 88 

BAC forward primer GTATGGGTCAGAAGGACTCC 20 62 
 

80 
 

BAC reverse primer GTTCAATGGGGTACTTCAGG 20 60 

BAC LNA probe (TET)CCTCTCTTGCTCTGGGC(BHQ1) 17 90 
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Figure A8.1:  Rattus norvegicus peroxisome proliferator-activated receptor gamma 
(Pparg) mRNA (1518bp) [NCBI Accession Number: NM_013124.2]. 

  
1        ATGGGTGAAA  CTCTGGGAGA  TCCTCCTGTT  GACCCAGAGC  ATGGTGCCTT  CGCTGATGCA  

61      CTGCCTATGA  GCACTTCACA  AGAAATTACC  ATGGTTGACA  CAGAGATGCC  ATTCTGGCCC  

121    ACCAACTTCG  GAATCAGCTC  TGTGGACCTC  TCTGTGATGG  ATGACCACTC  CCATTCCTTT  

181    GACATCAAAC  CCTTTACCAC  GGTTGATTTC  TCCAGCATTT  CTGCTCCACA  CTATGAAGAC  

241    ATCCCGTTCA  CAAGAGCTGA  CCCAATGGTT  GCTGATTACA  AATATGACCT  GAAGCTCCAA  

301    GAATACCAAA  GTGCGATCAA  AGTAGAGCCT  GCGTCCCCGC  CTTATTATTC  TGAAAAAACC  

361    CAACTCTACA  ACAGGCCACA  TGAAGAGCCT  TCAAACTCCC  TCATGGCCAT  CGAGTGCCGA  

                                                                              TOTAL  PPAR  cloning(F)    
                                                                                  -------------------->    
421    GTCTGTGGGG  ATAAAGCATC  AGGCTTCCAC  TATGGAGTCC  ATGCTTGTGA  AGGATGCAAG  

481    GGTTTTTTCC  GAAGAACCAT  CCGATTGAAG  CTTATTTATG  ATAGGTGTGA  TCTTAACTGT  

541    CGGATCCACA  AAAAGAGTAG  AAATAAATGT  CAGTACTGTC  GGTTTCAGAA  GTGCCTTGCT  

601    GTGGGGATGT  CTCACAATGC  CATCAGGTTT  GGGCGAATGC  CACAGGCCGA  GAAGGAGAAG  

661    CTGTTGGCGG  AGATCTCCAG  TGATATCGAC  CAGCTGAACC  CAGAGTCTGC  TGATCTGCGA  

              TOTAL  PPAR  (F)    
            --------------------->                                   
721    GCCCTGGCAA  AGCATTTGTA  TGACTCATAC  ATAAAGTCCT  TCCCGCTGAC  CAAAGCCAAG  
                                                                                        <-----------------        
                                                                                        TOTAL  PPAR  LNA  PROBE  

781    GCGAGGGCGA  TCTTGACAGG  AAAGACAACA  GACAAATCAC  CATTTGTCAT  CTACGACATG  

                                                <-------------------------  
                                                      TOTAL  PPAR  (R)  
841    AATTCCTTAA  TGATGGGAGA  AGACAAAATC  AAGTTCAAAC  ATATCACCCC  CCTGCAGGAG  

901    CAGAGCAAAG  AGGTGGCCAT  CCGCATTTTT  CAAGGGTGCC  AGTTTCGATC  CGTGGAAGCT  

                                                            <---------------------  
                                                      TOTAL  PPAR  cloning(R)  
961    GTGCAAGAGA  TCACAGAGTA  TGCCAAAAAT  ATCCCTGGTT  TCATTAACCT  TGACTTGAAT  

1021  GACCAAGTGA  CTCTGCTCAA  GTATGGTGTC  CATGAGATCA  TCTACACCAT  GCTGGCCTCC  

1081  CTGATGAATA  AAGATGGAGT  CCTCATATCA  GAGGGACAAG  GATTCATGAC  CAGGGAGTTC  

1141  CTCAAAAGCC  TGCGGAAGCC  CTTTGGTGAC  TTTATGGAGC  CTAAGTTTGA  GTTTGCTGTG  

1201  AAGTTCAATG  CACTGGAATT  AGATGACAGT  GACTTGGCCA  TATTTATAGC  TGTCATTATT  

1261  CTCAGTGGAG  ACCGCCCAGG  CTTGCTGAAC  GTGAAGCCCA  TCGAGGACAT  CCAAGACAAC  

1321  CTGCTGCAGG  CCCTGGAACT  CCAGCTGAAG  CTGAACCACC  CGGAGTCCTC  CCAGCTGTTC  

1381  GCCAAGGTGC  TCCAGAAGAT  GACAGACCTC  AGGCAGATTG  TCACAGAGCA  CGTGCAGCTA  

1441  CTGCATGTGA  TCAAGAAGAC  GGAGACAGAT  ATGAGCCTTC  ACCCTCTGCT  CCAGGAGATC  

1501  TACAAGGACT  TGTATTAG  
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Figure A8.2: Rattus norvegicus peroxisome proliferator-activated receptor gamma 2 
(Pparg2) mRNA (1785bp) [NCBI Accession Number: AF156666]. 

 
              PPARGAMMA2  cloning  (F)                          PPARGAMMA2  (F)    
                    --------------------->                              -----------------------    
1        GGCACGAGCA  TCAGTGGGAA  TTAAGGCAAA  TCTCTGTTTT  ATGCTGTTAT  GGGTGAAACT  
  
          ->  
61      CTGGGAGATC  CTCCTGTTGA  CCCAGAGCAT  GGTGCCTTCG  CTGATGCACT  GCCTATGAGC  
                            <--------------------                                                <-----------  
                        PPARGAMMA2  LNA  PROBE                                  PPARGAMMA2    

121    ACTTCACAAG  AAATTACCAT  GGTTGACACA  GAGATGCCAT  TCTGGCCCAC  CAACTTCGGA  

          ---------      
            (R)  
  
181    ATCAGCTCTG  TGGACCTCTC  TGTGATGGAT  GACCACTCCC  ATTCCTTTGA  CATCAAACCC  

241    TTTACCACGG  TTGATTTCTC  CAGCATTTCT  GCTCCACACT  ATGAAGACAT  CCCGTTCACA  

301    AGAGCTGACC  CAATGGTTGC  TGATTACAAA  TATGACCTGA  AGCTCCAAGA  ATACCAAAGT  

361    GCGATCAAAG  TAGAGCCTGC  GTCCCCGCCT  TATTATTCTG  AAAAAACCCA  ACTCTACAAC  

421    AGGCCACATG  AAGAGCCTTC  AAACTCCCTC  ATGGCCATCG  AGTGCCGAGT  CTGTGGGGAT  

481    AAAGCATCAG  GCTTCCACTA  TGGAGTCCAT  GCTTGTGAAG  GATGCAAGGG  TTTTTTCCGA  

541    AGAACCATCC  GATTGAAGCT  TATTTATGAT  AGGTGTGATC  TTAACTGTCG  GATCCACAAA  

            <---------------------  
          PPARGAMMA2  cloning(R)  

601    AAGAGTAGAA  ATAAATGTCA  GTACTGTCGG  TTTCAGAAGT  GCCTTGCTGT  GGGGATGTCT  

661    CACAATGCCA  TCAGGTTTGG  GCGAATGCCA  CAGGCCGAGA  AGGAGAAGCT  GTTGGCGGAG  

721    ATCTCCAGTG  ATATCGACCA  GCTGAACCCA  GAGTCTGCTG  ATCTGCGAGC  CCTGGCAAAG  

781    CATTTGTATG  ACTCATACAT  AAAGTCCTTC  CCGCTGACCA  AAGCCAAGGC  GAGGGCGATC  

841    TTGACAGGAA  AGACAACAGA  CAAATCACCA  TTTGTCATCT  ACGACATGAA  TTCCTTAATG  

901    ATGGGAGAAG  ACAAAATCAA  GTTCAAACAT  ATCACCCCCC  TGCAGGAGCA  GAGCAAAGAG  

961    GTGGCCATCC  GCATTTTTCA  AGGGTGCCAG  TTTCGATCCG  TGGAAGCTGT  GCAAGAGATC  

1021  ACAGAGTATG  CCAAAAATAT  CCCTGGTTTC  ATTAACCTTG  ACTTGAATGA  CCAAGTGACT  

1081  CTGCTCAAGT  ATGGTGTCCA  TGAGATCATC  TACACCATGC  TGGCCTCCCT  GATGAATAAA  

1141  GATGGAGTCC  TCATATCAGA  GGGACAAGGA  TTCATGACCA  GGGAGTTCCT  CAAAAGCCTG  

1201  CGGAAGCCCT  TTGGTGACTT  TATGGAGCCT  AAGTTTGAGT  TTGCTGTGAA  GTTCAATGCA  

1261  CTGGAATTAG  ATGACAGTGA  CTTGGCCATA  TTTATAGCTG  TCATTATTCT  CAGTGGAGAC  

1321  CGCCCAGGCT  TGCTGAACGT  GAAGCCCATC  GAGGACATCC  AAGACAACCT  GCTGCAGGCC  

1381  CTGGAACTCC  AGCTGAAGCT  GAACCACCCG  GAGTCCTCCC  AGCTGTTCGC  CAAGGTGCTC  

1441  CAGAAGATGA  CAGACCTCAG  GCAGATTGTC  ACAGAGCACG  TGCAGCTACT  GCATGTGATC  

1501  AAGAAGACGG  AGACAGATAT  GAGCCTTCAC  CCTCTGCTCC  AGGAGATCTA  CAAGGACTTG  



   267  

1561  TATTAGCAGA  AAAGTCCCAG  TCGCTGACAA  AGTGTTCCTT  CTATCGATTG  CACTATTATT  

1621  TTGAGGGAAA  AAAATCTGAC  ACCTAAGAAA  TTTACTGTGA  AAAAAGCATT  TAAAAACAAA  

1681  AAGTTTTAGA  ACATGATCTA  TTTTATGCAT  ATTGTTTATA  AAGATACATT  TACAATTTAC  

1741  TTTTAATATT  AAAAATTACC  ACACTAAAAA  AAAAAAAAAA  AAAAA  
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Figure A8.3: Rattus norvegicus lipoprotein lipase mRNA (3055bp) [NCBI Accession 
Number: BC081836]. 

 
1        CTCCTCCAAG  AAATTCTGCC  CCTTGTAGCT  GTTCTGCCCT  CCCCTTTAAA  GGTTGACTTG  

61      CCCCGCGGCG  CTCCACCGCG  CTCTAGTCCT  CTGACGCCTC  CGGCTCAACC  CTTTGCAACG  

121    CGGATCCCCG  CCCGCCTGAC  TGCCCGCGCA  GCGCAGTTCC  AGCAGCAAAG  CAGAAGGGCG  

181    CGCCCGGAGA  TGGAGAGCAA  AGCCCTGCTC  CTGGTGGCCC  TGGGAGTTTG  GCTCCAGAGT  

241    TTGACCGCCT  TCCGCGGAGG  GGTGGCCGCA  GCAGACGGGG  GAAGAGATTT  CTCAGACATC  

301    GAAAGTAAAT  TTGCCCTAAG  GACCCCTGAA  GACACAGCTG  AGGACACTTG  TCATCTGATT  

361    CCTGGATTAG  CAGACTCTGT  GTCTAACTGC  CACTTCAACC  ACAGCAGCAA  AACCTTTGTG  

421    GTGATCCATG  GATGGACGGT  GACAGGAATG  TATGAGAGTT  GGGTGCCCAA  ACTTGTGGCT  

481    GCCCTATACA  AAAGAGAACC  TGACTCCAAT  GTCATTGTAG  TAGACTGGTT  GTATCGGGCC  

541    CAGCAACATT  ATCCAGTGTC  TGCCGGCTAT  ACCAAGCTGG  TGGGAAATGA  TGTGGCCAGG  

601    TTCATCAACT  GGTTGGAGGA  AGAATTTAAC  TACCCCCTAG  ACAATGTCCA  CCTCTTAGGG  

661    TACAGTCTTG  GAGCCCATGC  TGCTGGCGTG  GCAGGAAGTC  TGACCAACAA  GAAGGTCAAT  

721    AGAATTACTG  GCTTGGATCC  AGCTGGGCCT  AACTTTGAGT  ATGCAGAAGC  CCCTAGTCGC  

781    CTTTCTCCTG  ATGATGCGGA  TTTCGTAGAT  GTCTTACACA  CATTTACCAG  GGGGTCGCCT  

841    GGTCGAAGTA  TTGGGATCCA  GAAACCAGTA  GGGCATGTTG  ATATTTATCC  CAATGGAGGC  

901    ACTTTCCAGC  CAGGATGCAA  CATTGGAGAA  GCCATTCGTG  TAATTGCAGA  GAAGGGGCTT  

961    GGAGATGTGG  ACCAGCTGGT  GAAGTGCTCG  CACGAGCGCT  CCATCCATCT  CTTCATTGAC  

                                                                      LPL  (F)    
                                                              ------------------>    
1021  TCCCTGCTGA  ATGAAGAAAA  CCCCAGCAAG  GCATACAGGT  GCAATTCCAA  GGAGGCATTT  

1081  GAGAAAGGGC  TCTGCCTGAG  TTGCAGAAAG  AATCGCTGTA  ACAACGTGGG  CTATGAGATC  

1141  AACAAGGTCA  GAGCCAAGAG  AAGCAGTAAG  ATGTACCTGA  AGACTCGCTC  TCAGATGCCC  

                    <-----------------        <-----------------------  
                        LPL  LNA  PROBE              LPL  (R)  
1201  TACAAAGTAT  TCCATTACCA  AGTCAAGATT  CACTTTTCTG  GAACTGAGAA  TGACAAGCAA  

1261  AACAACCAGG  CCTTCGAGAT  TTCTCTGTAT  GGCACAGTGG  CTGAAAGTGA  GAACATTCCC  

1321  TTCACCCTGC  CGGAGGTCGC  CACAAATAAA  ACCTACTCCT  TCTTGATTTA  CACGGAGGTG  

1381  GACATCGGGG  AATTGCTGAT  GATGAAGCTT  AAGTGGAAGA  ACGACTCCTA  CTTCCGCTGG  

1441  TCAGACTGGT  GGAGCAGTCC  CAGCTTTGTC  ATCGAGAAGA  TCCGAGTGAA  AGCCGGAGAG  

1501  ACTCAGAAAA  AGGTCATCTT  CTGTGCCAGG  GAGAAAGTTT  CTCATCTGCA  GAAAGGAAAG  

1561  GACGCTGCAG  TGTTTGTGAA  ATGCCATGAC  AAGTCTCTGA  AGAAGTCGGG  CTGACACTGG  

1621  ACAAACCAAC  AAGAGAAGAA  AGCATCTGAG  TTCTTTGAAG  ACCGAAGAAA  ATGAAGTAAA  

1681  TTTTATTTAA  AAAAAATACC  CTTGTTTGGG  TGTTTGAAAG  TGGATTTTCC  TGAGTATTAA  

1741  TCCCAGCTAT  ATCTTGTTAG  TTAAATAGAA  GACAGTGTCA  AATATTAAAA  GGTGGCTAAC  

1801  ACAACGTGAG  GAACCTAATG  GCCGATAGCA  TGTCCTCCAG  CATCAGAAGA  CAGCAGAGAG  
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1861  GAGAAGCATG  CCATCTTATA  TCCCTTAAGA  AGGAATCATT  TGTTCCCAAC  CATACAAGAC  

1921  TCCTTCATGT  GACCCATTTG  GTCATGGTCT  AAAATTAGTA  AGGGCCTCTT  ATTTTCATTA  

1981  GATCTCTGAG  GTTTTAAATT  GAGACCTTCT  CAAAGTTCTC  TTGAAGTCTA  ATATAGACAA  

2041  CATTTTTTTG  TGCTGTGAGT  CAGATCCATT  TCTTTAGCAG  TTGAAACAGC  TGGCCATTGT  

2101  AACTAGTTCT  TTTACCATCA  GGATATAGCA  CCCCTACCAA  ATAAAATAAA  TAAATAAAGT  

2161  GACCAGGGAC  ATGTGACTTT  GCAAAAGCAA  TGGAAGACGT  GGCTCGTGGA  TTCCTGACCC  

2221  TTAGTCCCAC  CACAACGAAG  TACAAGTCAG  TAGAGGTACA  AAACCTAGAC  TGAGTAATTC  

2281  TTAGTAGACT  TCAAGTTTTA  TGGCTTAATT  CCTCTGTCTT  TTAAAAACGT  GTCACATATT  

2341  ATAACATTAT  TCTCTAGACA  GATGTTGAAA  TGAGCTTGTG  ATTCAGGTGA  CATATGAATT  

2401  GAGCTGAGAG  AAAATAATGC  CCTGGCTGAT  TTTATTTCTC  TGTTTTGCTT  TCTTGAGAAA  

2461  AGGAATACTT  GTCCCACTCC  GTATCTGAGC  CTGACCAAGA  ACTAAACTAT  GTACTTCAGG  

2521  CTTACCTTGA  ACTCTCAACC  ATCCTGCCTT  GGCTTCCTGA  GTGCTGGGAG  CTTGATAACC  

2581  ATAATTTTAT  TATCAGATTT  TTCTTAGTCA  TTTTCACCAA  TAGAACACAT  TCAATGCCCA  

2641  ATCGTTAGCA  TTTCGTTTGA  GACTCATCTT  GACCGTACCT  CTGTCACACG  TCTAACACAT  

2701  CACATTAATT  TCTAGTTTAG  AAGTGATCAA  GTTCAAATTC  TGCACTGCGC  AAAGTACAAG  

2761  TTTTAGAGCA  GGACCATTTT  TTTTTACCAC  GTAAAAGTCG  AAATTACTAG  GAAATGTGTA  

2821  TATCGATGCT  TGTACACTGT  TGCGTGCAAA  GTGAGGAGCC  TTCTATTGTG  ATAGCCATAG  

2881  ACAGTACCAG  GCTCGTTGCC  GCTCTTTTGT  TTTACTATAA  AAAAATCAAT  AATGAAGAAT  

2941  TATTTATGAA  CAAGATCTCA  TATGTTCAGA  TTGCTTTTAC  TATTCATCAA  TATAAAATGT  

3001  TAAAAAAAAA  TAAAACAAGT  TCTATCTCAG  AAAAAAAAAA  AAAAAAAAAA  AAAAA  
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Figure A8.4: Rattus norvegicus -actin mRNA (1296bp) [NCBI Accession Number: 
BC063166]. 

 
1        GGGGTCGAGT  CCGCGTCCAC  CCGCGAGTAC  AACCTTCTTG  CAGCTCCTCC  GTCGCCGGTC  

61      CACACCCGCC  ACCAGTTCGC  CATGGATGAC  GATATCGCTG  CGCTCGTCGT  CGACAACGGC  

121    TCCGGCATGT  GCAAGGCCGG  CTTCGCGGGC  GACGATGCTC  CCCGGGCCGT  CTTCCCCTCC  

                                                                            BAC  (F)    
                                                                                          --------------------->    
181    ATCGTGGGCC  GCCCTAGGCA  CCAGGGTGTG  ATGGTGGGTA  TGGGTCAGAA  GGACTCCTAC  

241    GTGGGCGACG  AGGCCCAGAG  CAAGAGAGGC  ATCCTGACCC  TGAAGTACCC  CATTGAACAC  

                                    <-----------------                    --------------------->  
                                        BAC  LNA  PROBE                            BAC  (R)  
301    GGCATTGTCA  CCAACTGGGA  CGATATGGAG  AAGATTTGGC  ACCACACTTT  CTACAATGAG  

361    CTGCGTGTGG  CCCCTGAGGA  GCACCCTGTG  CTGCTCACCG  AGGCCCCTCT  GAACCCTAAG  

421    GCCAACCGTG  AAAAGATGAC  CCAGATCATG  TTTGAGACCT  TCAACACCCC  AGCCATGTAC  

481    GTAGCCATCC  AGGCTGTGTT  GTCCCTGTAT  GCCTCTGGTC  GTACCACTGG  CATTGTGATG  

541    GACTCCGGAG  ACGGGGTCAC  CCACACTGTG  CCCATCTATG  AGGGTTACGC  GCTCCCTCAT  

601    GCCATCCTGC  GTCTGGACCT  GGCTGGCCGG  GACCTGACAG  ACTACCTCAT  GAAGATCCTG  

661    ACCGAGCGTG  GCTACAGCTT  CACCACCACA  GCTGAGAGGG  AAATCGTGCG  TGACATTAAA  

721    GAGAAGCTGT  GCTATGTTGC  CCTAGACTTC  GAGCAAGAGA  TGGCCACTGC  CGCATCCTCT  

781    TCCTCCCTGG  AGAAGAGCTA  TGAGCTGCCT  GACGGTCAGG  TCATCACTAT  CGGCAATGAG  

841    CGGTTCCGAT  GCCCCGAGGC  TCTCTTCCAG  CCTTCCTTCC  TGGGTATGGA  ATCCTGTGGC  

901    ATCCATGAAA  CTACATTCAA  TTCCATCATG  AAGTGTGACG  TTGACATCCG  TAAAGACCTC  

961    TATGCCAACA  CAGTGCTGTC  TGGTGGCACC  ACCATGTACC  CAGGCATTGC  TGACAGGATG  

1021  CAGAAGGAGA  TTACTGCCCT  GGCTCCTAGC  ACCATGAAGA  TCAAGATCAT  TGCTCCTCCT  

1081  GAGCGCAAGT  ACTCTGTGTG  GATTGGTGGC  TCTATCCTGG  CCTCACTGTC  CACCTTCCAG  

1141  CAGATGTGGA  TCAGCAAGCA  GGAGTACGAT  GAGTCCGGCC  CCTCCATCGT  GCACCGCAAA  

1201  TGCTTCTAGG  CGGACTGTTA  CTGAGCTGCG  TTTTACACCC  TTTCTTTGAC  AAAACCTAAC  

1261  TTGCGCAAAA  AAAAAAAAAA  AAAAAAAAAA  AAAAAA  
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APPE NDI X 9 
Table A9.1: Optimi
qRT-PCR 

Reaction mixture 1X reaction mixture F inal concent ration 

  1X 

  0.3µM 

  0.3µM 

LNA Dual-labeled Fluorogenic 

Probe 

 0.3µM 

RNase-free water  - 

cDNA template  0.1µl 

Total 25µl - 
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APPE NDI X 10  
Standard Curve Construction for Quantification of total 

 

 

10.1  Total RN A extraction 
 

Total RNA extracted from male Rattus norvegicus tissues was used as a template 

for PCR amplification of total PPAR  -step RT PCR procedure 

for cloning into the pDrive vector. Spectrophotometric analysis of extracted RNA in 

10mM TrisCl, pH 7.5 revealed good purity characterized by an average A260/A280 ratio 

of 1.92  0.03 and 2.01  0.05 respectively. Electrophoretic analysis with 1.2% agarose 

gel showed good RNA integrity (Figure A10.1).  Extracted RNA from different tissues 

showed good integrity; as seen by the relative intactness of the 28S rRNA (4700bp) and 

18S rRNA (1900bp) bands.  

 

 

10.2 PC R optimization and amplification 
 

Several annealing temperatures were tested to obtain the optimum temperature 

 of increasing 

annealing temperature with reduced amount of amplicon was observed. Accumulation 

of non-specific amplifications products was not observed at lower temperature (Figure 

A10.2 a and b).  
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Figure A10.1: Gel image of total RNA extracted from rat tissues separated by gel 
electrophoresis.  

Lane 1: ssRNA Ladder (Qiagen), Lane 2: Liver tissues, Lane 3 and 4: Kidney tissues, 

Lane 5: Abdominal muscle, Lane 6: Quadriceps femoris muscle, Lane 7: Visceral 

adipose tissue, Lane 8: Subcutaneous adipose tissues.  
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Figure A10.2a: Agarose gel electrophoresis of PCR annealing temperature optimization 
                            

Lane 1: Hyperladder IV (Bioline), Lane 2: 64.1°C, Lane 3: 61.6°C, Lane 4: 57.7°C, 

Lane 5: 55.8°C 

 

491 bp 

2.0 kb 

1.5 kb 

900 bp 
700 bp 
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Figure A10.2b: Agarose gel electrophoresis of PCR annealing temperature optimization 

 

Lane 1: Hyperladder IV (Bioline), Lane 2: 64.0°C, Lane 3: 62.1°C, Lane 4: 60.4°C, 

Lane 5: 58.8°C, Lane 6: 56.9°C, Lane 7: 55.0°C 
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700 bp 
600 bp 
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10.3 C loning and t
 

 
A series of competent cells with molar ratio of vector to PCR-amplified total 

P was 

prepared, with the 1:10 ratio producing the highest transformation efficiency of 5 x 107 

 

 

Positive control was included by cloning a non-recombinant pDrive plasmid into 

QIAGEN EZ Competent Cells. Inclusion of the positive control allowed validation of 

the competency of the host cells as well as the functionality of ampicillin, IPTG and X-

Gal.  

 

10.4 Selection of transformants 
 

Screening of clones was performed based on the IPTG X-Gal induction method 

(Figure A10.3). Following the transformant screening, 18 recombinant clones 

designated as W1 to W18 and 2 non-recombinant clones was included as negative 

control designated as B1 and B2 were cultured in LB Broth before subjected to plasmid 

extraction.  

 

10.5 Purification of plasmid from transformants  
 

Plasmids were extracted from transformants grown for 16 hours in LB Broth 

supplemented with ampicillin. The extracted plasmids were subjected to gel 

electrophoresis. High intensity of extracted plasmid bands was observed (Figure A10.4).  

 

Like other uncut plasmids, extracted pDrive plasmid (3.85kb) when analysed in 

agarose gel showed at least two topologically-different DNA forms corresponding to the 
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supercoiled forms and open-circular (nicked) forms. Supercoiled pDrive plasmid 

exhibited the fastest migration rate while the open-circular plasmid DNA migrated 

slower.  

 

10.6 Restr iction digestion of recombinant pDrive  

 plasmid by EcoRI 
 

The multiple cloning site of pDrive plasmid resides within flanking EcoRI 

digestion sites. Restriction digestion with EcoRI was performed on the extracted 

plasmid to screen the transformants for recombinant clones. Following restriction 

analysis of EcoRI-digested plasmid via agarose electrophoresis, recombinant clones 

fragments (Figure A10.5a and b). The presence of these bands indicated that the insert 

of interest had been successfully cloned into the pDrive plasmid.  

 

In contrast, non-recombinant plasmid isolated from blue forming colony in IPTG 

X-Gal selection (negative control) subjected to restriction digestion with EcoRI had no 

s. 

 

10.7 Plasmid sequencing 
 

Sequencing of recombinant pDrive plasmid was performed to verify the identity 

to nucleotide sequence similarity search using BLASTN (Altschul et al., 1990), the 

identity of the inserts in the recombinant pDrive plasmid was confirmed to be total 
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Figure A10.3: Recombinant clone screening based on blue-white X-Gal IPTG selection.  

Blue colonies are transformed cells containing non-recombinant pDrive plasmid 
whereas transformed cells possessing recombinant pDrive plasmid had white colonial 
morphology. 
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Figure A10.4: Agarose gel electrophoresis of plasmids extracted from cultured 
transformants.     

Lane 1: 1kb DNA Ladder, Lane 2: W1 plasmid, Lane 3: W2 plasmid, Lane 4: W3 

plasmid, Lane 5: W4 plasmid, Lane 6: W5 plasmid, Lane 7: W6 plasmid, Lane 8: W7 

plasmid, Lane 9: W8 plasmid, Lane 10: B1 plasmid and Lane 11: B2 plasmid.  

 

  



   280  

10.8  Absolute quantification of total  

         

10.8.1  
 

ed 

to spectrophotometric quantification prior to serial dilution of the plasmid. The plasmid 

with a starting template concentration of 3.61 x 1011 copy numbers per µg of mRNA 

were subjected to a series of dilutions to concentrations of 3.61 x 109, 3.61 x 107, 3.61 x 

105 and 3.61 x 103 copy numbers per µg of mRNA. The standard curve was represented 

as log copy number against Ct values (Figure A10.7). 

 

10.8.2  
  

A similar procedure to that in Section 3.3.3.1 was adhered to for the construction 

starting template concentration of 1.07 x 1011 copy numbers per µg of mRNA. The 

plasmids were then subjected to a series of dilutions to concentrations of 1.07 x 109, 

1.07 x 107, 1.07 x 105 and 1.07 x 103 copy numbers per µg of mRNA. The standard 

curve was also represented as log copy number against Ct values (Figure A10.8). 

 

10.8.3 -
time PC R (qR T-PC R) products  

  

 The products derived from qRT- -actin 

(BAC) was subjected to electrophoresis on a 4% (w/v) agarose gel. The expected 
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amplico

respectively. The presence of single bands in accordance to the expected amplicon sizes 

after amplification indicated the successful amplification of the amplicons. Figures 

A10.9, 1

and BAC respectively. 
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Figure A10.5a: Restriction analysis of pDrive recombinant clone with EcoRI.                                  

Lane 1: 1 kb Ladder, Lane 2: uncut pDrive plasmid, Lane 3: EcoRI digested pDrive 

Lane 4: uncut pDrive plasmid, Lane 5: EcoRI digested pDrive plasmid with two bands 

gment), Lane 6: uncut pDirve 

plasmid (negative control), Lane 7: EcoRI digested pDrive plasmid (negative control), 

Lane 8: 100 bp Ladder.  
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Figure A10.5b: Restriction analysis of pDrive recombinant clone with EcoRI.                                  

Lane 1: 1 kb Ladder, Lane 2: uncut pDrive plasmid, Lane 3: EcoRI digested pDrive 

Lane 4: uncut pDrive plasmid, Lane 5: EcoRI digested pDrive plasmid with two bands 

plasmid (negative control), Lane 7: EcoRI digested pDrive plasmid (negative control), 

Lane 8: 100 bp Ladder.  
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ref|NM_013124.3|     Rattus  norvegicus  peroxisome  proliferator-activated  
receptor  gamma  (Pparg),  transcript  variant  1,  mRNA  
Length=1805  
  
GENE ID: 25664 Pparg  |  peroxisome  proliferator-activated  receptor  gamma  
[Rattus  norvegicus]  (Over  100  PubMed  links)  
  
  Score  =  907  bits  (491),    Expect  =  0.0  
  Identities  =  491/491  (100%),  Gaps  =  0/491  (0%)  
  Strand=Plus/Plus  
  
  
Query    1          TGGAGTCCATGCTTGTGAAGGATGCAAGGGTTTTTTCCGAAGAACCATCCGATTGAAGCT    60  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    539      TGGAGTCCATGCTTGTGAAGGATGCAAGGGTTTTTTCCGAAGAACCATCCGATTGAAGCT    598  
  
Query    61        TATTTATGATAGGTGTGATCTTAACTGTCGGATCCACAAAAAGAGTAGAAATAAATGTCA    120  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    599      TATTTATGATAGGTGTGATCTTAACTGTCGGATCCACAAAAAGAGTAGAAATAAATGTCA    658  
  
Query    121      GTACTGTCGGTTTCAGAAGTGCCTTGCTGTGGGGATGTCTCACAATGCCATCAGGTTTGG    180  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    659      GTACTGTCGGTTTCAGAAGTGCCTTGCTGTGGGGATGTCTCACAATGCCATCAGGTTTGG    718  
  
Query    181      GCGAATGCCACAGGCCGAGAAGGAGAAGCTGTTGGCGGAGATCTCCAGTGATATCGACCA    240  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    719      GCGAATGCCACAGGCCGAGAAGGAGAAGCTGTTGGCGGAGATCTCCAGTGATATCGACCA    778  
  
Query    241      GCTGAACCCAGAGTCTGCTGATCTGCGAGCCCTGGCAAAGCATTTGTATGACTCATACAT    300  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    779      GCTGAACCCAGAGTCTGCTGATCTGCGAGCCCTGGCAAAGCATTTGTATGACTCATACAT    838  
  
Query    301      AAAGTCCTTCCCGCTGACCAAAGCCAAGGCGAGGGCGATCTTGACAGGAAAGACAACAGA    360  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    839      AAAGTCCTTCCCGCTGACCAAAGCCAAGGCGAGGGCGATCTTGACAGGAAAGACAACAGA    898  
  
Query    361      CAAATCACCATTTGTCATCTACGACATGAATTCCTTAATGATGGGAGAAGACAAAATCAA    420  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    899      CAAATCACCATTTGTCATCTACGACATGAATTCCTTAATGATGGGAGAAGACAAAATCAA    958  
  
Query    421      GTTCAAACATATCACCCCCCTGCAGGAGCAGAGCAAAGAGGTGGCCATCCGCATTTTTCA    480  
                          ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    959      GTTCAAACATATCACCCCCCTGCAGGAGCAGAGCAAAGAGGTGGCCATCCGCATTTTTCA    
1018  
  
Query    481      AGGGTGCCAGT    491  
                          |||||||||||  
Sbjct    1019    AGGGTGCCAGT    1029  
 
Figure A10.6a: Comparison of sequencing result of nucleotide sequences from 

 

mRNA sequence.  
 
 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=223941861&dopt=GenBank&RID=0764MJRZ01R&log$=nuclalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=25664&RID=0764MJRZ01R&log$=geneexplicitnucl&blast_rank=1
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>gb|AF156666.1|AF156666     Rattus  norvegicus  peroxisome  proliferator-
activated  receptor  gamma  2  (PPARgamma2)  mRNA,  complete  cds  
Length=1785  
  
  GENE ID: 25664 Pparg  |  peroxisome  proliferator-activated  receptor  
gamma  
[Rattus  norvegicus]  (Over  100  PubMed  links)  
  
  Score  =  1029  bits  (557),    Expect  =  0.0  
  Identities  =  557/557  (100%),  Gaps  =  0/557  (0%)  
  Strand=Plus/Plus  
  
Query    1        CGAGCATCAGTGGGAATTAAGGCAAATCTCTGTTTTATGCTGTTATGGGTGAAACTCTGG    60  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    5        CGAGCATCAGTGGGAATTAAGGCAAATCTCTGTTTTATGCTGTTATGGGTGAAACTCTGG    64  
  
Query    61      GAGATCCTCCTGTTGACCCAGAGCATGGTGCCTTCGCTGATGCACTGCCTATGAGCACTT    120  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    65      GAGATCCTCCTGTTGACCCAGAGCATGGTGCCTTCGCTGATGCACTGCCTATGAGCACTT    124  
  
Query    121    CACAAGAAATTACCATGGTTGACACAGAGATGCCATTCTGGCCCACCAACTTCGGAATCA    180  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    125    CACAAGAAATTACCATGGTTGACACAGAGATGCCATTCTGGCCCACCAACTTCGGAATCA    184  
  
Query    181    GCTCTGTGGACCTCTCTGTGATGGATGACCACTCCCATTCCTTTGACATCAAACCCTTTA    240  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    185    GCTCTGTGGACCTCTCTGTGATGGATGACCACTCCCATTCCTTTGACATCAAACCCTTTA    244  
  
Query    241    CCACGGTTGATTTCTCCAGCATTTCTGCTCCACACTATGAAGACATCCCGTTCACAAGAG    300  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    245    CCACGGTTGATTTCTCCAGCATTTCTGCTCCACACTATGAAGACATCCCGTTCACAAGAG    304  
  
Query    301    CTGACCCAATGGTTGCTGATTACAAATATGACCTGAAGCTCCAAGAATACCAAAGTGCGA    360  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    305    CTGACCCAATGGTTGCTGATTACAAATATGACCTGAAGCTCCAAGAATACCAAAGTGCGA    364  
  
Query    361    TCAAAGTAGAGCCTGCGTCCCCGCCTTATTATTCTGAAAAAACCCAACTCTACAACAGGC    420  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    365    TCAAAGTAGAGCCTGCGTCCCCGCCTTATTATTCTGAAAAAACCCAACTCTACAACAGGC    424  
  
Query    421    CACATGAAGAGCCTTCAAACTCCCTCATGGCCATCGAGTGCCGAGTCTGTGGGGATAAAG    480  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    425    CACATGAAGAGCCTTCAAACTCCCTCATGGCCATCGAGTGCCGAGTCTGTGGGGATAAAG    484  
  
Query    481    CATCAGGCTTCCACTATGGAGTCCATGCTTGTGAAGGATGCAAGGGTTTTTTCCGAAGAA    540  
                        ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct    485    CATCAGGCTTCCACTATGGAGTCCATGCTTGTGAAGGATGCAAGGGTTTTTTCCGAAGAA    544  
  
Query    541    CCATCCGATTGAAGCTT    557  
                        |||||||||||||||||  
Sbjct    545    CCATCCGATTGAAGCTT    561  
  
Figure A10.6b: Comparison of sequencing result of nucleotide sequences from 

 

mRNA sequence.  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=5107414&dopt=GenBank&RID=227U1U4Y013&log$=nuclalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=25664&RID=227U1U4Y013&log$=geneexplicitnucl&blast_rank=1
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Figure A10.7: Standard curve of log copy number against Ct value for quantification of 

 

Construction of the standard curve was based on the average results of 3 replicates. 
 

 
Figure A10.8: Standard curve of log copy number against Ct value for quantification of 

 

Construction of the standard curve was based on the average results of 3 replicates. 
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Figure A10.9
time PCR of various tissues.  

ts 

expected amplicon size. 

ue, Lane 6: total 

-template control from 

ose tissue, 

amplicon from treated kidney tissue. 
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Figure A10.10
time PCR of various tissues.  

nds were approximately at 91 bp, which coincide with its expected 

amplicon size.  

tissue, Lane 5: 

from control kidney tissue, Lanes 7 and 8: non-

tissue. 
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Figure A10.11: The 4% agarose gel image of LPL amplicons obtained after real time 
PCR of various tissues.  

The LPL bands were approximately at 144 bp, which coincide with its expected 

amplicon size.  

Lane 2: 25bp DNA step ladder, Lane 3: non-template control from LPL amplification, 

Lane 4: LPL amplicon from control visceral adipose tissue, Lane 5: LPL amplicon from 

control liver tissue, Lane 6: LPL amplicon from control kidney tissue, Lane 7: LPL 

amplicon from treated subcutaneous adipose tissue, Lane 8: non-template control from 

LPL amplification.  
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Figure A10.11: The 4% agarose gel image of -actin amplicons obtained after real time 
PCR of various tissues.  

The -actin bands were approximately at 80 bp, which coincide with its expected 

amplicon size.  

Lane 2: 25bp DNA step ladder, Lane 3: non-template control from -actin amplification, 

Lane 4: -actin amplicon from control visceral adipose tissue, Lane 5: -actin amplicon 

from control liver tissue, Lane 6: -actin amplicon from control kidney tissue, Lane 7: 

-actin amplicon from treated subcutaneous adipose tissue, Lane 8: non-template 

control from -actin amplification.  
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APPE NDI X 11 
 

Table A11.1: Optimized qRT-
BAC amplification 

G ene Condition Optimum conditions 

 

Initial denaturation 95°C for two minutes 

Denaturation 95°C for 20 seconds 

Annealing temperature 58.5°C for one minute 

Extension 60°C for one minute 

The amplification steps from denaturation to extension was 

repeated x 44 cycles 

 

Initial denaturation 95°C for two minutes 

Denaturation 95°C for 20 seconds 

Annealing temperature 55.6°C for one minute 

Extension 60°C for one minute 

The amplification steps from denaturation to extension was 

repeated  x 44 cycles 

LPL/B A C 

Initial denaturation 94°C for two minutes 

Denaturation 94°C for 20 seconds 

Annealing temperature 54.3°C for one minute 

Extension 62.5°C for one minute 

The amplification steps from denaturation to extension was 

repeated x 44 cycles  
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APPE NDI X 12  
-HSD 

determination 
 
 

Table A12.1: -HSD enzyme assay 

Krebs-Ringer 

bicarbonate buffer 

(pH 7.4) 

6.96g of NaCl, 0.29g of KCl, 0.38g of CaCl2.2H2O, 2.1g of 

NaHCO3, 0.16g of KH2PO4, 0.29 g of MgSO4.7H2O were 

dissolved in 1L of MiliQ water then gassed with carbogen for 1 

hour. 

HPLC mobile 

phase 

20% methanol, 30% acetonitrile, 50% water 

200ml of methanol, 300ml of acetonitrile and 500ml of MiliQ 

filter membrane. 
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APPE NDI X 13  
Preparation of standards for the estimation of 
protein concentration 
 

A protein standard curve was first established using a series of standards derived from a 

serial dilution of a 2 mg/ml stock bovine serum albumin in Krebs-Ringer buffer for the 

estimation of the protein concentration of tissue homogenates,. Samples with protein 

concentrations that were above the limit of the standard curve were diluted 2x or 5x and 

re-measured to ensure that the calculated value fell within the range of the standard 

curve. 

 
Table A13.1:  Preparation of protein standards. 

Volume of stock 
(µl) 

Volume of KR 
solution (µl) Total volume (µl) Concentration of 

standard (mg/ml) 

0 100 100 0.0 
15 85 100 0.3 
30 70 100 0.6 
45 55 100 0.9 
60 40 100 1.2 
75 25 100 1.5 
90 10 100 1.8 

100 0 100 2.0 
 
 

Conc H     x     Vol H = Conc A     x     Vol A 
Vol H = (Conc A x  Vol A) / (Conc H) 

Conc: Concentration, Vol: Volume, H: homogenate, A: assay 
Figure A13.1: Determination of sampled volume for homogenates. 
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APPE NDI X 14  
-hydroxy-11-

dehydrocorticosterone standards 
 

-hydroxy-11-dehydrocorticosterone stock (1mM) was prepared by dissolving 

-hydroxy-11-dehydrocorticosterone powder in 1ml of mobile phase (20% 

m -hydroxy-11-dehydro-

corticosterone standards with concentrations 

according to Table A7.1 to obtain a standard curve for determination of the amount of 

products fo -hydroxysteroid dehydrogenase 1 and 2.  

 

 

Table A14.1: Preparation of -hydroxy-11-dehydrocorticosterone standards. 

Volume of stock 

 

Volume of 

mobile phase (µl) 

Total volume 

(µl) 

Concentration of 

 

Amount of 

 

0.0 100.0 100.0 0.0 0.0 

0.1 9.9 100.0 1.0 50 

0.3 9.7 100.0 3.0 150 

0.5 9.5 100.0 5.0 250 

0.7 9.3 100.0 7.0 350 

0.9 9.1 100.0 9.0 450 

 

The standard curve was performed daily before assaying of samples to prevent day to 

day variation. Figures A13.1 a and b are randomly selected standard curves performed 

on different days that illustrate the consistency of the gradients and coefficient of 

variations done on different days. 
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Figures A14.1a and b: Standard curves for -hydroxy-11-dehydrocorticosterone 
estimation. 

 
 
 
 

(a) 

(b) 
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Figure A14.2: An example of a chromatogram accomplished by reverse phase chromatography (HPLC).  

 
  

 



     

 

 

 

APPE NDI X 15  
 

   M anuscr ipt in-print 



Article 1

 Yin CY et   al. Di  erent Treatment Periods of Glycyrrhizic Acid on 11     HSD Activities in Rats    �…    Exp Clin Endocrinol Diabetes 2009;   117: 1 �– 8 

ECED/05-2009-0132-ENDO/29.9.2009/Macmillan

 Proof copy for correction only. All forms of publication, duplication or distribution prohibited under copyright law. 

 Bibliography 
  DOI      10.1055/s-0029-1237703   
  Exp Clin Endocrinol Diabetes 
2009;   117: 1 �– 8   
  ©  J. A. Barth Verlag in  
 Georg Thieme Verlag KG  
 Stuttgart  ·  New York  
 ISSN 0947-7349 

     Correspondence 
  C. Y. Yin   
   Adeline 
 Monash University 
 Jalan Lagoon Selatan 
 Bandar Sunway 
 46150   Selangor Darul Ehsan 
 Malaysia 
 Tel.:     +    60 / 3 / 5514 60 00 
 Fax:     +    60 / 3 / 5514 60 01 
  adelinechia@gmail.com   

    Key words  
          11     -hydroxysteroid 

dehydrogenase 
          glucose 
          glycyrrhizic acid 
          insulin 
          type 2 diabetes mellitus   

         E  ects of Glycyrrhizic acid on 11     -Hydroxysteroid 
Dehydrogenase (11     HSD1 and 2) Activities and 
HOMA-IR in Rats at Di  erent Treatment Periods    

ones) ( Mahler and Adler, 1999 ). The current ther-
apies such as metformin and PPAR   agonist 
(rosiglitazone) had been documented to amelio-
rate the risk factors of T2DM and metabolic syn-
drome through the inhibition of 
11     -hydroxy steroid dehydrogenase (1     HSD1) 
( Mahler and Adler, 1999 ;  Anagnostis et   al., 
2009 ). 
 (11     HSD) are microsomal enzymes which belong 
to the short-chain dehydrogenase / reductase 
superfamily. Two isoforms of the enzyme; 
11     HSD1 and 11     HSD2, have been discovered 
( Steward, 1996 ). 11     HSD1, which converts inac-
tive GC to active GC in the cell, is expressed in 
many tissues, including liver and adipose tissue 
( Sandeep et   al., 2005 ) as it plays a pivotal role in 
corticosteroid physiology by regulating the acti-
vation of glucocorticoid receptors (GR) as it 
a  ects the glucose and lipid metabolism as well 
as fat distribution ( Rubis et   al., 2006 ;  Anagnostis 
et   al., 2009 ). 11     HSD2 converts active GC into 
inactive GC and it is localized in mineralocorti-

 Introduction 
  &  
 Glucocorticoids (GC) exert a diverse array of 
physiological roles and are important regulators 
of intermediary metabolism, possessing exten-
sive in uences on carbohydrate, protein and lipid 
metabolism. Alterations in GC metabolism are 
suggested to contribute to the development of 
obesity and insulin resistance ( Mussig et   al., 
2008 ). Insulin resistance is also a characteristic in 
most patients with type 2 diabetes mellitus 
(T2DM) ( Hammarstedtm et   al., 2005 ). 
 T2DM involves the impairment of insulin action 
and secretion from the pancreatic   -cells. Both 
factors will collectively increase blood glucose 
levels ( Schwartz, 1999 ). Researchers have proven 
that impaired insulin secretion together with 
peripheral insulin resistance is the main regula-
tor behind the incidence of T2DM ( Mahler and 
Adler, 1999 ). Current therapy for T2DM involves 
lifestyle intervention as well as pharmacotherapy 
with oral agents (e.   g. biguanides, thiazolidenedi-

 Authors    C. Y.       Yin   1        ,     T. S.       Ha   1      ,     K. B. A.       Kadir   2     

 A   liations           1       School of Sciences, Monash University, Sunway Campus, Malaysia 
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  Abstract 
  &  
 Glycyrrhizic acid (GA) has been reported to 
inhibit postprandial blood glucose rise and 11     -
hydroxysteroid dehydrogenase 1 (11     HSD1) 
activity. As not much work has been done on GA 
e  ects on 11     HSD1 and 2 and HOMA-IR at di  er-
ent treatment periods, this work was conducted. 
60 male Sprague Dawley rats fed  ad libitum  were 
assigned into six groups of control and treated 
that were given GA at di  erent duration namely 
12, 24 and 48   h. Treated and control groups 
were intraperitoneally administered with GA 
(50   mgkg         1 ) and saline respectively. Blood and 
subcutaneous (ATS) and visceral adipose tissue 
(ATV), abdominal (MA) and quadriceps femoris 
muscle (MT), liver (L) and kidney (K) were exam-
ined. HOMA-IR in GA-treated rats decreased in 

all groups ( p     <    0.05). In the 12-h and 24-h treated 
rats, 11     HSD1 activities decreased in all tissues 
( p     <    0.05) except MA and MT ( p     >    0.05) in the 
former and ATV ( p     >    0.05) in the latter. However, 
11     HSD1 activities decreased signi cantly in 
all tissues ( p     <    0.05) in the 48-h treated rats. Sig-
ni cant decrease in 11     HSD2 ( p     >    0.05) activities 
were observed in the L of all treatment groups 
and K in the 24-h and 48-h treated rats ( p     <    0.05). 
Histological analysis on ATS showed increase in 
the number of small-size adipocytes while ATV 
adipocytes showed shrinkage after GA adminis-
tration. Increased glycogen deposition in the L 
was observed in the GA-administered rats in all 
the treatment periods. In conclusion, GA treat-
ment showed a decrease in the HOMA-IR and 
both 11     HSD1 and 2 activities in all tissues, with 
more profound decrease in the 48-h treated rats.         
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coid-targeted cells such as the kidney, colon and salivary glands 
as it plays a role in regulating the activation of mineralocorticod 
(MR) receptors via stimulation by cortisol in renal tubes ( Rubis 
et   al., 2006 ;  Anagnostis et   al., 2009 ). The di  erential tissue 
expression of the two isozymes plays an important role in corti-
costeroid physiology by regulating the activation of (GR) and 
(MR) receptors ( Steward, 1996 ). Tissue-speci c expression of the 
two distinct isoforms (11     HSD 1 and 2) plays a pivotal role in 
pre-receptor metabolism of corticosteroid hormones, thus regu-
lating intracellular levels of GCs and MC activities in vivo and 
downstream activation of GR and MR ( Shimoyama et   al., 2003 ). 
 Glycyrrhizic acid (Glycyrrhizin or Glygyrrhizinate, GA) isolated 
from licorice, is known to possess a wide range of pharmaco-
logical e  ects such as anti-in ammatory and anti-tumorigenic 
activities ( Draper and Steward, 2005 ). In animal studies, eth-
anolic licorice extract was found to have anti-diabetic e  ects on 
diabetic mice ( Takii et   al., 2001 ). GA and its metabolite glycyr-
rhetic acid (GE) exhibit nonselective competitive inhibition, the 
latter 200 to 1   000 times more potent than the former, of 11     HSD 
activity ( Isbrucker and Burdock, 2006 ). Both compounds were 
able to reduce 11     HSD protein and messenger RNA levels in 
various organs ( Draper and Steward, 2005 ). This would lead to 
lower glucocorticoid levels thus reducing the inhibitory e  ects 
of GC on the insulin-mediated translocation of glucose trans-
porter to the cell membrane. Therefore it could lead to improve 
peripheral glucose uptake, a hallmark of enhanced insulin sensi-
tivity ( Ploeger et   al., 2001 ). 
    The present study was therefore undertaken to investigate 
whether GA administration at di  erent time periods will a  ect 
11     HSD1 and 2 activities as well as HOMA-IR in rats.   

 Materials and Methods 
  &   
 Animals 
 Male Sprague Dawley rats ( Rattus norvegicus ) (160 �– 200   g) 
obtained from University Malaya �’ s Animal House (University 
Malaya, Malaysia) were housed 3 or 4 per cage with free access 
to food and drinking water. They were maintained on a 12-h 
light-dark cycle in a room with controlled temperature (24    ±    1    °    C) 
and humidity (55    ±    10    % ). The use and handling procedure of ani-
mals had been approved by the Monash University Animal Eth-
ics Committee according to the 2004 NHMRC Australian Code of 
Practice for the Case and Use of animal for Scienti c purposes 
and relevant Victorian legislation [AEC: SOBSB / MY / 2006 / 46].   

   In-vivo  assay 
 The rats were divided into 6 groups (12, 24 or 48   h) [10 rats per 
group]. A 50   mg kg         1  dosage of GA (Sigma Chemical Co., St. Louis, 
MO, U.S.A.) was intraperitoneally (IP) administered to the rats. 
Control rats were given 0.9    %  saline. The rats were fed  ad libitum  
during the treatment periods. Upon completion of treatments 
(e.   g. after 12   h of GA administration), rats were humanely sacri-
 ced. 
 Blood was withdrawn from the apex of the heart for measure-
ment of glucose and insulin levels. Tissues (subcutaneous and 
visceral adipose tissues, abdominal and quadriceps femoris 
muscle, liver and kidney) were harvested for measurement of 
11     HSD1 and 2 activities and histological analysis.   

 Laboratory assay 
 Whole blood glucose was analyzed by glucose oxidase method 
employing a Powerwave XS Microplate Scanning Spectopho-
tometer (BIO-TEK, US). Enzyme immunoassay (LINCO-Millipore 
Corp., US) was used to measure serum insulin. For the estima-
tion of insulin sensitivity, the homeostasis model assessment of 
insulin resistance (HOMA-IR) was calculated as (concentration 
of glucose    ×    concentration of insulin / 22.5) ( van Wijk et   al., 
2005 ).   

 Extraction of 11     HSD1 and 2 
 The subcutaneous and visceral adipose tissue (ATS and ATV), 
abdominal and quadriceps femoris muscle (MA and MT), liver 
(L) or kidney (K) were homogenized in cold Kreb �’ s Ringer bu  er 
(118   mM NaCl, 3.8   mM KCl, 1.19   mM KH 2 PO 4 , 2.54   mM 
CaCl 2 .2H 2 O, 1.19   mM MgSO 4 .7H 2 O, 25   mM NaHCO 3  gassed for 1   h 
with 95    %  O 2  / 5    %  CO 2 ) ( Inoue et   al., 2001 ). The homogenized 
lysates were centrifuged at 14   000    ×    g for 20   min at 4    °    C.   

 Determination of 11     HSD1 and 2 activities 
 The protein level of the supernatant (enzyme fraction  �–  50   mg 
of tissue protein) was measured by the Biuret method ( Oku-
tucu et   al., 2007 ). Reaction bu  er (500     l) [0.1   mM of corticos-
terone, (0.35   mM of NADP     +      for 11     HSD1 and 0.35   mM of NAD     +      
for 11     HSD2), 0.2    %  of bovine serum albumin (w / v), 0.2    %  of 
glucose (w / v) and 5    %  of ethanol (v / v)] was added to the 
enzyme fraction and the mixture was incubated for 45   min at 
37    °    C. 
 Glucocorticoid extraction was carried out by adding 1.0   ml of 
ethyl acetate and the upper organic phase was evaporated and 
reconstituted with 0.5   ml of mobile phase (20    %  methanol, 30    %  
acetonitrile and 50    %  water). The 11-dehydrocorticosterone 
produced from corticosterone by the enzyme in the mixtures 
was quantitatively measured by HPLC using a reverse phase 
Waters Symmetry  ®   C18 5     m (3.9    ×    150   mm) column (Waters 
Co., US) with a  ow rate of 1   mL min         1  by UV absorbance at 
254   nm. A Unit of 11     HSD activity is de ned as the amount of 
enzyme required for the formation of 1   pmol of 11-dehydro-
corticosterone in 45   min per 50   mg of tissue protein ( Boyer, 
2006 ).   

 Histological analysis 
 Subcutaneous and visceral adipose tissue (ATS and ATV), abdom-
inal and quadriceps femoris muscle (MA and MT), liver (L) or 
kidney (K) were  xed in 10    %  neutral-bu  ered formalin and were 
then subjected to impregnation, in ltration, embedding and 
sectioning process. Tissue sections 5     m thick were stain with 
Haematoxylin and Eosin (H & E) and Periodic acid Schi   �’ s (PAS) 
stain. Images were then transferred to NIS-Element D2.30 soft-
ware to measure the size of 100 adipocytes (  m 2 ) per  eld view 
per tissue section ( Okuno et   al., 1998 ).   

 Statistical analysis 
 Data were expressed as means    ±    standard error of means. Pear-
son correlations coe   ecients ( r ) between the continuous varia-
bles were calculated. Due to non-parametric distribution of the 
data, all subsequent analyses were performed using Mann-
Whitney by SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). A  p  
value of         0.05 was considered signi cant.    
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 Results 
  &  
 Rats administered with GA for 12, 24 or 48   h (fed  ad libitum ) 
showed a decrease in blood glucose levels compared to the con-
trol rats (0.9    %  saline) and only the 24-and 48-h GA administered 
rats showed signi cant decrease (30    %  and 34    %  respectively) 
( p     <    0.05) (           Fig. 1  ). Lower insulin levels were also seen in all the 
treated rats when compared to the control rats (           Fig. 2  ). Insu-
lin resistance, calculated as HOMA-IR, was signi cantly lower in 
all the treated rats compared to the controls ( p     <    0.05) (           Fig. 3  ). 
There was no signi cant decrease within the di  erent treatment 
periods ( p     >    0.05). 
 E  ects of GA on GC metabolism were determined by measuring 
11     HSD1 and 2 activities  in-vitro . The 11     HSD1 and 2 activities 
were lower in all tissues of GA-treated rats when compared to 
the control rats of identical treatment periods (12, 24 or 48   h). 
 All tissues showed signi cant decrease in 11     HSD1 activities 
after 48   h ( p     <    0.01). However, all but MA and MT showed signi -
cant decrease after 12   h ( p     <    0.01) while all but ATV had signi -
cant decrease after 24   h when compared to their respective 
control groups ( p     <    0.05) (           Fig.   4a �– c  ). 
 The e  ects of GA on 11     HSD2 activities are summarized in 
           Fig. 4   ( a, b, c ). Compared to the control groups, the 11     HSD2 
activities in GA-administered rats were lower in all tissues but 
only the L showed signi cant decrease at 12, 24 and 48   h along 
with the K at 24 and 48   h ( p     <    0.03). 
 As seen in            Fig.   5a  , 11     HSD1 activities in all tissues except 
MA, L and K showed an increase at 24-h before decreasing to a 
level similar to that seen at the 12-h period However            Fig.   5b   
shows that 11     HSD2 activities in all tissues except MT and L had 
decreased at 24-h before increasing to a level similar to that seen 
at the 12-h period. 
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  Fig. 1           Blood glucose of rats administered with GA ( *   p     <    0.03; n    =    10).  
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  Fig. 2           Serum insulin levels of rats administered with GA (n    =    10).  
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  Fig. 3           HOMA index of rats administered with GA ( *   p     <    0.03; n    =    10).  
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   Fig. 4           ([ a (i) and  a (ii)], [ b (i) and  b (ii)], [ c (i) and  c (ii)]): 11     HSD1 and 2 
activities in control and GA-administered rats in durations of 12, 24 and 
48   h ( *  indicates  p     <    0.05). Abbreviations: ATS-C: Subcutaneous adipose 
tissue-control; ATS-T: Subcutaneous adipose tissue-GA-administered; 
ATV-C: Visceral adipose tissue-control; ATV-T: Visceral adipose tissue-
GA-administered; MA-C: Abdominal muscle-control; MA-T: Abdominal 
muscle-GA-administered; MT-C: Quadriceps femoris-control; MT-T: 
Quadriceps femoris-GA-administered; L-C: Liver-control; L-T: Liver-GA-
administered; K-C: Kidney-control; K-T: Kidney-GA-administered.  
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 Comparison between di  erent treatment periods within the 
GA-treated rats showed signi cant increase in 11     HSD1 activi-
ties by 25 �– 54    %  in all tissues between the 12- and 24-h groups 
( p     <    0.05). However there was a non-signi cant decrease in 
11     HSD2 activities in all tissues except MT and L between the 
12- and 24-h groups (10    %  - 15    % ) ( p     >    0.05). 
 A signi cant increase in 11     HSD1 activities (40    %  - 60    % ) was 
seen in the MA, L and K between the 12- and 48-h GA-treated 
rats ( p     <    0.01) while a non-signi cant decrease in 11     HSD2 
activities (8 �– 24    % ) was seen in the ATS, ATV and MA ( p     >    0.05). 
A signi cant decrease (65    % ) was seen in 11     HSD1 activities in 
ATS, ATV and MT between the 24- and 48-h GA-treated rats 
( p     <    0.05) (           Fig.   5a  ). 11     HSD2 activities however increased by 
only 7    %  in all tissues except MA and MT ( p     >    0.05) (           Fig.   5b  ). 
The e  ects of GA on 11     HSD1 and 2 activities in di  erent tis-
sues, blood glucose, serum insulin and HOMA-IR at di  erent 
treatment periods are summarized in   Table 1  . 
 Histological analysis on the kidney, abdominal and quadriceps 
femoris muscle did not show any morphological changes in the 
GA-administered rats. ATS in GA-administered rats in all treat-
ment period showed an increase in the number of small size adi-
pocytes with a non-signi cant decrease in the mean area. Mean 
area of ATS adipocytes in the control group in 12, 24 and 48-h 

were 391.20    ±    150.38     m 2 , 407.00    ±    120.37     m 2  and 
387.38    ±    153.84     m 2  respectively while that in the GA-adminis-
tered rats were 374.04    ±    191.91     m 2 , 287.45    ±    112.10     m 2  and 
218.56    ±    135.84     m 2  respectively (4.34    % , 29    %  and 43.67    %  respec-
tively). There were no changes in the size of adipocytes for ATV 
in GA-administered rats compared to the control in all the treat-
ment period. Mean area of ATV adipocytes in the control group 
in 12, 24 and 48-h were 395.20    ±    185.38     m 2 , 377.50    ±    167.37     m 2  
and 401.38    ±    142.86     m 2  respectively while that in the GA-
administered rats were 384.04    ±    191.91     m 2 , 367.45    ±    112.10     m 2  
and 399.53    ±    105.84     m 2  respectively when stained with Heama-
toxylin  &  Eosin stain (H & E stain) (           Fig. 6  ). Darker magenta 
color and no structural di  erences were seen in the liver of GA-
administered rats compared to the control. The liver in GA-
administered rats for 48-h showed a greater intensity of magenta 
color compared to 12 and 24-h (           Fig. 7  ).   
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 Discussion 
  &  
 Excess tissue glucocorticoid action may underlie several charac-
teristics of type 2 diabetes and metabolic syndrome ( Draper and 
Steward, 2005 ). The absence of hyperglycaemia in all rats in the 
present study is in agreement with that reported by  Andrews 

et   al. (2003)  who showed that 11     HSD1 is lowered in  ne-tun-
ing blood glucose levels. It was postulated that the reduction in 
blood glucose levels in all three treatment periods was due to 
the inhibition of 11     HSD1 in the skeletal muscles and adipose 
tissues ( Ploeger et   al., 2001 ). Lower active glucocorticoid levels 
in these tissues increase the translocation of glucose transporter 
isotype 4 and 2 (GLUT-4 and GLUT-2) to the cell membrane sur-
face to facilitate the removal of glucose from the blood ( Andrews 
et   al., 2003 ). 
 The 11     HSD1-mediated decrease in blood glucose could have 
caused a decrease in insulin levels in the GA-administered rats 
through a decrease in pancreatic glucose-stimulated insulin 
secretion and an increase in stability of glucose transporter iso-
type 2 (GLUT-2) respectively ( Whorwood et   al., 2002 ). 
 Signi cant decrease in HOMA-IR was seen in all the GA-admin-
istered rats. This could be due to the lowered insulin and glucose 
levels as HOMA-IR re ects the glucose output and insulin secre-
tion ( Wallace et   al., 2004 ). A lower HOMA-IR indicates higher 
insulin sensitivity ( Ahren and Pacini, 2004 ). Therefore selective 
inhibition of 11     HSD1 blocks the activation of glucocorticoids 
and inhibition of 11     HSD1 by GA could account for the reduc-
tion in blood glucose, serum insulin and HOMA-IR levels ( Draper 
and Steward, 2005 ). 
 Evidence suggests that inhibition of 11     HSD1 in subcutaneous 
and visceral adipose tissue will increase peripheral glucose 
uptake and suppress lipolysis ( Andrews et   al., 2003 ). This was 
supported by  Masuzaki et   al. (2001)  who showed that the selec-
tive over-expression of 11     HSD1 in adipose tissue led to 
increased adipose levels of corticosterone. Data from the present 
study suggests that GA inhibits conversion of 11-dehydrocorti-
costerone to corticosterone in adipose tissue as there was a 
decrease in 11     HSD1 levels in both the subcutaneous and vis-
ceral adipose tissues. A decrease in 11     HSD2 activities in the 
adipose tissues in this study could also help in preventing obes-
ity as it decreases the proliferation activity in pre-adipocytes, 
where high levels of 11     HSD2 are located ( Lee et   al., 2008 ). In 
the present study, the 11     HSD1 activities were higher compared 
to 11     HSD2 activities in both the subcutaneous and visceral 
adipose tissue of the control and the GA-administered rats. This 
was supported by  Bujalska et   al. (2002)  who showed that 
11     HSD2 activities were extremely low or negligible in the adi-
pose tissues compared to the 11     HSD1 activities. 
 Both insulin and glucocorticoids have profound e  ects on the 
skeletal muscle, acting as potent anabolic and catabolic stimulus 
respectively ( Whorwood et   al., 2002 ). Studies have shown that 
11     HSD1-mediated regulation of intracellular conversion of 
cortisone to cortisol plays a key role in the etiology of insulin 
resistance. Our data showed decreased enzyme activities in all 
tissues of GA-administered rats especially in the 48-h group. 
This suggests that GA might have inhibited the action of 
11     HSD1, thus decreasing generation of active glucocorticoids, 
an antagonist of insulin. 11     HSD2 activities were found to be 
lower in quadriceps femoris compared to the abdominal mus-
cles. This could be due to a protective mechanism in order to 
prevent excessive activation of glucocorticoid receptor by 
increasing the turnover rate of active glucocorticoid since 
11     HSD2 has been reported to have protective e  ect on skeletal 
muscles ( Jang et   al., 2007 ). The 11     HSD2 activities were lower 
than the 11     HSD1 activities in abdominal and quadriceps femo-
ris muscles in the present study. This is because 11     HSD1 has a 
functional role in these tissues as previously mentioned. 
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     Fig. 5            a:  11     HSD1 activities in GA-administered rats in di  erent 
treatment periods.(a) Increase ( p     <    0.02) in 11     HSD1 activities was seen 
between the 12- and 24-h groups while decrease ( p     <    0.01) was seen 
between the 24- and 48-h groups in subcutaneous and visceral adipose 
tissues and quadriceps femoris muscle. (b) Increase ( p     <    0.02) in 11     HSD1 
activities was seen between the 12- and 24-h groups while non-signi cant 
increase was seen between the 24- and 48-h groups in abdominal muscle, 
liver and kidney ( p     >    0.05). Abbreviations: ATS-T: Subcutaneous adipose 
tissue-GA-administered; ATV-T: Visceral adipose tissue-GA-administered; 
MA-T: Abdominal muscle-GA-administered; MT-T: Quadriceps femoris-GA-
administered; L-T: Liver-GA-administered; K-T: Kidney-GA-administered. 
 b:  11     HSD2 activities in GA-administered rats in di  erent treatment 
periods. Decrease ( p     >    0.05) in 11     HSD2 activities was seen between 
the 12- and 24-h groups in all tissues except quadriceps femoris and liver 
while increase ( p     >    0.05) was seen between the 24- and 48-h groups in all 
except abdominal muscle. Abbreviations: ATS-T: Subcutaneous adipose 
tissue-GA-administered; ATV-T: Visceral adipose tissue-GA-administered; 
MA-T: Abdominal muscle-GA-administered; MT-T: Quadriceps femoris-GA-
administered; L-T: Liver-GA-administered; K-T: Kidney-GA-administered.  
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 The 11     HSD1 activities in the liver were shown to be the highest 
among all the tissues. This is because the enzyme is highly 
expressed in metabolically active tissues to regenerate active 
corticosterone and acts predominantly as an oxo-reductase  in 
vivo  ( Tomlinson et   al., 2004 ). 11     HSD1 activities were higher 
compared to 11     HSD2 in the liver as it is a metabolically active 

tissue. The relatively low 11     HSD2 activity in the liver might be 
due to the high density of blood vessels in the liver since epithe-
lial cells of the blood vessel contain moderate amounts of 
11     HSD2 ( Gong et   al., 2008 ). 

24-Hour fed ad libitum 

Liver

48-Hour fed ad libitum 

12-Hour fed ad libitum

GA-administeredControl

  Fig. 7           Sections of liver with periodic acid Schi   �’ s stain (PAS stain) (100x magni cation).  

24-Hour fed ad libitum 

48-Hour fed ad libitum

12-Hour fed ad libitum 

GAControl GAControl

Visceral adipose tissueSubcutaneous adipose tissue

  Fig. 6           Sections of subcutaneous and visceral adipose tissue with H & E stain (400x magni cation).  

   Table 1       E  ects of GA on 11  HSD1 and 2 activities in di  erent tissues, blood glucose, serum insulin and HOMA-IR at di  erent treatment periods. 

     11     HSD1 and 2 activities       

     ATS  ATV  MA  MT  L  K  Glucose  Insulin  HOMA-IR 

   12   h                                     
   24   h                                     
   48   h                                     
     ATS, subcutaneous adipose tissue; ATV, visceral adipose tissue; MA, abdominal muscle; MT, quadricep femoris; L, liver; K, kidney   
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 The levels of 11     HSD1 activities in the kidney were signi cantly 
lower in all three treatment periods. This is consistent with GE, 
the metabolite of GA being reported to be a strong inhibitor of 
rat hepatic and renal 11     HSDs ( Draper and Steward, 2005 ). 
Highest 11     HSD2 activities were also observed in the kidney 
compared to other tissues in all groups. The presence of 11     HSD2 
in the kidney is essential for protecting the mineralocorticoid 
receptor from non-speci c binding of active glucocorticoid ( Shi-
moyama et   al., 2003 ). Data from the present study suggests that 
GA inhibits 11     HSD2 activities in the kidney.  Mussig et   al. 
(2008)  reported that there is a positive correlation in 11     HSD2 
activities with insulin resistance and obesity. Therefore it can be 
postulated that inhibition of renal 11     HSD2 could prevent 
hepatic insulin resistance and reduce lipolysis in the adipose tis-
sues as it prevents the inactive glucocorticoid supply to 
11     HSD1. 
 The observed increase in the number of small adipocytes in the 
subcutaneous adipose tissue is a result of adipocyte di  erentia-
tion. Small adipocytes are found to be more sensitive to insulin 
and thus they can take in more glucose due to the high surface 
area which can actually decrease blood glucose levels ( Okuno 
et   al., 1998 ). However, in the visceral adipose tissue, the sizes of 
the adipocytes were similar in both the GA-administered and 
control rats. This was in agreement with  Mori et   al. (1999)  who 
showed that the di  erentiation of pre-adipocytes into adi-
pocytes only occurs in the subcutaneous adipose tissue. The 
increase in magenta color in the liver of GA-administered rats 
after PAS staining indicates that they have higher polysaccharide 
and carbohydrate contents as a result increased glucose uptake 
into hepatocytes for storage ( Kiernan, 1999 ). 
 The greatest decrease in 11     HSD1 activities in all tissues was 
seen after 48   h of GA treatment. This may be due to negligible 
urinary excretion of as GE undergoes enterohepatic recycling 
( Kr ä henbuhl et   al., 1994 ). The delay in terminal clearance of GE 
would in turn continuously inhibit 11     HSD1 activities. 
 11     HSD1 activities in the various tissues studied showed sig-
ni cant decreases within the di  erent treatment periods in the 
GA-administered rats. However no signi cant decreases were 
seen in 11     HSD2 activities in the various tissues studied. The 
decrease in 11     HSD1 is in agreement with an earlier study ( Nwe 
et   al., 2000 ), although the duration and route of GA administra-
tion were di  erent. Our  ndings, together with those of  Nwe 
et   al. (2000)  suggest that GA has a direct but weak glucocorticoid 
e  ect as there was only a minimal reduction in 11     HSD1 activ-
ity. Our  nding on the inhibition of 11     HSD2 by GA is in agree-
ment with those reported by  Tanahashi et   al. (2002)  although 
the strain of rats, dosage and duration of GA administration were 
di  erent. 
 Increased 11     HSD1 activities in all tissues at 24   h could be due 
to the increase in stress levels caused by intraperitoneal injec-
tion. This is in agreement with  Chapman and Seckl (2008)  who 
showed that persistent environmental changes such as stress 
could disturb the levels of mediators that maintain allostasis 
including glucocorticoids. Studies have shown that an increase 
in 11-dehydrocorticosterone in rats was due to stress through 
activation of hypothalamo-pituitary-adrenal axis and the sym-
pathetic nervous system ( Harris et   al., 2001 ). Thus it can be pos-
tulated that lower 11     HSD1 activities observed at 48   h could be 
due to adaptation in response to stress levels which in turn 
reduces the production of 11     HSD1. 
 Although the inhibition of 11     HSD2 has been reported to cause 
hypertension and hypokalemia with suppressed plasma renin 

and aldosterone levels [Tanahashi et   al., 2002], it was not 
observed in our study probably due to the short treatment dura-
tion. Therefore it would be appropriate to look into longer dura-
tions of GA administration to investigate the e  ects of GA 
towards 11     HSD2 inhibition and hypertension. 
 In conclusion, we have demonstrated that GA lowered blood glu-
cose, serum insulin, HOMA-IR, 11     HSD1 and 2 activities in rats 
when compared to the control (  Table 1  ). Results from the 48-h-
treated rats displayed more prominent reduction, thus indicat-
ing that longer treatment period may yield better results with 
50   mgkg         1  of GA.   
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Abstract: 
 
Background: The metabolic syndrome (MetS) is a cluster of metabolic abnormalities 
comprising visceral obesity, dyslipidaemia and insulin resistance (IR). With the onset of IR, the 
expression of lipoprotein lipase (LPL), a key regulator of lipoprotein metabolism, is reduced. 
Increased activation of glucocorticoid receptors results in MetS symptoms and is thus speculated 
to have a role in the pathophysiology of the MetS. Glycyrrhizic acid (GA), the bioactive 
constituent of licorice roots (Glycyrrhiza glabra -hydroxysteroid dehydrogenase 
type 1 that catalyzes the activation of glucocorticoids. Thus, oral administration of GA is 
postulated to ameliorate the MetS. 
 
Results: In this study, daily oral administration of 50 mg/kg of GA for one week led to 
significant increase in LPL expression in the quadriceps femoris (p<0.05) but non-significant 
increase in the abdominal muscle, kidney, liver, heart and the subcutaneous and visceral adipose 
tissues (p>0.05) of the GA-treated rats compared to the control. Decrease in adipocyte size 
(p>0.05) in both the visceral and subcutaneous adipose tissue depots accompanies such selective 
induction of LPL expression. Consistent improvement in serum lipid parameters was also 
observed, with decrease in serum free fatty acid, triacylglycerol, total cholesterol and LDL-
cholesterol but elevated HDL-cholesterol (p>0.05). Histological analysis using tissue lipid 
staining with Oil Red O showed significant decrease in lipid deposition in the abdominal muscle 
and quadriceps femoris (p<0.05) but non-significant decrease in the heart, kidney and liver 
(p>0.05).  
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Conclusion: Results from this study may imply that GA could counteract the development of 
visceral obesity and improve dyslipidaemia via selective induction of tissue LPL expression and 
a positive shift in serum lipid parameters respectively, and retard the development of IR 
associated with tissue steatosis.  
 

B ackground: 

Lipoprotein lipase (LPL) is the major enzyme responsible for the hydrolysis of 
circulating triacylglycerol (TAG) moiety of both classes of TAG-rich lipoproteins; the 
chylomicrons and very-low-density lipoprotein (VLDL), generating free fatty acids (FFA) that 
are either oxidized in the muscles or re-esterified in the adipose tissues, and glycerol that is 
returned to the liver. LPL plays a central role in overall lipoprotein metabolism, where (i) the 
successive interaction of VLDL with LPL generates the low-density lipoproteins (LDL) that are 
involved in forward cholesterol transport and (ii) the remnant lipoprotein particles so formed 
from LPL catalysis contributes to the maturation of high-density lipoprotein (HDL) precursors, 
the latter of which is then involved in reverse cholesterol transport [1, 2]. Perturbation in LPL 
activity could therefore lead to significant metabolic consequences and LPL has been implicated 
in pathophysiological conditions characterized by marked hypertriglyceridaemia, such as that 
observed in the metabolic syndrome (MetS).  

The MetS refers to a constellation of metabolic abnormalities characterized by the co-
existence of insulin resistance (IR), visceral obesity, hyperglycaemia, hypertension and 
dyslipidaemia. The syndrome has become a recognizable clinical cluster of risk factors that are 
predictive of the progression to cardiovascular disease and type 2 diabetes mellitus (T2DM) [3]. 
Both visceral obesity and IR are recognized as the major determinants in the development of the 
MetS [4] and in fact, over 80% of individuals with T2DM are obese and virtually all are insulin 
resistant [5]. Differing definitions of the syndrome have been put forward by various global 
health agencies such as the World Health Organization (WHO), the National Cholesterol 
Education Program Adult Treatment Panel III (NCEP ATP III) and the International Diabetes 
Federation (IDF) but all such definitions point to a common agreement that the syndrome results 
in increased atherogenesis and death from myocardial infarction [4]. Thus, increased attention 
has been channeled to the improvement of lipid abnormalities characteristic of the MetS.  

Dyslipidaemia, the hallmark of the MetS which is manifested in the more severe form in 
T2DM, is characterized by (i) increased flux of FFA, (ii) elevated TAG level 
(hypertriglyceridaemia), (iii) reduced HDL level and (iv) a predominance of small, dense LDL. 
Elevated plasma FFA is viewed as the primary defect leading to the development of 
dyslipidaemia [6, 7] and IR [8]. With the ensuing IR, LPL expression is reduced and LPL 
activity becomes diminished [9, 10]. This amplifies the extent of the hypertriglyceridaemia by 
favouring the accumulation of TAG-rich chylomicrons and VLDL in the circulation. The 
increase in small, dense LDL and low HDL is secondary to this elevated TAG level, where 
through the action of cholesteryl ester transfer protein (CETP), TAG enrichment of both the 
HDL and LDL particles occurs. TAG-rich LDL particles are good substrate to be acted upon by 
hepatic lipase (HL), producing a population of small, dense, lipid-poor LDL. Similarly, HL-
mediated hydrolysis of TAG-rich cholesterol-poor HDL leads to an accelerated degradation of 
apo A-I, the major protein of HDL. This causes the HDL to be rapidly cleared from the plasma 
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[6, 7, 11]. In addition to such serum lipid perturbations, studies have also indicated that tissue 
lipid accumulation is associated with obesity-related IR and T2DM where both conditions are 
associated with increased tissue lipid [12, 13]. 

Increased activation of glucocorticoid receptors has been implicated in the development 
of MetS symptoms such as visceral obesity and hyperlipidemia. Pharmacological inhibition of 
the enzyme 11 - -HSD1) that acts to regenerate active 
glucocorticoids from inactive 11-keto metabolites has been proposed as a therapeutic target for 
the treatment of MetS following the association of such inhibition with a cardioprotective lipid 
profile [14, 15]. Glycyrrhizic acid (GA), the primary bioactive constituent of the roots of the 
shrub Glycyrrhiza glabra and its pharmacologically active metabolite glycyrrhetic acid (GE) act 
as potent, non- -HSD [16, 17]. To date however, the 
effects of orally-administered GA on LPL expression and on the modulation of serum lipid and 
tissue lipid deposition have yet to be conducted. The objectives of this study are therefore to 
determine and compare each of these parameters between GA-treated and non-treated rats 
following daily oral administration of GA for one week in the former.  

 

Results: 

GA treatment led to increase in LPL expression of all studied tissues. LPL expression in the 
GA-treated rats was increased in all studied tissues (Figure 1), of which included the heart, liver, 
kidney, quadriceps femoris (QF), abdominal muscle (AM), visceral adipose tissue (VAT) and 
subcutaneous adipose tissue (SAT). The QF demonstrated the highest increase with a fold 
difference of 2.02 ± 0.89, representing a significant 102% increase (p<0.05). This was followed 
by the AM (1.87 ± 1.61 fold; 87% increase), kidney (1.43 ± 0.93 fold; 43% increase), liver (1.29 
± 1.01 fold; 29% increase) and the VAT (1.08 ± 0.48 fold; 8%); all of which exhibited no 
significance difference between the control and GA-treated group (p>0.05). Increase in LPL 
expression was similar in the heart and SAT (1.04 ± 0.48; 4% increase) but these were not 
significant (p>0.05).  

 

GA treatment reduced the size of adipocytes. Mean area of both VAT and SAT adipocytes 
showed non-significant decrease in the GA-treated group compared to the control (p>0.05) 
(Figure 2). In the VAT, mean adipocyte area in the control group was 1449.96 ± 156.58 µm2 
while that in the treated group was 1206.58 ± 239.48 µm2. In the SAT, mean adipocyte area was 
1419.91 ± 141.14 µm2 in the control group, compared to a mean of 1161.18 ± 143.26 µm2 in the 
treated group. These represented a 16.79% and 18.22% reduction in the area of adipocytes in 
VAT and SAT respectively. Sections of these tissues are shown in Figure 3.  
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F igure 1: Fold difference in tissue LPL expression of the G A-treated group. 
Relative tissue LPL expression following GA treatment is shown in decreasing order. In this 

-actin (BAC) gene was used as the endogenous reference, GA-treated group as the 
target and control group as the calibrator. * denotes p < 0.05.  

 

 

F igure 2: M ean area of adipocytes (µm2) of control and G A-treated rats. 
Size of adipocytes demonstrated a decrease in both the VAT and SAT depot after seven days of 
oral GA administration (p>0.05). 
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F igure 3: H & E-stained adipose tissues. 
Representative sections of H&E-stained (A) VAT and (B) SAT in (i) control and (ii) GA-treated 
rats at 100  magnification. The adipocytes appear as empty, unstained vacuoles with the nucleus 
compressed to one side of the cell while the cytoplasm is reduced to only a small rim at the 
periphery of the cell. Arrows indicate examples of cytoplasm (C) and nucleus (N). 

 

 

 

GA treatment led to improvement in all serum lipid parameters. Consistent improvement in all 
serum lipid parameters were observed in the GA-treated rats relative to the control (p>0.05) 
(Figure 4). Mean serum TAG showed a 14.73% reduction (control, 1.29 ± 0.31 mmol/L; treated, 
1.10 ± 0.27 mmol/L) while that of total cholesterol charted a reduction of 12.99% (control, 3.31 
± 0.60 mmol/L; treated, 2.88 ± 0.43 mmol/L) and that of LDL-cholesterol a 36.96% reduction 
(control, 1.38 ± 0.34 mmol/L; treated, 0.87 ± 0.27 mmol/L). HDL-cholesterol on the other hand 
was elevated by 11.85% (control, 1.35 ± 0.19 mmol/L; treated, 1.51 ± 0.47 mmol/L). Serum FFA 
also exhibited a similar trend of improvement with a reduction of 8.51% in the treated group 
(control, 0.47 ± 0.07 mmol/L; treated, 0.43 ± 0.07 mmol/L).  
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F igure 4: Serum lipid of control and G A-treated rats.  
Mean serum TAG, total cholesterol, LDL-cholesterol and FFA (mmol/L) of GA- treated rats 
showed reduction after seven days of oral GA administration while that of HDL-cholesterol 
showed an increase (p>0.05 for all parameters).  

 

 

GA treatment reduced tissue lipid deposition. Lipid deposition demonstrated a decrease across 
all studied tissues in the GA-treated group (Figure 5). Levels of lipid deposition was highest in 
the liver and recorded a 21.86% decrease (control, 582.44 (23.50-1939.66) AU; treated, 55.14 
(23.13-1830.91) AU) following GA treatment. The kidney demonstrated a 25.11% decrease 
(control, 137.54 (11.55-392.10) AU; treated, 103.00 (13.10-228.00) AU). No significant 
difference between the control and treated groups were observed in both tissues (p>0.05). 
Among the muscles, the QF and the AM showed significantly reduced lipid deposition in the 
GA-treated group relative to the control (p<0.05), with a decrease of 42.21% and 33.96% in each 
tissue respectively (QF: control, 191.28 (28.85-606.17) AU; treated, 110.54 (12.21-594.28); AM: 
control, 141.29 (11.77-356.51) AU; treated, 93.31 (22.69-297.13) AU). Lastly, lipid deposition 
in the heart showed a non-significant 6.74% decrease (control, 149.56 (26.58-327.91) AU; 
treated, 139.48 (47.74-268.54) AU). Sections of these tissues are depicted in Figure 6. 
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F igure 5: Levels of lipid deposition in non-adipose tissues. 
Sections of ORO-stained tissues were converted to a grayscale each time for lipid staining 
quantification. * denotes p < 0.05.  
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F igure 6: O R O-stained tissues.  
Representative sections of ORO-stained (A) heart, (B) kidney, (C) liver, (D) AM and (E) QF in 
(i) control and (ii) treated rats at 400  magnification. Distinct spots of ORO-stained lipid were 
observed across all tissue sections with considerable heterogeneity in lipid content between 
tissues. Arrows indicate examples of lipid droplets.  
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GA treatment did not induce an increase in systolic blood pressure . Systolic blood pressure of 
control and GA-treated rats fluctuated within a narrow range throughout the duration of 
treatment (Figure 7). Systolic blood pressure of the control and GA-treated rats were compared 
on Days 0, 2, 4 and 6 of the treatment duration. No significant difference (p>0.05) in mean 
systolic blood pressure was observed between the control and treated groups and within each 
group on each of these days.  

 

 

F igure 7: Evaluation of systolic blood pressure.  
Day-to-day mean systolic blood pressure (mmHg) of control and treated rats over the duration of 
treatment. No significant difference was observed in each of the days between both groups and 
within each group (p>0.05).  
 

 

Discussion: 

IR has been recognized as the central component of the MetS which is associated with 
hyperinsulinaemia, glucose intolerance, dyslipidaemia and visceral obesity [4]. With the onset of 
IR, the activity of LPL, a key regulator of lipoprotein metabolism that is subject to insulin 
regulation, has been reported to be reduced both in the adipose tissues and muscles [18, 19]. 
Insulin has been implicated in the biosynthesis of LPL [10] where the insulin-signaling pathway 
activates the class of nuclear receptors known as the peroxisome proliferator-activator receptor 
(PPAR). The isoforms of these, , then bind to the peroxisome proliferator 
respondse element (PPRE) at the LPL gene promoter to up-regulate LPL expression [20].  
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In this study, i -HSD1 by GA could not account adequately for the 
observed increase in tissue LPL expression. Despite the inhibitory effects of glucocorticoids on 
LPL protein synthesis and mRNA levels, such observations were only observed in the adipose 
tissues [21]. Therefore, the induction of LPL expression in this study points to a separate mode 
of action of GA where GA is postulated to activate the PPAR class of nuclear receptors. This is 
based on the consistency of several findings, where (i) triterpenoids have been reported to lead to 
the transactivation of PPAR- [22, 23] and more importantly (ii) PPAR- -

-HSD1 [24]. Thus, GA, both a 
-HSD1 inhibitor may act as a ligand to the PPAR. -

HSD1 knock-out mice also show an elevation of PPAR- -
-HSD1 inhibition may have arisen 

from increased circulating plasma corticosterone due to impaired -HSD1-mediated negative 
feedback upon the hypothalamic-pituitary-adrenal axis [14]. then act 
in return to up-regulate LPL. Thus, GA-mediated activation of the PPAR class of nuclear 
receptors may be direct or indirect.  

PPAR- -oxidation and is expressed 
abundantly in tissues metabolizing high amounts of FFA, such as the liver, kidney, heart and 
muscles while PPAR- ues where it triggers adipocyte 
differentiation and lipogenesis [25, 26]. With reference to Figure 1, increased LPL expression 
was consistently higher in tissues characterized by high PPAR- ney 
and liver) as compared to tissues in which PPAR-
exception however was seen in the heart that has a relative LPL expression comparable to that of 
the adipose tissues. Such discrepancy may be due to the lower distribution of GA into the heart 
as compared to all other tissues examined in this study [27]. The selective pattern of tissue LPL 
induction suggested that GA exhibits greater potency in activating PPAR- -
pattern of tissue LPL induction have been advocated for the correction of visceral obesity as it 
could lead to the competitive delivery of FFA away from the more pathogenic visceral fat depot 
to other less pathogenic depots [28].  

This postulation was then confirmed in the study through the measurement of adipocyte 
size in both control and GA-treated rats. With reference to Figure 2, size of adipocytes exhibited 
a decrease in both the VAT and SAT following GA treatment. The overall results have therefore 
shown that by reducing visceral fat accumulation, GA has the potential to counteract the very 
fundamental abnormality that contributes to the development of the MetS, i.e. visceral obesity 
[8].    

 Accompanying the increase in tissue LPL expression and decrease in adipocyte size was 
the consistent improvement in serum lipid parameters of the GA-treated rats relative to the 
control; with a reduction in serum FFA, TAG, total cholesterol and LDL-cholesterol and 
elevation of HDL-cholesterol. The GA-induced decrease in serum FFA appears to be of critical 
importance due to the role of FFA in initiating the development of IR, -cell dysfunction and 
dyslipidaemia [5, 7]. The observed decrease in serum FFA may be attributed to increased tissue 
uptake. Berthiaume et al. [29] -HSD1 is associated with a 
concomitant increase in protein content of plasma membrane fatty acid-binding protein (FABPpm) 
that facilitates the entry of FA into cells. In addition, PPAR-
induce the activities of fatty acid transporter protein (FATP) and acyl-CoA synthetase [30], 
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where the former mediates FFA uptake and the latter is involved in the activation of FFA that 
-oxidation [31, 32]. Activation of acyl-CoA synthetase therefore promotes the 

oxidation of FFA to prevent the saturation of cellular FA binding and transport [32]. This 
supports further the decrease in lipid deposition in the studied tissues despite increased FFA 
uptake.  

 The decrease in serum TAG did not appear secondary to the reduction in serum FFA and 
may be mostly attributed to the action of GA. Inhibitio -HSD1 has been shown to reduce 
hepatic VLDL secretion [29] which may have been driven by increased hepatic FFA oxidation 
due to the induced expression of fat-catabolizing enzymes [14]. Hepatic VLDL secretion is 
regulated by the amount of lipids available for the assembly of VLDL [29]. Extracellular FFA 
entering the liver is either oxidized or esterified to form a cytosolic pool of TAG; the TAG 
required for VLDL assembly is recruited from this pool. Physiologically, extracellular FFA acts 
to boost VLDL secretion by expanding the size of this intrahepatic TAG pool [33]. With 
increased FA oxidation however, the drive for the VLDL assembly pathway is subsequently 
attenuated.  

 The increase in HDL-cholesterol following GA administration may be due to the 
increased production of apo A-I, the major protein of HDL that is subjected to accelerated 
catabolism in the MetS [7]. Apo A- -
HSD1 knock-out mice [14] and following PPAR-  [30]. Since the rate of HDL 
synthesis is dependent on the production of apo A-I [34], this has been speculated as the HDL-
increasing mechanism of GA.  

Despite lacking benefits of increased LPL expression in this study, such LPL induction 
by GA may be pivotal in the amelioration of lipid parameters in dyslipidaemic subjects. In the 
lean rats employed in this study, the serum TAG measured after a 12-h fast reflects only the 
VLDL fraction. Serum chylomicrons have a half life of 13-14 minutes and would be cleared 
from circulation within this fasting period [35]. In dyslipidaemic subjects however, 
hypertriglyceridaemia is attributed to the prolonged retention of both chylomicrons and VLDL 
due to inhibited lipolysis of both particles following decreased LPL levels [8]. Therefore, in the 
dyslipidaemic state, induced LPL may contribute to the increased clearance of such lipoproteins 
to reduce serum TAG. Furthermore, the development of small, dense LDL and the reduction in 
HDL seen in the dyslipidaemic state are attributed to CETP-mediated lipid exchange between 
both lipoprotein particles and TAG-enriched VLDL particles. Such exchange is substrate- rather 
than enzyme-driven [36]. The increased catabolism of TAG-enriched VLDL by LPL may thus 
serve to positively re-modulate HDL and LDL profile in dyslipidaemia.  

The observed decrease in lipid deposition across all studied tissues may be consequential 
of increased lipid oxidation in these tissues following GA administration. Previous reports have 
suggested that increased tissue lipid content in the obese state is related to decreased activity of 
oxidative enzymes [12]. In this study, increase in en -oxidation such as acyl-CoA 
synthetase, mitochondrial carnitine palmitoyltransferase-I and acyl-CoA oxidase were postulated 
to be induced through (i) direct activation of PPAR- -

-HSD1 [14], or (iii) activation of PPAR- -generated FFA 
that serves as natural PPAR-  [37]. All the enzymes aforementioned carry a PPRE in the 
promoter region [30, 38, 39]. The last postulation showed consistency with the results of the 
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study where significant decrease in lipid deposition was observed in the AM and QF, in 
agreement with their higher increase in LPL expression compared to all other tissues. In addition 
to the current study, Berthiaume et al. [29] -HSD1 
was associated with a reduction in tissue TAG content and increased FFA oxidation. 

 TAG is present in all cell types and intracellular storage of these neutral lipids occurs 
within lipid droplets. The adipose tissue and liver are the principal stores of TAG, explaining the 
high levels of lipid deposition in the liver, while other cell types store small quantities of these. 
Tissue TAG storage occurs in any quantities, and in the liver for example, TAG storage may 
range up to 10-fold [33]. This explains the large range of lipid deposition in tissues as observed 
in the study.  

 Obesity and T2DM has been associated with tissue lipid accumulation and such ectopic 
TAG accumulation, also known as tissue steatosis, is implicated in the impairment of insulin 
signaling [12, 13]. These lipotoxic effects are not exerted by TAG itself, but through TAG-
derived bioactive lipid metabolites such as long chain fatty acyl-CoA, diacylglyerol  and 
ceramide that activate several serine kinases to block insulin signal transduction [26]. In addition, 
lipid accumulation in the pancreatic islets would further impair insulin secretion where both 
ceramide -cell apoptosis in 
the pancreatic islet [5]. T2DM has been postulated to only develop in such setting of 

-cell failure [40]. With the demonstrated ability of GA to reduce 
tissue TAG accumulation therefore, GA exhibits the potential to revert such lipotoxicity exerted 
by tissue TAG excess and thereby serve to prevent the onset of T2DM.  

The analysis of systolic blood pressure was conducted to determine the occurrence of the 
reported side effects of GA intake. Chronic administration of GA has been associated with the 
development of pseudoaldosteronism, of which includes symptoms such as electrolyte imbalance 
and increased blood pressure. This results from the non-selective nature of both GA and GE that 
inhi - -HSD2 [17]. In this study, one week administration of 
GA did not induce an increase in systolic blood pressure. The positive effects arising from the 

-HSD1, such as modulation of serum lipid, that is more readily observable 
-HSD2, such as an increase in 

blood pressure, is possibly due to different potency of GA in inhibiting the two isoforms of the 
enzyme. Shimoyama et al. [41] has reported that GE, the active metabolite of GA, is more 

- -HSD2. The IC50 for the two enzymes are 0.09 µM 
and 0.36 µM respectively. This may signify that the impact of GA on systolic blood pressure 
may be observed if treatment duration was prolonged, or by increasing the treatment dosage 
within the same duration. Nevertheless, Quaschning et al. [42] has demonstrated that the use of 
aldosterone and endothelin receptor antagonists could normalize GA-induced blood pressure. 
The combinatorial use of GA and such antagonists may therefore represent a new therapeutic 
approach for patients with MetS; allowing patients to harbour the benefits from GA itself and 
simultaneously eliminating the possible side effects.  
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Conclusion: 

Daily oral administration of 50 mg/kg of GA for a week led to increased LPL expression 
predominantly in the non-adipose tissues, with significant increase in the QF. Together with the 
reduction in size of adipocytes in both the VAT and SAT, this may suggest that GA could divert 
FFA away from the pathogenic visceral depot to the oxidative tissues, thus curbing visceral 
obesity. GA also modulated serum lipid and the consistent pattern of improvement of each lipid 
parameter; namely, serum FFA, TAG, total cholesterol, HDL-cholesterol and LDL-cholesterol, 
points to the ability of GA to cause a beneficial shift to a less atherogenic lipid profile. The 
decrease in tissue lipid deposition across all the non-adipose tissues studied indicated that lipid 
did not accumulate in these despite increased LPL expression, possibly due to an accompanying 

-oxidation. GA may therefore retard the development of IR associated with tissue 
steatosis. 

 

M ethods: 

Animals and treatment. The use and handling procedure of animals in this research project had 
been approved by the Monash University Animal Ethics Committee (AEC Approval Number: 
SOBSB/MY/2007/22). 16 male Rattus norvegicus Sprague-Dawley rats weighing between 160-
200g were supplied by Universiti Malaya Animal House (Malaysia) and were housed 
individually in polypropylene cages in a room kept at 23°C on a 12-h light: 12-h dark cycle 
(lights on at 0800 hours). The rats were randomly segregated into two groups of eight; 
representing the control and GA-treated groups. The GA-treated group was given 50 mg/kg of 
GA daily per oral (p.o.) while the control group given tap water without GA. All animals were 
fed ad libitum with free access to standard rat chow (Glenn Forrest Stockfeeder, Australia) and 
drinking water for the one week duration of treatment.  

Systolic blood pressure measurement. Systolic blood pressure was measured by tail cuff 
plethysmography using the NIBP controller (ADInstruments, Australia). Conscious rats were 
placed into a plastic restrainer and a tail-cuff with a pulse transducer was applied onto the tail. 
The tail was heated using a table lamp. Rats were allowed to habituate to the procedure for 7 
days prior to start of the experiment. The recording and determination of blood pressure were 
performed using the Chart recording software and a final reading was averaged out from at least 
10 consecutive readings. This procedure was performed every alternate day.  

Blood and tissue sampling. At the end of the treatment period, all rats were humanely sacrificed 
between 0800 to 1000 hours on the 8th day of treatment after a 12-h fast. All rats were 
anaesthetized via intraperitoneal injection of 150 mg/kg of sodium pentobarbital (Nembutal) 
prior to exsanguination. Blood was drawn from the cardiac ventricle via the apex and was 
centrifuged at 12,000 g for 10 minutes. The resulting serum supernatant was then rapidly 
aliquoted into microtubes and kept frozen at -80°C until required for analysis. The seven tissues 
of interest; heart, liver, kidney, AM, QF and VAT and SAT were promptly harvested, all of 
which were placed into individual cryovials (Nalgene, USA) and immediately snap-frozen in 
liquid nitrogen. These were then stored at -80°C until required for analysis. In addition, a fraction 
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of VAT and SAT were immersed in 10% neutral-buffered formalin in individual universal 
bottles for histological analysis.  

Plasma lipid parameters. Total cholesterol, TAG and FFA were measured with Randox CH200 
Cholesterol kit (Randox, UK), Wako Triglyceride E kit (Wako, Japan) and Randox FA115 Non-
Esterified Fatty Acids kit (Randox, UK) respectively. To determine the level of HDL-cholesterol, 
HDL-cholesterol was first separated from the LDL and VLDL fraction by precipitation of the 
latter two using the Randox CH203 HDL Precipitant (Randox, UK), followed by a cholesterol 
assay using the Randox CH200 Cholesterol kit (Randox, UK). LDL-cholesterol was calculated 
using the Friedewald formula, using the levels of total cholesterol, TAG and HDL cholesterol 
obtained [43]. 

RNA extraction and cDNA synthesis. Total RNA extraction of the heart, liver, kidney, AM and 
QF was performed using the Qiagen RNeasy Mini Kit (Qiagen, USA) while that of the VAT and 
SAT with the Qiagen RNeasy Lipid Tissue Mini Kit. RNA purity was performed by measuring 
the absorbance of the diluted RNA at 260 and 280 nm. RNase-free DNase treatment was 
performed using Promega RQ1 RNase-free DNase (Promega, USA) and cDNA synthesis was 
performed using the Qiagen Omniscript Reverse Transcriptase kit (Qiagen, USA). 

Real time reverse transcription polymerase chain reaction (qRT-PCR). The expression of LPL 
was determined by qRT-PCR using the LPL - 
CAGCAAGGCATACAGGTG- - CGAGTCTTCAGGTACATCTTAC-

-(6-FAM) TTCTCTTGGCTCTGACC (BHQ1)-  that are specific for Rattus norvegicus LPL 
mRNA [GenBank: BC081836] and -actin (BAC) gene with the forward and 

- GTATGGGTCAGAAGGACTCC- - 
GTTCAATGGGGTACTTCAGG- -(TET) CCTCTCTTGCTCTGGGC 
(BHQ1)- Rattus norvegicus BAC mRNA [GenBank: BC063166]. The comparison 
of LPL expression between control and GA-treated rats were performed using the Comparative 

GA-treated group as target and control group as 
calibrator. Agarose gel electrophoresis was carried out on amplicons generated from qRT-PCR 
reaction to ensure primer specificity.  

Tissue lipid staining. Frozen tissues were cut into small cubes of approximately 5 5 5 mm on 
and embedded using the Optimal Cutting Temperature (OCT) Compound (Leica, Germany). 
Cryosectioning was performed at a temperature of -25°C where the embedded tissues were 

with Oil Red O (ORO) was 
performed in accordance to Koopman et al. [44] and captured at 400x magnification. Lipid 
deposition was quantified as specified by Goodpaster et al. [12]. Images were transferred to 
Image J software and converted to grayscale. Threshold for the intensity of staining was adjusted 
in order to pick up only the droplets of lipid; the full-range being from 0 to 255 arbitrary units 
(AU), where 0 represents complete staining and 255 represents no staining. For lipid 
quantification, pixels with intensities of  150  30 AU were quantified. Lipid deposition were 
expressed in AU and calculated as: 

Lipid Deposition = 610
staining ofintensity Mean   stained area of Percentage  
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Eight contiguous views per tissue section were captured and analyzed for the lipid content. The 
level of lipid deposition of each tissue section was calculated as the average of these eight values.  

Morphometric analysis of adipocytes. Adipose tissues that were fixed in 10% neutral-buffered 
formalin as aforementioned were processed by a Leica TP 1020 Automatic Tissue Processor and 
embedded in 
(H&E) 2) per field view per 
tissue section at 100x magnification.  

Statistical analysis. Statistical analysis of LPL expression was performed using the Relative 
Expression Software Tool (REST©) MCS Beta 2006 while that of all other parameters was 
performed using the Statistical Package for the Social Sciences (SPSS) Version 16.0. Data 
distribution was analyzed using the Kolmogorov-Smirnov test. Parametric data were then 
analyzed with independent t-test and are presented as mean ± standard error while non-
parametric with Mann-Whitney U-test and are reported as median (minimum  maximum). In all 
analyses, a p-value  0.05 was considered significant.  

 

Abbreviations: 

- -hydroxysteroid dehydrogenase; AM: abdominal muscle; CETP: cholesteryl ester 
transfer protein; FFA: free fatty acids; GA: glycyrrhizic acid; GE: glycyrrhetic acid; H&E: 
haematoxylin and eosin; HL: hepatic lipase; HDL: high-density lipoprotein; IR: insulin 
resistance; LDL: low-density lipoprotein; LPL: lipoprotein lipase; MetS: metabolic syndrome; 
ORO: Oil Red O; PPAR: peroxisome proliferator-activator receptor; PPRE: peroxisome 
proliferator response element; QF: quadriceps femoris; SAT: subcutaneous adipose tissue; 
T2DM: type 2 diabetes mellitus; TAG: triacylglycerol; VAT: visceral adipose tissue; VLDL: 
very-low-density lipoprotein. 
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A D D E ND UM 
 

 
General comment:  
(1) Manuscript is in-print. 
 
Specific comments: 
p 16 Section 1.3.1: Comment:  It is possible that GA absorption could occur if a dose of 150 mg/kg was 

administered.  
p 49 Section 2.1.4: Comment:  Source, formulation and purity of GA  Sigma Aldrich, 100% by weight, 

>75% HPLC grade. 
p 95 Figure 3.10:   Comment: It is valid to combine and tabulate all the values for all the control rats in 

the different treatment groups. Different control values for the different 
dosages were presented to show the data range of each group but all the 
individual control values were still within the normal range (e.g.: 8  12 
mmol/L for blood glucose).  

 
 

General comment:  
(1) p viii: Add title of Appendices in Table of Contents: 
 

Appendix 1    Calculation of sample size 
Appendix 2    Preparation and standard curve of glucose, insulin, TAG,  

 cholesterol and HDL-cholesterol 
Appendix 3   Protocol of total RNA extraction from liver and kidney 
Appendix 4   Protocol of total RNA extraction from abdominal and quadriceps  
                         femoris muscle 
Appendix 5   Protocol of total RNA extraction from subcutaneous and visceral  
                       adipose tissue 
Appendix 6   Rnase-free DNase treatment 
Appendix 7   cDNA synthesis 
Appendix 8   Characterist  

LPL and BAC amplification 
Appendix 9   Optimized reaction mixtures for qRT-PCR 
Appendix 10   
                          
Appendix 11  Optimized qRT-PCR temperatures 
Appendix 12  -HSD determination 
Appendix 13   Preparation of standards for protein concentration 
Appendix 14   -OH-11-dehydrocorticosterone standards 
Appendix 15  Manuscript in-print 

 
(2) Graphs were blurry as they were copied from the statistic software. 
 
(3) Typographical errors: 
 p 179 line 8:   
 p 189 line 11:   
 p 191 line 16:  
 p 193 line 7:    

p 229 line 6: Add at the end of the sentence: 23  33 
 p 252 line 7: Add at the end of the Journal title: USA 
  
(4) Appendices had been referred in the main text in the thesis  
 
(5) Abstract does not need to be revised as there were no changes made in the thesis. 
 
 



Specific comments: 
p 12 Table 1.3: Comment: Mastura et al (2008) referred to the Malaysian population  
 
p 26 Figure 1.7: Add at the end of the sentence: 
 
Despite having only two protein isoforms, there are four possible mRNA isoforms arising f

The encodes for the the 
.  

 
p 31 Figure 1.9: Add at the end of the sentence: 
 
The NH,-terminal domain contains the active-site residues and apoC-I1 interaction site that covers the catalytic 

cleft. The COOH terminal domain contains the Ab epitope and heparin-binding region required for lipolysis. They 
are positioned in close proximity to the active-site region on the other subunit .  
 
p 45 Section 1.7: Comment: The eventual candidate for the GA treatment would be the diabetics as it 

could help them control the risk factors for metabolic syndrome. 
However, the results of my study also indicate that those at risk of 
diabetes could also be targeted as the GA treatment managed to 
successfully control the blood glucose and lipid levels in rats. This study 
was not performed using diabetic rats as the main objective was to 
determine the effects of GA towards -HSD and LPL levels. 
Thus, lean rats were selected in this study. The use of diabetic rats would 
be considered in future work as this work was done to ascertain the 
relationship between GA and the three mentioned parameters. The data 
of my study is important as it highlights the role of GA to ameliorate 
hyperglycaemia, insulin resistance, visceral obesity and dyslipidaemia, 
all risk factors for metabolic syndrome. Individuals with metabolic 
syndrome have been known to have a high risk for the development of 
type 2 diabetes mellitus and cardiovascular diseases.  

 
p 49 Section 2.1.4: Comment: No positive control was included as the main objective was to determine 

the effects of GA on the parameters studied and not to compare the 
effects of GA with the available synthetic drugs in the market. Research 
has already been done on the effects of the synthetic drugs and it would 
not be feasible to repeat it in my study. Data of daily food and fluid 
consumption were not documented because the data used was to ensure 
that the rats did not suffer a sudden loss in appetite which might affect 
their physiology and to determine the amount of GA consumed a day. 
Data showed that the rats took an average of 25g of rat chow and 
consumed 30ml of GA daily. 

  
p 51 Section 2.2.1: Add at the end of the subtitle: (Varley et al., 1980) 
 

 
 
p 64 para 2 and 3: Comment: The beginning of a sentence with a numeral was used to state the amount 

of compound required. The format used was similar to those in the 
published papers 

 
p 66 Section 2.5:    Add at the end of the subtitle: (Okuno et al., 1998) 
 
p 68 Figure 2.3: Comment: Figure was placed at this page because it was also mentioned in the main 

text in page 67. 
 
P 74 Table 3.1: Comment: Table was presented to indicate the p-values and the range of the data for 

Figures 3.1, 3.2 and 3.3. 
 



p 75 Figure 3.1: Comment: Standard errors cannot be indicated in a median graph (box plot). 
However it was stated in a mean graph (histogram). The number of 
experiments was not stated as it was clearly understood that eight rats 
were used in each group. 

 
p 78 Section 3.1.2.1: Comment: This section was included as a short section to explain how the data was 

obtained. The method in which the copy numbers were obtained had 
been included in the thesis at page 62. 

 
p 89 Table 3.5: Comment: % decrease is relative to the control rats. Data in Figure 3.8 was re-

calculated and found to be similar as reported in the thesis. 
 
p 95 Figure 3.10: Comment: Reduction in blood glucose levels at 75mg GA is significantly different. 

The data presented (box plot) represents the lower quartile, median and 
the upper quartile. Thus the overlapping seen could be due to the wide 
data range. All the data queried were again subjected to statistical 
analysis and the data was found to be as reported in the thesis.  

 
p 156 Figure 3.49: Comment: Lim et al (2009) used 50 mg/kg GA while the data in this figure 

represents the effects of the administration of 100mg/kg GA, thus 
leading to different results. 

 
p 170 para 2: Add at the end of the para 2: 
 

-administered rats showed an increase in the number of small size 
 

 
p 177 Section 4.1: Comment: There were no significant differences observed between oral and IP 

routes due to the short duration of treatment (12 hours) and the low dose 
of GA (50 mg/kg) administered. Professor Lee commented that it could 
be due to the small number of animals in each group. However the 
amount of samples/animals used were approved by the Monash Animal 
Ethics committee and were calculated as shown in page 253. The 
preparation of GA in my study was similar to those in the reported 
literature and was also administered through the oral route. However, my 
study is expanded to determine the effects of GA on various other 
parameters as compared to the literature which only focused on the 
properties of GA. The study of the bioavailability of GA has been carried 
out by various researchers (Ploeger et al., 2001; Ishbrucker and Burdock, 
2006). The LD50 values of GA were not examined as it has already been 
reported by Ishbrucker and Burdock (2006) and was found to be between 
the range of 1220  12,700 mg/kg. 

 
p 190 para 2 line 10: Sentence was replaced with:  
 

latory regulation in the skeletal muscles by  
 
p 195 para 2: Comment: A new paragraph was made beginning  
 
p 195 para 3: Comment: The main text was written not with the aim to postulate but to emphasize 

that the findings in my study were similar to those found by Fried et al 
(1993). 

 
p 198 Section 4.6: Comment: Last sentence of para 1 was removed   
 
p 200 para 3 line 1: Comment: -HSD2 activity in the visceral adipose tissue was 

compared to subcutaneous adipose tissue and this was in agreement with 
the findings of Milagro et al (2007). 



 
p 201 line 3: Comment: Refer to amendments for page 170. 
 
p 205 para 3: Comment:  
 
p 210-213: Comment: Data for blood pressure was presented in page 167-168 while discussion 

on the measurement were in page 210-213 (as in the thesis). 
 
p 214 Section 4.10: Comment: The text in this section is already a summary of the overall postulated 

effects of GA on the various parameters examined and is simplified into 
Figure 4.10. 

 
p 218 & 219: Comment: Oral route was stated as the most effective as it is a safer route of 

administration, simple, safe, cheap and it does not cause an increase in 
the stress levels of the rats. This is crucial as this study involves the 
analysis of GC levels. The main aim of this study was to investigate the 
short term effects of GA on the various studied parameters in rats. Upon 
carrying out the research, 12, 24 and 48 hours as well as seven days were 
determined as the treatment duration. Comparing between the treatment 
durations, the seven day treatment duration resulted in the optimal 
improvement in the various parameters studied. Future work in this study 
would involve lengthening the duration of the treatment to determine the 
effects of GA given long term to rats. In this study, the insulin and lipid 
profile were stated to be non-significant. There were only two 
postulations made in the conclusion chapter. Therefore it does not seem 
to be overly postulated.  

 
p 221 Future work: Add to the end of the para 2: 
 

-of-the-art technologies such as microarrays can be used to address the genome wide 
 

 
 

                                                              


