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ABSTRACT 

Metabolic syndrome is characterized by the concomitant manifestation of central obesity, insulin 

resistance, high blood pressure and dyslipidemia. Its widespread prevalence warrants more 

effective therapeutic strategies that can simultaneously improve multiple metabolic risks. One 

candidate is ellagitannin geraniin (or geraniin), which is a polyphenolic compound isolated from 

the rind of rambutan (Nephelium lappaceum). This project aimed to investigate the metabolic 

effects and possible mechanism of geraniin using diet-induced metabolic syndrome animal models. 

To induce metabolic syndrome, post-weaning (three-week old) and adult (eight-week old) rats 

were fed with either control, high-fat or high-fat-high-sucrose diets. A significant interplay 

between the developmental stages and types of high-calorie diets was noted. Within eight weeks, 

high-fat diet induced all features of metabolic syndrome in post-weaning rats, but not in adult rats. 

Compared to high-fat diet, high-fat-high-sucrose diet performed better in terms of metabolic 

syndrome induction among the adult rats but merely caused increased weight gain and 

hypertension. Compared to adult rats, post-weaning rats had faster weight gain, more abdominal 

fat, higher in fasting plasma glucose, increased hepatic steatosis and overexpression of peroxisome 

proliferator-activated receptors (PPAR) α and γ genes by more than 14- and 17-fold respectively. 

Post-weaning rats on high-fat diet was selected as the model for the study of geraniin due to 

consistent and successful disease induction. The effects of geraniin was compared to tocotrienol-

rich fraction isolated from palm oil and metformin. Treatment with geraniin at a daily dosage of 

25 mg/kg for four weeks via oral administration (dosage selected based on a pilot study) exhibited 

remarkable ameliorative effects against multiple metabolic abnormalities. At the end of the four-

week treatment, geraniin was found to reduce the central adiposity, systolic and diastolic blood 

pressure, fasting blood glucose, circulating triglycerides and non-HDL cholesterols besides 

lowering the severity of hepatic steatosis. The geraniin-dependent reduction of fasting blood 

glucose was comparable to metformin, although the former failed to improve the fasting glucose 

tolerance. In terms of the redox homeostasis and inflammatory response, treatment with geraniin 

effectively normalized the myeloperoxidase activity, advanced glycation end products (AGE) and 

interleukin-1β in the blood plasma. These benefits were also observed in rats treated with 

metformin and tocotrienol-rich fraction. The AGE-lowering effect of geraniin was coupled with a 

2.7-fold downregulation of Receptor for Advanced Glycation End Product (RAGE) in the liver and 
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1.8-fold upregulation of the endogenous secretory RAGE (esRAGE) genes in the abdominal 

adipose tissues compared to the rats on high-fat diet, suggesting a potent inhibitory effect on the 

AGE-RAGE axis. By comparing the hepatic transcriptomes, it was found that geraniin suppressed 

the expression of genes for lipid and steroid hormone metabolism which were otherwise, 

overexpressed by chronic high-fat feeding. Geraniin also downregulated numerous nuclear-

encoded mitochondrial genes responsible for electron transport chain, respiratory protein 

complexes, ATP synthase, mitochondrial membrane and matrix. The mitochondrial modulatory 

effect of geraniin is a novel discovery and could be the primary mechanism for the observed health 

benefits. In conclusion, supplementation of geraniin mitigated almost all the pathological 

phenotypes of metabolic syndrome induced by high-fat diet. Such a pleiotropic effect makes it a 

promising candidate for metabolic syndrome therapy. Future research should focus on the 

interaction between geraniin, mitochondria and pathogenesis or recovery of MetS.  
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1. INTRODUCTION 

1.1. An Overview of Metabolic Syndrome 

Gone are the days when the survival of mankind is constantly challenged by under-nutrition, 

starvation, pandemics and infectious diseases; in this day and age, the majority of global 

mortality incidence is inflicted by so-called modern risk factors, namely high blood pressure, 

tobacco use, high blood glucose levels, sedentary lifestyle and obesity, particularly in developed 

and developing countries [1]. While obesity has raised much public concern and awareness, 

another related clinical entity - metabolic syndrome (MetS), has stayed out of the public eye [2, 

3]. Essentially, MetS describes a collection of several metabolic anomalies including central 

obesity, hypertension, glucose intolerance and dyslipidaemia. Such a clustering of symptoms was 

first reported by a Swedish clinician named Kylin back in 1923, who found the co-occurrence of 

hypertension, hyperglycaemia and hyperuricemia in his patients [4]. Six decades later, a similar 

set of metabolic abnormalities have taken different names such as Metabolic Syndrome [5], 

Syndrome X [6], The Deadly Quartet [7] and Insulin Resistance Syndrome [8]. From late 1990’s 

to 2000’s, some of the most notable progresses in the clinical aspects of MetS happened, 

whereby several international diagnostic criteria were put forth, refined and established so as to 

better characterize the condition. In the following subsections, we will explore different facets of 

MetS to understand its current status and highlight the necessity of MetS research.  

1.1.1. Clinical definition of metabolic syndrome 

Instead of a diagnosis, MetS started as a clinical observation when it was realized that a number 

of cardiovascular risk factors appeared to co-manifest in individuals with impaired glucose 

tolerance and type 2 diabetes mellitus (T2DM) [6]. Insulin resistance was believed to be the key 

component that connected all the risk factors [6]. These risk factors, including hypertension, 

hyperinsulinaemia, glucose intolerance, increased triglyceride and reduced high-density 

lipoprotein (HDL) cholesterol, together with central obesity, later became the key hallmarks and 

diagnostic features of MetS (Figure 1.1). 
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Figure 1.1: Key clinical features of metabolic syndrome.  

The first official definition of MetS was published by World Health Organization (WHO) [9]. 

Subsequently, many international organizations and expert groups which included National 

Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) [10], American 

Association of Clinical Endocrinology [11], International Diabetes Federation (IDF) [12] as well 

as American Heart Association and the National Heart, Lung, and Blood Institute (AHA/NHLBI) 

[13] proposed their own or a modified version of diagnostic criteria. There were some 

disagreements on the cut points between different criteria, but an international collaboration was 

undertaken to devise a unified criteria for MetS that aimed to resolve discrepancies and facilitate 

the comparison of epidemiological data based on the same set of diagnostic criteria [14]. The 

clinical definitions of MetS proposed by different expert groups are summarized in Table 1.1. 

Even though the clinical utility of MetS is not indisputable [15], but increasing evidence suggests 

strong associations of MetS with various diseases other than CVD and T2DM; thus, highlighting 

the necessity to recognize individuals with such a risk factor clustering pattern. 
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Table 1.1: Diagnostic criteria and clinical definitions of metabolic syndrome. 

Parameters WHO (1999) [9] 
NCEP ATP 

III (2001) [10] 

AACE (2003) 

[11] 

AHA/NHLBI 

(2005) [13] 
IDF (2005) [12] Harmonised (2009) [14] 

Central obesity 
BMI ≥ 30 kg/m2 

and/or 
 

Not applicable 

 

North 

American, 

European 

Europids*, Middle East, 

Mediterranean, Sub-

Saharan African 

Asians, Central 

and South 

American 

Male Waist/hip ratio > 0.9 WC ≥ 102 cm WC ≥ 102 cm WC ≥ 102 cm WC ≥ 94 cm WC ≥ 90 cm 

Female Waist/hip ratio > 0.85 WC ≥ 88 cm WC ≥ 88 cm WC ≥ 88 cm WC ≥ 80 cm WC ≥  80 cm 

Blood pressure 

(systolic/diastolic) 
≥ 140/90 mm Hg 

≥ 130/85 mm 

Hg 
≥ 130/85 mm Hg 

≥ 130/85 mm 

Hg or Rx 
≥ 130/85 mm Hg or Rx 

Fasting plasma 

glucose 
IGT, IFG or T2DM ≥ 6.1 mmol/L IGT or IFG 

≥ 5.6mmol/L or 

Rx 
≥ 5.6mmol/L or Rx or T2DM 

Plasma 

triglycerides 
≥ 1.7 mmol/L ≥ 1.7 mmol/L ≥ 1.7 mmol/L 

≥ 1.7 mmol/L or 

Rx 
≥ 1.7 mmol/L or Rx 

HDL-C    Rx or Rx or 

Male < 0.9 mmol/L < 1.03 mmol/L < 1.03 mmol/L < 1.03 mmol/L < 1.03 mmol/L  

Female < 1.0 mmol/L < 1.29 mmol/L < 1.29 mmol/L < 1.29 mmol/L < 1.29 mmol/L 

Microalbuminuria 

Urinary albumin 

excretion rate  ≥ 

20µg/min  

or 

Albumin: creatinine 

ratio ≥ 30 mg/g 

Not applicable Not applicable Not applicable Not applicable 

Diagnostic criteria 
T2DM, IGT and/or IR 

+ any two or more of 

above 

At least three of 

above 

Individuals with 

risk factors† + at 

least two of above  

At least three of 

above 

Central obesity + any two or 

more of above 
At least three of above 

* For Europids or Caucasians, an increased risk of cardiovascular disease and diabetes mellitus occurs at waist circumferences of ≥ 94 in men and ≥ 80 cm in women, but 

the risk increases substantially at ≥ 102 cm in men and ≥ 88 cm in women. The latter thresholds are more commonly adapted in North American and European countries. 
† Risk factors includes the following: 

 Diagnosed with CVD, hypertension, PCOS, NAFLD or acanthosis nigricans; family history of T2DM, hypertension or CVD; history of gestational diabetes or glucose 

intolerance; non-Caucasian; sedentary lifestyle; overweight (BMI>25 kg/m2); age > 40 years 

BMI, body mass index; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; IR, 

insulin resistance; NAFLD, non-alcoholic fatty liver disease; PCOS, polycystic ovarian syndrome; Rx, on medication; T2DM, type 2 diabetes mellitus; WC, waist 

circumference 
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1.1.2. Epidemiology and associated health risks of metabolic syndrome 

According to Kaur (2014), the global prevalence of MetS could vary from <10% to as much as 

84%, depending on the demographic variables of the studied population [16]. Nonetheless, most 

developing and developed countries reported a nationwide prevalence of about 20% to 30% 

among the adult population [17-19]. This is also in line with IDF’s estimation which outlines that 

about a quarter of the world’s adults have MetS [20]. What is worth mentioning is that the 

statistic is more than 10 years old. In fact, the prevalence of MetS has been escalating steadily in 

countries like India [21], China [22], South Korea [23] and the United States [24]. Therefore, the 

old statistic is likely to be an underestimation to the current state of MetS. Notwithstanding, 

MetS is undoubtedly a serious, ever-growing health concern around the world.  

In Malaysia, MetS is also a dire health issue. Based on the IDF definition of MetS [12], close to 

two in every five Malaysian adults (37.1%) are affected by the condition [25]. It was a 14% 

increase compared to another study which reported a prevalence of 22.9% merely four years 

earlier [26]. Such a dramatic increment over a relatively short period of time suggests that the 

disorder is rapidly becoming out of control. The high incidence of MetS is also in concordant 

with the high prevalence of obesity. A recent nationwide survey reported that approximately half 

of the Malaysian adults are overweight while up to one fifth are obese [27, 28]. This means that 

more than 10 million Malaysian citizens are prone to obesity-/MetS-related complications. Such 

alarming trends clearly warrant immediate attention and drastic measures to contain and address 

the issues. 

To add insult to injury, the global and local prevalence rates mentioned above exclude children 

and adolescent incidence, rendering the estimates unable to reflect the actual severity of the 

disorder. As a matter of fact, the prevalence of childhood obesity has also been rising steadily 

since 1980. As of 2013, roughly 13% of the children and adolescents worldwide (<20 years old) 

were overweight [29]. Considering the strong association between obesity and MetS, it is 

anticipated the prevalence of pediatric MetS is growing. However, current epidemiological 

studies in this aspect is limited. This is probably attributable to the ignorance to the issue and the 

lack of consensus on the definition of pediatric MetS. In this context, a systematic review of 

existing studies concluded a global MetS prevalence rate of 3.3% among the pediatric 

population, but the estimate is accompanied by a large variation, ranging from <1% to >19% [30, 
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31]. Locally, the predicted childhood MetS prevalence is about 2.6% [32, 33]. One recent study 

reported an exceedingly high incidence rate at 27.3% among the obese children [34]. Thus, the 

large discrepancy in the estimated global and local prevalence highlights the importance of more 

cross-sectional and longitudinal surveys for the determination of the true scenario and clinical 

relevance of childhood MetS. 

1.1.3. Associated health risks of metabolic syndrome 

By itself, MetS is simply a constellation of clinical manifestations caused by dysregulated 

metabolism. What is truly threatening is its association with a wide range of health complications 

and mortality. Most notably, individuals with MetS are twice more likely to develop CVD and 

up to 4.5 times more likely to have T2DM [35, 36]. Furthermore, MetS also significantly 

increases the risk of colorectal cancer in both men and women alike, besides independently 

enhancing the risk of liver and bladder cancers in men as well as endometrial, pancreatic, 

postmenopausal breast and rectal cancers in women [37]. Next, microalbuminuria is one of the 

diagnostic parameters in the earliest clinical definition of MetS. This suggests an adverse effect 

of MetS on the renal function. Indeed, there is concrete evidence for the strong association 

between MetS and chronic kidney disease [38]. Considering the high prevalence of obesity, 

MetS and T2DM in Malaysia, it is understandable why the prevalence of end stage renal disease 

is projected to double from 0.12% in 2015 to 0.26% in 2040 [39].    

Apart from the peripheral organs, the central nervous system also appears to be affected by 

MetS. More explicitly, some studies concluded that MetS is linked to cognitive decline [40] and 

neurodegenerative diseases, namely Alzheimer’s disease [41] and dementia [42]. Although the 

mechanistic links are unclear, the inflammatory state seems to be a common mediator of both 

disorders and thus, is postulated to play a crucial role in the crosstalk between MetS and 

cognitive impairment [43]. Not only is the cognitive function being affected, but MetS may also 

jeopardize psychological health. Multiple studies have concluded that MetS is a significant 

predisposing factor for the onset of major depressive disorder [44-46] while the evidence for 

other mental illnesses is limited. The interplay between MetS with the brain and mental 

dysfunction is a relatively new field whose pathogenesis is poorly understood. Nevertheless, a 

reexamination of the concept of MetS may be pertinent by taking the MetS-cognitive and MetS-

psychological interactions into consideration to formulate a more comprehensive theory. 
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Some preliminary data demonstrated that MetS may also compromise reproductive function. In 

males, MetS tends to diminish semen quality by lowering the concentration, survival rate and 

motility of sperms [47]. A condition known as hypogonadism (as characterized by reduced total 

and free circulating testosterone levels) is also more common in men with MetS than those 

without [48]. On the contrary, elevated testosterone or hyperandrogenism, is observed more 

often in females with MetS [48]. Although the causation relationship between MetS and 

hyperandrogenism cannot be affirmed, increased testosterone has been demonstrated to arrest 

follicle maturation and ovulation [49]. Certain components of MetS, particularly obesity, are also 

associated with a number of pregnancy complications such as gestational diabetes, pre-

eclampsia, preterm birth and perinatal death [50]. It is also becoming increasingly apparent that 

the nutritional and metabolic status of the mother can profoundly influence fetal growth and the 

likelihood of newborns to develop chronic diseases later in their lives via a mechanism known as 

fetal metabolic programming. Essentially, abnormal supply of nutrients during pregnancy, 

regardless of under- or over-nutrition, is speculated to trigger long-lasting epigenetic remodeling 

and modifications which affect the appetite control, energy balance regulation, lipid and glucose 

metabolism of the offspring [51]. Hence, all the evidence strongly accentuates the multifaceted 

negative effects of MetS on human reproduction. 

To summarize, having MetS increases the risks of a wide range of health complications and all-

cause mortality rate [35, 52]. Yet, it should be noted that health complications included here are 

some of the most well-established or most recent findings. The actual risks associated to MetS 

cannot be exhaustively listed and discussed. The vast variety of comorbidities unmistakably 

point out the devastating effects of MetS on our health.  

1.1.4. Etiology and pathophysiology of metabolic syndrome 

Like many chronic diseases, the onset of MetS is essentially governed by two major driving 

forces: environmental and genetic factors. It is widely believed that the environmental factors, 

which include sedentary lifestyle and unhealthy dietary behavior, play a predominant causative 

role. The disastrous health impacts of unhealthy diets have been long-established. According to 

large-scale studies, western dietary patterns high in processed meat, fried food, sweet and salty 

snacks is independently associated with increased risks of MetS [53], T2DM and coronary heart 

disease [54, 55] even after adjusting for other significant risks like demographic factors, smoking 
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and physical activity. Considering the high lipid and carbohydrate content, a western diet is 

bound to cause positive caloric balance. When coupled with sedentary lifestyle, even more 

unused calories are resulted. These excesses are eventually deposited in the body as fats, 

explaining why unhealthy dietary behavior and physical inactivity are more common in 

overweight and obese individuals [56]. Despite knowing that unhealthy eating is a major culprit 

to obesity and MetS, it is often hard to change our food preferences. In this context, recent 

discovery suggests that gut microbiota could in fact, manipulate our dietary behavior by exerting 

influences on the reward and satiety pathways, mood and sensory modulation; or even hijacking 

the vagus nerve to induce a sense of addiction towards certain foods that enhance the microbe 

fitness [57]. Hence, gut microbes could potentially sway our food preferences in such a way that 

we are constantly craving for high fat and/or high sugar foods, contributing to overeating and the 

onset of MetS. 

On the other hand, genome-wide association studies allow us to explore the genetic aspects of 

MetS. Many genetic loci have been identified to link to obesity and phenotypes of MetS, each 

contributing a small but significant impact [58]. This strongly points out the polygenic nature of 

the metabolic disorder. Furthermore, the function of the susceptibility genes is also remarkably 

diverse, ranging from central regulation of food intake, satiety control, cellular growth and 

proliferation to lipid metabolism [58, 59].  The fact that genes responsible for central appetite 

regulation are implicated in concordance with the integral role of over-nutrition as the leading 

etiology of MetS. As such, based on our current understanding, MetS is a complex trait resulted 

from gene-environment interactions. Future research should aim to delineate these interactions in 

order to develop more effective strategies that can modify the risk for MetS. 

As for the pathophysiology of MetS, an early hypothesis was that insulin resistance is the root 

cause of MetS [6]. More recent theory sees visceral obesity owing to prolonged over-nutrition, as 

the primary cause of MetS [60-62]. The latter is now widely accepted because of its coherence to 

the known etiologies of MetS besides being able to provide plausible explanation to the features 

and associated complications of MetS. Positive caloric balance, which is a combinatorial output 

of overeating, sedentary lifestyle and genetic predisposition, will lead to increased body fat. 

However, not all fat depots are created equal. For instance, compared to the subcutaneous 

adipose tissues, the visceral adipose tissues play a more proactive role as an endocrine organ to 
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exert metabolic modulation via the secretion of a wide variety of adipocytokines [63]. Abnormal 

adipocytokine secretion occurs when visceral adipocytes start to become enlarged (hypertrophy) 

due to chronic lipid influx. In this case, various detrimental adipocyte factors that can induce 

pro-inflammation, pro-thrombosis, vasoconstriction and insulin resistance are hyper-secreted 

while beneficial adipokines, most notably adiponectin, are markedly reduced [64]. Moreover, 

hypertrophic visceral adipose tissues are insensitive to insulin action and so, releasing more free 

fatty acids into the circulation which are known to cause hyperlipidemia and peripheral insulin 

resistance [65, 66]. Together, these pathological conditions of visceral adipose tissues observed 

in abdominal obesity are termed “adiposopathy” [61].  

The deranged metabolism is further aggravated by the accumulation of lipids at atypical organs 

such as the liver, skeletal muscles, surrounding the heart or even the kidneys. Such an ectopic 

deposition of fats is attributable to the saturation of lipid storage at the adipose tissues and 

outflow of free fatty acids [67]. Hepatic and muscular intracellular lipid accumulation can induce 

local insulin resistance [68]. This directly impairs their ability to regulate circulating glucose and 

lipids, leading to chronic hyperglycemia and dyslipidemia. In the circulation, the aggregation of 

by-products and intermediates of lipid and glucose metabolites exacerbates oxidative stress and 

activates signaling cascades that ultimately lead to vascular damage and atherosclerotic 

processes [69]. Prolonged hyperglycemia also creates a hostile and stressful environment which 

compels the pancreatic β-cells to undergo dedifferentiation and revert to non-insulin-producing 

progenitor-like cells [70]. Over time, this will lead to insulin insufficiency and render the glucose 

level even more dysregulated. Conversely, intramyocardial ectopic fats are found to disrupt the 

heart structural integrity [71] whilst lipid accumulation in the renal sinus is associated with 

hypertension and chronic kidney disease [72], leading to heart and kidney failure, respectively. 

In short, ectopic fat depots bring about the devastating local and systemic effects that are 

consistent with the features of MetS. Hence, it is believed that this hypothesis underpins the true 

pathogenesis of MetS (Figure 1.2). 

In summary, this section provides an overview about the history, diagnosis as well as the causes 

and effects of MetS. Existing epidemiological evidence strongly points out widespread 

prevalence of MetS all over the globe. Coupled with the chronic adverse health complications, 

MetS will cripple the economy, healthcare system and society in the foreseeable future. Thus, 
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further research about MetS is not only justified, but also absolutely imperative for us to devise 

more effective therapeutic and preventive strategies to combat the issues. 

 
Figure 1.2: Etiology, pathophysiology and complications of metabolic syndrome. 
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1.2. Clinical Interventions of Metabolic Syndrome 

Despite being promoted to a clinical entity for close to two decades, MetS is not very well 

embraced by a considerable portion of the medical community. One reason could be that the 

awareness of MetS is lacking, even among medical personnel [2, 3, 73]. However, strong 

linkages have been found between MetS with multiple chronic diseases. This strongly supports 

the necessity to diagnose and treat MetS as a whole. Therefore, this section will elaborate on the 

existing and prospective therapeutic strategies of MetS.  

1.2.1. Conventional therapeutic approach of metabolic syndrome  

The primary goal of MetS therapy is to prevent or delay the onset of T2DM and CVD. 

Considering the huge influence unhealthy dietary behavior and physical inactivity, lifestyle 

modification with a weight reduction goal often serves as the first-line intervention in premorbid 

individuals with MetS. For overweight people, the aim is to reduce body weight by 7% to 10% 

from baseline within six to 12 months via a combination of caloric restriction and increased 

physical activity [13]. A daily, moderate-intensity exercise session that lasts for 30 minutes is 

highly encouraged [74]. This should be accompanied by a reduction in calorie intake by 500 kcal 

to 1000 kcal per day to facilitate the utilization of the stored fats. In terms of the food choices, 

diets which are low in saturated fats, cholesterol, sodium and simple sugars while high in fruits, 

vegetables and whole grains are recommended. Different types of diets, namely low-

carbohydrate, low-fat, Mediterranean and low-glycemic load regimens, have been suggested to 

confer weight-reducing effects. However, Wadden et al. (2012) concluded that the key 

determinant of weight loss is the calorie content instead of the macronutrient composition [75]. 

Hence, the choice of a diet should be based on the patient preference and compliance to ensure 

long term weight control.  

Generally, MetS is considered as a premorbid condition in which pharmacological intervention is 

not indicated. However, in cases where intensive lifestyle modification fails, or when an 

individual has other pre-existing metabolic comorbidities, pharmacotherapy is needed. This 

means that the pharmacotherapy is initiated only when one or more risk factors have reached a 

true pathological level and so, the cut points are relatively higher compared to that of MetS 

(Table 1.2). Furthermore, the risk factors are treated independently. For example, a MetS patient 



Chapter 1: Introduction and objectives 

12 | P a g e  
 

with an overly high circulating low-density lipoprotein (LDL)-cholesterol but borderline glucose 

and blood pressure levels do not require any treatment other than cholesterol-lowering 

medications. Such a therapeutic strategy also undermines the clinical utility of MetS because the 

diagnosis rarely modifies the treatment plan.  

For adults, the most common pharmacological interventions for the risk factors of MetS is 

summarized in Table 1.2. Statins, or 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) 

reductase inhibitors are used as the first-line cholesterol-lowering intervention. They are also 

often used in combination with fibrates, which are potent peroxisome proliferator-activated 

receptor (PPAR)-α, to treat hypertriglyceridemia [76]. On the other hand, there is no consensus 

on the first-line therapy for hypertension. Monotherapy with either diuretics, angiotensin 

converting enzyme (ACE) inhibitors, angiotensin II receptor blockers (ARBs) or calcium 

channel blockers (CCBs) are the primary choices [77] while anti-diabetic treatment is routinely 

initiated with metformin [78]. Combined therapy is not unusual to maintain the blood pressure 

and glucose targets in a long run.  

Table 1.2: Criteria and pharmacotherapy for different risk factors of metabolic syndrome. 

Risk factor Components Cut point Types of Drugs 

Atherogenic 

dyslipidemia 

LDL-cholesterol 

 High-risk patients >2.6 mmol/L 

 Moderate-risk patients > 3.4 mmol/L 

 Low-risk patients > 4.9 mmol/L 

 

 Statins (first-line) 

 Fibrates 

 Nicotinic acid 

 Combined therapy of 

statin and 

fibrate/nicotinic acid Non-HDL-

cholesterol* 

 High-risk patients >3.4 mmol/L 

 Moderate-risk patients > 4.1 mmol/L 

 Low-risk patients > 4.9 mmol/L 

 

Elevated blood 

pressure 

Systolic /diastolic 

blood pressure 

 Without diabetes > 140/90 mm Hg 

 With diabetes > 130/80 mm Hg 

 ACE inhibitors 

 ARBs 

 Diuretics 

 CCBs 

 β-blockers 

 Combined therapy 

 

Elevated glucose 

HbA1c > 6.5% 
 Biguanides (first-line) 

 Sulphonylureas 

 Meglitinides 

 α-glucosidase 

inhibitors 

 TZDs 

 DPP4 inhibitors 

 SGLT2 inhibitors 

 

Fasting glucose > 7.0 mmol/L 

2-hr OGTT > 11.1 mmol/L 
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Prothrombotic state - 
When a patient is considered high risk 

for CVD. 
 Low-dose aspirin 

* Non-HDL-cholesterol is a secondary target. When the triglycerides > 5.65mmol/L or when the primary target 

(LDL-cholesterol) has been achieved but triglycerides > 2.26 mmol/L, the non-HDL-cholesterol level should be 

maintained within the goal. 

 

ACE, angiotensin converting enzyme; ARB, angiotensin II receptor blocker; CCB, calcium channel blocker; CVD, 

cardiovascular disease; DPP4, dipeptidyl peptidase-4; HbA1c, glycated hemoglobin A1c; HDL, high-density 

lipoprotein; LDL, low-density lipoprotein; OGTT, oral glucose tolerance test; SGLT2, sodium-glucose transport 

protein 2; TZD, thiazolidinedione 

 

Information extracted from [13] 

Even though such a treatment strategy has been proven very effective at reducing the risk of 

MetS-associated complications, it is accompanied by several drawbacks. Firstly, polypharmacy 

can have drug-drug interaction that exacerbates their adverse effects. Furthermore, patients are 

also less inclined to adhere to the treatment plan with the use of polypharmacy [79]. Collectively, 

these could lead to treatment failure, disease progression and hospitalization due to acute 

complications. It may be added that not all the aforementioned drugs are approved for use in 

pediatric patients because their safety profiles among the children and adolescents are not well-

understood. Therefore, the long-term safety and effectiveness of conventional therapy among the 

pediatric population warrant further investigation. In summary, lifestyle modification together 

with polypharmacy is widely employed to treat MetS patients with high risk for CVD and 

T2DM. However, it is also associated with notable shortcomings besides being unable to address 

one of the key underlying pathology: abdominal obesity. Newer therapeutic strategies have been 

proposed to address some of these limitations.   

1.2.2. Recent clinical advancements in metabolic syndrome therapy 

Since the ectopic fat deposition plays an integral role in the pathogenesis of MetS (Section 

1.1.4), alleviating abdominal obesity could potentially reverse the metabolic abnormalities. This 

also explains why the primary target of lifestyle modification is to induce weight loss. In fact, the 

use of anti-obesity drugs not only reduces body weight, but also improves various metabolic 

aberrations of MetS [80]. Some of the earliest weight-loss drugs are centrally acting 

sympathomimetics which were later superseded by serotonin-releasing agents. To date, many 

drugs from the two classes have been withdrawn from the market due to undesirable side effects. 

One exception is the extended release phentermine in combination with topiramate (anti-
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convulsant) because the combined therapy confers greater efficacy at lower dosages which in 

turn, reduces the intolerance to or side effects of the drugs [81]. 

More recently, four new anti-obesity agents have been approved for body weight management, 

namely sibutramine, rimonabant, lorcaserin and orlistat. The first three of which are appetite 

suppressants. Nonetheless, due to severe adverse effects like cardiovascular risk and psychiatric 

issues, the clinical use of sibutramine and rimonabant has been banned. Unlike other anti-obesity 

agents mentioned above which primarily reduce appetite, orlistat is a pancreatic lipase inhibitor 

that hinders lipid absorption from the gastrointestinal tract [82]. Alongside with significant 

weight loss, treatment with orlistat also improved the blood pressure, glycemic control and lipid 

profiles [83, 84]. The side effects of orlistat such as abdominal discomfort, indigestion, 

steatorrhea and flatulence, are more tolerable and less detrimental compared to other anti-obesity 

drugs. This makes orlistat one of the most widely prescribed drugs for obese individuals  

Prompt and substantial weight reduction can be achieved via bariatric surgery. Fundamentally, 

the procedure blocks nutrient absorption and/or restricts food intake via different approaches like 

reducing the stomach size, occupying intragastric capacity, bypassing the small intestine or a 

mixture of these procedures [85]. Currently, the operation is only performed on morbidly obese 

patients with a BMI>40 kg/m2 or a BMI>35 kg/m2 with comorbidities. The procedure not only 

causes tremendous weight loss, but also significantly improves the remission rate of T2DM, 

hypertension and dyslipidemia [86, 87]. However, the procedure is also associated with 

increased mortality and reoperation rates in addition to various post-operative complications like 

vomiting, reflux, nutritional and electrolyte anomalies [87]. The surgical cost is also a major 

hindrance. Therefore, after weighing the cost, risk and benefits, it is unlikely that the procedure 

can be a mainstream treatment of MetS.  

In short, the ability of anti-obesity interventions to ameliorate various risk factors of MetS 

supports the causative role of central adiposity in the pathogenesis of MetS. What is truly 

attractive is their multifunctionality which can effectively improve several metabolic 

abnormalities with a single intervention. Such a criterion has become an important feature for 

many investigational drugs of MetS and obesity. Even though anti-obesity interventions are 

effective, each of the pharmacological and surgical approaches has its own drawbacks. Future 

research should aim to reduce the side effects in order to expand the clinical utility.   



Chapter 1: Introduction and objectives 

15 | P a g e  
 

1.2.3. Investigational and prospective therapeutic agents of metabolic syndrome 

In light of the limitations in both the conventional and recent therapeutic strategies of MetS, 

there is a large number of on-going research that attempts to discover and develop novel therapy 

for the disease. First and foremost, the success of anti-obesity agents on relieving MetS have 

driven ample research in this aspect. One example is by modulating the gastrointestinal satiation 

signals. Effective appetite stimulation and cessation is accomplished by a crosstalk between 

gastrointestinal tract and brain, which is also known as the gut-brain axis. This involves a 

number of anorexigenic (appetite suppression) and orexigenic (meal initiation) signaling peptides 

[88]. Presumably, enhancing the former while inhibiting the latter could trigger satiety and 

diminish meal size. One notable example of anorexigenic peptide is glucagon-like peptide 1 

(GLP-1) which suppresses food intake and gastric emptying via the activation of GLP-1 receptor 

[89, 90]. Accordingly, many GLP-1 analogues such as exenatide, liraglutide and lixisenatide 

have demonstrated promising weight-reducing effect in clinical trials [91, 92]. Additionally, 

GLP-1 analogues have been widely used as glucose-lowering agents. Such a dual functionality 

confers additional health benefits, particularly to obese patients with T2DM, which makes the 

clinical prospect of GLP-1 analogues remarkable optimistic.  

Chronic inflammation and elevated oxidative stress resulted from the ectopic fat accumulation 

are accountable to many MetS-associated pathological processes such as insulin resistance, 

atherosclerotic development and organ damage [93]. Hence, restoring the antioxidant defense 

and inhibiting inflammatory response could potentially delay the progression of the metabolic 

dysfunction. In the context of conventional antioxidants like vitamins A, C and D, the clinical 

evidence thus far does not support their beneficial effects on the prevention of CVD [94, 95]. 

However, the consumption of functional foods like green tea, cocoa, soy isoflavones and citrus 

products which are rich in polyphenols could resolve different risk factors in patients with MetS 

[96]. Apart from enhancing antioxidant capacity, some polyphenol-rich foods, green tea and 

berries in particular, also reduce body weight, LDL-cholesterol and triglyceride levels [97-99]. 

Current research on the polyphenol-rich functional foods is rather preliminary and does not 

provide concrete evidence about their protective effects on cardiometabolic endpoints like 

T2DM and CVD. Although they are unlikely to be the primary MetS therapy, polyphenol-rich 
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foods harbor the potential to serve as an adjunct nutritional therapy to potentiate the effects of 

other treatments.  

In comparison to antioxidant therapy, anti-inflammatory therapy appears to be a better 

alternative. For instance, methotrexate, which is an anti-rheumatic drug for chronic inflammatory 

disorders, could lower the risks for CVD and myocardial infarction by 21% and 18%, 

respectively among patients with rheumatoid arthritis, psoriasis or polyarthritis [100]. This 

finding in turn; led to a large-scale clinical trial to investigate the impact of low-dose 

methotrexate on adverse cardiovascular events among CVD and/or T2DM patients [101]. To 

inhibit systemic inflammation, various monoclonal antibodies have been engineered to 

specifically block different pro-inflammatory cytokines like tumor necrosis factor α (TNF-α) 

[102], interleukin (IL)-1β [103] and IL-6 [104]. Whereas, some research groups use small 

molecules like salicylates [105, 106] and metformin [107] to modulate inflammatory signaling 

cascades, namely nuclear factor κB (NF-κB) and AMP-activated protein kinase (AMPK) 

pathways. All of these anti-inflammatory therapies have demonstrated promising beneficial 

metabolic effects, but the overall improvements seem to be rather modest [108]. Nevertheless, 

several clinical trials are currently underway to examine the effects of anti-inflammatory therapy 

on the onset of cardiovascular event and T2DM progression. The output of these studies will 

determine the eventual fate of anti-inflammatory therapy in the management of MetS-related 

complications. 

Recent findings suggest a leading role of gut microbiome in the onset and progression of obesity 

and MetS [57]. This stimulates a heated discussion about the use of fecal microbiota 

transplantation to treat chronic metabolic diseases. Basically, fecal microbiota transplantation 

involves the transfer of the entire microbial population extracted from the fecal materials from a 

healthy individual to a sick recipient. At the moment, it is used to treat severe Clostridium 

difficile-associated diarrhea, a life-threatening gastrointestinal infection caused by abnormal 

microflora of the bowel and colonization of C. difficile [109]. Interestingly, a case study reported 

rapid weight gain in a C. difficile patient who received fecal microbiota from a healthy but 

overweight donor [110]. Similar obesity-inducing effect has been demonstrated in mice, but 

could be attenuated with concurrent low-fat, high-fruit/vegetable diet feeding and cohousing with 

lean mice [111]. Likewise, transplantation of gut microbiota from lean human donors also 
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successfully improved the insulin sensitivity of recipients with MetS [112]. These results 

strongly denote a horizontal transmissible interaction between diets and gut microbiome that can 

influence host biology and metabolism. The development of fecal microbiota transplantation as a 

MetS therapy is still in its infancy even though many preclinical studies have shown the crucial 

roles of gut microflora in all aspects of MetS, including hypertension, dyslipidemia, 

atherosclerosis, hepatic steatosis and insulin resistance [113]. The current task is to verify these 

claims with human trials. 

Next, one of the biggest pitfalls of the conventional MetS therapeutic strategy is patient 

noncompliance issue due to polypharmacy. Conceptually, this can be minimized by having 

multifunctional medications that can improve multiple risk factors of MetS. There are two major 

ways to achieve this: (1) having a medication that combines multiple bioactive ingredients or the 

so-called “polypill” and (2) having an active drug with pleiotropic effects. The idea of using 

polypills that contain antihypertensive drugs, lipid-lowering agents, folic acid and aspirin to 

reduce the risk of CVD was put forth by Wald and Law (2003) [114]. Later on, such a notion 

was thought to be applicable for the treatment of T2DM and pre-diabetes with the incorporation 

of glucose-lowering medications into the polypill formulation [115]. To date, several randomized 

controlled trials have shown good tolerability and efficacy of polypills to reduce the occurrence 

of cardiovascular events among the people with high and moderate risk for CVD [116-118]. This 

is accompanied by improved patient adherence and reduced treatment cost [119, 120]. 

Essentially, polypills is a commendable concept and therapeutic strategy for multifaceted 

diseases, but the formulation should be modified to ensure tolerability and safety for the use in 

premorbid individuals.  

Unlike polypills which may have inherent risk of drug-drug interaction, an active compound with 

pleiotropic effects can reverse multiple metabolic aberrations with negligible risk of such an 

interaction, making it comparatively a better choice. In this context, many existing medications 

like fibrates, statins [121] and ARBs [122] have demonstrated multiple beneficial effects to 

different aspects of MetS. This is attributable to their agonistic activity to PPARs which are 

nuclear receptors and transcription factors that play key regulatory roles in lipid and glucose 

homeostasis. Furthermore, many polyphenols such as resveratrol [123], quercetin [124] and 

epigallocatechin-3-gallate [125] have demonstrated excellent pleiotropic therapeutic effects on 
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MetS-associated anomalies in animal models. In fact, the compound of interest in the current 

project, ellagitannin geraniin, also belongs to the polyphenol group. Thus far, the investigations 

of polyphenols as multifunctional MetS therapy are mostly preclinical studies. However, the 

positive results are expected to motivate more intensive research to examine their viability and 

effectiveness in actual clinical settings. 

Based on the investigational therapies, it is easily noticeable that the multifunctionality is a key 

feature which is highly sought after for the treatment of MetS. This was pointed out more than 

ten years ago as a vital element to effectively tackle polypharmacy-associated problems [126]. 

Indeed, realizing that MetS is essentially a multiplex risk factor, it is understandable to want a 

versatile drug that can efficaciously resolve all the metabolic anomalies at once. Desirably, a 

prospective MetS therapy should also have minimal adverse effects and be acceptable to people 

from all walks of life. For instance, albeit effective, the use of polypills in premorbid patients is 

rejected by a number of physicians due to the potential side effects [127]. Another example is the 

fecal microbiome transplantation which is deemed disgusting by many because of the perception 

about feces being unhygienic [128]. The reduced acceptance by either medical professionals or 

the general public could severely hinder their development. On the other hand, certain 

prospective therapeutic agents such as polyphenols and polyphenol-rich functional foods do 

show promising benefits and tolerability, but are not well-explored. Therefore, more research in 

this aspect could potentially unearth some exciting and clinically significant findings for the 

treatment of MetS.     

In summary, looking at the conventional, recent and prospective therapeutic strategies of MetS, 

we are slowly transforming from alleviating individual risk factors to addressing the underlying 

pathology of MetS and treating it as a whole. That being said, physical activity and dietary 

monitoring remain as the best preventive strategies for MetS-associated complications and 

should be practiced by the young and old alike. In short, there is still a lot of room for 

improvement for the MetS intervention and hence, further studies in this field is clearly pertinent 

and warranted. 
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1.3. Challenges of Preclinical Metabolic Syndrome Research  

As mentioned previously, both the current and prospective therapeutic strategies of MetS are 

associated with certain extent of limitations and imperfections. Therefore, more research is 

crucial to produce better, safer, more affordable and more easily acceptable MetS treatments. In 

this context, preclinical animal studies are widely performed to examine the toxicity, 

pharmacokinetics and pharmacodynamics of bioactive compounds which have demonstrated 

promising anti-MetS effects in cell-based studies. To fulfill the purpose, animals with MetS are 

needed. The selection of an appropriate MetS animal model or the establishment of a clinically-

relevant disease model could in fact, be one of the most mind-boggling tasks at the beginning of 

a drug testing research project. Hence, in this section, we will discuss the commonly used animal 

models for MetS research and their pros and cons in order to put forward some key parameters 

for the establishment of a reliable MetS model for the present research project. 

1.3.1. Common disease models for metabolic syndrome and obesity research 

To establish a clinically-relevant disease model, animals are often subjected to the known 

etiology of the disease of interest. However, prior to the disease induction, researchers need to 

decide the demographic properties of the animal used, namely the species, strain, gender and age. 

Rodents like mice (Mus musculus) and rats (Rattus norvegicus) remain as the preferred choices 

for chronic disease studies like obesity, diabetes, hypertension and MetS because they are easy to 

handle and maintain, relatively inexpensive, have short lifespan and quick reproduction cycle, 

and most importantly, possess good resemblance with humans in terms of their genetic, 

metabolic and behavioral characteristics [129].  

For rats, the most common strains used in obesity and MetS studies are Wister and Sprague 

Dawley rats while for mice, it is C57BL/6 mice [130]. Different obesity induction efficiency 

with high-fat diets (HFD) between strains has been noted for both species, but all the 

aforementioned strains demonstrated good susceptibility to a wide range of metabolic 

dysregulation [131, 132]. On the other hand, there is a gender bias in most biomedical research 

in which female animals are underused [133]. Most of the studies included in a recent review of 

MetS animal models are predominated by male animals [134]. Such a sex bias is driven by the 

concern that menstrual cycles may reduce the homogeneity of the study population and introduce 
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extra confounding effects into an experiment [135]. This could potentially result in poor 

generalizability of empirical findings, compromised understanding of disease biology and 

unanticipated drug responses among the underrepresented gender. Moreover, the starting age for 

MetS induction is also quite variable, but most studies employed young adult rodents of about 

six to eight weeks old [130, 134, 136]. Considering the growing prevalence of childhood obesity 

and MetS, there is a need to investigate if the existing models are appropriate for juvenile obesity 

research. Although these demographic characteristics could have a certain extent of influence on 

the MetS induction, to our best knowledge, the pathogenesis of MetS still holds true regardless 

of the species, strain, gender and starting age. Therefore, the selection criteria could also be 

based on extrinsic factors like the target human populations, costs and pre-existing facility and 

expertise.  

As mentioned previously, the known etiology of MetS are genetic components, over-nutrition 

and sedentary lifestyle, the first two of which are widely manipulated to induce the metabolic 

disorder. Genetic models of MetS are pervasively used and well-accepted. Common examples 

are ob/ob mice, db/db mice, Zucker fatty rats, Zucker diabetic fatty rats and Koletsky rats, all of 

which have a loss-of-function mutation at the leptin or leptin receptor genes [134]. Due to the 

defective feedback mechanism of leptin signaling, the genetic models of MetS tend to exhibit 

hyperphagia and uncontrolled appetite, leading to rapid weight gain and other features of MetS. 

These genetic models can be purchased commercially and the development of MetS is well-

characterized and highly reproducible. As a result, the time spent on disease induction is greatly 

shortened. Despite these benefits, the development of MetS caused by a single-gene disorder is 

inconsistent with the polygenic nature of MetS. Furthermore, in humans, congenital leptin 

deficiency caused by leptin gene mutations is extremely rare [137]. Therefore, it is questionable 

to generalize the findings coming from these models to whom leptin or leptin receptor deficiency 

does not play a role in the MetS pathogenesis. Another notable limitation of the genetic models 

is that they are unsuitable for drug testing of putative appetite control agents. This is because the 

leptin signaling defect seems to mask the effects of appetite suppressants, as exemplified in some 

studies wherein the hypophagic effect of sibutramine was abolished with the use of genetic 

models [138, 139]. Hence, even though genetic models are remarkably useful, they should be 

used with caution simply because obesity and MetS originated from monogenic defect is 

inconsistent with the true pathology and this potentially confounds the experimental findings. 
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Compared to genetic models, diet-induced MetS models are arguably better and more clinically 

relevant mimicries of MetS in humans. Indeed, without altering the genetic components, chronic 

high-calorie feeding simulates the over-nutrition behavior and consequently, leading to a wide 

variety of metabolic abnormalities when compared to the animals given low-calorie, healthier 

control diets (CDs). This is in concordance with the predominant causative role of positive 

caloric balance in the onset of MetS in humans. Numerous high-calorie diets which are enriched 

by lipids and/or carbohydrates can successfully induce MetS [136]. Some of the most popular 

formulated diets are those high in saturated fat, fructose, sucrose or a combination of these 

macronutrients. This is because increased dietary lipids and fructose markedly upregulates de 

novo lipogenesis and promotes ectopic lipid deposition, which in turn, leads to peripheral insulin 

resistance, inflammatory response, chronic oxidative stress insult, and progressive organ damage 

[140, 141]. The composition of these macronutrients can go as high as 70% of the total caloric 

content of MetS-inducing diets in contrast to CDs whose lipid and mono-/disaccharides content 

is often maintained at less than 10% [136]. These high-caloric diets, particularly for HFD, have a 

tremendous increase in the calorie density which will promote positive caloric balance upon 

prolonged consumption. In terms of the availability, there are many animal diet suppliers which 

can provide well-established high-calorie diets together with the paired CDs. This also facilitates 

inter-study comparisons provided that the same diets are used.  

However, using dietary approach to induce MetS generally require a relatively long induction 

time, ranging from four weeks to six months [136]. Therefore, any strategy to reduce the 

induction time is highly desirable. Additionally, even with chronic high-calorie feeding, some 

animals would remain lean and are resistant to the obesogenic effect of high-calorie diets. This is 

in line with the polygenic and multifactorial nature of MetS. In a nutshell, high-calorie diets are 

useful and reliable to generate clinically-relevant MetS models. However, current diet 

formulations have some notable limitations which will be discussed in following section. 

To recapitulate, the pros and cons of the common rodent MetS models have been outlined. 

Amongst these models, the diet-induced approach provides the closest resemblance to the 

manifestation of MetS found in population at large. Therefore, this method will be used to create 

the MetS models for the present study. In this context, the follow-up question would be: How to 

formulate an effective high-calorie diet for MetS induction? Interestingly, despite the enormous 
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amount of evidence to support the use of the model, there is little consensus on the diet 

formulation and limited understanding about the efficacy of different formulations. These 

questions will be further explored. 

1.3.2. Common pitfalls of diet-induced metabolic syndrome models 

As mentioned earlier, two notable disadvantages of diet-induced MetS models are long induction 

time and the possibility of induction failure due to the diet-resistant phenotype in a small 

proportion of animals. Furthermore, the use of self-formulated diets poses a huge issue – the 

inconsistency caused by a large variety of high-calorie diets being used, each with different 

preparation methods, compositions, formulations and nutritional values. The degree of dietary 

diversity is remarkably astounding; for instance, the lipid content in a HFD can range from 20% 

up to 60% of the total energy of the diet [130]. Likewise, the fructose-enriched diets have been 

prepared with either fructose or sucrose, by supplementation in either the solid foods or drinking 

liquid, at highly variable compositions which can go up to 70% of the total diet energy content or 

10% (v/v) in the drinking water [136]. It is not unusual to combine the aforementioned 

approaches to create high-fat-high-sugar (fructose or sucrose) diets (HFSD) since it is believed to 

better mimic our dietary pattern. The diverse high-calorie diets render comparisons between 

different studies exceedingly difficult. Conversely, there are limited comparative studies that 

attempt to resolve the disease induction efficacy of different formulations. As a result, 

researchers often find it challenging to decide the diet of choice for speedy, reliable and cost-

effective MetS induction without some pilot studies. 

The issue of diet choice is further complicated by the use of animal chow or modified-chow 

based diets in MetS research. To elaborate, laboratory animal diets can be classified into two 

major types, namely chow and purified ingredient-based diets (expressed as chow diet and 

purified diet, respectively henceforth). Animal chow is primarily made up of agricultural 

products like wheat, corn, oat and soybean and so, it is naturally low in lipids, proteins and 

micronutrients. The actual composition of chow can exhibit significant variation the plant 

materials used which is dependent on the batches of the products, geographical regions of the 

suppliers and agricultural seasons [142]. Furthermore, their formulations are rarely disclosed, 

making it difficult to trace the true nutritional composition. On the contrary, purified diets are 

composed of well-defined macro- and micronutrients like casein, cornstarch, maltodextrose, 
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sucrose, cellulose, milk fat, supplemented with vitamins and minerals. There is a standardized 

formulation of purified diet for rodents [143]. The creation of high-calorie diets can be achieved 

by manipulating the composition of fats, starch, mono- and disaccharides. Knowing the 

formulation and ingredient used allows replication of the diets. Hence, in terms of 

reproducibility, purified diets are evidently superior to chow diets. 

Surprisingly, the batch-to-batch variability is probably of the least concern when compared to 

other issues caused by the use of chow diets. To enhance the caloric density of a chow diet, some 

studies reported using modified chow-diet by mixing a large amount of fat or sugar to powdered 

chow [144-146]. This is convenient and cost-effective, but at the expense of the nutritional value 

of the diet because simply adding a certain macronutrient will markedly dilute the other 

nutrients. For example, enriching powdered chow with saturated fats in 1:1 ratio will virtually 

halve the composition of nutrients like proteins, vitamins and minerals, making their already-low 

content to go even lower. Prolonged deprivation of these essential nutrients could lead to 

unintended metabolic changes which are not in line with the onset of MetS despite successful 

obesity induction [142]. In addition, a small but significant portion of chow is composed of 

plant-derived phytochemicals which may confer protective effects against metabolic 

dysregulation. One example is phytoestrogen which is highly bioavailable and can prevent lipid 

and glucose dysregulation via the activation of AMPK pathway [147, 148]. Additionally, the 

anti-nutritional factors like trypsin inhibitors, phytic acids and phorbol esters are also the natural 

constituents of animal chow [149, 150]. These molecules can inhibit digestive enzymes and 

obstruct absorption, resulting in suboptimal nutrient uptake. Essentially, unlike purified diets in 

which phytoestrogen and anti-nutritional factors are almost non-existent, these phytochemicals in 

the chow may interfere the metabolism and disease induction besides introducing unaccounted 

confounding variables into the experiments. 

Apart from that, the use of a mismatched CD is another common pitfall when diet-induced 

models are used in MetS research. To have a better understanding about this issue, we will first 

need to know the concept of matched CD. Assuming that you are trying to induce MetS in rats 

using a HFD, it is logical to adjust the relative amount of fat and carbohydrate without altering 

the composition of other micro- and macronutrients because other nutrients possess other 

physiological functions [142]. Therefore, in this case, a matched CD will have a low fat, high 
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carbohydrate content with the protein, fiber, vitamins and minerals contents being comparable to 

the HFD. Unfortunately, the use of properly matched CDs only made up a small portion (14%) 

of the high-impact preclinical MetS studies in 2007 [151]. One typical example of mismatched 

CD involves the use of purified high-calorie diet being matched to chow diet [152-154]. The two 

diets differ in both the nutritive and non-nutritive compositions, hence making it difficult to 

make sound comparison when they are used together in an experiment. Conversely, it is also 

rather common to come across studies that compare animals on a modified-chow diet to those on 

a chow diet [144-146]. As mentioned previously, mixing saturated fats or simple sugar to 

powdered chow will diminish protein and micronutrient contents. In cases like this, the observed 

metabolic derangements cannot be entirely attributable to the lipid or sugar enrichment, as the 

interference from protein or micronutrient insufficiency cannot be excluded. Furthermore, the 

presence of phytochemicals in the chow and modified-chow diets could potentially exacerbate 

the negative effects on the data interpretation of an experiment, particularly when a putative 

therapeutic agent is tested. This is because the possibility that the bioactive phytochemicals can 

interact with the putative drug cannot be eliminated. Such an interaction could lead to over- or 

underestimation of the treatment effect, depending on whether the compounds react in a 

synergistic or antagonistic manner. Hence, researchers who are unaware of the limitations of 

using mismatched CDs may unknowingly draw an inaccurate conclusion.  

In summary, aside from the intrinsic limitations (long induction time and diet resistant 

phenotype) of diet-induced MetS models, the current experimental methodology is also 

associated with a number of notable pitfalls, namely the lack of standardized formulation for 

high-calorie diets, the use of chow- and modified-chow diets and mismatched CD. These issues 

have created a great deal of problems in MetS research such as infeasible inter-study 

comparisons, high brand-to-brand or batch-to-batch variability of the experimental diets and 

unaccounted confounding variables, all of which could collectively contribute to erroneous 

conclusions. In this context, the use of chow- and modified-chow diets should be discouraged. 

Additionally, more investigations that aim to directly compare different high-calorie diets as 

reported by Sumiyoshi et al. (2006), Sampey et al. (2011) and Bortolin et al. (2017) are 

undoubtedly valuable [155-157], not only because more information about the disease induction 

efficacy of different diets will be available, but would also lead to better MetS models to 

facilitate reliable bench-to-bedside translation. 
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1.3.3. Possible improvements to establish a better metabolic syndrome model? 

Generally, it is of great interest of the research community to know which kinds of diets is 

superior in MetS induction so that less time and resources are invested to identify a reliable 

model at the research project startup stage. Due to the fat enrichment, HFD and HFSD tend to 

have higher caloric density compared to high-sugar diet, so they are more effective at inducing 

obesity [155, 158]. However, it is uncertain how good HFD is at disease induction relative to 

HFSD. As mentioned earlier, comparative studies are necessary to unravel the efficacy and 

differences between different formulations. Hence, it is pertinent to compare HFD to HFSD in an 

experiment together with a matched low-fat, low-sugar CD. The fat content can be formulated at 

60% of the total energy content as this has been shown to be effective and pervasively used in 

many studies [134]. As for the simple sugars, both fructose and sucrose have been used, but the 

latter is the sole constituent of the table sugar, hence it could be a more clinically relevant option. 

The supplementation of additional simple sugars can be done by solid diet enrichment or in the 

form of sugar-sweetened water. In this context, sweetened beverage has been associated to 

higher calorie consumption in both humans and rats, probably due to its poor satiety response 

stimulation compared to solid foods [159-161]. To induce MetS, as much as 30% (v/v) sucrose 

water has been used, but generally, 10% sucrose water is sufficiently effective [136]. 

Accordingly, this comes down to a comparison between HFD (60% kcal) and HFSD (60% kcal 

fat + 10% sucrose water). An experiment with these diet formulations may shed some light on 

the relative efficacy of the two diets in MetS induction. 

While diet formulation is a vital element to ensure successful disease modelling, the animal 

characteristics also play a crucial role. A common practice is to ensure that the parameters like 

the species, strain, gender and age are comparable within and between treatment groups to 

minimize variations. Incidentally, the effects of gender and age on disease induction is unclear. 

For the starting age in particular, rodents ranging from three- to 12-weeks old have been used in 

MetS study without a clear explanation for selecting a specific age [134]. However, based on 

very limited studies, it appears that younger rodents are more prone to metabolic dysregulation 

like increased weight gain and hypertension upon high-calorie feeding [162-164]. It is therefore 

hypothesized that juvenile, post-weaning rodents given high-calorie diet may allow faster MetS 

induction compared to adult rodents. Currently, this postulation is largely ungrounded, but it can 



Chapter 1: Introduction and objectives 

26 | P a g e  
 

be argued based on two novel contributors to MetS: metabolic programming and gut 

microbiome. Briefly, metabolic programming depicts that nutritional insults like over-nutrition 

or starvation during fetal development and immediate postnatal stage could have a long-lasting 

obesogenic effect via epigenetic modifications [165, 166]. Metabolic abnormalities caused by 

fetal metabolic programming are aggravated by post-weaning high-fat feeding, implying that the 

epigenetic changes are probably modifiable by early childhood dietary pattern [167]. 

Furthermore, high-fat feeding right after weaning also shapes the gut microbiome very 

differently from those on CD [168]. The microbial population may be specialized in digesting 

fat-enriched foods. In comparison, the gut microflora of older animals may be well-adapted to 

the solid foods that they are exposed to (eg. chow diet), prior to an experiment. Both of these 

factors may influence the disease induction efficacy in animals, making it worthwhile to look 

into the effects of developmental stages on MetS modeling. Tentatively, juvenile rats on high-

calorie diets could also serve as a model for pediatric obesity and MetS research to explore the 

differences from the adult counterparts.  

As such, to put forth some key parameters which may lead to more prominent MetS features 

within a shorter time, the comparative studies using purified diets with different formulations and 

rats of different development stages are pertinent. The output of such studies can serve as a 

keystone for others to cut down their time and resources invested into disease modeling. 

Moreover, it is also interesting to investigate any differential outcomes caused by the factors and 

their interaction to understand the interplay between dietary behavior and developmental stages. 

This could prompt more drastic preventive strategies against MetS among the young ones. 

1.4. A Remedy from the Mother Nature – Ellagitannin Geraniin 

Up to this point, we have discussed about the severity of MetS, expected features of future MetS 

treatments and some of the challenges associated with preclinical drug screening of MetS. All 

these issues urge the necessity to dig deeper into the health problem in hopes that the threat can 

be annihilated. To accomplish this mission, there are many researchers working relentlessly, 

trying to engineer a novel therapy for obesity, MetS and their complications. Many of them 

attempt to seek possible solutions from the Mother Nature. As a matter of fact, close to 50% of 

the US Food and Drug Administration (FDA) approved drugs are originated from natural 

products and their derivatives or mimicries [169]. Many investigational phytochemicals have 
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demonstrated promising therapeutic against MetS [170]. For the current project, we propose 

ellagitannin geraniin (geraniin, in short), which is a hydrolysable tannin in the polyphenol 

superfamily, as a putative therapeutic agent for MetS. The chemical structure of geraniin is 

illustrated in Figure 1.3. The background information about geraniin, including its basic 

chemistry, natural sources, biosynthesis and pharmacological effects, has been summarized and 

published as a review article [171]. The review paper is included as Section 1.4.1, followed by a 

brief summary about the natural product and its relevance to MetS. 

 

 
Figure 1.3: Chemical structure of ellagitannin geraniin. 
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1.4.1. Ellagitannin geraniin: A review of the natural sources, biosynthesis, 

pharmacokinetics and biological effects.  
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1.4.2. Summary of ellagitannin geraniin and the rationale for investigating its anti-

metabolic syndrome effect.  

According to the review [171], ellagitannin geraniin can be found in at least 71 plant species, 

with comparatively higher abundance in Geranium spp. Like many polyphenols, geraniin also 

demonstrates a wide range of activities. In this context, our interest lies in its anti-MetS 

properties. It has been shown to lower blood pressure by acting as an ACE inhibitor and 

lowering noradrenaline level [172, 173]. In an in vitro assay, the natural product could prevent 

platelet aggregation and thrombus formation [174]. Another biochemical study reported potent 

inhibitory effect of geraniin on the carbohydrate hydrolyzing enzymes like α-glucosidase and α-

amylase, which may disrupt glucose absorption [175]. This is augmented by the lipid- and 

glucose-lowering effects observed in streptozotocin-induced diabetic rats when they were treated 

with plant crude extracts rich in geraniin [176, 177]. By itself, geraniin is a powerful antioxidant 

whose reducing power and radical scavenging capability is at least fivefold and sevenfold 

stronger than ascorbic acid, respectively [173, 178]. In some cell-based studies, the 

phytochemicals also effectively attenuated inflammatory response by inhibiting NF-κB and 

cytokine secretion [179, 180]. All of these bioactivities are associated to MetS, hence indicating 

the possibility that geraniin could be useful in MetS therapy. Indeed, lowering multiple 

metabolic abnormalities should lead to an overall reduction of the risks for MetS-associated 

complications. Furthermore, such pleotropic health benefits are also in line with the key feature 

of the future MetS therapy – multifunctionality. As such, it may be worthwhile to investigate the 

impacts of geraniin treatment in MetS models. 

1.5. The Aim of the Research Project 

1.5.1. Problem statements 

Many known bioactivities of ellagitannin geraniin are established mainly based on in vitro 

studies. Most of the beneficial effects have not been confirmed in in vivo animal studies. Even 

less work has been done pertaining to the aspect of chronic metabolic disorder. So far, there is 

only one study reporting that treatment with purified geraniin (>95%) led to improved insulin 

sensitivity, reduction of abdominal fat pads and lipid-lowering effect [181]. To our best 

knowledge, no clinical trial on the effects of geraniin or geraniin-rich plant extract has been 
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carried out. This points out that the pre-existing knowledge in terms of the metabolic effects of 

geraniin is inadequate. Its mechanism of action is also poorly explored. Without the data, it is 

unlikely to outline the prospect and clinical utility of geraniin as an intervention to MetS. 

1.5.2. Hypothesis and research objectives 

Taking the aforementioned problems into consideration, the aim of this research project is to 

investigate the metabolic effects and mechanism of ellagitannin geraniin in MetS using diet-

induced rat models. It is hypothesized the treatment with ellagitannin geraniin can bring about 

positive impacts on the metabolic status which is otherwise, deranged by chronic high-calorie 

feeding. To test the hypothesis, a reliable and clinically-relevant MetS model is a must.  

Altogether, the project would attempt to answer the following research questions: 

1. To achieve a better MetS model, are there any differences between different diet formulations 

(HFD vs. HFSD) and the developmental stages of rats (post-weaning vs. young adult) in terms of 

the MetS induction efficacy based on induction time and overall MetS features? 

2. What are the metabolic effects of ellagitannin geraniin with reference to the physical changes 

(body weight and blood pressure), biochemical parameters (lipid and glucose homeostasis), 

oxidative stress, inflammatory response and histopathological changes? 

3. What are the implicated metabolic pathway(s) that can lead to the observed metabolic 

changes (if any) upon treatment with ellagitannin geraniin? 

These research questions would be answered if the following research objectives are achieved: 

1. To find out the optimal diet-developmental stage combination that leads to fast and reliable 

MetS induction in rats. 

2. To examine the effects of ellagitannin geraniin on physical, biochemical and histological 

changes upon oral administration using the established diet-induced MetS model.. 

3. To explore the hepatic mRNA changes imposed by ellagitannin geraniin treatment via 

transcriptomic study with next generation sequencing in order to postulate the possible 

metabolic pathway(s) influenced by the natural compound.  
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1.5.3. Implications and significance of the research project 

Being able to fulfill all the objectives will result in several notable contributions to the 

fundamental understanding about MetS and geraniin besides propelling the practical application 

of the natural compound. Firstly, studying the interplay between developmental stage and the 

types of high-calorie diets using animals can provide more information about the interaction 

between the environmental factor and our intrinsic characteristics on the onset of MetS. The 

findings can potentially spark in-depth investigations about the pathogenesis and long-term risk 

prediction, particularly in childhood obesity and MetS. This may trigger more aggressive early 

preventive initiatives via the nutritional approach during the early developmental stage. 

Furthermore, a comparative study facilitates the direct comparison of the MetS induction 

efficacy caused by different diet formulations and developmental stages. This can resolve some 

confusion about the optimal disease induction approach. The best case scenario is that we can 

identify a combination of diet formulation and age that can lead to full-blown MetS within a 

relatively short time. If proven to be replicable in other strains and rodent species, such a model 

will be of utmost importance for future MetS preclinical research because of the reduction in 

time and resources attributed to disease modeling.  

At the current stage, our understanding about geraniin is not sufficiently convincing even to 

prompt clinical trials, not to mention the actual clinical application as a MetS therapy. A critical 

appraisal of its multifaceted metabolic effects and the underlying mechanism allows us to piece 

together a more comprehensive picture about the clinical usefulness of the natural product. 

Additionally, by looking into the implicated metabolic pathways, there is a chance that we may 

be able to recognize a new target pathway to tackle MetS.  

In the present study, geraniin is extracted from the rind of rambutan (Nephelium lappeceum). The 

plant species is native to tropical Southeast Asia regions and can produce edible fruits seasonally 

which are processed into canned products. The inedible rambutan rind will be a waste from the 

food processing. Interestingly, geraniin is present in high abundance in the rambutan rind. 

Around 25% to 30% of the crude rind extract is composed of geraniin [175, 182]. Discovering 

the pharmaceutical value of geraniin will therefore create added commercial value to rambutan 

rind, potentially turning the plant waste into something useful.
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2. ESTABLISHMENT OF THE DIET-INDUCED METABOLIC 

SYNDROME MODEL IN RATS 

2.1. General overview 

In the context of MetS, a model is expected to display most of the features of the disorder, 

including central obesity, hypertension, high blood glucose and dyslipidemia. Two approaches 

are widely utilized to achieve the criteria, namely genetic and diet-induced models, the latter of 

which is a close mimicry of MetS in human beings due to the fact that over-nutrition is the 

primary etiology of the disease [130]. Nevertheless, diet-induced MetS requires relatively long 

induction time. Some studies reported successful induction within a month [183-185], but more 

often it takes more than two months of high calorie feeding to ensure complete MetS features in 

rodents. Therefore, any strategy to shorten the induction time is highly appreciated as it can 

greatly conserve time and research resources. One possible way is by identifying an effective 

diet formulation that can consistently lead to fast disease onset. To date, there are a wide range of 

high-calorie diets being used to induce MetS, each with different preparation methods, 

formulations and nutritional compositions. It will be extremely useful to identify a specific 

formulation that has an advantageous edge over the rest in MetS induction.  

In addition, the susceptibility of rats to diet-induced MetS is partly dependent on the 

developmental stage [162, 163, 186]. However, the optimal starting age at which high-calorie 

feeding can cause faster disease onset remains inconclusive mainly due to the mixed empirical 

findings. According to the concept of programmed MetS, nutritional insult caused by HFD 

during the early childhood stage could have long-lasting adverse metabolic effects [167]. 

Hypothetically, younger rats may be more vulnerable to diet-induced MetS, but further 

investigation is warranted to verify the speculation. 

Incidentally, it is also interesting to look at the interplay between different diet formulations and 

the developmental stages in the optimization of MetS animal model creation. As such, this 

chapter describes a comparative study that examines the disease induction efficacy of two widely 

employed high-calorie diets (HFD and HFSD) at two developmental stages (post-weaning and 

young adult) in rats. The study has been published [187] and is included as Section 2.5.  
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2.2. Objectives of the study 

The primary aim of this chapter is to identify an optimal combination of the high-calorie diet 

and developmental stage for the establishment of diet-induced MetS in Sprague Dawley 

rats. Preferably, the disease induction method should lead to consistent manifestation of most, if 

not all, of the key MetS features within a reasonably short duration.   

To accomplish the aim, the following objectives need to be fulfilled: 

 To examine the disease induction efficiency of two widely employed high-calorie diets, 

namely HFD and HFSD. 

 To explore the influence of developmental stages (post-weaning and young adult) on the 

progression of MetS. 

 To study the interaction of high-calorie diet and developmental stage in the induction of 

MetS. 

2.3. Overview of the research methodology 

The use and handling of animals in the research have been approved by Monash University 

Monash Research Platform Animal Ethics Committees (AEC approval no.: MARP/2015/060) in 

compliance to the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes outlined by National Health and Medical Research Council. The experimental design 

of the study is illustrated in Figure 2.1. Briefly, post-weaning (n=6 per group) and adult (n=7 per 

group) Sprague Dawley (Rattus norvegicus) rats were randomly assigned into three groups 

which were subjected to different experimental diets: CD, HFD and HFSD, respectively for eight 

weeks. Physical measurements like body weight, food and water intake as well as blood pressure 

were determined throughout the experiment. At the end of the experiment, the rats were 

humanely sacrificed for the collection of blood and tissue specimens which were used for various 

biochemical, transcriptional and histological assays to examine the metabolic status of the rats. 

The detailed assay procedures are available in the published manuscript (Section 2.5).  
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Figure 2.1: Experimental design of the animal study and the parameters measured 

throughout or at the end of the experiment. Total sample size is 39 Sprague Dawley rats 

(n=6 per group for post-weaning rats; n=7 per group for adult rats). CD, control diet; HFD, 

high-fat diet; HFSD, high-fat-high-sucrose diet; PPAR, peroxisome proliferator-activated 

receptor; RAGE, receptor for advanced glycation end product. 

2.4. Key highlights of the study 

The major findings as well as the conclusion presented in the manuscript are summarized in the 

following points: 

 Developmental stage has a significant influence on many metabolic parameters related to 

MetS as evidenced by the increased weight gain and abdominal fat deposition in the post-

weaning rats compared to adult rats. Post-weaning rats also had higher fasting plasma 

glucose, more hepatic lipid deposition, elevated expression of RAGE gene in abdominal fats 

and PPARα and PPARγ in the liver. Collectively, these metabolic abnormalities are 

indicative of the increased vulnerability of the post-weaning rats to MetS. 

 Interplay between the developmental stage and types of high-calorie diet in the disease 

induction was noted. Among the post-weaning rats, HFD was the most effective diet that 

could lead to most MetS-related abnormalities. HFSD failed to promote weight gain and 

induce lipid and glucose dysregulation in the post-weaning rats. In another experiment done 
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by our group, the same purified ingredient-based HFD also performed better in MetS 

induction among the post-weaning rats compared to modified chow-based diet which was 

enriched by the same amount of saturated fats (Appendix E1-manuscript under review). 

 In contrast, HFSD was more effective to induce metabolic anomalies in adult rats, which 

merely resulted in obesity and hypertension. The onset of elevated blood pressure in the adult 

rats on HFSD was also slower compared to post-weaning rats on either HFD or HFSD. HFD 

did not induce any remarkable changes to all the parameters in adult rats.  

 In conclusion, post-weaning rats were more susceptible to MetS induced by high-calorie 

diets. In particular, post-weaning rats given HFD for eight weeks exhibited all crucial 

elements of MetS including central adiposity, increased blood pressure as well as lipid and 

glucose dysregulation. These metabolic aberrations were accompanied by hepatic steatosis 

and upregulated PPARγ expression in the liver and visceral adipose tissues. Hence, our 

results support that feeding post-weaning rats with HFD is a more effective and time-saving 

approach to establish a MetS model.   
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2.5. Published manuscript – Increased susceptibility of post-weaning rats on 

high-fat diet to metabolic syndrome 
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3. EFFECTS OF ELLAGITANNIN GERANIIN ON THE 

COMPONENTS OF METABOLIC SYNDROME IN RATS ON 

HIGH-FAT DIET  

3.1. General overview 

In recent years, the research of polyphenols in the aspect of chronic metabolic diseases is gaining 

momentum. Basically, polyphenols are chemical compounds that possess multiple phenol 

functional groups – a hydroxyl group (-OH) attached to an aromatic benzene ring. This 

distinctive chemical structure is accountable for their powerful antioxidant properties [188]. To 

date, more than 8000 plant polyphenols have been identified, but only a handful of them have 

been fully assessed for their bioactivities [189]. Even fewer have been tested in human subjects. 

Hence, the effectiveness of polyphenols on MetS is inconclusive due to limited studies and small 

sample size. 

Like many other polyphenols, ellagitannin geraniin is not well-investigated despite its discovery 

more than 40 years ago [190]. Various herbs that are rich in geraniin have been used in 

traditional medicine of different cultures including Japan, Mexico, India and China to relieve a 

wide variety of symptoms, ranging from fever, edema, gastrointestinal discomfort to diarrhea 

[191-194]. More importantly, several preliminary studies have demonstrated the anti-

hypertensive [172], anti-hyperglycemic [175], anti-inflammatory [179], anti-thrombotic [174] 

and insulin sensitizing [181] activities of geraniin. Such pleiotropic ameliorative effects on most 

of the MetS features does make it an interesting candidate as a multifunctional drug against the 

chronic disease. In terms of safety aspect, geraniin has minimal toxicity even at a considerably 

high dosage. For instance, in most normal cell lines, geraniin is well-tolerated up to 100 μM 

without jeopardizing the cell viability [195, 196]. This phytochemical compound has also been 

used in rats at 100 mg/kg for five days and 50 mg/kg for a month via oral administration without 

causing renal and hepatic dysfunction [181, 197]. Furthermore, the metabolism of geraniin upon 

oral consumption has been studied [198]. These insightful works about the toxicity and 

pharmacokinetics of ellagitannin geraniin allow us to emphasize on its bioactivities without 

worrying its safety profile.  
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Ellagitannin geraniin used in the present study was extracted and purified from the rind of 

Nephelium lappaceum (local name: rambutan). The plant is native to tropical Southeast Asia and 

seasonally produces edible fruits. Based on Perera et al. (2012), the crude ethanolic extract of 

rambutan rind contains approximately 21% of geraniin, which can be purified with a one-step 

reverse phase column chromatography [199]. Being able to isolate a natural product of potential 

pharmacological significance from an agricultural by-product is undoubtedly a commendable 

effort which may create added value to the crops.  

In this chapter, the effects of ellagitannin geraniin in MetS will be elaborated. The metabolic 

effects of geraniin were compared to MetS rats treated with either metformin or tocotrienol-rich 

fraction (TRF), as well as untreated rats which were on either CD or HFD. Tocotrienols are 

subtypes of vitamin E which are well-known for its potent antioxidant capacity and inhibitory 

effect on the HMG-COA reductase [200, 201]. The TRF used in the present study is derived 

from palm oil and made up of 23.5% (w/w) α-tocotrienol, 43.2% γ-tocotrienol, 9.8% δ-

tocotrienols and 23.5% α-tocopherol. Conversely, metformin which is primarily an anti-diabetic 

agent, has shown promising effectiveness in delaying the onset of MetS and T2DM [202, 203]. 

By comparing the metabolic effects of geraniin to TRF and metformin whose bioactivities have 

been characterized, it is possible to examine their relative effectiveness besides speculating if 

they share similar mode of action. Essentially, the findings of this study could unravel more 

insights into the biological activities and prospect of ellagitannin geraniin as a MetS therapy.  

3.2. Objectives of the study 

This chapter aims to study the impacts of ellagitannin geraniin on the core features of MetS 

in Sprague Dawley rats on HFD. To achieve the aim, the following research tasks have to be 

accomplished: 

 To examine the extent of central obesity and adiposity. 

 To investigate the systolic and diastolic blood pressure as well as levels of electrolytes in the 

blood circulation. 

 To study the lipid and glucose metabolism based on biochemical markers in the blood 

circulation. 

 To investigate the severity of hepatic steatosis. 
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 To compare the aforementioned physiological, biochemical and histopathological markers 

between different treatments to derive the efficacy of ellagitannin geraniin on MetS. 

3.3. Methods and materials 

3.3.1. Purification and identification of ellagitannin geraniin from Nephelium 

lappaceum 

The isolation of ellagitannin geraniin from the peels of Nephelium lappaceum (rambutan) was 

performed in accordance to the protocol published by Perera et al. in 2012 [199]. The purity of 

the compound was examined with high performance liquid chromatography (HPLC) which 

depicted >95% purity (Appendix A1). Further identification of the compound was done with 

standard addition assay whereby purified geraniin was spiked with geraniin standard and 

analysed with HPLC to check if they share the same retention time. Structural confirmation was 

done with proton nuclear magnetic resonance (1H-NMR), liquid chromatography-mass 

spectrometry (LCMS) and negative ionization mode liquid chromatography-tandem mass 

spectrometry (LCMS-MS).  The 1H-NMR spectrum of the purified geraniin was consistent with 

that reported by Gohar et al. in 2003 [204]. The LCMS m/z ratio of the isolated geraniin was 951 

while the LCMS-MS m/z ratios of the geraniin fragments were 301, 463 and 933. These m/z 

ratios are consistent with previous studies [199, 205]. The results of the standard addition assay, 

1H-NMR, LCMS and LCMS-MS are available in Appendices A1 to A3.  

3.3.2. Animal ethics and housing conditions 

The use and handling of animals in the research have been approved by Monash University 

Monash Animal Research Platform Animal Ethics Committees (AEC approval no.: 

MARP/2015/060) in compliance to the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes outlined by National Health and Medical Research Council. 

Male, post-weaning (3-week old) Sprague Dawley rats (Rattus norvegicus) of 45 g to 70 g were 

obtained from Monash University Malaysia Animal Facility. The rats were kept at 23±10C with 

2-hour light/dark cycle and given ad libitum access to homemade purified ingredient-based diets 

and tap water throughout the whole experiment. 
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3.3.3. Experimental design and treatment 

The experimental design of the study is illustrated in Figure 3.1. Briefly, 34 post-weaning rats 

were randomly assigned into five different treatment groups (n= 6 to 7 per group): CD, HFD, 

metformin (Hovid, Malaysia), TRF (Hovid, Malaysia) and geraniin. Except for the rats in CD 

group which were given CD, others were given HFD for eight weeks to induce MetS. The 

disease modelling, dietary composition and ingredients are as described in Section 2.3. After 

eight weeks, the rats assigned to metformin, TRF and geraniin groups were given the respective 

treatments via oral gavage. The dosages are outlined in Table 3.1. All the compounds or drugs 

were suspended in 10% (w/v) glucose water prior to feeding to minimize animal resistance to the 

administration procedure [206]. The vehicle (10% glucose water) was also administered to the 

CD- and HFD-treated rats via the same approach. The treatment lasted for four weeks, during 

which the rats were given the pre-assigned diet.  

 
Figure 3.1: Experimental design to investigate the metabolic effects of ellagitannin 

geraniin in rats with HFD-induced metabolic syndrome.  
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Table 3.1: Dosage of the compounds or drugs used in the study. 

Compound Dosage Reasons/References 

Metformin 200 mg/kg/day Calculated based on recommended human adult dosage 

(Lily & Godwin 2009) using the conversion factor 

suggested by United States Food and Drug Administration 

(2005) [203, 207] 

Tocotrienol-

rich fraction 

60 mg/kg/day Norazlina et al. (2002) and Ahmad et al. (2005) [208, 209] 

Geraniin 25 mg/kg/day Based on our in-house pilot study 

 

The food and water were replenished daily. Body weight, food and water consumption were also 

measured daily. At the end of the experiment, the rats were subjected to 12-hour fasting prior to 

euthanasia with carbon dioxide. Blood samples from the posterior vena cava were collected in 

tubes containing 0.5M EDTA and swiftly centrifuged at 4oC, 2000x g for 20 minutes to obtain 

the plasma. The plasma samples were then snap frozen in liquid nitrogen and stored at -80oC 

until further use. Body tissues were excised and weighed. The liver and retroperitoneal white 

adipose tissues (rWAT) were stored in 10% (v/v) neutral buffered formalin for tissue fixation 

and histology. 

3.3.4. Blood pressure measurement 

Systolic and diastolic blood pressure was measured with Mouse and Rat Tail Cuff Blood 

Pressure System (IITC Life Sciences, USA). The rats were placed into a plastic restrainer one at 

a time to restrict their movement throughout the measurement. A tail-cuff with a pulse transducer 

was applied onto the tail of the restrained rats. The rat was then placed into a well-ventilated 

chamber equilibrated at 32oC for 15 to 20 minutes to facilitate the dilatation of caudal arteries. 

Next, triplicate readings of the systolic and diastolic blood pressure were recorded. The 

procedure was performed once per week. 

3.3.5. Determination of glycemic parameters and lipid components 

Fasting blood glucose was determined with Accu-Chek® Performa glucometer (Roche 

Diagnostics, USA) whereas the fasting plasma insulin was determined using Mercodia 

Ultrasensitive Rat Insulin ELISA (Mercodia, Sweden). β-cell function (HOMA %β) and insulin 

sensitivity (HOMA %S) were evaluated using homeostatic model assessment (HOMA) 
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calculator [210]. Glycated hemoglobin A1c (HbA1c) was measured with Rat Hemoglobin A1c 

(HbA1c) kit (Crystal Chem, USA). 

Triglyceride, total cholesterol and free fatty acid levels were determined using Randox TR1697 

Triglycerides, CH200 Cholesterol and FA115 Non-esterified Fatty Acids kits (Randox, UK). 

Chylomicron, LDL and very low-density lipoproteins (VLDL) were precipitated from the plasma 

using Randox CH203 HDL-cholesterol Precipitant kit (Randox, UK) and the supernatant was 

subjected to CH200 Cholesterol kit for the determination of HDL-cholesterol. Non HDL-

cholesterol was calculated by subtracting HDL-cholesterol from the total cholesterol. All 

analysis with the commercial kits were conducted in duplicates according to the manufacturers’ 

instructions. The assay procedures and standard curves of the commercial kits are shown in 

Appendices B1 to B6. 

3.3.6. Oral glucose tolerance test  

Oral glucose tolerance test (OGTT) was performed before and after the compound treatment in 

Week 8 and 12. Prior to the test, the rats were deprived of food for 8 hours. After fasting, the 

basal blood glucose was measured with a glucometer. The rats were then given a glucose load of 

2 g/kg as 40% (w/v) glucose solution via oral gavage. Blood glucose levels were measured at 30, 

60, 90 and 120 minutes after the administration of the glucose load.  

3.3.7. Plasma electrolyte levels 

Atomic absorption spectrophotometry was used for the determination of plasma electrolyte 

levels. To measure the sodium and potassium concentrations, plasma specimens were diluted by 

500 and 50 times respectively with distilled water. The concentration of the electrolytes was 

determined with PerkinElmer Atomic Absorption Spectrophotometer Analyst 100 (PerkinElmer, 

USA) using a sodium/potassium hollow cathode lamp. The wavelength was set at 589 nm and 

766 nm for measuring sodium and potassium concentrations respectively. The actual 

concentration of the electrolytes was calculated based on the respective standard curves 

(Appendices B7 and B8). 
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3.3.8. Tissue processing and histology 

Conventional tissue processing, which includes dehydration, clearing and infiltration of the liver 

and rWAT specimens with paraffin wax, was performed following formalin fixation. The tissues 

were then embedded in paraffin wax and stored at 4oC. Thin sections (5μm) were produced and 

stained with hematoxylin and eosin (H&E) to visualize the morphology of the tissues. Nikon 

Eclipse TS100 (Nikon, Japan) was used to capture the microscopic images of the tissues. ImageJ 

was used to measure the adipocyte area of 200 to 300 adipocytes in the rWAT using the method 

published by Parlee et al. in 2014 [211]. Similarly, the software was also used to measure the 

area of fat vacuoles present in the liver based on the microscopic images [212]. 

3.3.9. Hepatic lipid extraction 

Total lipid extraction of the liver tissues was carried out using the Folch method [213]. Briefly, 

150 mg of the snap-frozen liver tissues were ground into powder and homogenized in 20mL of 

chloroform/methanol (2:1) mixture. The homogenates were vortexed for 1 minute and sonicated 

for 20 minutes. This was followed by centrifugation at 1000x g for 10 minutes. The supernatant 

was washed with 0.2 volume of water, vortexed for 1 minute and centrifuged at 1000x g for 5 

minutes. The upper fraction was discarded. The remaining fraction was rinsed with 1 mL of 

methanol/water (1:1) mixture and centrifuged at 1000x g for 5 minutes. The upper fraction was 

removed, while the lower chloroform fraction that contained the total lipids was dried with a 

rotary evaporator. The hepatic total lipid extracts were weighed and then reconstituted in 1 mL of 

1% (w/v) bovine serum albumin. The lipid extracts were subjected to a triglyceride assay with 

Randox TR1697 Triglycerides (Randox, UK). 

3.3.10. Statistical analysis 

Statistical analysis was performed was Statistical Package for the Social Sciences (SPSS) 22.0. 

Dependent variables with repeated measures such as the cumulative weight gain, food and 

calorie intake, blood pressure and pre- and post-treatment OGTT were analyzed with a mixed 

model analysis of variance (ANOVA) using “time” as the within-subjects factor and ‘treatment 

group’ as the between-subjects factor. The pairwise comparisons were performed with 

Bonferroni correction. Other variables were analyzed with one-way ANOVA followed by 
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Tukey’s test. The level of statistical significance was set at p≤0.05. All the dependent variables 

are expressed in mean ± standard error of the mean (SEM) unless mentioned otherwise. 

3.4. Results 

3.4.1. Weight gain, visceral fat mass and morphology 

The cumulative weight gain of the rats subjected to different treatments is illustrated in Figure 

3.2. The initial body weight was comparable between groups (Table 3.2). Over a course of 12 

weeks, the cumulative weight gain (± SEM) of the rats subjected to CD, HFD, metformin, TRF 

and geraniin were 317±7 g, 374±15 g, 337±16 g, 341±21 g and 349±10 g, respectively. 

Treatment with HFD alone increased the weight gain by 18% compared to CD alone. The 

obesogenic effect of the HFD became statistically significant from Week 7 onwards (p<0.05). 

None of the treatments with either metformin, TRF or geraniin significantly halted the 

accelerated weight gain induced by HFD (p>0.05), even though marginal reduction was noted.  

 
Figure 3.2: Cumulative weight gain of the rats assigned to different treatment groups over 

12 weeks. Treatment with either metformin, TRF or geraniin started after 8 weeks of high-

fat feeding as indicated by the black dotted line. Error bars indicate SEM. Sample size 

was n=6-7 per group. * p<0.05 between control and high-fat diet groups. TRF, tocotrienol-

rich fraction. 
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Based on Table 3.2, the rats on CD had significantly higher food intake compared to the other 

groups throughout the entire experiment (p<0.05). This was to compensate for the lower caloric 

density of the CD, which explains the comparable calorie intake between groups. Furthermore, 

HFD also induced polydipsia. Prior to any therapeutic intervention, the rats on HFD increased 

their daily water consumption by 20% compared to those on CD. By the end of the experiment in 

Week 12, the extent of HFD-induced polydipsia worsened because the rats on HFD consumed 

almost 50% more water than those on CD regardless of the intervention. There was no 

significant change in the liver and kidney weight. The treatment effects of metformin, TRF and 

geraniin on food and water consumption as well as organ weight were unremarkable.   

Table 3.2: Metadata related to weight gain and obesity of the rats assigned to different 

treatment groups. 

Parameters 
Treatment Group 

Control diet High-fat diet Metformin TRF Geraniin 

Initial body weight 

(g) 
64 ± 6 63 ± 3 67 ± 3 63 ± 2 67 ± 2 

Final body weight (g) 382 ± 10 437 ± 17* 404 ± 15 405 ± 20 416 ± 9 

Food intake before 

Week 8 (g/day) 
16.5 ± 0.2 13.1 ± 0.6*** 13.0 ± 0.3*** 12.4 ± 0.5*** 12.4 ± 0.3*** 

Food intake after 

Week 8 (g/day) 
17.1 ± 0.4 13.7 ± 0.6** 12.4 ± 0.5*** 12.4 ± 0.7*** 12.9 ± 0.4*** 

Calorie intake before 

Week 8 (kcal/day) 
63.9 ± 0.9 69.5 ± 3.3 68.9 ± 1.8 66.1 ± 2.5 66.2 ± 1.7 

Calorie intake after 

Week 8 (kcal/day) 
66.5 ± 1.5 72.7 ± 3.4 66.0 ± 2.9 66.2 ± 3.9 68.4 ± 2.1 

Water intake before 

Week 8 (mL/day) 
18.5 ± 1.2 23.3 ± 0.9* 22.0 ± 0.8 20.1 ± 0.9 23.4 ± 0.5* 

Water intake after 

Week 8 (mL/day) 
19.9 ± 0.9 30.9 ± 2.4** 29.6 ± 2.6* 24.3 ± 1.3 31.5 ± 2.3** 

Liver: Body weight 

ratio (%) 
3.35 ± 0.05 3.74 ± 0.15 3.45 ± 0.04 3.71 ± 0.16 3.20 ± 0.09 

Kidney: Body weight 

ratio (%) 
0.73 ± 0.02 0.77 ± 0.02 0.69 ± 0.02 0.73 ± 0.02 0.74 ± 0.02 

Values are expressed as mean ± SEM; * p<0.05, ** p<0.01 and *** p<0.001 compared to control diet. 

TRF, tocotrienol-rich fraction. 
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The rWAT-to-body weight ratios (± SEM) were 2.53 ± 0.18%, 3.59 ± 0.28%, 3.93 ± 0.20%, 3.88 

± 0.20%, 3.28 ± 0.11% for the rats assigned to CD, HFD, metformin, TRF and geraniin 

treatment groups, respectively (Figure 3.3). HFD significantly increased the visceral fat depot by 

more than 40% compared to CD (p<0.05). Similar observation was also detected in metformin 

and TRF-treated rats. Conversely, the treatment with geraniin shows a mild reduction in visceral 

fat depot compared to HFD group, but the difference did not reach a statistical significance.  

 
Figure 3.3: Retroperitoneal white adipose tissue weight-to-body weight ratio of the rats 

assigned to different treatment groups. The ratios are expressed in percentage. Error 

bars indicate SEM. Sample size was n=6-7 per group. * p<0.05 and ** p<0.01 between 

groups. rWAT, retroperitoneal white adipose tissue; TRF, tocotrienol-rich fraction. 

The rWAT adipocyte sizes of rats on HFD were larger compared to those on CD (Figure 3.4). 

This condition, which is known as adipocyte hypertrophy, was also detected in metformin-

treated rats, but was improved by TRF and geraniin. The observation was confirmed by the 

adipocyte areas quantified based on the microscopic images (Figure 3.5). The adipocyte areas (± 

SEM) were 4329 ± 341 μm2, 5568 ± 331 μm2, 6328 ± 357 μm2, 4539 ± 432 μm2 and 3692 ± 146 

μm2 for the rats subjected to CD, HFD, metformin, TRF and geraniin, respectively.  HFD 

increased the average adipocyte size in the rWAT by more than 28%, although the difference did 

not reach a statistical significance (p=0.087). Treatment with geraniin, but not metformin and 
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TRF, normalized the morphological abnormality. The results show that chronic high-fat feeding 

induced rapid weight gain and central adiposity. None of the interventions with either metformin, 

TRF or geraniin conferred beneficial effects on weight control, but geraniin successfully 

ameliorated visceral adipocyte hypertrophy, which is a key feature of central adiposity. 

 
Figure 3.4: Representative microscopic images of the H&E-stained retroperitoneal white 

adipose tissues (x 100 magnification) of rats assigned to different treatment groups. TRF, 

tocotrienol-rich fraction. 
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Figure 3.5: Adipocyte sizes of retroperitoneal white adipose tissues of the rats assigned 

to different treatment groups. The adipocyte areas were measured based on the 

microscopic images of the tissues and expressed in μm2. Error bars indicate SEM. 

Sample size was n=6-7 per group. ** p<0.01 and *** p<0.001 between groups. rWAT, 

retroperitoneal white adipose tissue; TRF, tocotrienol-rich fraction. 

3.4.2. Blood pressure and plasma electrolytes 

The systolic and diatolic blood pressure levels are tabulated in Table 3.3 and illustrated in 

Figures 3.6 and 3.7 respectively. Essentially, HFD also significantly elevated the systolic blood 

pressure. The increased systolic blood pressure caused by HFD started from Week 3 onwards. In 

Week 8, all the rats on HFD were hypertensive before any intervention. One week into the 

treatment with TRF or geraniin, the rats showed comparable systolic blood pressure to the CD-

treated rats. Such a blood pressure-lowering effect of TRF and geraniin persisted till the end of 

the experiment whereas the rats on HFD or treated with metformin remained hypertensive. The 
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blood pressuring-lowering effect of geraniin and TRF was also observed in the diastolic blood 

pressure (Figure 3.7). 

Table 3.3: Systolic and diastolic blood pressure levels of the rats assigned to different 

treatment groups over 12 weeks.  

Week 
Treatment group 

Treatment 

effect 

Time 

effect 

Interaction 

(Treatment* 

Time) CD HFD Metformin TRF Geraniin 

Systolic blood pressure 

0 87±2 83±1 89±2 87±2 89±2 

Sig 

(p<0.001) 

Sig 

(p<0.001) 
Sig (p<0.001) 

1 103±3 106±2 104±3 110±3 100±3 

2 119±4 122±3 116±4 129±5 115±5 

3 120±5 140±4* 136±5 145±5* 151±5** 

4 124±6 148±5* 143±6* 148±7* 146±7* 

5 116±6 149±5** 141±6* 146±6* 167±6*** 

6 125±6 153±5** 144±6* 142±6* 156±6* 

7 123±3 145±3*** 144±3** 149±4*** 142±4** 

8 121±5 148±4** 143±5* 141±6* 145±6* 

9 122±3 141±2*** 140±3** 128±3† 131±3 

10 122±6 149±5* 141±6* 137±6 122±6† 

11 117±4 145±3*** 138±4** 128±4†† 120±4††† 

12 118±3 139±2*** 140±3*** 119±3††† 114±3††† 

Diastolic blood pressure 

0 64±1 64±1 72±3 70±2 66±2 

Sig 

(p<0.001) 

Sig 

(p<0.001) 
Sig (p<0.001) 

1 73±2 79±2 80±2 82±4 72±3 

2 84±2 94±4 90±4 103±5* 81±3 

3 89±3 111±6* 110±7* 122±4* 112±5* 

4 93±4 118±6* 113±5* 122±7* 111±6* 

5 92±2 113±7* 116±7* 125±4* 125±6* 

6 95±3 119±5* 114±5* 110±4* 117±8* 

7 92±1 114±5** 115±4** 122±3*** 115±2** 
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8 87±2 117±5*** 115±4** 114±4** 117±4** 

   

9 90±1 110±3** 111±3** 101±5 102±4 

10 94±2 117±7* 110±7 108±4 90±3† 

11 83±1 110±4*** 104±3** 94±4† 88±2†† 

12 84±2 104±3* 107±6** 94±6 86±1† 

Values are expressed as mean ± SEM; * p<0.05, ** p<0.01 and *** p<0.001 compared to control diet group; † 

p<0.05, †† p<0.01 and ††† p<0.001 compared to high-fat diet group 

CD, control diet; HFD, high-fat diet; TRF, tocotrienol-rich fraction. 

 
Figure 3.6: Systolic blood pressure of the rats assigned to different treatment groups over 

12 weeks. Treatment with either metformin, TRF or geraniin started after 8 weeks of high-

fat feeding as indicated by the black dotted line. Error bars indicate SEM. Sample size 

was n=6-7 per group. * p<0.05, ** p<0.01 and *** p<0.001 between high-fat and control diet 

groups; † p<0.05, †† p<0.01 and ††† p<0.001 between metformin and control diet groups; 
‡ p<0.05 and ‡‡‡ p<0.001 between TRF and control diet groups; § p<0.05, §§ p<0.01 and 
§§§ p<0.001 between geraniin and control diet groups. TRF, tocotrienol-rich fraction. 
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Figure 3.7: Diastolic blood pressure of the rats assigned to different treatment groups 

over 12 weeks. Treatment with either metformin, TRF or geraniin started after 8 weeks of 

high-fat feeding as indicated by the black dotted line. Error bars indicate SEM. Sample 

size was n=6-7 per group. * p<0.05, ** p<0.01 and *** p<0.001 between high-fat and control 

diet groups; † p<0.05 and †† p<0.01 between metformin and control diet groups; ‡ p<0.05, 
‡‡ p<0.01 and ‡‡‡ p<0.001 between TRF and control diet groups; § p<0.05 and §§ p<0.01 

between geraniin and control diet groups. TRF, tocotrienol-rich fraction. 
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The plasma sodium concentrations (± SEM) of the rats assigned to CD, HFD, metformin, TRF 

and geraniin were 126 ± 7 mEq/L, 159 ± 4 mEq/L, 147 ± 3 mEq/L, 160 ± 7 mEq/L and 147 ± 4 

mEq/L, respectively (Figure 3.8A). The rats on HFD had 26% more sodium in the blood 

circulation compared to those on CD (p<0.01), but none of the treatments significantly reduced 

the plasma sodium level. The effect of the diets and interventions on plasma potassium 

concentration was unremarkable (Figure 3.8B). 

 
Figure 3.8: Plasma sodium (A) and potassium (B) levels of the rats assigned to different 

treatment groups. Error bars indicate SEM. Sample size was n=6-7 per group. ** p<0.01 

between groups. TRF, tocotrienol-rich fraction. 

3.4.3. Glucose and lipid metabolism 

Prior to any treatment, the fasting blood glucose levels (± SEM) of the rats assigned to CD, HFD, 

metformin, TRF and geraniin were 5.7 ± 0.2 mmol/L, 6.7 ± 0.1 mmol/L, 6.2 ± 0.1 mmol/L, 6.5 ± 

0.2 mmol/L and 6.6 ± 0.2 mmol/L, respectively (Figure 3.9). After the four-week treatment, the 

fasting blood glucose levels (± SEM) of the rats assigned to CD, HFD, metformin, TRF and 

geraniin were 5.5 ± 0.2 mmol/L, 6.4 ± 0.1 mmol/L, 5.4 ± 0.1 mmol/L, 6.3 ± 0.2 mmol/L and 5.7 

± 0.1 mmol/L, respectively (Figure 3.9). The result shows that HFD could impair the glucose 

homeostasis of the rats (p<0.001). Unlike TRF which did not have notable effect, treatment with 

either metformin or geraniin could reverse the diet-induced high blood glucose level.  
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Figure 3.9: Fasting blood glucose levels of the rats before and after the experimental 

treatments. Error bars indicate SEM. Sample size was n=6-7 per group. *** p<0.001 

between time points. TRF, tocotrienol-rich fraction. 

The glucose-lowering effect of geraniin is supported by the HbA1c findings. The percentage of 

HbA1c (± SEM) of the rats assigned to CD, HFD, metformin, TRF and geraniin were 5.18 ± 

0.07 %, 6.30 ± 0.13 %, 4.21 ± 0.24 %, 4.93 ± 0.24 % and 5.02 ± 0.17 %, respectively (Figure 

3.10). The elevated HbA1c% of HFD-treated rats relative to CD-treated rats shows that long-

term high-fat feeding could induce prolonged hyperglycemia (p<0.001). Similarly the glucose-

lowering effect of metformin and geraniin is also reflected by a decline in the HbA1c% 

compared to HFD group (p<0.001). Surprisingly, although treatment with TRF did not improve 

the impaired fasting blood glucose, it managed to significantly lower the HbA1c level (p<0.001).  
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Figure 3.10: Glycated hemoglobin A1c of the rats assigned to different treatment groups. 

Error bars indicate SEM. Sample size was n=6-7 per group. ** p<0.01 and *** p<0.001 

between groups. HbA1c, glycated hemoglobin A1c; TRF, tocotrienol-rich fraction. 

Additionally, before any treatment, the area under curve of the OGTT (± SEM) of the rats 

assigned to CD, HFD, metformin, TRF and geraniin were 868 ± 25 min mmol/L, 944 ± 25 min 

mmol/L, 895 ± 21 min mmol/L, 952 ± 35 min mmol/L and 907 ± 24 min mmol/L, respectively 

(Figure 3.11C). After the four-week treatment, the area under curve of the OGTT (± SEM) of 

the rats assigned to CD, HFD, metformin, TRF and geraniin were 828 ± 13 min mmol/L, 984 ± 

44 min mmol/L, 780 ± 15 min mmol/L, 935 ± 29 min mmol/L and 931 ± 16 min mmol/L, 

respectively (Figure 3.11C). Compared to the CD-treated rats, the area under curve of the OGTT 

of those on HFD increased by 16%, indicating the onset of impaired glucose tolerance (p<0.05). 

As anticipated, treatment with metformin successfully ameliorated the abnormal glucose 

disposal. Nonetheless, geraniin which was capable of normalizing the impaired fasting glucose 

and elevated HbA1c levels, failed to reverse the impaired glucose tolerance caused by HFD.  



Chapter 3: Metabolic effects of ellagitannin geraniin 

100 | P a g e  
 

 

Figure 3.11: Oral glucose tolerance test of the rats before (A) and after (B) the 

experimental treatments. The area under curves are expressed in a bar plot (C). Error 

bars indicate SEM. Sample size was n=6-7 per group. *** p<0.001 between time points. 

TRF, tocotrienol-rich fraction. 

Despite the occurrence of impaired fasting glucose and impaired glucose tolerance in the rats on 

HFD, there was no notable change to the fasting plasma insulin. The fasting insulin levels (± 

SEM) of the rats assigned to CD, HFD, metformin, TRF and geraniin were 28.2 ± 2.3 mU/L, 

24.6 ± 1.9 mU/L, 24.9 ± 1.8 mU/L, 24.8 ± 1.7 mU/L and 25.8 ± 3.1 mU/L (Figure 3.12A). 

When the HOMA indices were computed based on fasting blood glucose and fasting plasma 

insulin, the HOMA%S index (which indicates insulin sensitivity) was comparable across all 

treatment groups whilst the HOMA%β index (which indicates β-cell function) was compromised 

by close to 30% between HFD and CD groups (p<0.05) (Figure 3.12B). Metformin and geraniin 

appeared to reverse the impaired β-cell function, but the difference did not reach a statistical 

significance (p>0.05). 



Chapter 3: Metabolic effects of ellagitannin geraniin 

101 | P a g e  
 

 
Figure 3.12: Fasting plasma insulin (A) and homeostatic model assessment (B) of the 

rats assigned to different treatment groups. Error bars indicate SEM. Sample size was 

n=6-7 per group. * p<0.05 between groups. HOMA, homeostatic model assessment; TRF, 

tocotrienol-rich fraction. 

According to Figure 3.13, different treatments also have notable influence on the lipid profile, 

especially the triglycerides and non-HDL cholesterol. Essentially, HFD elevated the triglycerides 

by more than twofold compared to CD (p<0.001). The HFD-induced hypertriglyceridemia were 

not reversed by metformin or TRF. However, geraniin significantly lowered the triglycerides and 

non-HDL cholesterol to that comparable to the CD (p<0.01). Similar lowering effect on the non-

HDL cholesterol was also observed in the rats treated with metformin or TRF (p<0.05). The 

other lipid components like total cholesterol, HDL-cholesterol and free fatty acids were 

comparable between the groups (p>0.05).  
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Figure 3.13: Lipid profile, including the triglycerides, total cholesterol, HDL-cholesterol, 

non-HDL cholesterol and free fatty acids of the rats assigned to different treatment groups. 

Error bars indicate SEM. Sample size was n=6-7 per group. * p<0.05, ** p<0.01 and *** 

p<0.001 between groups. HDL, high-density lipoprotein; TRF, tocotrienol-rich fraction. 

3.4.4. Liver morphology and hepatic steatosis 

Hyperlipidemia is often associated with the manifestation of abnormal lipid deposition in the 

liver, which is also known as hepatic steatosis. Based on Figure 3.14, there are more fat vacuoles 

in the liver of the rats on HFD compared to the other groups. When the rats were treated with 

CD, HFD, metformin, TRF and geraniin, the percentages of the fat vacuole area (± SEM) based 

on the microscopic images were 0.82 ± 0.13 %, 3.59 ± 0.26 %, 2.77 ± 0.25 %, 2.75 ± 0.31 % and 

2.33 ± 0.20 %, respectively (Figure 3.15A). High-fat feeding resulted in a threefold increase in 

the hepatic lipid accumulation compared to CD group (p<0.001). Only with geraniin was the area 

of fat vacuoles reduced (p<0.01). Even so, it remained elevated compared to CD group (p<0.01).  

To further confirm the extent of lipid deposition, the triglyceride levels in the hepatic lipid 

extracts were measured. The triglyceride concentrations in liver extracts (± SEM) of the rats 

assigned to CD, HFD, metformin, TRF and geraniin were 7.0 ± 0.4 μmol/g liver, 12.6 ± 1.1 

μmol/g liver, 8.8 ± 1.6 μmol/g liver, 8.9 ± 0.8 μmol/g liver and 5.7 ± 1.0 μmol/g liver, 
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respectively (Figure 3.15B). The results agree with the trend observed in the percentages of fat 

vacuole area whereby HFD increased the hepatic lipid concentration significantly (p<0.01) while 

geraniin, but not metformin or TRF, effectively reduced the abnormality (p<0.01).  

 

Figure 3.14: Representative microscopic images of the H&E-stained liver tissues (x 200 

magnification) of rats assigned to different treatment groups. TRF, tocotrienol-rich fraction. 
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Figure 3.15: Percentage of fat vacuole area present in the liver microscopic images (A) 

and hepatic triglyceride concentration (B) of the rats assigned to different treatment 

groups. Error bars indicate SEM. Sample size was n=6-7 per group. ** p<0.01 and *** 

p<0.001 between groups. TRF, tocotrienol-rich fraction. 

3.5. Discussion 

In the present study, the rats on HFD for 12 weeks demonstrated all the clinical hallmarks of 

MetS, notably central obesity and adiposity, hypertension, hyperlipidemia, hyperglycemia 

together with hepatic steatosis. These HFD-induced metabolic aberrations are consistent with the 

observations reported in Chapter 2. On the other hand, treatment with ellagitannin geraniin at a 

daily dosage of 25 mg/kg for a month successfully alleviated most of the abnormalities. The 

natural product conferred anti-hypertensive, anti-hyperglycemic and lipid-lowering effects 

besides reducing the ectopic lipid deposition in the visceral adipose tissues and liver. The 

pleiotropic beneficial impacts on multiple risk factors do make geraniin a promising candidate 

for MetS pharmacotherapy. 

Metformin, a proposed therapy for pre-diabetes and MetS [203, 214], effectively ameliorated the 

elevated fasting glucose, HbA1c and glucose intolerance. This is consistent with a recent clinical 

finding [215]. Even though both impaired fasting glucose and impaired glucose tolerance are 

indicative of abnormal glucose homeostasis, the associated underlying pathological processes are 

vastly different. To elaborate, impaired fasting glucose is predominantly attributable to 

compromised basal insulin secretion and hepatic glucose release, while impaired glucose 

tolerance is linked more closely to reduced postprandial insulin secretion and muscular insulin 
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resistance [216, 217]. The metformin-dependent lowering effect on the fasting blood glucose is 

predominantly due to the inhibition of hepatic gluconeogenesis [218]. Additionally, higher 

HOMA% β in metformin-treated rats was also observed, implying a restoration of the β-cell 

function at fasting condition which could further fortify the normal basal glucose homeostasis 

[219]. On the other hand, the underlying mechanism of metformin-induced improved glucose 

tolerance remains unclear. Lachin et al. (2007) proposed that such a health benefit is because of 

the combinatorial effects of reduced adiposity, fasting insulin and proinsulin [220]. 

Contradictorily, in the present study, treatment with metformin did not reduce the body weight, 

visceral fat mass and adipocyte hypertrophy. It is however, crucial to note that the clinical 

findings about the anti-obesity effect of metformin is inconclusive [221, 222]. Therefore, further 

investigation on this aspect is warranted.  

Compared to metformin, geraniin exerted comparable beneficial effects on the fasting blood 

glucose, HbA1c and HOMA% β, but failed to reverse the abnormal glucose tolerance. The 

inherent pathological differences between impaired fasting glucose and impaired glucose 

tolerance suggest a selectivity of geraniin in terms of the target organ. Due to the inhibitory 

effect on the fasting glucose, the treatment with geraniin might preferentially influence the 

metabolic pathways in the liver upon oral consumption. This also coincides with the fact that 

most of the metabolites of geraniin, namely urolithins and ellagic acids, are heavily subjected to 

enterohepatic circulation [223]. Additionally, although certain geraniin metabolites in their 

conjugated forms are detected in the blood circulation after the consumption of ellagitannin-rich 

foods, none of them seem to accumulate in body tissues like the muscles, adipose tissues, lungs, 

liver, heart and kidneys [223]. Therefore, given the pharmacokinetic processes of geraniin, its 

bioactivities may be highly selective to a few organs, such as the liver, gallbladder and the 

gastrointestinal tract. It may be added that due to the relative short treatment period (4 weeks), 

measuring certain glycation products like fructosamine and glycated albumin could provide a 

better indication of the short-term glucose control in comparison to fasting blood glucose and 

HbA1c [224].  

Unlike geraniin, the effect of metformin on hypertension, hypertriglyceridemia and hepatic 

steatosis was unremarkable. Nonetheless, a small extent of reduction in the hepatic lipid 

deposition despite the lack of statistical significance. Such a beneficial effect has been reported 
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in obese patients with T2DM and non-alcoholic fatty liver disease (NAFLD) [225]. It could be 

linked to the interaction of metformin with the mitochondrial respiratory chain complex I, 

AMPK as well as the transcriptional suppression of p160 steroid receptor coactivators 2 (SRC-2) 

in the liver [226, 227]. Nevertheless, Li et al. (2013) who performed a meta-analysis on the 

existing clinical trials, found no concrete evidence to support the therapeutic effects of 

metformin on NAFLD [228]. Thus, the effect of metformin on hepatic steatosis remains 

inconclusive. 

Aside from that, TRF has demonstrated potent therapeutic effects on HFD-induced hypertension 

and hypercholesterolemia with negligible impacts on glycemic control, adiposity and hepatic 

steatosis. The anti-hypertensive activity is consistent with previous animal and clinical studies 

[229, 230]. Nevertheless, such an effect is not exclusive to tocotrienols, but is a common 

property of vitamin E as evidenced by similar hypotensive effect seen in α-tocopherol [229]. 

Since the blood pressure-lowering effect is a shared characteristic, the underlying mechanism 

could also be mutual. In this case, previous studies have reported that vitamin E can alleviate 

vascular oxidative stress and stimulate the aortic biosynthesis of prostacyclin, which in turn, 

results in vasodilation [229, 231, 232]. As such, the blood pressure-lowering effect of TRF may 

be attributable to antioxidant-dependent vasodilation.  

Next, the cholesterol-lowering effect of TRF observed in the present study is also in line with 

several clinical trials [233-235]. Primarily, this is because of its inhibitory effect on the HMG-

CoA reductase which is not present in tocopherols [200, 201]. In hypercholesterolemic patients 

with NAFLD, tocotrienols also conferred favorable effect on hepatic steatosis which could be 

linked to its cholesterol-lowering effect [236]. Muto et al. (2013) also identified that repressive 

effects of tocotrienols on the expression of hepatic sterol regulatory element binding protein 1c 

(SREBP-1c), C/EBP homologous protein (CHOP) and IL-1β [237]. Collectively, the 

downregulation of these genes could attenuate the progression of lipid accumulation and 

inflammation in the liver. However, in our study, the effect of TRF on hepatic steatosis was not 

prominent and so, further investigation in the hepato-protective effect of tocotrienols against 

diet-induced NAFLD is pertinent to attain a conclusive remark. 

Basically, ellagitannin gerannin exhibited superior anti-hyperglycemic activity compared to 

TRF. Although several studies have reported the glucose-lowering effect of tocotrienols [238-
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241], it was not detected in our study. Most of these studies used streptozotocin-induced diabetic 

rats as the disease model. The overt and severe diabetic status of the rats makes it more sensitive 

to minor therapeutic effects on the glycemic control. Furthermore, the selective toxicity of 

streptozotocin to pancreatic β-cells allow us to postulate that the glucose-lowering effect 

conferred by tocotrienols could be linked to improved β-cell function. Nonetheless, to date, there 

is no conclusive clinical evidence that supports the anti-hyperglycemic activity of tocotrienols in 

diabetic patients. Even though the fasting glucose level was not improved, supplementation with 

TRF significantly reduced the HbA1c level. This is because antioxidant agents like tocotrienols 

can donate hydrogen to the glycation interemediates, inhibiting the formation of Amadori 

products [242]. Despite the marginal effect on blood glucose control, TRF still exhibited striking 

blood pressure- and cholesterol-lowering activities, making it an interesting candidate as an 

adjunctive therapy in MetS. The results and findings about the effects on TRF in MetS presented 

in this chapter have been published and included in Appendix E2 [243].   

In our study, treatment with metformin mainly improved the glucose metabolism while TRF 

affected the blood pressure and cholesterol levels. These observations agree with the well-

established bioactivities of the respective compounds. In comparison to metformin and TRF, 

geraniin clearly has more diverse metabolic effects. Moreover, due to the dissimilar metabolic 

activities between geraniin and TRF, it is presumed that the observed benefits of geraniin are not 

solely attributable to its antioxidant properties but instead, there are other independent 

mechanisms at play. Our findings about geraniin on MetS are consistent to a previous study 

which also concluded the favorable effects of the phytochemical on multiple metabolic risks in 

obese rats [181]. Both studies revealed significant glucose- and lipid-lowering effects of 

geraniin. However, Chung et al. (2014) also found that the supplementation of geraniin could 

improve insulin sensitivity in a dose-dependent manner which was not observed in our study 

[181]. Apart from these, what we added to the knowledge about geraniin are the inhibitory 

effects on HFD-induced hypertension and hepatic steatosis. Although the anti-hypertensive 

activity of geraniin has been reported with the use of spontaneously hypertensive rats (SHRs) 

[172, 173], our disease model is understandably more related to MetS due to their shared 

pathophysiology. As for the ameliorative effect on hepatic steatosis, to our best knowledge, this 

is the first time such a benefit of geraniin is reported. 
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Our understanding about the pharmacokinetics of geraniin depicts that the bioavailability of the 

compound is exceedingly low due to their large chemical structure and high polarity [244]. Like 

most ellagitannins, upon oral consumption, geraniin is subjected to extensive metabolism by the 

variable physiological pH along the gastrointestinal tract and gut microflora [244]. 

Consequently, a number of small metabolites are liberated, including the gallic acid, corilagin, 

ellagic acid, brevifolincarboxylic acid and a wide range of hydroxyl-dibenzopyranone 

derivatives (urolithins) [198]. These geraniin-derived metabolites are much more bioavailable 

than the parental compound itself. This is particularly true for urolithins whose maximum plasma 

concentration can reach up to 18.6 μM in healthy human subjects [245] in comparison to 1.8 μM 

for gallic acid [246] and 0.1 to 0.4 μM for ellagic acid [247, 248]. Owing to the higher 

bioavailability of geraniin-derived metabolites, it is widely accepted that the metabolites are the 

actual in vivo functional molecules. Indeed, many geraniin-derived metabolites also possess 

pleiotropic effects against metabolic anomalies. For instance, treatment with gallic acid or ellagic 

acid helps to maintain glucose and lipid homeostasis, control weight gain and reverse hepatic 

lipid accumulation in rodents on high-calorie diets [249-254].  

Essentially, it is believed that the beneficial effects of geraniin on MetS are predominantly 

attributable to its key metabolites like ellagic acid, gallic acid and urolithins. This is mainly due 

to the limited bioavailability of geraniin upon oral consumption. Furthermore, based on existing 

evidence, the geraniin-derived metabolites also exhibit multifunctional effects against several 

metabolic risks as seen in the present study. As pointed out in a previous study [255], these 

metabolites may interact with each other to additively or even synergistically enhance the 

therapeutic effects. However, the underlying mechanism of these bioactivities require further 

investigation.  

3.6. Summary and key highlights of the study 

The major findings of the study presented in this chapter are summarized as follows: 

 Treatment with geraniin at a daily dosage of 25 mg/kg did not reduce the increased weight 

gain and visceral fat depot caused by high-fat feeding, but could reduce the visceral 

adipocyte hypertrophy. On the contrary, the effects of metformin and TRF on these 

parameters were unremarkable. 
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 Geraniin and TRF significantly lowered the HFD-induced hypertension but failed to 

normalize the elevated sodium level. This suggests that the blood pressure-lowering activity 

of these molecules may be independent of the water and sodium regulation.  

 In terms of the glucose metabolism, treatment with geraniin could ameliorate the impaired 

fasting glucose and elevated HbA1c, but not impaired glucose tolerance. On the other hand, 

TRF which had no effect on the glucose homeostasis, also significantly reduced the HbA1c. 

Metformin which is an anti-diabetic agent successfully improved the fasting glucose, glucose 

intolerance and HbA1c level. 

 In terms of the lipid metabolism, treatment with geraniin effectively reversed the HFD-

induced hypertriglyceridemia and increased non-HDL cholesterol level. Metformin and TRF 

failed to reverse the increased circulating triglycerides, but managed to lower the non-HDL 

cholesterol level. 

 Unlike metformin and TRF which had marginal effect on the lipid accumulation in the liver, 

geraniin also ameliorated hepatic steatosis which is a liver complication of MetS. 

In summary, treatment with geraniin successfully alleviated the core features of MetS induced by 

high-fat feeding. Such a pleiotropic effect against multiple metabolic dysregulations makes it a 

promising multifunctional therapy against MetS. Speculatively, geraniin-derived metabolites 

instead of the intact geraniin, are the functional in vivo molecules. Nevertheless, the molecular 

mechanism of geraniin as well as its metabolites remains largely undefined and so, future 

research in this aspect is highly encouraged.  
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4. EFFECTS OF ELLAGITANNIN GERANIIN ON THE OXIDATIVE 

STRESS AND INFLAMMATORY RESPONSE OF RATS WITH 

METABOLIC SYNDROME 

4.1. General overview 

Growing evidence supports that the oxidative stress and inflammatory response are also the 

crucial elements in the pathogenesis of obesity and MetS. Fundamentally, oxidative stress is a 

phenomenon caused by overwhelming generation of highly reactive molecules (so-called 

oxidants) which the protective mechanisms (so-called antioxidants) fail to eliminate. Examples 

of major oxidants are reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

whereas common biological antioxidant defense mechanisms include enzymatic antioxidants like 

superoxide dismutase, glutathione peroxidase, glutathione reductase and catalase as well as non-

enzymatic antioxidants like glutathione, vitamins C and E [256].  

Under physiological condition, the reactive oxidants, especially ROS, serve as a vital signaling 

molecule in response to intra- and extracellular stimuli [257]. However, under a sustained 

stressful environment, the accumulation of ROS can trigger progressive tissue damage and organ 

dysfunction. Under over-nutrition state, the constant influx of oxidizable substrates trigger 

mitochondrial over-activity, which leads to an increased mitochondrial membrane potential and 

impaired oxidative phosphorylation, facilitating the interaction between electrons from the 

respiratory chain directly with oxygen to produce an excessive amount of ROS [258]. In 

peripheral organs, oxidative stress can severely alter their normal functions, as exemplified by 

ROS-induced suppression of insulin secretion and insulin resistance in pancreatic β-cells and 

adipocytes, respectively [259, 260]. The oxidative stress and progressive tissue damage are 

sensed as danger mediators which will in turn, activate various inflammatory signaling cascades 

[261]. In the adipose tissues, this process will trigger the release of a wide array of pro-

inflammatory adipokines into the blood circulation as evidenced by elevated high-sensitivity C-

reactive proteins, TNF-α, IL-6 and IL-18 in patients with MetS [262, 263]. In addition, the 

adipokines also possess a number of unfavorable properties that are well-implicated in the 

pathogenesis of MetS, including the stimulation of immune cell infiltration, insulin 

desensitization, atherogenicity and thrombogenesis [264]. While pro-inflammatory adipokines 
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are hyperactive, beneficial anti-inflammatory cytokines like adiponectin and IL-10 are 

substantially repressed in MetS patients [265]. Consequently, such imbalances of redox reactions 

and inflammatory/anti-inflammatory processes fueled by the positive caloric balance will 

collectively perpetuate the aggravation of various metabolic derangements. 

One of the leading inflammatory pathways that has recently garnered the attention of the 

research community is the advanced glycation end products (AGEs) and receptor for advanced 

glycation end products (RAGE). Like HbA1c, the generation of AGE also involves Maillard 

reaction – the glycation of reducing sugars to macromolecules like proteins or lipids [266]. 

However, the formation of AGE is irreversible and influenced by oxidation processes, making it 

a long-term glycemic and oxidative stress biomarker [266]. Following the ligand binding of AGE 

to RAGE, a series of signaling pathways are activated, resulting in functional changes in terms of 

pro-inflammatory response, programmed cell death and cellular proliferation via the release of 

IL-6, TNF-α, IL-1α, vascular cell adhesion protein-1 (VCAM-1), intercellular adhesion molecule 

(ICAM) as well as pro-coagulant factors like thrombomodulin and tissue factor [267]. The 

pathological processes are well-implicated in the progression of chronic metabolic diseases, 

highlighting the vital role of AGE-RAGE axis in MetS and T2DM. 

In this context, ellagitannin geraniin is known for its potent antioxidant capacity. Geraniin is four 

and seven times more effective than vitamins E and C respectively in attenuating biologically 

relevant peroxyl radicals [268]. Furthermore, the treatment with geraniin efficaciously alleviates 

the induction of NF-κB and secretion of several inflammatory cytokines in pathogen- or 

lipopolysaccharide-induced inflammatory cell models [179, 269]. The anti-glycative activity of 

geraniin has also been reported [175]. Collectively, these findings suggest that the natural 

product possesses remarkable antioxidant and anti-inflammatory effects, but whether such 

potency is conserved in in vivo MetS model is unclear. Moreover, the effect of geraniin on AGE-

RAGE axis is not well-elaborated.  

In this chapter, we looked into the effects of ellagitannin geraniin on the oxidative stress and 

inflammatory response in the MetS rat model. Using the experimental design as reported in 

Chapter 3, the effects of geraniin were compared to the treatments with either metformin or 

TRF to examine their relative efficacy in preserving the redox balance and attenuating 

inflammatory response. The output of the study would facilitate more in-depth understanding 
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about biological impacts of geraniin supplementation on redox reactions and inflammatory 

processes in the blood circulation and body tissues.  

4.2. Objectives of the study 

The objective of the study was to determine the effects of ellagitannin geraniin on the oxidative 

stress and inflammatory response on HFD-induced MetS in Sprague Dawley rats. To accomplish 

the aim, the following research tasks need to be fulfilled:  

 To examine the oxidative stress biomarkers in the blood circulation, liver and adipose tissues 

 To explore the accumulation of circulating AGE and activation of RAGE expression 

 To investigate the extent of systemic inflammation by measuring the levels of circulating 

pro-inflammatory cytokines 

4.3. Methods and materials 

4.3.1. Experimental design and treatment 

The blood and tissue specimens used in this chapter were taken from the experiment done in 

Chapter 3. The experimental design and treatment groups can be referred to Section 3.3.3 and 

summarized in Figure 4.1. At the end of the experiment, the plasma fractions of the blood were 

retrieved, aliquoted to different tubes and snap frozen in liquid nitrogen. They were stored at -

80oC until required. Body tissues including the liver and rWAT were harvested, snap frozen in 

liquid nitrogen and stored at -80oC for tissue lysate preparation and total RNA extraction.  
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Figure 4.1: Experimental design to investigate the effects of ellagitannin geraniin on 

oxidative stress and inflammatory response in rats with HFD-induced MetS. AGE, 

advanced glycation end product; RAGE, receptor for advanced glycation end product; 

TRF, tocotrienol-rich fraction. 

4.3.2. Determination of circulating oxidative stress biomarkers 

Total plasma antioxidant capacity was measured with OxiSelectTM ORAC Activity Assay kit 

(Cell Biolabs, USA). The myeloperoxidase activity and AGE level in the plasma samples were 

determined with OxiSelectTM Myeloperoxidase Chlorination Activity Assay kit and OxiSelectTM 

Advanced Glycation End Product (AGE) Competitive ELISA kit (Cell Biolabs, USA) 

respectively. All analysis with the commercial kits were conducted in duplicates according to the 

manufacturers’ instructions. The assay procedures and standard curves of the commercial kits are 

shown in Appendices B9 to B11. 

4.3.3. Preparation of tissue lysates and Bradford assay 

To prepare hepatic and rWAT tissue lysates, the tissues (30 mg for liver tissues; 100 mg for 

rWAT) were snap frozen with liquid nitrogen and ground to powder with a mortar and pestle. 

The powdered tissues were then transferred into a microcentrifuge tube and homogenized in 1 
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mL of cold lysis buffer. The homogenates were centrifuged at 10 000x g for 20 minutes at 4oC. 

The supernatant was aliquoted into several microcentrifuge tubes and stored at -80oC.  

The concentration of proteins present in the tissue lysates were determined using Bradford 

protein assay (Sigma Aldrich, USA). The tissue lysates were diluted by 100 times. Then, 20 μL 

of the diluted tissue lysates were mixed with 200 μL of Bradford reagent. The absorbance at 

595nm was measured while the protein concentration was calculated based on a bovine serum 

albumin (BSA) standard curve (Appendix B12).  

4.3.4. Determination of redox status in the liver and rWAT 

The redox status of the hepatic and rWAT tissue lysates were assessed with ferric reducing 

power (FRP) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical 

scavenging assays. The protocols of the assays were based on a publication by Acharya (2017) 

[270].  

For FRP assay, 30 μL of each tissue lysate was added to the wells in a 96-well plate in 

duplicates. Then, 90 μL of 0.2M phosphate buffer and 30 uL of 1% potassium ferricyanide were 

added and mixed with the tissue lysates. The mixtures were incubated in a water bath at 50oC for 

20 minutes. The reaction was stopped by adding 90 μL of 10% trichloroacetic acid. After that, 

the mixture was centrifuged at 1000x g for 10 minutes and 100 μL of the supernatant was 

retrieved and mixed with 100 μL of distilled water and 20 μL of 0.1% iron chloride. The mixture 

was incubated for another 15 minutes at room temperature. The absorbance at 750nm were 

measured. The reducing power of each tissue lysate was calculated based on an iron (II) sulphate 

standard curve followed by a correction with the protein content of the tissue lysates (Appendix 

B13).  

For ABTS radical scavenging assay, 10 μL of each tissue lysate was added to the wells in a 96-

well plate in duplicates. Then, 200 μL of ABTS reagent was added to the samples and mixed 

evenly. The mixtures were incubated in the dark for 5 minutes. The absorbance at 750nm was 

measured and the change in absorbance between blank and samples/standards was calculated. 

The radical scavenging capacity of each tissue lysate was determined based on an ascorbic acid 

standard curve followed by a corrected by the protein content of the tissue lysates (Appendix 

B14). 
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4.3.5. RNA extraction and cDNA synthesis 

Total RNA of the rWAT was isolated with Tri-RNA reagent (Favorgen, Taiwan) followed by 

Qiagen RNeasy Mini kit (Qiagen, Germany) to clean up the RNA sample while that of the liver 

was extracted with Qiagen RNeasy Mini kit (Qiagen, Germany) directly. The concentration and 

purity of the RNA were determined by measuring the absorbance at 260nm and 280nm with 

Infinite® 200 PRO (TECAN, Switzerland). RNA integrity was examined with agarose gel 

electrophoresis to visualise the 18S and 28S ribosomal RNA. RNase-free DNase I 

(ThermoFisher Scientific, USA) treatment was performed prior to cDNA synthesis which was 

done with Qiagen Omniscript Reverse Transcription Kit (Qiagen, Germany). 

4.3.6. Quantitative polymerase chain reaction (qPCR) 

Rotor-Gene Q (Qiagen, Germany) was used to perform SYBR green-based qPCR of RAGE and 

endogenous secretory RAGE (esRAGE) in the liver and rWAT. The selected qPCR reaction 

master mix was TransStart Tip Green qPCR SuperMix (TransGen Biotech, China). 

Hypoxanthine phosphoribosyltransferase 1 (Hprt1), succinate dehydrogenase complex 

flavoprotein subunit A (SdhA) and β-actin (Bac) which demonstrate stable expression in the 

target tissues were selected as the endogenous reference genes for normalisation of the genes of 

interest [271]. The nucleotide sequences of the forward and reverse primers as well as the 

accession numbers are outlined in Table 4.1. PCR conditions and amplicon information are 

supplemented in Appendix C. Normalized Ct or ΔCt values of the genes of interest were 

calculated using the following formula:  

ΔCt = average of Ct reference genes – Ct gene of interest 
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Table 4.1: Accession numbers, forward and reverse primers of the endogenous 

reference and target genes as well as amplicon size of the PCR products. 

Target 

gene 

Accession 

number 

Nucleotide sequence (5’→ 3’) Amplicon 

size (bp) Forward primer Reverse primer 

Bac* NM_031144 
GTA TGG GTC AGA 

AGG ACT CC 

GTT CAA TGG GGT 

ACT TCA GG 
81 

Hprt1* NM_012583 
CTG GAA AGA ACG 

TCT TGA TTG 

GTA TCC AAC ACT 

TCG AGA GG 
146 

SdhA* NM_130428 
GGC TTT CAC TTC 

TCT GTT GG 

CCA CAG CAT CAA 

ACT CAT GG 
103 

RAGE NM_053336 
CGA GTC TAC CAG 

ATT CCT GGG 

TCA CAA CTG TCC 

CTT TGC CA 
175 

esRAGE GU164718 
CAA TGT CCC CTG 

CCT CCA GA 

TCA TCC TCA TGC 

CCT ACC TCA 
200 

* denotes endogenous reference genes. 

Bac, β-actin; esRAGE, endogenous secretory receptor for advanced glycation end product; 

Hprt1, hypoxanthine phosphoribosyltransferase 1; RAGE, receptor for advanced glycation end 

product; SdhA, succinate dehydrogenase complex flavoprotein subunit A;  

 

4.3.7. Determination of pro-inflammatory cytokines 

Several inflammatory and anti-inflammatory cytokines in the plasma samples, including IL-1β, 

IL-6, IL-10, IL-18 and TNF-α were measured with LEGENDplex Rat Inflammation Panel 

(BioLegend, USA). The kit is a cytometric bead array that allows multiplex quantification of 

various cytokines and chemokines related to inflammatory response using fluorescence-encoded 

beads. The bead population classification and fluorescence signal were detected with a flow 

cytometer - BD FacsVerse (BD Biosciences, USA). The differentiation of the bead populations 

for different cytokines was carried out based on the forward scatter, side scatter and APC 

channels whereas the fluorescence intensity which is supposed to be positively correlated to the 

cytokine concentration was determined on PE channel. The flow cytometer setup and the assay 

which was performed in duplicates for each plasma sample were carried out according to the 
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manufacturer’ instructions. The output data was analysed using BioLegend’s LEGENDplexTM 

Data Analysis Software (BioLegend, USA) provided by the company to determine the 

concentrations of the cytokines in the plasma samples. The assay procedures and standard curves 

of each cytokines are shown in Appendix B15. 

4.3.8. Statistical analysis 

Statistical analysis was performed with SPSS 22.0. The variables were analyzed with one-way 

ANOVA followed by Tukey test for pairwise comparison. The level of statistical significance 

was pre-set at p ≤ 0.05. 

4.4. Results 

4.4.1. Circulating oxidative stress markers 

The plasma total antioxidant capacities (± SEM) of the rats assigned to CD, HFD, metformin, 

TRF and geraniin treatment groups were 3.08 ± 0.09 mM Trolox equivalent (TE), 2.55 ± 0.09 

mM TE, 2.92 ± 0.15 mM TE, 3.14 ± 0.17 mM TE and 2.98 ± 0.09 mM TE, respectively (Figure 

4.2). Chronic high-fat feeding caused a 17% reduction in the antioxidant capacity compared to 

the rats on CD (p<0.05). The plasma total antioxidant capacities of the rats treated with either 

metformin, TRF or geraniin were not significantly different from those on CD or HFD. 

On the other hand, the myeloperoxidase activities (± SEM) of the rats assigned to CD, HFD, 

metformin, TRF and geraniin treatment groups were 0.65 ± 0.18, 2.06 ± 0.19, 0.50 ± 0.24 , 0.43 

± 0.29 and 0.45 ± 0.19 nmole/min/mL, respectively (Figure 4.3). To elaborate, myeloperoxidase 

which can generate reactive radicals during pathogenic infection, also serves as an oxidative 

stress biomarker in many chronic diseases [272]. In this study, the treatments with either 

metformin, TRF or geraniin successfully normalized the myeloperoxidase activity (p<0.001) 

which was otherwise, markedly enhanced by HFD (p<0.01). The observation indicates the 

antioxidant activity of the interventions. 
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Figure 4.2: Plasma total antioxidant capacity of the rats assigned to different treatment 

groups based on oxygen radical antioxidant capacity (ORAC) assay. Error bars indicate 

SEM. Sample size was n=6-7 per group. * p<0.05 between groups. TE, Trolox equivalent; 

TRF, tocotrienol-rich fraction. 

 
Figure 4.3: Myeloperoxidase activity of the rats assigned to different treatment groups. 

Error bars indicate SEM. Sample size was n=6-7 per group. ** p<0.01 and *** p<0.001 

between groups. TRF, tocotrienol-rich fraction. 
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4.4.2. Hepatic and rWAT redox status 

The total antioxidant capacities (± SEM) in the liver of the rats assigned to CD, HFD, metformin, 

TRF and geraniin treatment groups based on FRP assay were 2.87 ± 0.43 mmol Fe(II)/mg 

protein, 2.52 ± 0.16 mmol Fe(II)/mg protein, 1.78 ± 0.29 mmol Fe(II)/mg protein, 1.15 ± 0.10 

mmol Fe(II)/mg protein and 2.03 ± 0.38 mmol Fe(II)/mg protein, respectively (Figure 4.4A). 

Compared to CD group, the rats on HFD showed a decline in hepatic antioxidant capacity 

regardless of the treatments, but only those treated with TRF reached a significant reduction 

relative to CD group. The hepatic antioxidant capacity of the rats with TRF supplementation was 

60% lower than those on CD (p<0.05).  

The total antioxidant capacity of the rWAT did not align with the trend observed in the liver. The 

rWAT total antioxidant capacities (± SEM) of the rats assigned to CD, HFD, metformin, TRF 

and geraniin treatment groups based on FRP assay were 13.29 ± 1.66 mmol Fe(II)/mg protein, 

11.83 ± 1.94 mmol Fe(II)/mg protein, 10.09 ± 2.25 mmol Fe(II)/mg protein, 16.92 ± 1.88 mmol 

Fe(II)/mg protein and 20.27 ± 3.69 mmol Fe(II)/mg protein, respectively (Figure 4.4B). The 

supplementation with antioxidants like TRF and geraniin improved the antioxidant capacity in 

the rWAT by about 67% to 101% compared to the other groups. However, only the comparison 

between geraniin- and metformin-treated rats was significantly different (p<0.05).  

The intracellular radical scavenging activity was assessed with ABTS assay. The hepatic radical 

scavenging activities (± SEM) of the rats assigned to CD, HFD, metformin, TRF and geraniin 

treatment groups were 16.53 ± 2.65 mM ascorbic acid/mg protein, 13.70 ± 1.835 mM ascorbic 

acid/mg protein, 12.70 ± 0.49 mM ascorbic acid/mg protein, 12.72 ± 0.70 mM ascorbic acid/mg 

protein and 13.53 ± 0.44 mM ascorbic acid/mg protein, respectively (Figure 4.5A). Conversely, 

the radical scavenging activities (± SEM) of the rWAT of rats assigned to CD, HFD, metformin, 

TRF and geraniin treatment groups were 21.17 ± 3.06 mM ascorbic acid/mg protein, 19.99 ± 

2.23 mM ascorbic acid/mg protein, 18.94 ± 2.64 mM ascorbic acid/mg protein, 25.41 ± 3.12 mM 

ascorbic acid/mg protein and 24.61 ± 3.09 mM ascorbic acid/mg protein, respectively (Figure 

4.5B). Although none of the comparison between groups in both tissues reached the statistical 

significance, the trend observed in ABTS assay of the tissue lysates is consistent with that of the 

FRP assay. More specifically, none of the treatment improved radical scavenging activity in the 
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liver whereas treatment with either TRF or geraniin, conferred some enhancement to the radical 

scavenging effect in the rWAT. 

 
Figure 4.4: Total antioxidant capacity of the liver (A) and retroperitoneal white adipose 

tissues (B) of the rats assigned to different treatment groups based on ferric reducing 

power (FRP) assay. Error bars indicate SEM. Sample size was n=6-7 per group. * p<0.05 

between groups. rWAT, retroperitoneal white adipose tissue; TRF, tocotrienol-rich 

fraction. 

Figure 4.5: Radical scavenging capacity of the liver (A) and retroperitoneal white adipose 

tissue (B) of the rats assigned to different treatment groups based on 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay. Error bars indicate SEM. Sample 

size was n=6-7 per group. rWAT, retroperitoneal white adipose tissue; TRF, tocotrienol-

rich fraction. 
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4.4.3. AGE-RAGE axis 

As for the AGE-RAGE axis, the circulating AGE concentrations (± SEM) of the rats assigned to 

CD, HFD, metformin, TRF and geraniin treatment groups were 13.06 ± 2.73 μg/mL, 52.92 ± 

11.79 μg/mL, 7.40 ± 0.57 μg/mL, 7.21 ± 1.17 μg/mL and 2.70 ± 0.33 μg/mL, respectively 

(Figure 4.6). The circulating AGEs of the rats on HFD was four times higher than those on CD 

(p<0.001). Treatment with either metformin, TRF or geraniin alleviated the AGE aggregation in 

the blood circulation (p<0.001).  

In line with the circulating AGE level, the hepatic RAGE mRNA was upregulated by 2.4-fold in 

the rats on HFD compared to those on CD (p <0.05). When the rats with MetS were treated with 

either metformin, TRF or geraniin for a month, the RAGE expression was downregulated by 2.3- 

to 3.1-fold and became comparable to the CD-treated rats (p<0.01) (Figure 4.7A). Aside from 

that, in the rWAT, the expression of esRAGE was downregulated by 2.3-fold comparing HFD- to 

CD-treated rats (p<0.01). This suppression of esRAGE in the rWAT was reversed by geraniin, 

but not metformin and TRF (p<0.05) (Figure 4.8B). The changes in gene expression of RAGE 

and esRAGE in the rWAT and liver, respectively were unremarkable (Figures 4.7B and 4.8A). 

 
Figure 4.6: Advanced glycation end product concentration in the plasma of the rats 

assigned to different treatment groups. Error bars indicate SEM. Sample size was n=6-7 

per group. *** p<0.001 between groups. AGE, advanced glycation end product; TRF, 

tocotrienol-rich fraction. 
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Figure 4.7: Normalized Ct values (ΔCt) of RAGE (A) and esRAGE (B) in the liver of the 

rats assigned to different treatment groups. Hypoxanthine phosphoribosyltransferase 1 

(Hprt1), succinate dehydrogenase complex flavoprotein subunit A (SdhA) and β-actin 

(Bac) were used as the endogenous reference genes. Error bars indicate SEM. Sample 

size was n=6-7 per group. * p<0.05 and ** p<0.01 between groups. esRAGE, endogenous 

secretory receptor for advanced glycation end product; RAGE, receptor for advanced 

glycation end product; TRF, tocotrienol-rich fraction. 

 
Figure 4.8: Normalized Ct values (ΔCt) of RAGE (A) and esRAGE (B) in the 

retroperitoneal white adipose tissues of the rats assigned to different treatment groups. 

Hypoxanthine phosphoribosyltransferase 1 (Hprt1), succinate dehydrogenase complex 

flavoprotein subunit A (SdhA) and β-actin (Bac) were used as the endogenous reference 

genes. Error bars indicate SEM. Sample size was n=6-7 per group. * p<0.05, ** p<0.01 

and *** p<0.001 between groups. esRAGE, endogenous secretory receptor for advanced 

glycation end product; RAGE, receptor for advanced glycation end product; rWAT, 

retroperitoneal white adipose tissue; TRF, tocotrienol-rich fraction. 
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4.4.4. Circulating inflammatory cytokines 

The circulating concentrations of five different cytokines, including IL-1β, IL-6, IL-10, IL-18 

and TNF-α, are illustrated in Figure 4.9. Apart from IL-10 which is an anti-inflammatory 

cytokine, the other cytokines are closely associated to inflammatory response [273].  

Notably, there was a 66% increase in the concentration of IL-1β in the rats on HFD relative to 

CD group (p<0.05). The elevated IL-1β was ameliorated by the treatment with either metformin, 

TRF or geraniin (p<0.05). HFD did not trigger the increase of other inflammatory cytokines like 

IL-6, IL-10, IL-18 and TNF-α in comparison to the CD group. Treatment with metformin 

significantly reduced the circulating IL-6 and TNF-α by more than half in comparison to the rats 

on HFD alone (p<0.05), whereas rats treated with TRF also exhibited a reduction in the 

circulating level of TNF-α compared to HFD group (p<0.05). Among the pro-inflammatory 

cytokines, only IL-18 remained unaffected by all the treatments. The concentration of IL-18 in 

the plasma was also the lowest amongst all the measured cytokines (<10 pg/mL). Expectedly, the 

rats on CD had the highest circulating IL-10 concentration, which is an anti-inflammatory 

cytokine. HFD significantly reduced IL-10 concentration by about 62% (p<0.05). The HFD-

induced reduction in IL-10 was not improved with either metformin, TRF or geraniin (p<0.05).   
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Figure 4.9: Circulating cytokine profiles, including the interleukin (IL)-1β, IL-6, IL-10, IL-18 and tumor necrosis factor-α 

(TNF-α) of the rats assigned to different treatment groups. Error bars indicate SEM. Sample size was n=6-7 per group. * 

p<0.05, ** p<0.01 and *** p<0.001 between groups. IL, interleukin; TNF-α, tumor necrosis factor-α; TRF, tocotrienol-rich 

fraction.  
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4.5. Discussion 

In this study, the rats on HFD for 12 weeks exhibited impaired plasma antioxidant defense, 

activated AGE-RAGE axis and proinflammatory response. The impact of HFD on the 

intracellular oxidative stress level in the liver and rWAT was marginal. Despite some minor 

intergroup differences, in general, the treatment with either metformin, TRF or geraniin 

successfully restored the plasma total antioxidant capacity besides reducing circulating oxidative 

stress and proinflammatory biomarkers. The empirical findings support the pleiotropic 

therapeutic effects of geraniin in MetS, not only on the blood pressure regulation as well as lipid 

and glucose metabolism, but also the oxidative stress and inflammatory response induced by 

chronic high-fat consumption. 

The devastating effects of HFD on the redox homeostasis have been extensively reported and 

reviewed [274]. Unhealthy dietary patterns with high lipid content can negatively influence the 

enzymatic and non-enzymatic antioxidant systems. In terms of the non-enzymatic antioxidant 

power, HFD could shift the redox status towards oxidative potential, weaken radical scavenging 

ability, promote ROS generation and lower the bioavailability of endogenous antioxidant 

components like glutathione, tetrahydrobiopterin and vitamin C [275-278]. Additionally, a high-

calorie diet also impairs the normal function of common anti-oxidative enzymes like catalase, 

superoxide dismutase, glutathione peroxidase and glutathione reductase [279, 280]. This would 

further intensify the oxidative stress. In this context, our findings show that HFD disrupted the 

redox balance in the blood circulation to promote oxidative stress. This is marked by several 

indicators like ORAC assay of the plasma samples, the aggregation of AGE and 

myeloperoxidase activity. Interestingly, some of these oxidative biomarkers are also associated 

with multiple pathological processes. For instance, myeloperoxidase, which is an extracellular 

heme protein secreted by neutrophils during pathogenic invasion, is strongly linked to vascular 

inflammation and cardiovascular event [272]. On the other hand, the activation of AGE-RAGE 

axis is also associated to inflammatory response and various diabetic vascular complications 

[281]. More importantly, the pathological effects of AGE-RAGE overdrive are not limited to the 

endothelial tissues in blood vessel. RAGE is also expressed in hepatic stellate cells and 

hepatocytes [282]. The activation of hepatic RAGE upon ligand binding could trigger hepatic 

injury and fibrosis, contributing to the development of NAFLD [283-285]. In this study, since 
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RAGE overexpression (by 2.4-fold) was observed in the liver specimens of rats on HFD, the 

abnormality may contribute to the onset of MetS features observed. 

In addition, it is also postulated that the pro-oxidant effect of HFD could be a crucial mediator of 

the pathogenesis of MetS and its complications. This is in line with a study which reported that 

the occurrence of uncontrolled ROS liberation upon high-fat feeding precedes the onset of 

dyslipidemia and inflammatory cytokine secretion [286]. Nevertheless, the elevated oxidative 

stress in the blood circulation was not reflected in the redox status in the liver and rWAT in the 

present study. This is due to the inherent differences between intra- and extracellular antioxidant 

defense systems in terms of the counter mechanism and pool of antioxidants. In the blood 

circulation, the redox balance is primarily maintained by three major mechanisms: antioxidative 

enzymes, chain-breaking antioxidants like vitamin E, glutathione and vitamin C and chelation of 

transition metals with binding proteins like ferritin, transferrin and caeruloplasmin [287, 288]. 

Although the relative importance of each mechanism is largely unclear, chain-breaking (non-

enzymatic) antioxidants do play a critical role in offsetting the oxidative insults. Yet, once 

oxidized, many non-enzymatic antioxidants lose their original reducing properties. This results in 

impaired antioxidant defense which can be reversed by replenishing the antioxidant stock from 

exogenous sources or endogenous biosynthesis. Comparatively, in body tissues and cells, aside 

from the aforementioned antioxidant mechanisms, the modulation of redox balance is further 

fortified by nuclear factor erythroid 2-related factor 2 (Nrf2), autophagy and mitophagy to 

attenuate the release of ROS [289-291]. Hence, it can be said that the intracellular redox status is 

subjected to stricter regulation in comparison to the systemic redox balance. This makes the 

antioxidant capacity of the blood circulation more prone to drastic changes under the increased 

oxidative stress considering the relatively slow turnover of antioxidants.  

Based on the results, treatment with geraniin could reverse the diet-induced impairment in the 

systemic redox balance. This is in parallel with the findings of a recent study that concluded the 

ameliorative effects of geraniin on enzymatic antioxidants and glutathione regenerative 

mechanism in obese rats [279]. The primary antioxidant mechanism of geraniin is similar to that 

of other phenolic compounds which is by transferring hydrogen atom to free radicals to nullify 

their reactivity, turning the radicals into harmless molecules [188]. Through the process, geraniin 

molecules are converted into non-damaging phenoxyl radicals due to the resonance stabilization 
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of the radicals conferred by the aromatic rings [188]. These phenoxyl radicals can also couple 

with each other to quench the radicals. This process can stop the chain reaction caused by a 

radical and so, is known as “chain-breaking antioxidant activity”. Although geraniin is not 

absorbed in the intact form, its derivatives such as ellagic acid and gallic acid also exhibit 

incredible antioxidant power [292]. More importantly, the predominant bioactive geraniin-

derived metabolites, urolithins are much more powerful in terms of the antioxidant properties 

compared to the parental compound [292]. Therefore, it is not surprising that the 

supplementation with geraniin can restore the redox homeostasis of blood circulation.  

In addition, treatment with geraniin markedly reduced the activity of myeloperoxidase. As 

mentioned earlier, hyperactivity of myeloperoxidase is closely linked to cardiovascular 

dysfunction and atherogenesis [293, 294]. Even though the physiological function of 

myeloperoxidase is related to innate immunity against pathogens, many non-microbial molecules 

are also sensed by the immunity cells as dangerous signals by the pattern recognition receptors, 

resulting in the initiation of  innate immunity response in the absence of microorganisms; a 

process which is also known as “sterile inflammation” [295]. Examples of the non-microbial 

stimuli include various damaged biomolecules resulted from oxidative stress and deranged 

metabolism such as AGE, oxidized LDL and β-amyloid peptides [296, 297]. Upon activation by 

these stimuli, the immunity cells like neutrophils and macrophages will secrete a wide variety of 

pro-oxidant and pro-inflammatory molecules to promote local oxidative and inflammatory state. 

One such molecule is myeloperoxidase which liberates hypochlorous radicals in order to 

eradicate pathogenic microorganisms [272]. However, under sterile inflammation conditions, the 

resultant pro-oxidant species could pose severe structural and functional damage to the local 

vascular tissues. The vascular dysfunction and inflammation is further exacerbated by the release 

of chemokines and chemoattractants that promote the recruitment and infiltration of other innate 

immunity cells, accelerating the onset of atherosclerotic lesions in MetS and diabetic patients 

[298-301]. In this context, myeloperoxidase is not only an oxidative stress biomarker, but also 

plays a pivotal role in atherogenesis. This is exemplified by myeloperoxidase knockout mice 

which showed remarkable resistance against diet-induced weight gain and insulin resistance 

[302]. In this study, all three interventions, namely metformin, TRF and geraniin, effectively 

mitigate the diet-induced myeloperoxidase hyperactivity, pointing out possible anti-atherogenic 

activity. Indeed, one recent study demonstrated that the dietary supplementation of high-purity 
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tocotrienols is highly effective against the formation of atherosclerotic lesions in atherosclerosis-

prone mice [303]. Although thus far there is no direct evidence about the anti-atherogenic effect 

of geraniin, the consumption of polyphenol-rich diet is able to prevent some pathological 

processes associated to atherosclerosis [304]. In short, the inhibitory effect on myeloperoxidase 

activity conferred by metformin, TRF and geraniin is not only indicative of their ability to 

diminish oxidative stress in the blood circulation, but also the likelihood to protect vascular 

health. 

Apart from that, geraniin supplementation also reduced the circulating AGE to the basal level. 

This is in parallel with the finding of an in vitro study [175]. Such an AGE-lowering effect was 

also observed in the rats treated with either metformin or TRF. The AGE reduction is 

accompanied by the transcriptional suppression of RAGE expression in the liver. For metformin, 

the inhibitory effect of AGE-RAGE axis has been reported in several clinical trials [305, 306]. 

Compared to placebo, metformin could reduce a number of glycation products including 

pentosidine, methylglyoxal, AGE and advanced oxidation protein products (AOPP) in diabetic 

patients [305, 306]. The reduction efficacy of glycation products was comparable to certain anti-

diabetic agents like pioglitazone and repaglinide [307, 308], suggesting that the underlying 

mechanism of the AGE-lowering effect conferred by metformin is linked to its glucose-lowering 

properties. Simultaneous reduction of pro-inflammatory and pro-coagulant markers as well as 

cell adhesive molecules was also observed with the metformin therapy, many of which are 

modulated by AGE-RAGE-NF-κB signaling pathway [307]. This implies that the inhibition of 

AGE-RAGE axis induced by metformin is translated into anti-inflammatory and anti-thrombotic 

effects in diabetic patients. 

Unlike metformin, TRF did not possess glucose-lowering effect. This has been revealed in 

previous studies [233, 309]. Thus, TRF is unable to inhibit AGE formation by reducing the 

precursor of glycation process, which is glucose. Instead, the inhibitory effect of TRF on the 

glycation process and AGE-RAGE axis is likely attributable to its antioxidant properties. To 

elucidate, the formation of AGE is initiated by a concentration-dependent glycation reaction of 

reducing sugars to amino groups in proteins or lipids, followed by a series of rearrangements or 

oxidation reactions [266]. Increased oxidative stress is known to accelerate the accumulation of 

dicarbonyls like glyoxal, methylglyoxal and 3-deoxyglucosone, which serve as reactive 
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intermediates to fuel the formation of AGE [310]. The oxidative stress can be countered by the 

antioxidant properties of tocotrienols; hence slowing down the generation of AGE independent 

of the glucose level. The AGE-lowering effect of TRF has also been shown clinically in the 

elderly [235]. This bioactivity, together with the cholesterol-lowering and antioxidant properties, 

is likely to improve cardiovascular health [311]. Therefore, TRF can potentially be exploited as 

an adjunct therapy for cardiovascular disease. 

Ellagitannin geraniin, on the other hand, exerts anti-hyperglycemic and antioxidant properties. 

This is shown by the normalization of the fasting blood glucose and circulating oxidative stress 

markers, respectively. Considering that both actions disfavor AGE formation, the AGE-reducing 

activity of geraniin is likely to be a combinatory effect of the two bioactivities. More 

importantly, treatment with geraniin also induced the upregulation of esRAGE in certain tissues 

like rWAT, suggesting an additional AGE elimination mechanism. Essentially, esRAGE is the 

truncated form of RAGE without the cytosolic tail. Hence, in contrast to RAGE which is bound 

to the plasma membrane, esRAGE is secreted into the blood circulation to act as the decoy 

receptor for RAGE ligands [312]. The missing transmembrane domain and cytosolic signaling 

tail renders the esRAGE unbound to the cellular surface and thereby unable to trigger 

downstream signaling cascades. By scavenging the RAGE ligands in the circulation, esRAGE 

can assist their clearance and prevent them from RAGE ligand binding; subsequently attenuating 

the adverse effects of RAGE activation [313]. Thus, the inhibitory effect of geraniin on AGE-

RAGE axis is likely attributable to its glucose-lowering action, antioxidant activity, as well as 

restoration of the esRAGE expression. Nonetheless, it is noted that the AGE level of the rats 

supplemented with geraniin was comparable to those treated with metformin or TRF. This 

implies the lack of additive or synergistic activity in modulating AGE level despite the presence 

of multiple AGE-inhibiting effects. Therefore, the possibility of one of the three AGE-lowering 

mechanisms functions being the predominant mechanism cannot be excluded.  

Furthermore, HFD also activated the inflammatory response as indicated by the elevated 

circulating IL-1β. Like AGE-RAGE axis, the interaction of IL-1β with IL-1 receptors can 

potentiate various pathological processes in chronic metabolic diseases [314]. In this study, the 

HFD-induced increase in IL-1β was reversed by geraniin. The inhibitory effect of geraniin on 

cytokine release has also been shown in other inflammatory models like lipopolysaccharide-
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induced acute lung injury and cisplatin-induced nephrotoxicity [315, 316]. The underlying 

mechanisms of the immune modulatory effect are attributable to the suppression of NF-κB and 

activation of Nrf2 signaling [269, 316]. Based on the results, treatment with geraniin can resolve 

the pro-inflammatory response caused by high-fat feeding. This observation further strengthens 

the pleiotropic beneficial effects of geraniin against MetS. 

Like geraniin, supplementation with TRF also reversed the overly high concentration of IL-1β 

caused by HFD. Apart from that, the circulating TNF-α was also lowered by TRF. One recent 

study suggests the δ- and γ-tocotrienols are the functional subtypes of tocotrienols. Long-term 

consumption of these tocotrienol subtypes not only promotes their deposition in the heart, liver 

and adipose tissues, but also attenuates inflammatory cell infiltration into the liver and improves 

cardiovascular function [317]. Conversely, metformin also displays potent anti-inflammatory 

action as indicated by the reduction of multiple inflammatory markers, namely IL-1β, IL-6 and 

TNF-α. Such a biological effect have been widely reported [318]. Although it could have 

resulted from the improved glucose homeostasis, one clinical study demonstrates the anti-

inflammatory effect of metformin irrespective of diabetes status [107]. This suggests that the 

anti-inflammatory action is an intrinsic property of metformin. This could be caused by the 

metformin-triggered AMPK activation, leading to downstream inhibition of NF-κB pathway 

[319].  In light of the anti-inflammatory activity, the potential use of metformin in other 

inflammatory diseases like inflammatory bowel disease and colitis-associated colon cancer is 

increasingly appreciated [320, 321]. 

Apart from increasing inflammatory cytokines in the blood circulation, chronic high-fat 

consumption also led to a decline in the anti-inflammatory cytokines like IL-10. Under 

physiological conditions, IL-10 serves as a host protective mechanism against exaggerated 

inflammatory responses upon microbial challenge by limiting inflammatory signaling cascades 

and cytokines [322]. Decreased circulating IL-10 level is commonly seen in people with insulin 

resistance, MetS and T2DM [323-326]. The macrophage response to IL-10 signaling is also 

dampened in the presence of hyperglycemia, further aggravating the inflammatory state [327]. 

However, in the present study, none of the treatments successfully restored the IL-10 level to the 

basal level. This points out that feeding on HFD has a long-lasting impact on IL-10 expression 

despite the reversal of redox homeostasis. Although the underlying mechanism for such an 
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observation is unclear, certain therapeutic strategies like physical exercise could ameliorate 

HFD-induced cardiomyopathy by promoting IL-10 elevation, signifying a beneficial role of the 

anti-inflammatory cytokine in chronic metabolic disease [328]. In short, treatment with either 

geraniin, TRF or metformin confers promising therapeutic effects to minimize inflammatory 

cytokines, but fails to recover the disruption to the anti-inflammatory cytokines caused by HFD. 

One limitation of the study is the lack of actual quantification of the esRAGE in the plasma. In 

the present study, we demonstrated that esRAGE mRNA expression was enhanced in certain 

tissues by geraniin supplementation. Although this indicates a new AGE clearance mechanism 

that has not been previously discovered in geraniin, further verification of the circulating 

esRAGE with quantitative protein assays like western blot or ELISA is pertinent. This will allow 

us to examine if the alteration in the gene expression is truly translated into functional changes. 

On the other hand, we successfully demonstrated the threatening effects of HFD on the systemic 

redox balance and inflammatory response, together with the ameliorative effects of metformin, 

TRF and geraniin in these aspects. Nonetheless, we did not manage to link the impairments in 

the blood circulation to intracellular redox status. The incoherence could be due to disparities in 

terms of antioxidant pools and remedial mechanisms between intra- and extracellular condition. 

In this case, the feeding duration can be prolonged to precipitate a more severe form of oxidative 

stress and chronic inflammation in the body tissues. Furthermore, the measurement of circulating 

cytokines was done with cytometric bead arrays, which is a multiplex measurement method. 

Despite having good correlations with uniplex asssays like ELISA and western blot, multiplex 

assays might have possible cross-reactivity which may influence the specificity of the assays 

[329]. They are also known to be less robust when complex biological specimens like serum and 

plasma are used in the measurement [330]. Hence, further validation of the inflammatory 

cytokine results is required in future research. More importantly, additional investigation of the 

intracellular antioxidant and anti-inflammatory defense systems will also provide valuable 

information about biological effects of geraniin. 

4.6. Summary and key highlights of the study 

The crucial findings of the study presented in this chapter are summarized in the following: 
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 HFD significantly increased the biomarkers of oxidative stress and inflammatory response 

besides reducing anti-inflammatory cytokines in the blood circulation. The RAGE expression 

in the liver was also activated by HFD. This indicates that prolonged consumption of diet 

enriched by saturated fats could lead to increased oxidative stress and systemic inflammation. 

 Treatment with either metformin, TRF or geraniin effectively ameliorated the HFD-induced 

oxidative stress, RAGE upregulation and inflammatory response. The three interventions 

differed in terms of the inhibitory effect on inflammatory cytokines. Specifically, metformin 

markedly reduced three inflammatory cytokines (IL-1β, IL-6 and TNF-α) whereas TRF and 

geraniin only lowered two (IL-1β and TNF-α) and one (IL-1β) pro-inflammatory cytokines 

in the blood circulation, respectively. 

 Treatment with geraniin upregulated the expression of esRAGE in the rWAT. This implies an 

additional AGE-RAGE inhibitory mechanism via scavenging circulating AGEs and 

hindering AGE-RAGE ligand binding. The activity is not shared by metformin and TRF. 

 The impact of HFD on intracellular redox balance in the liver and rWAT was minimal which 

is likely because of the sub-chronic disease progression. Treatment with antioxidants like 

TRF and geraniin did show a small improvement in the total antioxidant capacity of rWAT, 

but not in the liver. In general, the effect of treatment with either metformin, TRF or geraniin 

on the redox status in the liver and rWAT was marginal. 

To summarize, treatment with geraniin not only restored the glucose and lipid homeostasis, but 

also normalized the circulating redox balance and inflammatory response which are otherwise, 

disrupted by high-fat feeding. Considering the critical role of oxidative stress and systemic low-

grade inflammation in the progression of MetS, the observed beneficial bioactivities further 

reinforce the clinical prospect of ellagitannin geraniin as a multifunctional therapy against MetS 

and other related chronic metabolic diseases. However, the actual impact of geraniin on the 

intracellular redox homeostasis in different organs like the liver, adipose tissues and muscles 

remains to be clarified. Further validation of the inflammatory cytokines in the blood circulation 

and body tissues with more specific uniplex assays like ELISA is highly encouraged to establish 

the in vivo anti-inflammatory effect of geraniin.
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5. HEPATIC TRANSCRIPTOMIC ANALYSIS UNVEILED THE 

MOLECULAR MECHANISM UNDERLYING THE PROTECTIVE 

EFFECTS OF ELLAGITANNIN GERANIIN AGAINST 

METABOLIC SYNDROME 

5.1. General overview 

The understanding about the molecular mechanism of geraniin is rather limited. According to 

several cell-based cancer studies, geraniin could modulate a number of signaling pathways like 

Nrf2, phosphatidyl inositol 3-kinase-protein kinase B (PI3K-Akt), extracellular signal-regulated 

protein kinase 1/2 (ERK 1/2), STAT3 and p38 MAPK to interrupt various malignant processes 

such as cancerous cell survival, growth, migration and invasion [331-334]. These signaling 

pathways also play a pivotal role in the pathophysiology of obesity and MetS. For instance, Nrf2 

and PI3K-Akt pathways can modulate the inflammatory response and insulin signaling while 

MAPKs are implicated in adipocyte differentiation [335-337]. To date, there is no direct 

evidence that supports the activity of geraniin on these signaling pathways in obese or diabetic 

animal models. This makes our knowledge about geraniin somewhat superficial and 

incomprehensive. Thus, it is pertinent to explore its underlying mechanism in order to have a 

deeper understanding about the therapeutic effects of geraniin. 

In the present study, the liver was selected for further investigation of the molecular mechanism 

because of three major reasons. First and foremost, based on our findings, many therapeutic 

effects of geraniin are associated with the liver, as exemplified by its ameliorative effects on 

hepatic steatosis and possibly hepatic insulin resistance. Secondly, many geraniin-derived 

metabolites are subjected to extensive enterohepatic circulation, which facilitates the persistent 

exposure of hepatocytes to these metabolites [223]. Lastly, the liver serves as the central hub for 

a wide range of metabolic processes including detoxification, metabolism of carbohydrates, 

lipids and proteins, biosynthesis of various circulating proteins as well as storage of numerous 

macro- and micronutrients. As such, examining the metabolic changes in the liver upon geraniin 

exposure can potentially unveil how geraniin confers the systemic beneficial effects in MetS.   

Since the molecular targets of geraniin are largely unknown, an exploratory transcriptomic 

approach was used to pinpoint the potential mechanisms of geraniin action. Fundamentally, a 
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transcriptomic assay analyzes the complete set of RNA transcripts expressed by the genome, 

using high-throughput methods like microarray and next generation sequencing. Theoretically, 

this provides a snapshot of all gene expression which reflects the holistic metabolic state of 

certain tissues or cells under specific circumstances. Moreover, comparison of transcriptomes 

facilitates the identification of differentially expressed transcripts or genes, uncovering the 

alteration in molecular pathways in response to different treatments [338]. Considering that the 

cost of next generation sequencing has been greatly reduced over the years, the transcriptomic 

analysis by RNA sequencing is undeniably an invaluable tool for a mechanistic study.  

Thus, this chapter describes one of the first attempts to elaborate the underlying mechanism of 

ellagitannin geraniin in MetS by studying its effects on the hepatic mRNA transcriptomes. By 

comparing the gene expression profile to untreated rats, the implicated metabolic pathways can 

be identified. The output of this analysis not only provides crucial information about the 

bioactivity of the natural product, but can potentially reveal new target pathways for MetS 

therapy. 

5.2. Objectives of the study 

This chapter aims to explore the molecular mechanism of ellagitannin geraniin in MetS by 

studying the liver mRNA transcriptomes using RNA sequencing approach. To attain this goal, 

the following research tasks need to be completed: 

 To identify the differentially expressed genes (DEGs) between the hepatic transcriptomes of 

CD-, HFD- and geraniin-treated rats. 

 To investigate the enriched molecular function of the DEGs with gene ontology enrichment 

analysis 

 To outline the possible metabolic pathways affected by ellagitannin geraniin using Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis 
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5.3. Methods and materials 

5.3.1. Experimental design and treatment 

The tissue specimens used in this chapter were taken from the experiment done in Chapter 3. 

The experimental design and treatment groups can be referred to Section 3.3.3, but metformin- 

and TRF-treated groups were excluded from the transcriptomic analysis (Figure 5.1). This was 

because the comparisons of transcriptomes between these treatments and geraniin would not 

contribute to the main objective and their addition would complicate the transcriptomic data 

analysis. The liver tissues were quickly harvested upon dissection, snap frozen in the liquid 

nitrogen and stored at -80oC for total RNA extraction. 

 
Figure 5.1: Experimental design for studying the molecular mechanism of ellagitannin 

geraniin with hepatic transcriptomic sequencing.  

5.3.2. Total RNA extraction and quality control 

Total RNA of the liver tissues from CD-, HFD- and geraniin-treated rats (n=5 per group) was 

isolated with Qiagen RNeasy Mini kit (Qiagen, Germany) and treated with RNase-free DNase I 

(ThermoFisher Scientific, USA) to eliminate genomic DNA contamination. Then, the total RNA 

samples were purified again with Qiagen RNease Mini kit to remove DNase I. For initial quality 

check, the RNA integrity was assessed with Agilent 2100 Bioanalyzer (Agilent Technologies, 

USA) while the concentration was measured with Qubit 2.0 Fluorometer (Life Technologies, 
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USA), both of which were performed by Monash University Malaysia Genomics Facility 

(Selangor, Malaysia). 

5.3.3. Library preparation and sequencing 

After the initial quality check, the purified total RNA samples were shipped out to Novogene 

(Beijing, China) which performed the mRNA enrichment, library preparation, library quality 

check and sequencing. Briefly, oligo dT beads were used to retrieve the mRNA transcripts from 

the total RNA samples. For library preparation, NEBNext® Ultra RNA Library Prep Kit for 

Illumina® (New England Biolabs, USA) was used for library preparation. The quality and 

concentration of the libraries was examined with Agilent 2100 Bioanalyzer, Qubit 2.0 

Fluorometer and qPCR. Lastly, the libraries which were prepared from individual mRNA 

samples were subjected to multiplex sequencing (150bp paired-end) using Hiseq 4000 (Illumina, 

USA). Raw sequencing data were submitted to the NCBI sequence read archive (SRA) 

(Accession no.: SRP132230; Biosample: SAMN08408057-71; BioProject: PRJNA431835). 

5.3.4. Sequencing data analysis and identification of differentially expressed genes 

FastQC (version 0.11.5) was used for quality check of the raw and trimmed sequencing data 

[339]. Trimmomatic (version 0.36) was used to remove the adapter sequences present in the raw 

sequencing reads [340]. The rat (Rattus norvegicus) genome FASTA file 

(ftp://ftp.ensembl.org/pub/release-

91/fasta/rattus_norvegicus/dna/Rattus_norvegicus.Rnor_6.0.dna.toplevel.fa.gz) and gene 

annotation GTF file (ftp://ftp.ensembl.org/pub/release-

91/gtf/rattus_norvegicus/Rattus_norvegicus.Rnor_6.0.91.gtf.gz) were retrieved from Ensembl. 

HISAT2 (version 2.1.0) was used to build indexes and map the trimmed sequencing reads to the 

rat genome [341]. This is followed by the use of “union” mode of HTSeq (version 0.9.1) to 

generate gene-level read count data [342]. These bioinformatics analyses were carried out using 

a Linux-based workstation provided by Monash University Malaysia Genomics Facility. 

Differential expression analysis was carried out using DESeq2 (version 1.14.1) in R (version 

3.3.2), in which the five biological replicates given the same treatment were analyzed as a group 

and compared to other treatment groups [343]. All the selected bioinformatics tools were the 

most up-to-date version at the time of the analyses being conducted. Variance stabilizing 

ftp://ftp.ensembl.org/pub/release-91/fasta/rattus_norvegicus/dna/Rattus_norvegicus.Rnor_6.0.dna.toplevel.fa.gz
ftp://ftp.ensembl.org/pub/release-91/fasta/rattus_norvegicus/dna/Rattus_norvegicus.Rnor_6.0.dna.toplevel.fa.gz
ftp://ftp.ensembl.org/pub/release-91/gtf/rattus_norvegicus/Rattus_norvegicus.Rnor_6.0.91.gtf.gz
ftp://ftp.ensembl.org/pub/release-91/gtf/rattus_norvegicus/Rattus_norvegicus.Rnor_6.0.91.gtf.gz
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transformation was used for exploratory analysis of the relationship between samples like 

principal component analysis (PCA). For the identification of differentially expressed genes 

(DEGs), the p-values were adjusted with Benjamini-Hochberg procedure. A false discovery rate 

(adjusted p-value) of <0.05 was set as the threshold for the selection of DEGs.  

5.3.5. Gene ontology and KEGG pathway analysis  

Gene ontology enrichment analysis was performed using Goseq (version 1.26.0) in R [344]. The 

analysis explored the enriched biological pathways, cellular components and molecular functions 

based on the DEGs between different treatments. The p-values were adjusted with Benjamini-

Hochberg procedure. A false discovery rate (adjusted p-value) < 0.05 was set as the threshold for 

the enriched gene ontology. Overly long lists of statistically significant enriched gene ontology 

terms were further summarized with REVIGO to reduce functionally overlapping terms [345]. 

KEGG pathway analysis was conducted with DAVID Bioinformatics Resources 6.8 [346]. 

DAVID uses the modified Fisher Exact test to determine the statistical significance of each 

enriched pathway. The p- value <0.05 was set to select the enriched pathway. Selected pathways 

were visualized using Pathview [347].  

5.3.6. Quantitative polymerase chain reaction (qPCR) 

To assess the sequencing data, SYBR green-based qPCR with Rotor-Gene Q (Qiagen, Germany) 

was carried out. The RNA extraction and cDNA synthesis procedures can be referred to Section 

4.3.5. The selected qPCR reaction master mix was TransStart Tip Green qPCR SuperMix 

(TransGen Biotech, China). The genes of interest were PPARα, PPARγ, alcohol dehydrogenase 7 

(Adh7) and DDHD domain containing 1 (Ddhd1). The endogenous reference genes were Hprt1, 

SdhA and Bac while the normalization formula is as outlined in Section 4.3.6. The nucleotide 

sequences of the forward and reverse primers as well as the accession numbers are shown in 

Table 5.1. PCR conditions and amplicon information are provided in Appendix C.  
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Table 5.1: Accession numbers, forward and reverse primers of the endogenous 

reference and target genes as well as amplicon size of the PCR products. 

Target 

gene 

Accession 

number 

Nucleotide sequence (5’→ 3’) Amplicon 

size (bp) Forward primer Reverse primer 

Bac* NM_031144 
GTA TGG GTC AGA 

AGG ACT CC 

GTT CAA TGG GGT 

ACT TCA GG 
81 

Hprt1* NM_012583 
CTG GAA AGA 

ACG TCT TGA TTG 

GTA TCC AAC ACT 

TCG AGA GG 
146 

SdhA* NM_130428 
GGC TTT CAC TTC 

TCT GTT GG 

CCA CAG CAT CAA 

ACT CAT GG 
103 

PPARα NM_013196 
TGT GGA GAT CGG 

CCT GGC CTT 

CCG GAT GGT TGC 

TCT GCA GGT 
100 

PPARγ NM_013124 
CCC TGG CAA AGC 

ATT TGT AT 

GGT GAT TTG TCT 

GTT GTC TTT C 
100 

Adh7 NM_134329 
CTG CTT TTC ACT 

GGA CGG A 

AAG GTG TGG GTT 

ATC AAC TGG 
131 

Ddhd1 NM_001033066 
GCC AAA CTT TCT 

CAA CCC AG 

GTA TGC TCG CTT 

TGC CAA TG 
146 

* denotes endogenous reference genes. 

Adh7, alcohol dehydrogenase 7; Bac, β-actin; Ddhd1, DDHD domain containing 1; Hprt1, 

hypoxanthine phosphoribosyltransferase 1; PPARα, peroxisome proliferator-activated receptor 

α; PPARγ, peroxisome proliferator-activated receptor γ; SdhA, succinate dehydrogenase 

complex flavoprotein subunit A. 

 

5.4. Results 

5.4.1. Sequencing of rat hepatic mRNA transcriptomes 

The average RNA Integrity Number (RIN) and concentration of the 15 total RNA samples were 

6.05 and 967.8 ng/μL (Appendix D). The mRNA sequencing produced an average of 25.3 

million raw paired-end reads per sample. With the number of biological replicates used in the 

study (n=5 per group), the sequencing depth can provide sufficient statistical power for a 
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differential expression analysis [348]. About 97.0% of the base calls were of Q20 (error 

probability = 1 in 100) and 92.5% of them were of Q30 (error probability = 1 in 1000). After 

quality control and trimming, an average of 24.5 million clean paired-end reads per sample were 

retained (Figure 5.2). Using HISAT2, 92.6% to 93.5% of the clean reads were mapped to the rat 

genome, of which close to 85% were map uniquely to one locus (Figure 5.3). Due to the “union” 

mode of HTSeq being used, only uniquely mapped reads were used for the gene-level read 

counting and downstream bioinformatics analysis.  

 

Figure 5.2: Number of clean paired-end reads of the mRNA sequencing after trimming. 

CD, control diet; G, geraniin; HFD, high-fat diet.  
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Figure 5.3: Proportion of the clean paired-end reads mapped to the rat genome uniquely, 

ambiguously or remained unmapped. The proportion is expressed as percentage and 

shown in the bar plot. CD, control diet; G, geraniin; HFD, high-fat diet. 

5.4.2. Principal component analysis (PCA) and hierarchical clustering analysis 

To visualize the grouping pattern of the sequencing data from different treatment groups, we 

performed a PCA using the transformed gene count data. Based on the PCA plot illustrated in 

Figure 5.4, the samples subjected to the same treatment appear to cluster together. The liver 

transcriptomes of the rats on HFD are more diverse compared to those on CD or treated with 

geraniin. This is supported by the hierarchical clustering analysis shown as a combination of 

heatmap and dendrogram in Figure 5.5. Based on the dendrogram, two major clusters are 

observed which separate CD-treated rats from those on HFD with or without geraniin treatment 

except for a sample from the HFD group which is more similar to the CD-treated rats. However, 

in general, the rats subjected to the same treatment shared higher similarity in terms of their 

hepatic transcriptomes compared to those with different treatments. 
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Figure 5.4: Principal component analysis to show the grouping pattern of the liver 

transcriptomes of the rats subjected to different treatments. The percentages of variance 

at the x- and y-axes indicate how much variance that can be explained by principal 

components (PC) 1 and 2, respectively.   
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Figure 5.5: Hierarchy clustering analysis of the hepatic transcriptomes represented with 

a combination of a dendrogram (on top) and a heatmap. The dendrogram shows two 

major clusters that distinguish CD-treated rats from the rats of other treatment groups. 

The heatmap shows that the samples of the same treatment are more similar to each 

other (darker color) than to samples of other treatments (brighter color). CD, control diet; 

G, geraniin; HFD, high-fat diet. 

5.4.3. Differentially expressed genes (DEGs) 

Based on Deseq2, there were 554 DEGs (279 upregulated; 275 downregulated) between HFD 

and CD groups. Treatment with geraniin resulted in 553 DEGs (163 upregulated; 390 

downregulated) compared to the rats on HFD. The top 40 DEGs (based on adjusted p-value) of 
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each comparison are summarized in Tables 5.2 and 5.3 respectively. A Venn diagram of the two 

sets of DEGs revealed 94 overlapping DEGs (Figure 5.6). Most of the overlapping genes were 

either up- or downregulated by high-fat feeding, but were normalized by geraniin. Such a reverse 

expression pattern between HFD and geraniin groups is clearly visualized in Figure 5.7. 

Nevertheless, the overlapping DEGs compose about 20% of the total DEGs between geraniin 

and HFD-treated rats, indicating that majority of the genes modulated by geraniin are 

independent of the effects of high-fat feeding. The results not only demonstrate that geraniin 

could induce notable changes to the hepatic expression profiles, but also suggests the possibility 

of it having other independent molecular mechanisms.  

Table 5.2: Overview of top 40 differentially expressed genes comparing the rats on high-

fat diet to control diet. 

Upregulated differentially expressed genes in the high-fat diet group relative to control diet group 

Gene Symbol Full Name Fold 

Change 

Adjusted 

p-value 

Ccdc146 Coiled-coil domain containing 146 3.09 8.95E-11 

Cyp2c22 Cytochrome P450, family 2, subfamily c, polypeptide 22 2.62 1.27E-09 

Slc6a6 Solute carrier family 6 member 6 2.50 1.93E-05 

Gfra3 GDNF family receptor alpha 3 2.47 2.85E-07 

Cxcl13 C-X-C motif chemokine ligand 13 2.36 7.24E-05 

Gck Glucokinase 2.33 9.20E-05 

Ppard Peroxisome proliferator-activated receptor delta 2.27 9.94E-05 

Adamdec1 ADAM-like, decysin 1 2.26 1.29E-04 

Tubb2a Tubulin, beta 2A class IIa 2.24 7.98E-05 

Ccdc141 Coiled-coil domain containing 141 2.24 2.13E-04 

Acsl3 Aacyl-CoA synthetase long-chain family member 3 2.22 4.25E-11 

Cyp7b1 Cytochrome P450, family 7, subfamily b, polypeptide 1 2.15 2.12E-04 

Ptprn Protein tyrosine phosphatase, receptor type, N 2.15 9.20E-05 

RGD1305733 Similar to RIKEN cDNA 2900011O08 2.09 1.83E-04 

Adam15 ADAM metallopeptidase domain 15 2.04 1.59E-10 

Mk1 Mk1 protein 2.02 1.18E-10 

Slc17a4 Solute carrier family 17, member 4 2.01 2.52E-05 

Srebp1 Sterol regulatory element binding protein 1 1.91 2.80E-04 

Trpm2 Transient receptor potential cation channel, subfamily M, 

member 2 

1.83 7.08E-05 
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Cyp2c13 Cytochrome P450, family 2, subfamily c, polypeptide 13 1.81 1.83E-04 

Arhgef19 Rho guanine nucleotide exchange factor 19 1.75 7.08E-05 

Papd4 Poly(A) RNA polymerase D4, non-canonical 1.66 2.86E-10 

Fggy FGGY carbohydrate kinase domain containing 1.57 1.93E-05 

Slc46a3 Solute carrier family 46, member 3 1.55 2.52E-05 

Jmjd1c Jumonji domain containing 1C 1.53 2.33E-04 

Aadac Arylacetamide deacetylase 1.52 1.39E-06 

Syne2 Spectrin repeat containing nuclear envelope protein 2 1.50 2.71E-04 

Downregulated differentially expressed genes in the high-fat diet group relative to control diet 

group 

Cyp17a1 Cytochrome P450, family 17, subfamily a, polypeptide 1 -3.26 6.09E-12 

Ky Kyphoscoliosis peptidase -3.24 2.25E-10 

Sdr16c6 Short chain dehydrogenase/reductase family 16C, 

member 6 

-2.91 3.23E-08 

Mycl V-myc avian myelocytomatosis viral oncogene lung 

carcinoma derived homolog 

-2.22 1.83E-04 

Nampt Nicotinamide phosphoribosyltransferase -2.18 1.58E-04 

Ptp4a1 Protein tyrosine phosphatase type IVA, member 1 -2.06 7.98E-05 

Acot4 Acyl-CoA thioesterase 4 -2.03 1.20E-09 

Got1 Glutamic-oxaloacetic transaminase 1 -1.87 1.66E-04 

Cpt1a Carnitine palmitoyltransferase 1A -1.79 2.25E-09 

Ppm1l Protein phosphatase, Mg2+/Mn2+ dependent, 1L -1.67 1.89E-04 

Slc25a42 Solute carrier family 25, member 42 -1.62 2.16E-04 

Sdsl Serine dehydratase-like -1.49 7.24E-05 

Acot7 Acyl-CoA thioesterase 7 -1.49 1.51E-06 

 

  



Chapter 5: Underlying mechanism of ellagitannin geraniin  

147 | P a g e  
 

Table 5.3: Overview of top 40 differentially expressed genes comparing the high-fat diet 

treated rats with to those without geraniin supplementation. 

Upregulated differentially expressed genes in the geraniin group relative to high-fat diet group 

Gene Symbol Full name 
Fold 

Change 

Adjusted p-

value 

Slc30a3 Solute carrier family 30 member 3 2.42 9.81E-06 

Fam169b Family with sequence similarity 169, member B 2.21 2.13E-04 

Rap1gap Rap1 GTPase-activating protein 2.16 2.79E-04 

Fam179a Family with sequence similarity 179, member A 2.14 5.82E-04 

Rtel1 Regulator of telomere elongation helicase 1 1.95 3.00E-04 

Itgal Integrin subunit alpha L 1.88 1.61E-04 

Slc35c2 Solute carrier family 35 member C2 1.88 2.23E-05 

Slc11a1 Solute carrier family 11 member 1 1.87 3.30E-05 

Pitpnm1 
Phosphatidylinositol transfer protein, membrane-

associated 1 
1.87 8.70E-08 

Slc26a8 Solute carrier family 26 member 8 1.68 4.59E-04 

Downregulated differentially expressed genes in the geraniin group relative to high-fat diet group 

Ddhd1 DDHD domain containing 1 -2.38 4.07E-05 

Rps6 Ribosomal protein S6 -2.16 6.30E-04 

Tcea3 Transcription elongation factor A3 -2.05 9.72E-07 

Adh7 Alcohol dehydrogenase 7 -2.04 1.30E-03 

Bche Butyrylcholinesterase -2.04 1.82E-04 

C6 Complement C6 -1.88 1.73E-04 

Golt1a Golgi transport 1A -1.83 4.21E-04 

Leap2 Liver-expressed antimicrobial peptide 2 -1.79 2.58E-04 

Fabp2 Fatty acid binding protein 2 -1.78 9.43E-03 

Casp4 Caspase 4 -1.76 3.30E-05 

Comt Catechol-O-methyltransferase -1.76 2.55E-04 

Polr3k RNA polymerase III subunit K -1.66 4.20E-07 

Fggy FGGY carbohydrate kinase domain containing -1.66 1.03E-06 

Fabp1 Fatty acid binding protein 1 -1.55 1.90E-02 

Mdh1 Malate dehydrogenase 1 -1.52 3.33E-05 

Hspe1 Heat shock protein family E member 1 -1.51 4.53E-04 
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Dnajc3 DnaJ heat shock protein family (Hsp40) member C3 -1.51 6.88E-05 

Ccng2 Cyclin G2 -1.49 5.87E-04 

Uqcrb Ubiquinol-cytochrome c reductase binding protein -1.46 6.31E-07 

Pgk1 Phosphoglycerate kinase 1 -1.46 6.88E-05 

Akr1c3 Aldo-keto reductase family 1, member C3 -1.46 3.66E-04 

Ttc23 Tetratricopeptide repeat domain 23 -1.46 6.20E-04 

Aadac Arylacetamide deacetylase -1.46 4.71E-05 

Ppdpf 
Pancreatic progenitor cell differentiation and 

proliferation factor 
-1.42 5.83E-04 

Afm Afamin -1.42 4.58E-04 

Cd164 CD164 molecule -1.42 3.66E-04 

Ndufv2 NADH:ubiquinone oxidoreductase core subunit V2 -1.41 8.97E-04 

Tmem242 Transmembrane protein 242 -1.40 5.80E-04 

Apoc3 Apolipoprotein C3 -1.40 1.82E-04 

Apob Apolipoprotein B -1.33 3.37E-04 

 

 

Figure 5.6: Venn diagram of the differentially expressed genes between two comparisons, 

(i) high-fat diet to control diet groups and (ii) geraniin to high-fat diet groups. The total 

number of differentially expressed genes found in each comparison are included in the 

parentheses.  
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Figure 5.7: Heatmap of the top 100 most differentially expressed genes (with the smallest 

adjusted p-values) between geraniin- and high-fat diet-treated rats. Green color indicates 

upregulation while red color indicates downregulation relative to control diet group. CD, 

control diet; G, geraniin; HFD, high-fat diet. 

5.4.4. Gene ontology and KEGG pathway analysis of DEGs 

Using the DEGs obtained from Deseq2, gene ontology enrichment analysis was carried out to 

identify the activated or suppressed gene functions with different treatments. When comparing 

HFD to CD groups, most of the upregulated DEGs are linked to various lipid metabolic 

processes including the metabolism of organic acids, ketoacids, carboxylic acids and fatty acids 
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(Figure 5.8). Surprisingly, chronic high-fat feeding also induced the activation of steroid 

metabolism in the liver as exemplified by several enriched gene ontology terms like “steroid 

metabolic process”, “steroid hydroxylase activity” and “aromatase activity” (Figure 5.8). On the 

contrary, the downregulated DEGs caused by HFD relative to CD groups resulted in only one 

significant gene ontology term – “small molecule metabolic process”. Since none of the more 

specific terms were enriched, the suppressed functions caused by HFD in this study is 

inconclusive.  

 

Figure 5.8:  Gene ontology enrichment analysis of the upregulated differentially 

expressed genes induced by high-fat diet relative to control diet. Primary x-axis (bottom) 

indicates the percentage of genes for each gene ontology term at basal condition (red 

bars) and upon treatment with high-fat diet (blue bars) while the secondary x-axis (top) 

indicates the adjusted p-values (in log10 scale) of each comparison (green bars) between 

the basal and treatment conditions. The number of differentially expressed genes 

classified to each gene ontology term is shown in the parentheses. BP, biological pathway; 

CD, control diet; DEG, differentially expressed gene; HFD, high-fat diet; GO, gene 

ontology; MF, molecular function. 
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Similarly, the upregulated DEGs induced by geraniin in comparison to HFD group resulted in 

general gene ontology terms like “membrane part”, “cell periphery” and “plasma membrane”. As 

seen in Figure 5.9, most of the upregulated DEGs were involved in cellular components, of 

which close to 50% were associated with membrane components. The implicated membrane 

parts include the intrinsic and integral components of membrane as well as plasma membrane, 

implying that geraniin could affect the expression of certain membrane proteins. In addition to 

the cellular component gene ontology terms, approximately 9% of the upregulated genes induced 

by geraniin were responsible for the regulation of hepatic divalent cation homeostasis such as 

magnesium (Mg2+), calcium (Ca2+), cadmium (Cd2+), nickel (Ni2+) and zinc (Zn2+).   

 
Figure 5.9:  Gene ontology enrichment analysis of the upregulated differentially 

expressed genes induced by geraniin relative to high-fat diet group. Primary x-axis 

(bottom) indicates the percentage of genes for each gene ontology term at basal condition 

(red bars) and upon treatment with geraniin (blue bars) while the secondary x-axis (top) 

indicates the adjusted p-values (in log10 scale) of each comparison (green bars) between 

the basal and treatment conditions. The number of differentially expressed genes 

classified to each gene ontology term is shown in the parentheses.CC, cellular 

components; DEG, differentially expressed gene; HFD, high-fat diet; GO, gene ontology; 

MF, molecular function. 
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Because of the large number of downregulated DEGs between geraniin and HFD groups, the 

resultant enriched gene ontology terms are separated into three different illustrations (Figures 

5.10 to 5.12) which represent the terms for biological pathways, cellular components and 

molecular functions, respectively. Based on Figure 5.10, many biological pathways involved in 

lipid and fatty acid metabolism were suppressed by the treatment with geraniin. The 

downregulated pathways include metabolic processes of organic acids, fatty acids, ketone, 

lipoproteins and carboxylic acids, of which many also overlap with the activated lipid metabolic 

processes caused by HFD. Furthermore, geraniin also significantly downregulated the genes 

responsible for steroid and cellular hormone metabolic processes. These findings suggest the 

ameliorative effects of geraniin on HFD-induced abnormal metabolic processes.  

Aside from that, geraniin also repressed many biological pathways related to mitochondrial 

function such as “electron transport chain”, “mitochondrial organization”, “hydrogen ion 

transmembrane transport”, and “regulation of cellular respiration” and “mitochondrial electron 

transport” (Figure 5.10). This suppressive activity of geraniin on mitochondrial function is more 

apparent in the cellular components gene ontology enrichment analysis. To elaborate, more than 

80% of the downregulated DEGs caused by geraniin are related to membrane-bound organelles 

like mitochondria, endoplasmic reticulum and vesicles (Figure 5.11). Amongst these organelles, 

mitochondria are highly implicated because more than one third of the geraniin-induced 

downregulated DEGs are linked to mitochondria. The DEGs cover the mitochondrial matrix, 

membrane, ribosomes, respiratory chain complexes as well as ATP synthase complex (Figure 

5.11). Likewise, in the molecular function gene ontology analysis, key mitochondrial activities 

like redox reaction, hydrogen transmembrane transportation, electron carrier activity, NADH 

dehydrogenase and succinate dehydrogenase activities were also overrepresented (Figure 5.12). 

Hence, based on the results, geraniin plays an influential role on the expression of mitochondrial-

related genes. 
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Figure 5.10:  Gene ontology enrichment analysis of the biological pathways based on downregulated differentially 

expressed genes induced by geraniin relative to high-fat diet group. Primary x-axis (bottom) indicates the percentage of 

genes for each gene ontology term at basal condition (red bars) and upon treatment with geraniin (blue bars) while the 

secondary x-axis (top) indicates the adjusted p-values (in log10 scale) of each comparison (green bars) between the basal 

and treatment conditions. The number of differentially expressed genes classified to each gene ontology term is shown in 

the parentheses. DEG, differentially expressed gene; HFD, high-fat diet; GO, gene ontology. 
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Figure 5.11:  Gene ontology enrichment analysis of the cellular components based on downregulated differentially 

expressed genes induced by geraniin relative to high-fat diet group. Primary x-axis (bottom) indicates the percentage of 

genes for each gene ontology term at basal condition (red bars) and upon treatment with geraniin (blue bars) while the 

secondary x-axis (top) indicates the adjusted p-values (in log10 scale) of each comparison (green bars) between the basal 

and treatment conditions. The number of differentially expressed genes classified to each gene ontology term is shown in 

the parentheses. DEG, differentially expressed gene; HFD, high-fat diet; GO, gene ontology.
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Figure 5.12:  Gene ontology enrichment analysis of the molecular functions based on 

downregulated differentially expressed genes induced by geraniin relative to high-fat diet 

group. Primary x-axis (bottom) indicates the percentage of genes for each gene ontology 

term at basal condition (red bars) and upon treatment with geraniin (blue bars) while the 

secondary x-axis (top) indicates the adjusted p-values (in log10 scale) of each 

comparison (green bars) between the basal and treatment conditions. The number of 

differentially expressed genes classified to each gene ontology term is shown in the 

parentheses. DEG, differentially expressed gene; HFD, high-fat diet; GO, gene ontology. 

Using the KEGG pathway analysis, “oxidative phosphorylation” was the most notable pathway 

over-represented by the suppressed DEGs caused by geraniin relative to HFD group. To 

visualize the suppressive effects of geraniin, DEGs between geraniin and HFD groups are 

mapped to the pathway. In Figure 5.13, it is evident that most of the genes or proteins that make 

up the protein complexes in the electron transport chain were downregulated by geraniin. This 

finding is in agreement with the gene ontology enrichment analysis and strongly suggests a 

modulatory effect of geraniin on the biological functions of mitochondria. Apart from oxidative 

phosphorylation, several metabolic pathways which are also suppressed by geraniin are 

summarized in Table 5.4.
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Figure 5.13: Differentially expressed genes induced by geraniin (relative to HFD-treated rats) mapped to the oxidative 

phosphorylation pathway. The subunits of major protein complexes involved in the pathway are illustrated in small square 

boxes and their expression levels are color coded (green – downregulation; red – upregulation; grey – unchanged; white – 

not expressed).
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Table 5.4: KEGG pathways overrepresented by the downregulated differentially 

expressed genes of geraniin compared to high-fat diet groups.  

Downregulated pathway 

Number of 

DEGs involved 

in the KEGG 

term 

Percentage of 

DEGs involved in 

the KEGG term 

(%) 

Adjusted p-value 

Oxidative phosphorylation 31 8.4 2.0 × 10-13 

Non-alcoholic fatty liver 

disease 
27 7.3 6.3 × 10-9 

Metabolic pathways 83 22.4 1.2 × 10-8 

Citrate cycle (TCA cycle) 9 2.4 6.6 × 10-4 

Proteosome 10 2.7 2.4 × 10-3 

Protein processing in 

endoplasmic reticulum 
18 4.9 6.8 × 10-3 

Biosynthesis of amino acids 11 3.0 1.2 × 10-2 

Carbon metabolism 14 3.8 1.2 × 10-2 

 

5.4.5. qPCR validation 

Four genes which include PPARα, PPARγ, Adh7 and Ddhd1 were selected and subjected to 

qPCR to confirm if their expression patterns matched with the RNA sequencing data. PPARα 

and γ are linked to lipid metabolism whilst the expression of Adh7 and Ddhd1 were significantly 

affected by HFD and geraniin. Based on RNA sequencing result, the fold changes between HFD 

and CD groups for PPARα, PPARγ, Adh7 and Ddhd1 genes were -1.11, -1.03, 1.85 and 1.94-fold 

respectively (“-ve” sign denotes downregulation). On the other hand, the fold changes between 

geraniin and HFD groups for PPARα, PPARγ, Adh7 and Ddhd1 genes based on RNA sequencing 

data were 1.39, 1.19, -2.04 and -2.38 respectively. As seen in Figure 5.14, the gene expression 

patterns based on qPCR were consistent with the RNA sequencing-based transcriptomics 

analysis.   
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Figure 5.14: Comparison of the expression profiles of PPARα (A), PPARγ (B), Adh7 (C) 

and Ddhd1 (D) between RNA sequencing and qPCR. Sample size was n=5 per group for 

both RNA sequencing and qPCR assays. RNA-seq, RNA sequencing; qPCR, quantitative 

polymerase chain reaction.  

5.5. Discussion 

In the present study, transcriptomic analysis of the liver specimens from the rats treated with CD, 

HFD or geraniin was carried out to examine the molecular mechanism of geraniin in MetS. In 

general, our data demonstrates that treatment with geraniin significantly alters the expression of 

genes involved in mitochondrial structures and functions. To our knowledge, this is the first time 

such a modulatory effect of geraniin on mitochondria has been reported. This biological activity 

could potentially serve as the predominant mechanism that leads to the observed health benefits 

of geraniin in HFD-induced MetS. 

The three treatments, namely CD, HFD and geraniin, resulted in three distinct clusters of the 

hepatic transcriptomes. This suggests that feeding on different diets as well as supplementation 
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with geraniin could induce distinctive influences to the expression profiles in the liver. Based on 

the grouping patterns, the transcriptomes originated from HFD and geraniin groups were more 

closely related to each other than with those from CD group. This is plausible given that the rats 

from both HFD and geraniin groups essentially fed on the same diets for the entire experiment. 

Furthermore, such a grouping pattern also points out that treatment with geraniin did not 

normalize all the transcriptional perturbations caused by HFD. Thus, the pleiotropic beneficial 

effects conferred by the natural product are attributable to selective biological pathways.  

On the other hand, the hepatic transcriptomes of the rats on HFD showed a higher inter-group 

variation compared to the other two groups. In fact, various studies have reported a sizable inter-

individual variability in terms of the weight gain and physiological changes after the exposure of 

high-calorie feeding to both rodents and humans [349-351]. The phenotypic differences are also 

reflected in the adipocyte and liver transcriptomes whereby several signaling cascades like the 

cAMP-dependent, AMPK as well as atherosclerosis signaling pathways were differentially 

expressed between C57BL/6J mice of different obesity susceptibility [352]. As such, considering 

the multifactorial properties of chronic diseases like obesity and MetS, it is not surprising to 

observe higher hepatic transcriptomic variability in response to HFD.  

Compared to CD, HFD induced the overexpression of genes involved in lipid and fatty acid 

metabolic processes, likely because of the increased lipid influx after prolonged high-fat feeding. 

The finding is consistent with previous studies [353, 354]. Notably, one of the most upregulated 

genes is acyl-CoA synthetase 3 (Acsl3) whose function is to promote the formation of lipid 

droplet and VLDL [355, 356]. In the present study, Acsl3 gene in the liver was upregulated by 

2.22-fold. Knockdown of Acsl3 in rat hepatocytes significantly suppressed the activity of several 

lipogenic transcription factors, including PPARγ, carbohydrate-responsive element-binding 

protein (ChREBP), sterol regulatory element-binding protein 1c (SREBP1c) and liver X receptor 

α (LXRα), signifying a vital role of the gene in hepatic lipogenesis [357]. Indeed, this is also 

confirmed in our study, whereby certain aforementioned transcription factor like SREBP1 

(upregulated by 1.91-fold) and PPARδ (upregulated by 2.27-fold) alongside with their targets 

genes were overexpressed in rats subjected to HFD. However, hepatic PPARγ gene of HFD-

treated rats was not significantly upregulated compared to those on CD. This finding is not in 

line with that observed in the Chapter 2, in which PPARγ was highly expressed in post-weaning 
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rats on HFD relative to those on CD. It is worth mentioning that the hepatic PPARγ expression of 

the adult rats given high-calorie diets in the experiment described in Chapter 2 also remained 

unchanged. This would suggest that the activation of hepatic PPARγ is probably age-dependent. 

Indeed, one study reported that the activation of PPARγ induced by ischemic stress differed 

significantly between ages, whereby the gene remained activated for a longer period of time in 

young mice, but not adult and old mice [358]. Such a prolonged activation of PPARγ could serve 

as a hepatoprotective mechanism in young rodents whose livers are relatively under-developed 

[358]. The age-dependent PPARγ activation may explain the lack of PPARγ overexpression in 

older rats (12 weeks) on HFD, but further investigation is required to verify the postulation. In 

short, the dysregulated lipid metabolism in the liver would explain the occurrence of 

hypertriglyceridemia in the blood circulation as well as the onset of NAFLD in the HFD-treated 

rats [359].  

Furthermore, in the present study, the activation of hepatic steroid hormone metabolism was 

observed in rats on HFD. This has been consistently reported in other obese rodent models [360, 

361]. Even though the liver is not a steroidogenic tissue, it actively participates in the conversion, 

inactivation and elimination of steroid hormones. The processes, which take place in the liver 

microsomes, are disrupted in people with chronic metabolic disorders [362]. For instance, in 

patients with NAFLD, the key regulatory genes in cholesterol and steroid metabolism like 

SREBP2 and steroidogenic acute regulatory protein (StAR) are overexpressed up to 15-fold 

higher than normal individuals [363]. Similarly, the conversion of cortisone to cortisol, a process 

that affects the local concentration of active glucocorticoids (a type of chronic stress hormone), 

is also severely altered in the liver and subcutaneous adipose tissues of obese people [364]. In 

male Wistar rats, constant high-fat feeding led to reduced testosterone and increased 17β-

estradiol concentrations in the blood circulation [361]. This coincides with our transcriptomic 

analysis which showed that genes involved in aromatase activity, namely cytochrome P450 

families 2 and 3, were upregulated by HFD. The enhanced aromatase activity is also observed in 

other peripheral tissues like subcutaneous and gonadal adipose tissues in obese male mice [365]. 

Consequently, this could promote peripheral conversion of androgen to estrogen (eg. testosterone 

to 17β-estradiol) and result in obesity-related male hypogonadism [366, 367]. As such, based on 

the hepatic transcriptomic study, chronic high-fat feeding could interfere with the metabolic 

pathways of lipid and steroid hormones, contributing to the onset and progression of MetS.    
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The treatment with geraniin brought about significant changes to the hepatic transcriptomes. One 

implicated pathway is the lipid and fatty acid metabolism, as exemplified by the transcriptional 

suppression of several key genes involved in lipid transport and fatty acid elongation. In terms of 

lipid transport, notable geraniin-induced downregulated genes are fatty acid binding protein 1 

and 2 (Fabp1 & Fabp2) which were downregulated by 1.55- and 1.78-fold respectively. Fatty 

acid binding proteins are intracellular lipid chaperones that can interact reversibly with a wide 

array of hydrophobic ligands to facilitate lipid storage, trafficking, catabolism or signaling [368]. 

The types of ligands range from saturated and unsaturated fatty acids, cholesterols, bile acids to 

eicosanoids. Many studies have found a strong positive correlation between the levels of fatty 

acid binding proteins with various metabolic diseases such as obesity, MetS, diabetes mellitus, 

fatty liver disease, atherosclerosis and chronic kidney disease, implying a crucial role in the 

pathogenesis of the diseases [369-373]. This is further supported by the evidence from loss-of-

function genetic models, in which Fabp1 and Fabp2 knockout mice are protected against the 

onset of HFD-induced obesity and hepatic steatosis [374-376]. The protective effect is 

accompanied by a change in primary energy substrate from lipids to carbohydrates, indicating 

the regulatory role of fatty acid binding proteins in lipid homeostasis [376]. Additionally, several 

selective inhibitors of fatty acid binding protein isoforms such as Fabp 3, Fabp4 and Fabp5 have 

also exhibit promising anti-atherosclerosis, anti-diabetes and anti-MetS effects [377]. These 

discoveries make them some of the most popular therapeutic candidates for chronic metabolic 

diseases in recent years. Hence, based on the evidence, it is speculated that geraniin-induced 

inhibitory effect on the expression of Fabp1 and Fabp2 expression could partly contribute to the 

amelioration of metabolic dysregulation. 

Apart from lipid transportation, treatment with geraniin also inhibited the genes for fatty acid 

elongation like Elovl2, Acsl3 and Acsl5. The crucial role of Acsl3 in hepatic lipogenesis has been 

elaborated previously. Like Acsl3, Acsl5 and Elovl2 are also important mediators of triglyceride 

and fatty acid biosynthesis as well as lipid droplet formation [378, 379]. The ablation of Elovl2 

in mice results in remarkable resistance against diet-induced hepatic steatosis and weight gain, 

besides significantly reducing the body fat mass [380]. Likewise, whole-body abolishment of 

Acsl5 not only reduces overall acyl CoA synthetase activity in the liver and brown adipose 

tissues by 50% and 37%, respectively, but also promotes energy expenditure and inhibits 

intestinal lipid absorption [381]. A number of the phenotypes detected in Elovl2, Acsl3 and Acsl5 
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knockout mice were also observed in the rats supplemented with geraniin. Speculatively, 

geraniin-induced transcriptional inhibition of these genes could confer a protective barrier 

against the nutritional insult from chronic high-fat feeding via reduced ectopic fat deposition and 

de novo lipogenesis. The beneficial metabolic effect could be reinforced by the suppression of 

lipid trafficking, leading to the restoration of lipid and glucose homeostasis seen in geraniin-

treated rats. 

Based on the gene ontology enrichment analysis, the steroid metabolic process was the other 

metabolic pathway that was activated by HFD, but repressed by geraniin. The inhibitory effect 

appears to be selective to the gene expression of 17β-hydroxysteroid dehydrogenases (HSD17B) 

as evidenced by the downregulation of several isoforms of the genes including HSD17B4, 

AKR1C3 (also known as HSD17B5), HSD17B6 and HSD17B12. Principally, the primary 

physiological function of most HSD17B enzymes is to catalyze the inter-conversion of steroid 

hormones, namely estrogens and androgens, between their active and inactive forms in the 

presence of cofactors like NAD(P)+ and NAD(P)H [382]. Certain isoforms also possess 

multifunctional properties and are involved in the metabolism of bile acids, fatty acids and 

cholesterols [383]. In this context, the proteins encoded by HSD17B4 and HSD17B6 are 

oxidative enzymes which catalyze the steroid hormone inactivation [384, 385] while those 

encoded by AKR1C3 and HSD17B12 are reductive enzymes that perform the reverse reaction 

[386, 387]. The bidirectional inhibition of steroid hormone inter-conversion caused by geraniin 

suggests an overall reduction in the steady-state levels of the local steroid hormones. 

Consequently, a number of steroid-dependent target genes like apolipoproteins B (Apob), 

apolipoprotein C1 (Apoc1) and C3 (Apoc3) were concomitantly downregulated with the 

treatment of geraniin [388]. These apolipoproteins are known for their strong association with 

numerous chronic metabolic disorders like dyslipidemia, MetS and coronary heart disease [389, 

390]. Therefore, it is hypothesized that upon the treatment with geraniin, the transcriptional 

suppression of HSD17B isozymes in the liver could lead to downstream repression of 

apoliprotein expression, which in turn, ameliorated the lipid metabolic dysregulation such as 

hypertriglyceridemia and elevated non-HDL cholesterols in the blood circulation. Nevertheless, 

the current research paradigm of HSD17B enzymes emphasizes on its therapeutic potential for 

breast cancer, prostate cancer, acne and osteoporosis [391]. The implication of the enzymes in 

obesity and MetS is comparatively limited. However, emerging evidence does support the 
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pathological role of certain HSD17B isoforms in the onset of hepatic steatosis and diabetic-

related skin degeneration, making the proteins an attractive target for MetS therapy [392, 393].  

Interestingly, according to the liver transcriptome analysis, the supplementation of geraniin 

significantly downregulated many genes linked to mitochondrial function and structural 

composition such as the electron transport chain complexes, ATP synthase, mitochondrial 

membrane, matrix and ribosomes. This finding highlights a potent regulatory role of the natural 

product in mitochondrial function. To date, there is no direct proof about the effects of 

ellagitannin geraniin on the mitochondria. However, indirect evidence of such mitochondrial-

modulating properties has been reported by recent studies about the predominant in vivo 

bioactive metabolites of geraniin – urolithins. For example, urolithin A has been shown to trigger 

mitophagy to hamper the deterioration of mitochondrial dysfunction; subsequently, leading to 

prolonged lifespan in Caenorhabditis elegans and improve motor function in mice with age-

related muscular decline [394]. The regulatory effect of urolithin A on the expression of 

mitochondrial-related genes in the skeletal muscles has been confirmed again in a Phase I 

clinical study that employed healthy elderly people [395]. Furthermore, many well-known 

polyphenolic compounds such as resveratrol, quercetin, epigallocatechin-3-gallate and curcumin 

could also influence a myriad of mitochondrial events, ranging from mitochondrial biogenesis, 

mitochondrial membrane potential, electron transport chain, ATP synthesis and mitochondrial-

mediated programmed cell death [396]. Considering that the mitochondrial-modulatory action 

appears to be a shared characteristic between various polyphenols, it is therefore, plausible to 

observe the regulatory effect on the expression of mitochondrial-related genes in geraniin and 

geraniin-derived metabolites.  

In this context, the role of mitochondria in the pathophysiology of chronic metabolic diseases 

have been increasingly recognized. However, geraniin appears to suppress the expression of 

mitochondrial-related genes. It should be noted that mitochondrial dysfunction does not always 

reduce mitochondrial number. Some studies concluded a positive correlation between 

mitochondria proteins and DNA with BMI, whereby the circular mitochondrial genomes as well 

as mitochondrial citrate synthase activity were significantly increased in obese patients, 

especially among those without diabetes mellitus [397, 398]. This reflects a compensatory 

mechanism by increasing the number of mitochondria in response to the progression of 
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mitochondrial impairment caused by nutritional insults. On the contrary, site-specific reduction 

of mitochondrial count in the adipose tissues has been shown to be beneficial as it preserves 

insulin sensitivity and inhibits accelerated weight gain due to high-fat feeding in mice despite the 

occurrence of local mitochondrial stress [399]. These controversial findings point out that the 

mitochondrial number may not be an ideal indicator of the mitochondrial function (or 

dysfunction), at least under the circumstance of chronic metabolic diseases. As a matter of fact, 

several recent studies put forward the notion that the selective elimination of damaged 

mitochondria via mitophagy can effectively annihilate the pathogenic manifestations of 

mitochondrial dysfunction without jeopardizing the normal function of mitochondria [400-402]. 

Hence, by promoting the turnover of defective mitochondria, it may be more effective in 

restoring the collective physiological properties of the mitochondria and tissues than by 

enhancing the sheer number of mitochondria.  

In relation to our transcriptomic results, it is believed that the geraniin-induced suppression of 

mitochondrial-related genes could help to ameliorate the perturbed metabolic processes caused 

by abnormal mitochondria in HFD-treated rats. Vernochet et al. (2012) concluded that reduced 

mitochondrial DNA copy number and proteins due to mitochondrial transcription factor A 

(TFAM) ablation in the adipose tissues of mice exceedingly elevates the oxygen consumption 

and protects against diet-induced obesity, insulin resistance and hepatosteatosis [399]. 

Furthermore, the selective downregulation of nuclear DNA-encoded mitochondrial genes could 

potentially alter the stoichiometric balance between nuclear- and mitochondrial-encoded 

proteins, particularly those that make up the oxidative phosphorylation complexes, resulting in a 

condition termed “mitonuclear protein imbalance” [403, 404]. In response to such an imbalance, 

mitochondria will activate the mitochondrial unfolded protein response (UPRmt) to markedly 

enhance the synthesis of mitochondrial chaperones such as heat shock proteins [404, 405]. These 

mitochondrial chaperones are crucial for the maintenance of proper protein folding, assembly 

and function, which in turn, assists in the restoration of mitochondrial biogenesis and diminishes 

mitochondrial dysfunction [406]. In fact, mitonuclear protein imbalance followed by the UPRmt 

activation acts as an integral mechanism to promote longevity in C. elegans [404]. On the 

contrary, loss of function of certain mitochondrial chaperone (eg. heat-shock protein 60) in the 

hypothalamus results in mitochondrial dysfunction, increased ROS production and the 

accelerated progression of insulin resistance [407]. As such, the suppression nuclear-encoded 
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mitochondrial genes observed in the present study could potentially induce the UPRmt and confer 

an ameliorative effect on HFD-induced mitochondrial dysfunction. 

On the other hand, the relationship between the transcriptional repression of mitochondrial genes 

and mitophagy is unclear because there was no noticeable change in the key mitophagic 

regulatory pathways like PINK/Parkin, BNIP3 and Nix as well as Fundc1 cascades [408]. 

Nonetheless, certain autophagy and mitophagy mediators like phosphatase and tensin homolog 

(Pten), double-stranded RNA-activated protein kinase-like endoplasmic reticulum kinase (Perk), 

transcription factor EB (TFEB), transcription factor E3 (TFE3) and autophagy protein 16 (Atg16) 

were significantly upregulated by the treatment with geraniin [409], revealing possible 

involvement of geraniin in the regulation of mitophagy.  

Taken together, despite the growing evidence that supports the critical role of mitochondria in 

obesity, MetS and diabetes mellitus, the mechanisms underlying the regulation of mitochondrial 

dynamics, biogenesis and mitophagy remain convoluted and uncertain. As such, the impacts of 

ellagitannin geraniin on mitochondrial function in the presence of metabolic diseases 

undoubtedly warrant further clarification. The core finding of the present study is however, 

encouraging as it provides novel and solid evidence on the interaction between geraniin and the 

expression of mitochondrial-related genes, making it worthwhile for further exploration on its 

therapeutic effects on MetS via the modulation of mitochondrial function and dynamics.    

One limitation of the present study is that the mRNA sequencing analysis was performed with 

only liver transcriptomes, mainly due to financial constraints. Without the transcriptomic 

analysis from other metabolically-active tissues like the skeletal muscles and adipose tissues, 

geraniin’s ability to induce similar changes to the expression profile of these tissues remains 

inconclusive. Extrapolating the findings from purely hepatic transcriptomic analysis is 

impractical due to tissue-dependent differences in the expression profiles, particularly with 

respect to highly implicated pathway like mitochondrial function. Therefore, to explore the 

comprehensive picture of geraniin-induced systemic changes in the metabolic pathways, 

profiling the transcriptomes at various tissues is highly encouraged. Additionally, given our 

relatively small sample size (n=5 per group), the findings of transcriptomic study are principally 

exploratory. Moreover, as the mitochondrial-modulatory effect of geraniin was not anticipated 

prior to the experiment, the biomarkers related to mitochondrial dynamics such as morphological 
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changes, ATP production and ROS generation were not quantified. Hence, more investigations 

are warranted to delineate the interaction of geraniin with several metabolic pathways like lipid 

and steroid metabolism as well as mitochondrial activity in a more explicit manner.  

5.6. Summary and key highlights of the study 

The key findings of the experiment presented in this chapter are summarized as follows: 

 Treatment with CD, HFD or supplementation with geraniin at a daily dosage of 25 mg/kg 

had induced significant changes to gene expression profile in the liver which resulted in 

unique transcriptomes according to the mRNA sequencing data. 

 Compared to CD, chronic high-fat feeding triggered the overexpression of genes involved in 

fatty acid and lipid metabolism, most of which favors lipogenesis. These findings imply the 

activation of these processes due to elevated lipid uptake and influx, contributing to the onset 

of metabolic dysregulation in the MetS rat model.   

 HFD also overexpressed the genes related to steroid metabolism, especially those linked to 

aromatase activity which is a key step in the conversion of androgens to estrogens. However, 

the role of HFD-dependent aromatase activation in the progression of obesity and MetS 

requires further investigation. 

 Supplementation with geraniin successfully suppressed the overexpression of lipogenic genes 

induced by HFD. Furthermore, based on the gene ontology analysis, the natural product also 

played an inhibitory role on the steroid metabolic processes in the liver by downregulating 

genes from the HSD17B families. Collectively, the abnormal biochemical activities caused 

by HFD were reversed by the treatment with geraniin, contributing to the amelioration of 

MetS.   

 Most notably, treatment with geraniin resulted in the suppression of mitochondrial-related 

genes in the liver. Pathway analysis revealed the involvement of the genes in various 

mitochondrial structures and biological functions, including electron transport chain, 

respiratory protein complexes, ATP synthase, membrane and matrix. Several mitophagy-

related genes were also upregulated, suggesting potential regulatory effect of geraniin on 

selective clearance of defective mitochondria. As a result, the attenuation of mitochondrial 
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dysfunction may serve as the predominant mechanism of ellagitannin geraniin to reverse the 

devastating effects of HFD on glucose and lipid homeostasis in MetS.  

In short, the hepatic transcriptomic study revealed the repression of geraniin on three metabolic 

pathways, namely lipid and fatty acid metabolism, steroid hormone metabolism and 

mitochondrial function, of which the first two were abnormally upregulated by high-fat feeding. 

By reversing the adverse impacts of HFD on the hepatic expression profile, geraniin could 

potentially restore the glucose and lipid homeostasis, leading to the observed health benefits in 

the MetS model. More importantly, treatment with geraniin also significantly downregulated the 

expression of numerous genes related to mitochondrial function besides upregulating mediators 

of mitophagy. To our best knowledge, this is a novel discovery. The finding indicates that 

geraniin could potentially modulate the clearance of damaged mitochondria which could lead to 

the recovery of optimal mitochondrial function and exert a protective barrier against nutritional 

insults caused by high-calorie diet. In this context, the mitochondrial dynamics remain as an 

exciting and yet, controversial aspects, particularly in the area of chronic metabolic diseases. 

Nonetheless, considering the exploratory nature of the transcriptomic study performed in the 

present study, further investigation is obligatorily necessary to elucidate the interaction of 

geraniin with the affected metabolic pathways and the possible implications. 
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6. CONCLUSION AND FUTURE WORK 

6.1. Conclusion 

To summarize, in the present project, several research tasks have been accomplished, including 

the creation of a diet-induced MetS model in rats, the investigation of the effects of ellagitannin 

geraniin in different aspects of metabolism, as well as the possible mechanisms to explain how 

geraniin improves health. In terms of the MetS model establishment, a remarkable interplay 

between the developmental stage of the rats and types of high-calorie diets was detected. Post-

weaning rats (3-week old) on HFD for eight weeks displayed all the key features of MetS 

including increased weight gain, central adiposity, hyperglycemia, hypertension, dyslipidemia as 

well as increased ectopic lipid deposition in the liver. Unlike post-weaning rats, adult rats (8-

week old) did not develop notable metabolic perturbation when feeding on HFD, but instead 

became obese and hypertensive (without glucose and lipid dysregulation) when feeding on 

HFSD. In general, compared to adult rats, post-weaning rats had overexpression of PPARα and 

PPARγ in the liver, which could contribute to the MetS susceptibility. As such, the enhanced 

vulnerability of post-weaning rats to MetS, particularly when feeding on HFD in comparison to 

HFSD, led to the manifestation of all crucial MetS-related abnormalities within a relatively short 

feeding duration. The disease induction approach was more effective and time-saving; therefore, 

it was selected as the disease model for the subsequent experiment. 

Using the aforementioned MetS model, the metabolic effects of ellagitannin geraniin were 

examined. Treatment with geraniin at a dosage of 25 mg/kg/day for four weeks effectively 

normalized a wide range of metabolic anomalies induced by HFD, including hypertension, 

impaired fasting blood glucose, elevated HbA1c, hypertriglyceridemia and increased non-HDL 

cholesterols. The lipid deposition in the visceral adipose tissues and liver was also markedly 

reduced with geraniin supplementation. Furthermore, treatment with geraniin also restored the 

redox balance and lowered the IL-1β level in the blood circulation. The AGE level and hepatic 

RAGE expression was also inhibited by geraniin, alongside with an increase in esRAGE 

expression in the visceral adipose tissues, implying an AGE-lowering mechanism via AGE 

chelation and clearance. Based on the results, the oral consumption of geraniin could exert anti-
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hypertensive, anti-hyperglycemic, lipid-lowering, anti-AGE-RAGE axis, anti-inflammatory and 

oxidative stress-reducing properties.   

By comparison, the improvement on fasting glucose control and HbA1c conferred by geraniin 

was similar to metformin. Unlike metformin however, geraniin did not alleviate impaired 

glucose tolerance. Additionally, the ameliorative effects of geraniin on HFD-induced 

hypertension and increased non-HDL cholesterols was comparable to TRF, whose major 

composition: tocotrienols are a potent antioxidant and HMG-CoA reductase inhibitor. All three 

interventions, namely metformin, TRF and geraniin, were effective against increased oxidative 

stress and inflammatory response in the blood circulation. Notably, the positive impacts of 

geraniin on hypertriglyceridemia, hepatic steatosis and central adiposity were unmatched by the 

other two interventions. The range of beneficial bioactivities of geraniin on metabolism not only 

covers many features of MetS, but is also highly distinctive compared to metformin and TRF. 

This proposes a discrete underlying mechanism which is neither gluco- nor antioxidant-centric. 

By studying the hepatic mRNA transcriptomes with next generation sequencing, it was revealed 

that daily supplementation of geraniin for a month could induce unique changes to the gene 

expression profile of the liver. A portion of the genes which were differentially (down)regulated 

by geraniin are linked to lipid and fatty acid metabolism as well as steroid hormones metabolism. 

These metabolic functions were transcriptionally activated by HFD, which could contribute to 

the progression of MetS. Hence, the geraniin-dependent suppression of these metabolic pathways 

could at least partly explain its ameliorative effects on HFD-induced metabolic dysregulation. 

Most notably, treatment with geraniin resulted in significant suppression of nuclear-encoded 

mitochondrial genes in the liver. These downregulated genes spanned over a wide range of 

mitochondrial structures and functions, particularly electron transport chain, respiratory protein 

complexes, ATP synthase as well as mitochondrial membrane and matrix. Certain genes 

involved in mitophagy were also upregulated by geraniin. The results suggest a modulatory 

effect of geraniin on mitochondrial function, which is a novel discovery about the natural 

product. By regulating the mitochondrial gene expression, geraniin can potentially influence the 

mitochondrial dynamics and biogenesis, which are highly implicated in the pathogenesis of 

MetS. The role of mitochondria in MetS and chronic metabolic diseases is a relatively new and 

exciting research focus. Further investigation is warranted to explicitly elaborate the interaction 

between geraniin and mitochondria as well as the downstream implications.  
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The findings of the research project are illustrated in Figure 6.1. One of the most significant 

highlights of the present study is the remarkable multifunctionality of ellagitannin geraniin. 

Indeed, treatment with geraniin mitigated almost all the pathological manifestations of MetS. 

Such a promising finding does make it a worthy therapeutic candidate for MetS and other related 

metabolic disorders. The exploration of the clinical prospect of geraniin could also be a baby step 

towards the introduction of multi-target MetS therapeutic approach. Apart from that, the 

comparative transcriptomic analysis not only points out the mitochondrial modulatory effect of 

geraniin, but also indicates the integral role of mitochondria in the pathology and recovery of 

MetS. This makes mitochondria an interesting target pathway for obesity and MetS therapy. 

Although mitochondrial biology is extensively studied, the implications of mitochondrial 

dynamics and dysfunction in obesity and MetS is a relative new research niche. Hence, the 

outputs of the present study could provide some indirect evidence to support the importance of 

mitochondrial research in chronic metabolic diseases, besides proposing a drug candidate from 

the natural sources – ellagitannin geraniin, for further investigation. 

To conclude, chronic consumption of HFD could reliably induce all the core features of MetS in 

post-weaning rats within a relatively short duration (eight weeks). The consistency in disease 

induction outcomes coupled with the short induction time could enhance the time and cost 

efficiency, rendering it an excellent MetS model for studying the treatment effect of putative 

therapeutic agents. Using the disease model, it was discovered that treatment with ellagitannin 

geraniin at a daily dosage of 25 mg/kg via oral administration could reverse a wide array of 

metabolic abnormalities caused by high-fat feeding such as overly high fasting glucose and lipid 

components in the blood circulation, ectopic lipid deposition in the liver and abdominal adipose 

tissues, elevated systolic and diastolic blood pressure, high circulating oxidative stress and pro-

inflammatory response. The explorative hepatic transcriptomic analysis revealed that geraniin 

could reverse the abnormal transcriptional activation of genes associated with lipid and steroid 

hormones metabolism. Moreover, geraniin also exerted notable modulatory effect on the 

mitochondrial gene expression in the liver, which could be the primary mechanism by which it 

confers the beneficial health impacts. Future research should focus on the elucidation of the 

relationship and interaction between geraniin, mitochondria and pathogenesis of MetS. 
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Figure 6.1: Summary of the key findings about the bioactivities and underlying mechanism of ellagitannin geraniin in MetS. 

AGE, advanced glycation end product; HnA1c, esRAGE, endogenous secretory receptor for advanced glycation end 

product; glycated hemoglobin A1c; HDL, high-density lipoprotein; IL-1β, interleukin 1β; RAGE, receptor for advanced 

glycation end product; rWAT, retroperitoneal white adipose tissues.
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6.2. Future work 

Following the outputs of the present study, there are a few exciting aspects that can be further 

explored to have a better understanding about the nature of MetS as well as the biological 

function of ellagitannin geraniin. First and foremost, pertaining to the MetS model used in this 

study, we observed an increased susceptibility of post-weaning rats to MetS when they were 

given HFD, but not HFSD. For adult rats, HFSD was more effective to induce metabolic 

dysregulation, albeit not all features of MetS. Such an observation suggests an inherent age-

dependent disparity in terms of the metabolic regulation and processing of macronutrients. It is 

postulated that unusual nutritional experiences like under-nutrition and over-nutrition during 

rapid development stages like neonatal, perinatal and infancy periods could leave a long-lasting 

impact on the metabolism via epigenetic modification [410]. This phenomenon is termed 

“metabolic programming”. In Sprague Dawley rats, maternal exposure to high-calorie diet 

during pregnancy significantly increased the risk for hyperphagia and obesity of the pups in the 

adult stage [411]. Similar predisposition is also observed when the rat pups are given milk 

enriched with high-calorie components [166]. The enhanced susceptibility as seen in our study 

proposes that the window for metabolic programming induced by nutritional insults can possibly 

extend beyond the gestational and perinatal stages. Therefore, further investigation could attempt 

to explore the epigenetic aspects of the MetS model, of which the output may be able to shed 

some light on the pathology of childhood obesity and MetS. 

Next, it is established that the bioavailability of ellagitannin geraniin upon oral consumption is 

fairly limited. Based on the studies from other research groups, the biologically functional 

molecules are the metabolites of geraniin like gallic acid, ellagic acid, brevifolincarboxylic acid 

and a wide variety of urolithins [292, 412]. However, the geraniin-derived metabolites were not 

validated in the present study and so, whether they possess similar bioactivities and potency 

against MetS is unclear. Therefore, future work can aim to examine the metabolic effects of the 

major geraniin-derived metabolites using a similar experimental design as shown in the present 

study. This can facilitate the identification of the predominant biological active species (if any) 

besides revealing if the multifunctionality of geraniin is because of the combined effect of 

different metabolites that specifically improve different metabolic abnormalities, or whether the 

metabolites also exhibit pleiotropic health benefits. The outcome will consequently contribute to 
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a better understanding about the pharmacodynamics of geraniin and its metabolites, particularly 

in the aspect of chronic metabolic diseases. 

Apart from that, based on the results, one of the most prominent effects with the oral 

supplementation of geraniin was the antihypertensive activity. The lowering effect on the 

systolic and diastolic blood pressure was observed as soon as one week into the intervention and 

persisted until the end of the experiment. The rapid improvement suggests the possibility of 

having a blood pressure-lowering mechanism which is independent of the regulation of lipid and 

glucose homeostasis. Thus far, the research about antihypertensive effect of geraniin is 

considerably preliminary. Even though the beneficial effect has been replicated in SHR rats, the 

true mechanism is not well-characterized [172, 173]. Our group found that supplementation of 

geraniin had no noticeable impact on the plasma electrolyte, aldosterone and renin levels (data 

not shown), thus suggesting limited influence of the natural product on the fluid and electrolyte 

homeostasis. Future research can consider other blood pressure-lowering mechanisms, namely 

vasodilation, sympathetic nervous system and chronic stress response, in order to unearth its 

clinical use as an antihypertensive agent. 

The use of transcriptomic analysis by next generation sequencing revealed many interesting 

biological interactions of geraniin, including the novel mitochondrial modulatory properties. 

Nevertheless, since the analysis was performed only on the liver specimen, it is unclear if 

geraniin also confers similar regulatory effect in other tissues, particularly those that are well-

implicated in MetS and obesity like the adipose tissues, skeletal muscles and pancreas. This 

should be carried out in future investigation. By studying the transcriptomes of multiple body 

tissues, the actual target of geraniin can be pinpointed; which will provide a more comprehensive 

insight into the overall effects of geraniin in MetS. Additionally, other high-throughput –omics 

techniques like proteomics and metabolomics are also exceedingly useful. Integrating datasets 

from several –omics analyses has become increasingly popular for the identification of metabolic 

pathways implicated in disease progression and drug response [413, 414]. Thus, a combinatory 

approach consisting of transcriptomics, proteomics and metabolomics can be utilized to 

understand and validate the molecular basis of geraniin and its metabolites in chronic metabolic 

diseases.  
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Finally, future research about geraniin in the aspect of MetS should elaborate its effect on 

mitochondrial biology such as the mitochondrial biogenesis, fusion and fission, dysfunction and 

selective degradation via mitophagy. This can be accomplished by examining the mitochondrial 

morphology, ATP output, ROS generation, key enzymes and transcription factors in mitophagy 

as well as mitonuclear protein stoichiometry. The outputs of these research tasks can provide a 

clearer picture of the affected phenotypes and pathways caused by geraniin that contribute to the 

consequent beneficial effects in MetS. By doing so, it is also probable to associate certain 

phenotypic changes of mitochondria to favorable outcomes in MetS, which will become a target 

pathway to improve the therapeutic strategy of the disease. More importantly, mitochondrial 

dynamics has been increasingly recognized as a modifiable factor in many degenerative diseases 

like aging, Alzheimer’s disease and Parkinson’s disease. Hence, understanding how geraniin 

affects the mitochondria may lay the foundation for its clinical application in the treatment of 

medical conditions other than obesity and MetS. 
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APPENDIX 

Appendix A: Assessment of the Purity and Identity of Isolated Geraniin 

Appendix A1: Purity and identity assessment with HPLC, LCMS and LCMS-MS 

 

Figure A1: HPLC chromatogram (A) of purified geraiin from the rind of Nephelium 

lappaceum which shows a purity of 95.95%. The identity of the isolated compound 

was tested with negative ionization mode LCMS (B) and LCMS-MS (C), both of which 

confirmed that the identity of geraniin based on the m/z ratios of the intact molecules 

and the fragmented derivatives.  
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Appendix A2: Identity confirmation with standard addition assay 

 

Figure A2: Standard addition assay of geraniin from the rind of Nephelium lappaceum 

using HPLC. The HPLC chromatograms of geraniin standard (A), purified geraniin (B) 

and purified geraniin spiked with geraniin standard (C) are illustrated. The observation 

that purified geraniin and geraniin standard share the same retention time suggests 

that they are the same compound. 
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Appendix A3: Identity confirmation with 1H-NMR 

 

Figure A3: 1H-NMR chemical shifts of geraniin from the rind of Nephelium lappaceum 

in comparison to published data by Gohar et al. (2003) [266]. 
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Appendix B: Procedures and Standard Curves of Biochemical Assays 

Appendix B1: Test procedure and standard curve of fasting plasma insulin 

Table B1: Components and assay procedure of Mercodia Ultrasensitive Rat Insulin 

ELISA kit. 

Mercodia 

Ultrasensitive 

Rat Insulin 

ELISA kit 

Materials and reagents provided: 

 96-well ELISA plate: Coated with mouse monoclonal anti-insulin 

antibodies 

 Calibrators 1-5: Recombinant rat insulin standard solutions from 

0.02 µg/L to 1.00 µg/L 

 Enzyme Conjugate 11x: Peroxidase conjugated mouse monoclonal 

anti-insulin antibodies  

 Enzyme Conjugate Buffer 

 Wash Buffer 21x 

 Substrate TMB: 3, 3’, 5, 5’ –tetramethylbenzidine in buffer 

 Stop Solution: 0.5M sulphuric acid 

Assay procedure: 

1. Prepare 1x solutions of Enzyme Conjugate and Wash Buffer. 

2. Pipette 25 µL each of Calibrators and samples into separate wells. 

3. Add 100 µL Enzyme Conjugate 1x solution into each well. 

4. Incubate the plate on a plate shaker (700-900 rpm) for 2 hours at 

room temperature.  

5. Discard the mixture by inverting the plate over a sink.  

6. Add 350 µL Wash Buffer 1x to each well. Discard the Wash 

Buffer and tap firmly several times against absorbent paper to 

remove excess liquid. Repeat this step 5 more times. 

7. Add 200 µL Substrate TMB into each well. 

8. Incubate 15 minutes at room temperature 

9. Add 50 µL Stop Solution to each well and mix evenly 

10. Read the absorbance at 450nm within 30 minutes. 

Based on the manufacturer’s kit insert, the lowest detection limit of the 

assay is 0.02 µg/L. The intra- and inter-assay variations are 2.5% and 

4.2% respectively. 
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Figure B1: Standard curve of insulin from 0.02 µg/L to 1.00 µg/L at 430 nm. Error bars 

indicate the standard deviation of the absorbance values.  
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Appendix B2: Test procedure and standard curve of HbA1c 

Table B2: Components and assay procedure of Rat Hemoglobin A1c kit. 

Rat 

Hemoglobin 

A1c kit 

Reagents provided: 

 Lysis Buffer 

 Reagent CC1a 

 Reagent CC1b 

 Reagent CC2 

 Calibrator 1:  Lyophilized HbA1c standard. Upon reconstitution in 

0.5 mL distilled water, the HbA1c % is 5.5%. 

 Calibrator 2: Lyophilized HbA1c standard. Upon reconstitution in 

0.5 mL distilled water, the HbA1c % is 11.0%. 

Assay procedure: 

The kit is an enzymatic assay in which lysed whole blood samples are 

subjected to extensive protease digestion to release amino acids 

including glycated valines from the hemoglobin beta chains. Glycated 

valines then serves as substrates for specific valine oxidase (FVO) 

enzymes. The FVO specifically cleaves N-terminal valines and 

produces hydrogen peroxide which can be measured using a 

horseradish peroxidase catalyzed reaction with a suitable chromogen.  

1. Transfer 62.5 µL of Lysis Buffer into separate microcentrifuge 

tubes  

2. Add 5 µL of whole blood samples and Calibrators 1 and 2 into 

each tube and mix well. 

3. Vortex the mixtures and incubate at room temperature for 10 

minutes to lyse the red blood cells completely. 

4. Add 112 µL of Reagent CC1a and 48 µL of Reagent CC1b into 

each well of a 96-well plate.  

5. Add 25 µL of the lysates of whole blood samples and Calibrators 

into each well and mix well. 

6. Place the plate in an incubator at 37oC and allow it to equilibrate to 

the temperature over 5 minutes. 

7. Measure the absorbance at 700nm (first reading). 

8. Add 70 µL of Reagent CC2 and mix well. 

9. Measure the absorbance at 700nm after 3 minutes at 37oC (second 

reading). 

10. Calculate the change in absorbance at 700nm using the following 

equation: 

Δ abs @700nm =  (Second reading – First reading) x 
185

255
 

11. Plot a standard curve with the change in absorbance against 

HbA1c% of Calibrators 1 and 2. 
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Based on the manufacturer’s kit insert, the linear range of the assay is 

3.5% to 13.0%. The intra-assay variation is <10%. 

 

 
Figure B2: Standard curve of glycated hemoglobin A1C from 5.5% to 11% at 700 nm. 

Error bars indicate the standard deviation of the absorbance values. HbA1c, glycated 

hemoglobin A1c. 
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Appendix B3: Test procedure and standard curve of triglycerides 

Table B3: Components and assay procedure of Randox TR1697 Triglycerides kit. 

Randox 

TR1697 

Triglycerides 

kit 

Materials and reagents provided: 

 Buffer R1a: 40 mmol/L Pipes buffer (pH 7.4), 5.4 mmol/L 4-

chlorophenol, 5 mmol/L magnesium ions, 1 mmol/L ATP, > 0.5 

U/mL peroxidase, > 0.4 U/mL glycerol kinase, > 1.5 U/mL 

glycerol-3-phosphate oxidase and 0.05% sodium azide 

 Enzyme Reagent R1b: 0.4 mmol/L 4-aminoantipyrine, > 150 

U/mL lipases and 0.05% sodium azide 

 Calibrator: Triglyceride standard solution at a concentration of 

2.16 mmol/L 

Assay procedure: 

1. Perform serial dilution to the Calibrator to prepare a set of 

standard solutions ranging from 0.27 mmol/L to 2.16 mmol/L.  

2. Mix 250 µL of Enzyme Reagent R1b with 15 mL of Buffer R1a 

to become Working Reagent R1. 

3. Transfer 1 mL of Working Reagent R1 into separate 

microcentrifuge tubes. 

4. Add 10 µL of plasma samples, blank (distilled water) and standard 

solutions into each tubes and mix well. 

5. Incubate the mixtures for 10 minutes at 25oC.  

6. Transfer 300 µL of the mixtures into different wells of a 96-well 

plate and measure the absorbance at 500nm. 

Based on the manufacturer’s kit insert, the linear range of the assay is 

up to 11.4 mmol/L.  

 

 
Figure B3: Standard curve of triglycerides from 0 mmol/L to 2.16 mmol/L at 500 nm. 

Error bars indicate the standard deviation of the absorbance values.   
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Appendix B4: Test procedure and standard curve of total cholesterols 

Table B4: Components and assay procedure of Randox CH200 Cholesterol kit. 

Randox 

CH200 

Cholesterol 

kit 

Materials and reagents provided: 

 Reagent R1: 80 mmol/L Pipes buffer (pH 6.8), 0.25 mmol/L 4-

aminoantipyrine, 6 mmol/L phenol, > 0.5 U/mL peroxidase, > 0.15 

U/mL cholesterol esterase, > 0.10 U/mL cholesterol oxidase and 

0.05% sodium azide 

 Calibrator: Cholesterol standard solution at a concentration of 5.33 

mmol/L 

Assay procedure: 

1. Perform serial dilution to the Calibrator to prepare a set of 

standard solutions ranging from 0.67 mmol/L to 5.33 mmol/L.  

2. Transfer 1 mL of Reagent R1 into separate microcentrifuge tubes. 

3. Add 10 µL of plasma samples, blank (distilled water) and standard 

solutions into each tubes and mix well. 

4. Incubate the mixtures for 10 minutes at 25oC.  

5. Transfer 300 µL of the mixtures into different wells of a 96-well 

plate and measure the absorbance at 500nm. 

Based on the manufacturer’s kit insert, the linear range of the assay is 

up to 17 mmol/L. The intra- and inter-assay variations are 1.99 % and 

4.28 % respectively. 

 

 
Figure B4: Standard curve of total cholesterols from 0 mmol/L to 5.33 mmol/L at 500 

nm. Error bars indicate the standard deviation of the absorbance values.  
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Appendix B5: Test procedure and standard curve of HDL-cholesterols 

Table B5: Components of Randox CH203 HDL-cholesterol Precipitant kit and the 

assay procedure of HDL-cholesterols. 

Randox 

CH203 HDL-

cholesterol 

Precipitant 

kit 

Materials and reagents provided: 

 Precipitation Reagent: 0.55 mmol/L phosphotungstic acid, 25 

mmol/L magnesium chloride  

Assay procedure: 

1. Perform serial dilution to the Calibrator from Appendix B4 to 

prepare a set of cholesterol standard solutions ranging from 0.67 

mmol/L to 5.33 mmol/L.  

2. Transfer 80 μL of Precipitation Reagent into separate 

microcentrifuge tubes. 

3. Add 40 µL of plasma samples, blank (distilled water) and standard 

solutions into each tubes and mix well. 

4. Incubate the mixtures for 10 minutes at 25oC.  

5. Centrifuge the tubes at 2000x g for 10 minutes. 

6. Retrieve 50 μL of clear supernatant and mix with 500 μL of 

Reagent R1 from Appendix B4 in new microcentrifuge tubes. 

7. Proceed to Steps 4 and 5 in Appendix B4 

 

 
Figure B5: Standard curve of HDL-cholesterols from 0 mmol/L to 5.33 mmol/L at 500 

nm. Error bars indicate the standard deviation of the absorbance values. HDL, high-

density lipoprotein.  
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Appendix B6: Standard curve of free fatty acids 

Table B6: Components and assay procedure of Randox FA115 Non-esterified Fatty 

Acids kit. 

Randox 

FA115 Non-

esterified 

Fatty Acids 

kit 

Materials and reagents provided: 

 Buffer R1a: 0.04 mmol/L phosphate buffer (pH 6.9), 3 mmol/L 

magnesium chloride and surfactant 

 Enzyme/Coenzymes R1b: > 0.3 U/mL acyl coenzyme A 

synthetase, > 1.5 U/mL ascorbate oxidase, 0.9 mmol/L coenzyme 

A, 5.0 mmol/L ATP and 1.5 mmol/L 4-aminoantipyrine  

 Enzyme Diluent R2a: 0.3% (w/v) phenoxyethanol and surfactant 

 Reagent R2b: 10.6 mmol/L maleimide 

 Enzyme Reagent R2c: > 10 U/mL acyl coenzyme A oxidase, 7.5 

U/mL peroxidase and 1.2 mmol/L TOOS 

 Calibrator: Non-esterified fatty acid standard solution at a 

concentration of 1.05 mmol/L 

Assay procedure: 

1. Reconstitute one vial of Enzyme/Coenzymes R1b with 10 mL of 

Buffer R1a to produce Reagent R1. 

2. Reconstitute one bottle of Reagent R2b with one bottle of Enzyme 

Diluent R2a, then transfer the mixture into one bottle of Enzyme 

Reagent R2c to produce Reagent R2. 

3. Perform serial dilution to the Calibrator to prepare a set of non-

esterified fatty acid standard solutions ranging from 0.13 mmol/L to 

1.05 mmol/L.  

4. Transfer 200 μL of Reagent R1 into separate microcentrifuge 

tubes. 

5. Add 10 µL of plasma samples, blank (distilled water) and standard 

solutions into each tubes and mix well. 

6. Incubate the mixtures for 5 minutes at 37oC.  

7. Add 400 µL of Reagent R2 into each tube. 

8. Incubate the mixtures for another 5 minutes at 37oC.  

9. Transfer 250 µL of the mixtures into different wells of a 96-well 

plate and measure the absorbance at 550nm. 

Based on the manufacturer’s kit insert, the linear range of the assay is 

up to 2.24 mmol/L. The intra-assay variation is 4.78 %. 
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Figure B6: Standard curve of free fatty acids from 0 mmol/L to 1.05 mmol/L at 500 

nm. Error bars indicate the standard deviation of the absorbance values.   
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Appendix B7: Standard curve of plasma sodium level 

 
Figure B7: Standard curve of sodium from 0 mg/L to 10 mg/L at 589 nm. Error bars 

indicate the standard deviation of the absorbance values.  

Appendix B8: Standard curve of plasma potassium level 

 
Figure B8: Standard curve of potassium from 0 mg/L to 10 mg/L at 766 nm. Error bars 

indicate the standard deviation of the absorbance values.  
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Appendix B9: Test procedure and standard curve of ORAC assay 

Table B7: Components and assay procedure of OxiSelectTM Oxygen Radical 

Antioxidant Capacity (ORAC) Activity Assay kit. 

OxiSelectTM 

Oxygen 

Radical 

Antioxidant 

Capacity 

(ORAC) 

Activity 

Assay kit 

Materials and reagents provided: 

 96-well microtiter plate: Clear bottom black 96-well plate 

 Fluorescein Probe 100x 

 Free Radical Initiator 

 Trolox Standard: 5mM Trolox standard solution 

 Assay Diluent 4x 

Assay procedure: 

1. Prepare 1x solution of Assay Diluent by diluting the 4x concentrate 

in deionized water. 

2. Prepare 1x solution of Fluorescein Probe by diluting the 100x 

concentrate in 1x Assay Diluent. 

3. Dilute plasma samples by 100-fold with Assay Diluent. 

4. Perform serial dilution to the Trolox Standard with Assay Diluent 

to prepare a set of standard solutions ranging from 6.25 µM to 50 

µM. 

5. Prepare Free Radical Initiator Solution at a concentration of 80 

mg/mL in 1x PBS right before use. 

6. Add 25 µL of the standard solutions, blank (Assay Diluent) and 

samples to separate wells of a 96-well microtiter plate. 

7. Add 150 µL of 1x Fluorescein Probe to each well and mix evenly. 

8. Incubate the plate for 30 minutes at 37oC. 

9. Add 25 µL of Free Radical Initiator Solution into each well and 

mix evenly. 

10. Read the fluorescent intensity at 37oC with an excitation 

wavelength of 480nm and an emission wavelength of 520nm every 

5 minutes for 60 minutes. 

11. Calculate the area under curve (AUC) of each well followed by a 

correction with the AUC of the blank. 

12. Construct the standard curve with the corrected AUC against the 

concentration of Trolox. 
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Figure B9: Standard curve of oxygen radical antioxidant capacity (ORAC) assay from 

6.25 µM Trolox to 50 µM Trolox. Error bars indicate the standard deviation of the 

corrected area under curve.  
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Appendix B10: Test procedure and standard curve of myeloperoxidase activity 

Table B8: Components and assay procedure of OxiSelectTM Myeloperoxidase 

Chlorination Activity Assay kit. 

OxiSelectTM 

Myeloperoxidase 

Chlorination 

Activity Assay 

kit 

Materials and reagents provided: 

 8.82 M Hydrogen Peroxide  

 Chromogen Probe 100x 

 Assay Buffer 5x 

 TCEP Reagent 100x 

 Stop Solution 500x 

Assay procedure: 

1. Prepare 1x solution of Assay Buffer by diluting the 5x 

concentrate in deionized water. 

2. Prepare 1mM Chromogen Working Solution by diluting the 

100x concentrates of Chromogen Probe and TCEP Reagent in 

1x Assay Buffer (e.g. add 50 µL of Chromogen Probe  and 50 

µL of TCEP Reagent to 4.9 mL of 1x Assay Buffer). Keep the 

working solution in dark and at 4oC. 

3. Prepare 1mM Hydrogen Peroxide in deionized water. 

4. Prepare 1x Stop Solution by diluting the 500x concentrate in 1x 

Assay Buffer 

5. Dilute the 1mM Chromogen Working Solution to 333 µM and 

perform serial dilution to the 333 µM Chromogen Working 

Solution with Assay Buffer to prepare a set of standard 

solutions ranging from 42 µM to 333 µM.  

6. Add 25 µL of the plasma samples to separate wells of a 96-well 

plate. 

7. Add 25 µL of 1mM Hydrogen Peroxide to each well and mix 

evenly. 

8. Incubate the plate for 60 minutes at room temperature. 

9. Add 50 µL of 1x Stop Solution to each well and mix evenly 

10. Incubate the plate for 10 minutes at room temperature. 

11. Add 50 µL of 1mM Chromogen Working Solution into each 

well and mix evenly. Incubate for another 10 minutes at room 

temperature. 

12. Transfer 150 µL of the standard solutions into new wells 

separately. 

13. Read the absorbance at 405nm. 
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Figure B10: Standard curve of myeloperoxidase activity assay from 0 nmol to 50 nmol 

chromogen standards. Error bars indicate the standard deviation of the absorbance 

values.  
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Appendix B11: Test procedure and standard curve of advanced glycation end 

products 

Table B9: Components and assay procedure of OxiSelectTM Advanced Glycation End 

Product ELISA kit. 

OxiSelectTM 

Advanced 

Glycation 

End Product 

ELISA kit 

Materials and reagents provided: 

 96-well Protein Binding Plate  

 Anti-AGE Antibody 1000x 

 Secondary Antibody 1000x 

 Assay Diluent  

 Wash Buffer 10x 

 Substrate Solution 

 Stop Solution 

 AGE-BSA Standard: AGE-BSA standard solution as a 

concentration of 1 mg/mL in PBS 

 AGE Conjugate: AGE conjugate at 1.0 mg/mL in PBS 

 Conjugate Diluent 100x 

Assay procedure: 

1. Prepare 1x solution of Conjugate Diluent by diluting the 100x 

concentrate in PBS. 

2. Dilute the 1mg/mL AGE Conjugate to 10 µg/mL in PBS. 

3. Mix 10 µg/mL AGE Conjugate and 1x Conjugate Diluent at 1:1 

ratio and transfer 100 µL of the mixture into separate wells of the 

96-well Protein Binding Plate. 

4. Incubate the plate overnight at 4oC. Remove the mixture and wash 

twice with 1x PBS. Blot the plate dry on paper towels and add 200 

µL of Assay Diluent to each well to block for 1 hour at room 

tempareture. Transfer the plate to 4oC and remover the Assay 

Diluent immediately before use.  

5. Prepare 1x solution of the Wash Buffer with deionized water. 

6. Prepare 1x solutions of Anti-AGE and Secondary Antibodies with 

Assay Diluent 

7. Perform serial dilution to the AGE-BSA Standard with Assay 

Diluent to prepare a set of standard solutions ranging from 3.13 

µg/mL to 100 µg/mL.  

8. Add 50 µL of the plasma samples, standard solutions and blank 

(Assay Diluent) to separate wells of the AGE Conjugate coated 

plate. 

9. Incubate at room temperature for 10 minutes on an orbital shaker 

(300 rpm).  

10. Add 50 µL of 1x Anti-AGE Antibody to each well and mix evenly. 
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11. Incubate the plate for 60 minutes at room temperature on an orbital 

shaker (300 rpm). 

12. Wash the wells thrice with 250 µL of 1x Wash Buffer and blot dry. 

13. Add 100 µL of 1x Secondary Antibody into each well and mix 

evenly. Incubate for another 60 minutes at room temperature on an 

orbital shaker (300 rpm). Wash the plate three times according to 

Step 12. 

14. Add 100 µL of Substrate Solution to each well. Incubate the plate 

for 10 minutes at room temperature on an orbital shaker (300 rpm). 

15. Add 100 µL of Stop Solution to each well.  

16. Read the absorbance at 450nm. 

 

 

Figure B11: Standard curve of advanced glycation end products from 0 µg/mL to 100 

µg/mL. Error bars indicate the standard deviation of the absorbance values.  
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Appendix B12: Standard curve of protein concentration 

 

Figure B12: Standard curve of protein concentration from 0 µg/mL to 100 µg/mL. Error 

bars indicate the standard deviation of the absorbance values.  

Appendix B13: Iron (II) sulphate standard curve of ferric reducing power (FRP) 

assay 

 
Figure B13: Standard curve of iron (II) sulphate from 0 mM to 1000 mM for FRP assay. 

Error bars indicate the standard deviation of the absorbance values.  
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Appendix B14: Standard curve of 2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS) assay 

 

Figure B14: Standard curve of ascorbic acid from 0 mM to 0.57 mM for ABTS assay. 

Error bars indicate the standard deviation of the absorbance values.   
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Appendix B15: Test procedure and standard curves of LEGENDplex Rat 

Inflammation Panel for cytokine profiling 

Table B10: Components and assay procedure of LEGENDplex Rat Inflammation 

Panel kit. 

LEGENDplex 

Rat 

Inflammation 

Panel kit 

Materials and reagents provided: 

 96-well V-bottom plate 

 Lyophilized Matrix C 

 SA-PE Reagent 

 Assay Buffer 

 Wash Buffer 20x 

 Lyophilized Standard Cocktail 

 Capture Beads 13x: Capture beads for IL-1β, IL-6, IL-10, IL-18 

and TNF-α 

 Detection Antibody  

Assay procedure: 

1. Prepare 1x solution of Wash Buffer with deionized water. 

2. Prepare 1x solution of Capture Bead Mixture with Assay Buffer. 

3. Reconstitute Matrix C in 10mL of Assay Buffer. 

4. Reconstitute the Standard Cocktail in 250 µL of Assay Buffer 

and perform 4-fold serial dilution to the Standard Cocktail to 

prepare a set of standard solutions up to 4096-fold dilution. 

5. Dilute plasma samples by 4-fold with Assay Buffer. 

6. Add 25 µL of diluted plasma samples, blank (Assay Buffer) and 

standard solutions to separate of the V-bottom plate. 

7. Add 25 µL of Matrix C to wells with blank and standard solutions. 

8. Add 25 µL of Assay Buffer to wells with plasma samples. 

9. Vortex the Capture Bead Mixture for 30 seconds and add 25 µL 

of the mixture to each well. 

10. Seal the plate with a plate sealer and cover the plate with aluminum 

foil. Incubate the plate on a plate shaker (300 rpm) for 2 hours at 

room temperature. 

11. Centrifuge the plate at 250x g for 5 minutes.  

12. Discard the supernatant and blot the plate dry on paper towel. 

13. Wash the plate with 200 µL of Wash Buffer. Shake the plate at 300 

rpm for 1 minutes and repeat Steps 11 and 12. 

14. Add 25 µL of Detection Antibody into each well. 

15. Seal the plate with a plate sealer and cover the plate with aluminum 

foil. Incubate the plate on a plate shaker (300 rpm) for 1 hour at 

room temperature. 

16. Add 25µL of SA-PE Reagent into each well. 
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17. Seal the plate with a plate sealer and cover the plate with aluminum 

foil. Incubate the plate on a plate shaker (300 rpm) for 30 minutes 

at room temperature. 

18. Repeat Steps 11 and 12. 

19. Add 150 µL of Wash Buffer into each well. Resuspend the beads 

by pipetting. 

20. Read the samples on a flow cytometer.  

Based on the manufacturer’s kit insert, the intra- and inter-assay 

variations are 9.3% and 9.7% respectively. 

 

Figure B15: Standard curve of interleukin-1β from 12.2 pg/mL to 50000 pg/mL 

expressed in log10 scale. Error bars indicate the standard deviation of the absorbance 

values.  
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Figure B16: Standard curve of interleukin-6 from 4.88 pg/mL to 20000 pg/mL 

expressed in log10 scale. Error bars indicate the standard deviation of the 

absorbance values.  

 

Figure B17: Standard curve of interleukin-10 from 4.88 pg/mL to 20000 pg/mL 

expressed in log10 scale. Error bars indicate the standard deviation of the 

absorbance values.  
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Figure B18: Standard curve of interleukin-18 from 12.2 pg/mL to 50000 pg/mL 

expressed in log10 scale. Error bars indicate the standard deviation of the 

absorbance values.  

 

Figure B19: Standard curve of tumor necrosis factor-α from 4.88 pg/mL to 20000 

pg/mL expressed in log10 scale. Error bars indicate the standard deviation of the 

absorbance values.   
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Appendix C: Quantitative polymerase chain reaction (qPCR) conditions 

and amplicon information 

Appendix C1: Quantitative PCR (qPCR) condition 

Table C1: Reaction mixture for qPCR of endogenous references and target genes. 

Reagents Volume per 

reaction (μL) 

Final 

concentration 

TransStart Tip Green qPCR 

SuperMix (2x concentrate) 

12.5 1x 

Forward primer (30 μM) 0.25 0.3 μM 

Reverse primer (30 μM) 0.25 0.3 μM 

cDNA template (0.05 μg/μL) 1.0 0.002 μg/μL 

Rnase-free water 11 - 

Total volume 25  

 

Table C2: Quantitative PCR condition of the endogenous reference and target genes. 

Target gene 
Initial 

denaturation 

Denaturation Annealing Elongation 
PCR efficiency 

(cycle for 35 times) 

Bac* 

94oC, 2 mins 94oC, 15 s 

48oC, 15 s 

72oC, 10s 

95.05% 

Hprt1* 47oC, 15 s 97.83% 

SdhA* 52oC, 15 s 92.54% 

RAGE 53oC, 15 s 109.96% 

esRAGE 58oC, 15 s 94.74% 

PPARα 66oC, 15 s 93.20% 

PPARγ 54oC, 15 s 86.41% 

Adh7 53oC, 15 s 101.55% 

Ddhd1 53oC, 15 s 85.17% 

* denotes endogenous reference genes 

Adh7, alcohol dehydrogenase 7; Bac, β-actin; Ddhd1, DDHD domain containing 1; Hprt1, 

hypoxanthine phosphoribosyltransferase 1; PPAR, peroxisome proliferator-activated receptor; 

RAGE, receptor for advanced glycation end product; SdhA, succinate dehydrogenase complex 

flavoprotein subunit A; esRAGE, endogenous secretory receptor for advanced glycation end 

product. 

 

  



Appendix 

xxviii | P a g e  
 

Appendix C2: Primers and amplicons of the endogenous reference and target 

genes 

Rattus norvegicus β-actin mRNA 

NCBI Reference Sequence: NM_031144.3 

        1 gtcgagtccg cgtccacccg cgagtacaac cttcttgcag ctcctccgtc gccggtccac 

       61 acccgccacc agttcgccat ggatgacgat atcgctgcgc tcgtcgtcga caacggctcc 

      121 ggcatgtgca aggccggctt cgcgggcgac gatgctcccc gggccgtctt cccctccatc 

      181 gtgggccgcc ctaggcacca gggtgtgatg gtgggtatgg gtcagaagga ctcctacgtg 

      241 ggcgacgagg cccagagcaa gagaggcatc ctgaccctga agtaccccat tgaacacggc 

      301 attgtcacca actgggacga tatggagaag atttggcacc acactttcta caatgagctg 

      361 cgtgtggccc ctgaggagca ccctgtgctg ctcaccgagg cccctctgaa ccctaaggcc 

      421 aaccgtgaaa agatgaccca gatcatgttt gagaccttca acaccccagc catgtacgta 

      481 gccatccagg ctgtgttgtc cctgtatgcc tctggtcgta ccactggcat tgtgatggac 

      541 tccggagacg gggtcaccca cactgtgccc atctatgagg gttacgcgct ccctcatgcc 

      601 atcctgcgtc tggacctggc tggccgggac ctgacagact acctcatgaa gatcctgacc 

      661 gagcgtggct acagcttcac caccacagct gagagggaaa tcgtgcgtga cattaaagag 

      721 aagctgtgct atgttgccct agacttcgag caagagatgg ccactgccgc atcctcttcc 

      781 tccctggaga agagctatga gctgcctgac ggtcaggtca tcactatcgg caatgagcgg 

      841 ttccgatgcc ccgaggctct cttccagcct tccttcctgg gtatggaatc ctgtggcatc 

      901 catgaaacta cattcaattc catcatgaag tgtgacgttg acatccgtaa agacctctat 

      961 gccaacacag tgctgtctgg tggcaccacc atgtacccag gcattgctga caggatgcag 

     1021 aaggagatta ctgccctggc tcctagcacc atgaagatca agatcattgc tcctcctgag 

     1081 cgcaagtact ctgtgtggat tggtggctct atcctggcct cactgtccac cttccagcag 

     1141 atgtggatca gcaagcagga gtacgatgag tccggcccct ccatcgtgca ccgcaaatgc 

     1201 ttctaggcgg actgttactg agctgcgttt tacacccttt ctttgacaaa acctaacttg 

     1261 cgcaaaaaaa aaaaaaaaaa aaaaaaaaaa aaa 

Figure C1: Rattus norvegicus Bac mRNA sequence (Accession number: 

NM_031144.3). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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Rattus norvegicus Hprt1 mRNA 

NCBI Reference Sequence: NM_012583.2 

        1 gcggtagcac ctcctccgcc agcttcctcc tcagaccgct tttcccgcga gccgaccggt 

       61 tctgtcatgt cgaccctcag tcccagcgtc gtgattagtg atgatgaacc aggttatgac 

      121 ctagatttat tttgcatacc taatcattat gctgaagatt tggaaaaggt gtttattcct 

      181 catggactga ttatggacag gactgaaaga cttgctcgag atgtcatgaa ggagatggga 

      241 ggccatcaca ttgtggccct ctgtgtgctg aaggggggct ataagttctt tgctgacctg 

      301 ctggattaca ttaaagcgct gaatagaaat agtgataggt ccattcctat gactgtagat 

      361 tttatcagac tgaagagcta ctgtaatgac cagtcaacgg gggacataaa agttattggt 

      421 ggagatgatc tctcaacttt aactggaaag aacgtcttga ttgttgaaga tataattgac 

      481 actggtaaaa caatgcagac tttgctttcc ttggtcaagc agtacagccc caaaatggtt 

      541 aaggttgcaa gcttgctggt gaaaaggacc tctcgaagtg ttggatacag gccagacttt 

      601 gttggatttg aaattccaga caagtttgtt gttggatatg cccttgacta taatgagcac 

      661 ttcagggatt tgaatcatgt ttgtgtcatc agcgaaagtg gaaaagccaa gtacaaagcc 

      721 taaaagacag cggcaagttg aatctacaag agtcctgttg atgtggccag taaagaacta 

      781 gcagacgttc tagtcctgtg gccatctact tagtaaagct tttgcatgaa ccttctatga 

      841 attttatggt ttttattttt agaaatgtct gttgctgcgt cccttttgat ttgcactatg 

      901 agcctgtagg cagcctaccg tcaggtagat tgtcacttcc cttgtgagac agacagatct 

      961 cttaaattac cactgttaaa taataatact gagattgtat ctgtaagaag gatttaaaaa 

     1021 gaagctgtat tagtttttta attggtattt taatttttat atattcagga gagaaagatg 

     1081 tgatattgtt aatttagaat agtctaaagc gctcagtttc atatcagtaa cagcatctaa 

     1141 gaggtttccc cagtggaata aacatgtttc agcagtgtga atcgttgtca accgttcctt 

     1201 ttaaatgcaa ataaatacat tctaaaaatt taaaaaaaaa aaaaaaaaaa aaaaaaaaaa 

Figure C2: Rattus norvegicus Hprt1 mRNA sequence (Accession number: 

NM_012583.2). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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xxx | P a g e  
 

Rattus norvegicus SdhA mRNA 

NCBI Reference Sequence: NM_130428.1 

        1 cgcaagcgca gtctatcgct gaggcttgcg ggaaggcaaa catggccggg gttggcgcag 

       61 tttcgagact tcttcgcggg cggcgcttgg ctctagctgg ggcgactcgt ggctttcact 

      121 tctctgttgg tgagagcaag aaggcatccg ctaaagtttc agacgcgatt tctacccagt 

      181 accccgtggt ggaccatgag tttgatgctg tggttgtagg tgcaggcggg gcaggcttgc 

      241 gagctgcatt cggcctttct gaggcaggct ttaacacggc atgccttaca aagctctttc 

      301 ctacccgctc acatactgtt gcagcacagg gaggtatcaa tgctgccctg gggaacatgg 

      361 aagaggacaa ctggagatgg catttctatg acaccgtgaa aggctctgac tggctggggg 

      421 atcaggatgc catccattac atgacagagc aagctcctgc ctccgtggtt gagctagaaa 

      481 attacggtat gccgtttagc aggactgaag atgggaggat ttatcagcgt gcatttggtg 

      541 gacagagcct caagttcggg aaaggcgggc aggcccatcg gtgttgctgt gtcgctgatc 

      601 ggacgggcca ctcactctta cacaccttgt atggacgatc tctgcggtat gacaccagtt 

      661 attttgtgga gtatttcgca ctggatcttc tgatggaaaa tggggagtgc cgtggtgtca 

      721 ttgcactgtg catagaagat gggtccatac accgaataag agcaaagaac actattattg 

      781 ctactggggg ctatgggcga acctacttca gctgtacttc tgcccacacc agcacagggg 

      841 acggcacagc catggtcact cgggctggtt taccttgcca ggacttagaa tttgttcagt 

      901 tccaccccac aggtatctat ggtgctggct gcctcatcac agaagggtgc cgtggagagg 

      961 gaggcattct catcaacagc caaggcgaaa ggttcatgga gagatatgcc cctgttgcca 

     1021 aggacctagc atcaagagat gttgtgtctc gatccatgac tctcgagatc cgtgaaggaa 

     1081 gaggctgtgg ccctgagaag gatcacgtct acctgcagtt gcaccatctg ccccctgagc 

     1141 agctggccac gcgtctgcct gggatctcag agacggccat gatcttcgcc ggcgtggatg 

     1201 tcaccaagga gcccattcca gtccttccca ctgtgcatta caacatgggc gggattccca 

     1261 ctaactacaa gggacaggtg ctgaagcacg tgaacggcca ggatcagatt gtgcctggtc 

     1321 tgtacgcctg tggggaggct gcctgcgcct cagtgcatgg tgccaaccgg cttggagcaa 

     1381 actctctttt ggaccttgtc gtctttggcc gagcctgtgc cctgagcatt gcagaatctt 

     1441 gcaggcctgg agataaagtt cctccgatta aggcaaatgc tggagaagag tcggttatga 

     1501 atcttgacaa gttgagattt gctgatggaa gtgtaagaac atcagagctg cgcctcagca 

     1561 tgcagaagtc gatgcagagc catgccgccg tgttccgtgt gggaagtgtg ctgcaagaag 

     1621 gctgtgaaaa agtcagccag ctctatggag acctacagca tctgaagacg tttgacaggg 

     1681 gaatggtctg gaacacagac ctggtggaga cgctggagct gcagaatctg atgctgtgcg 

     1741 cactgcagac catatatggt gcggaagcac ggaaggagtc acggggagct catgccaggg 

     1801 aagattacaa ggtgcggatt gatgagtatg attactccaa gcccatcgag ggccagcaga 

     1861 agaagccatt tgcggaacac tggaggaagc acaccctctc atatgtggac accaagactg 

     1921 ggaaggttac tttggattac agacctgtta ttgacaagac cttgaatgag gctgactgtg 

     1981 ctactgtacc tcctgctatc cgttcctact gaaaaacctg acagctacag gaccagctta 

     2041 tgtgattata catcatagct tacctaggtt tcctctcata ctcgtcttgt taaaaatctg 

     2101 ctctcatgaa caaggagtca cttcacagat tatgatcaac agcttggcag tacttgatgt 

     2161 gagggactcg agttgcacca ttgtctctca ttcttgtgca gtgataaact ggtataattc 

     2221 ttaaatgatg tacaaacgaa caatctttta tttctaaata aaaccacata gtatttg 

Figure C3: Rattus norvegicus SdhA mRNA sequence (Accession number: 

NM_130428.1). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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Rattus norvegicus RAGE mRNA 

NCBI Reference Sequence: NM_053336.2 

        1 agccacagta ggaagtgggg cagacagaac caggagcctg ggaaggaagc accatgccaa 

       61 cggggacagt agctagagcc tgggtactgg ttcttgctct gtggggagcc gtagctggtg 

      121 gtcagaacat cacagcccgg atcggagagc cacttatgct gagctgtaag ggggccccta 

      181 agaagccaac ccagaagcta gaatggaaac tgaacacagg aaggactgaa gcttggaagg 

      241 tcctctctcc ccagggagac ccctgggaca gtgtggctcg aatcctcccc aatggttcac 

      301 tcctccttcc agctatcgga attgtcgatg aggggacttt ccggtgtcgg gcaactaaca 

      361 ggcttgggaa ggaggtcaag tccaactacc gagtccgagt ctaccagatt cctgggaagc 

      421 cggaaattgt gaatcctgcc tctgaactca cagccaatgt ccctaataag gtggggacgt 

      481 gtgtgtctga ggggagctac cctgcaggga cccttagctg gcacttggat gggaaacctc 

      541 tgattcctga tggcaaaggg acagttgtga aggaggagac caggaggcac cctgagacgg 

      601 gactcttcac gcttcggtca gagctcacag tgaccccagc ccaaggaggg accactccta 

      661 cctattcctg cagcttcagc ctgggccttc ctcggcacag acccctgaac acagccccca 

      721 tccagccccg agtcagggag cccctgcctc cagagggcat tcagctgttg gttgagcctg 

      781 aaggtggaac agtcgctcct ggtgggaccg tgaccctgac ctgtgccatc tctgcccagc 

      841 ctccccctca aatccactgg ataaaagatg gcacacccct gccccttgcc cccagccctg 

      901 tgctgctcct ccctgaggta gggcatgagg atgagggcat ctacagctgc gtggccaccc 

      961 accctagcca tggacctcag gaaagccctc ctgtcaacat cagggtcaca gaaaccggtg 

     1021 atgaaggaca agctgcaggc tctgtggatg ggtctgggct gggaacgcta gccctggcct 

     1081 tagggatcct gggaggcctg ggaatagccg ctctgctcat tggggccatc ctgtggcgaa 

     1141 aacgacaacc cagactcgag gagaggaagg ccccagaaag ccaggaggac gaggaggaac 

     1201 gtgcagagct gaatcagtca gaggaagcgg aaatgccaga gaatggtgca gggggacctt 

     1261 aagagcgccc aggcaaaccc tgtctccttc agcttccgac ctcagctgtg ctggctccag 

     1321 acgagctccc ccactctacg atcccaattc aacctcgagc cactttcttc tccaaccaga 

     1381 gcccacatga tccatgctga gtaaacacct gacacatgtt aaaaaaaaaa aaaaaaaaaa 

     1441 aaa 

Figure C4: Rattus norvegicus RAGE mRNA sequence (Accession number: 

NM_053336.2). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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xxxii | P a g e  
 

Rattus norvegicus esRAGE mRNA 

NCBI Reference Sequence: GU164718.1 

        1 agcctgggaa ggaagcacca tgccaacggg gacagtagct agagcctggg tactggttct 

       61 tgctctgtgg ggtgagctat tcccaacccc accaactctc cccatcagct gccctgctcc 

      121 catcccccca ggacctcttc tccctagaaa taccccctcc tgcccctgag actgggcacc 

      181 acttcccaaa aacccaaacc taccctgccc tacacccacc agccctgcct ctctctcccc 

      241 ttccaccctt ctacaatgat gttaccaccc aggagccgta gctggtggtc agaacatcac 

      301 agcccggatc ggagagccac ttatgctgag ctgtaagggg gcccctagga agccaaccca 

      361 gaagctagaa tggaaactga acacaggaag gactgaagct tggaaggtcc tctctcccca 

      421 gggagacccc tgggacagtg tggctcgaat cctccccaat ggttcactcc tccttccagc 

      481 tatcggaatt gtcgatgagg ggactttccg gtgtcgggca actaacaggc ttgggaagga 

      541 ggtcaagtcc aactaccgag tccgagtcta ccgtaagggt tccaggccgt ggctaagtca 

      601 ctttgcattt aacaaaaagc cttcatttac agcctccccc tcaaatccac tggataaaag 

      661 atggcacacc cctgcccctt gcccccagcc ctgtgctgct cctccctggg gtagggcatg 

      721 aggatgaggg catctacagc tgcgtggcca cccaccctag ccatggacct caggaaagcc 

      781 ctcctgtcaa catcagggtc acagaaaccg gtgatgaagg acaagctgca ggctctgtgg 

      841 atgggtctgg gctgggaacg ctagccctgg ccttagggat cctgggaggc ctgggaatag 

      901 ccgctctgct cattggggcc atcctgtggc gaaaacgaca acccagactc gaggagagga 

      961 aggccccaga aagccaggag gacgaggagg aacgtgcaga gctgaatcag tcagaggaag 

     1021 cggaaatgcc agagaatggt gcagggggac cttaagagcg cccaggcaaa ccctgtctcc 

     1081 ttcagcttcc gacctcagct gtgctggctc cagacgagct cccccactct acgatcccaa 

     1141 ttcaacctcg agccactttc ttctccaacc agagcccaca tgat 

Figure C5: Rattus norvegicus esRAGE mRNA sequence (Accession number: 

GU164718.1). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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Rattus norvegicus PPARα mRNA 

NCBI Reference Sequence: NM_013196.1 

        1 cgaactgtcc gctacttcga gtccccttga gcgccgtgtg ccggctctga acattggcgt 

       61 tcgcagctgt tttgtgggct ggagggttcg tggagtcctg gaactgaagc gacgctgggt 

      121 cctctggttg tccccttgag ggagggcaca cgagcgggga catcggggcg ctcccttccc 

      181 acagcgtggt gcatttgggc gtaactcacc gggaggcgtt tcctgagacc ctcggggatc 

      241 ttagaggcga gccaagactg aagttcaagg ccctgccttc cctgtgaact gacatttgtg 

      301 actggtcaag ctcaggacac aagacgttgt catcacagat tggtgctctg tggcccgcct 

      361 ggccacaacc attcaacatg gtggacacag agagccccat ctgtcctctc tccccacttg 

      421 aagcagatga cctggaaagt cccttatctg aagaattctt acaagagatg ggaaacattc 

      481 aagagatttc tcagtccctc ggagaggaga gttccggaag ctttagtttt gcggactacc 

      541 agtacttagg gagctgtcca ggctcggagg gctctgtcat cacagacacc ctctctccag 

      601 cttccagccc ctcctcagtc agctgccctg ctgtccccac cagtacagat gagtcccctg 

      661 gcaatgcact gaacatcgag tgtcgaatat gtggggacaa ggcctcagga taccactatg 

      721 gagtccacgc atgtgaaggc tgcaagggct tctttcggcg aactattcgg ctaaagctgg 

      781 cgtacgacaa gtgtgatcga agctgcaaga ttcagaaaaa gaaccggaac aaatgccagt 

      841 actgccgttt ccacaagtgc ctgtccgtcg ggatgtcaca caatgcaatc cgttttggaa 

      901 gaatgccaag atctgagaaa gcaaaactga aggcagaaat ccttacctgt gaacacgatc 

      961 tgaaagattc ggaaactgca gacctcaaat ctctggccaa gagaatccac gaagcctacc 

     1021 tgaagaactt caacatgaac aaggtcaagg cccgggtcat actcgcagga aagactagca 

     1081 acaatccgcc ttttgtcata catgacatgg agaccttgtg catggctgag aagacgcttg 

     1141 tggccaagat ggtagccaac ggcgttgaaa acaaggaggc agaggtccga ttcttccact 

     1201 gctgccagtg catgtccgtg gagaccgtca ccgagctcac ggaatttgcc aaggctatcc 

     1261 caggctttgc aaacttggac ttgaatgacc aggttacctt gctgaagtac ggtgtgtatg 

     1321 aagccatctt cacgatgctg tcctccttga tgaacaaaga cgggatgctg atcgcgtacg 

     1381 gcaatggctt catcacccga gagttcctaa agaacctgag gaagccattc tgcgacatca 

     1441 tggaacccaa gtttgacttc gctatgaagt tcaatgccct cgaactggat gacagtgaca 

     1501 tttccctttt tgtggctgct ataatttgct gtggagatcg gcctggcctt ctaaacatag 

     1561 gatacattga gaagttgcag gaggggattg tgcacgtgct caagctccac ctgcagagca 

     1621 accatccgga tgataccttt ctcttcccaa aactccttca aaaaatggtg gacctccggc 

     1681 agctggtcac ggagcatgcg cagctcgtgc aggtcatcaa gaagaccgag tcagacgcgg 

     1741 cgttgcaccc actgttgcaa gagatctaca gagacatgta ctgatttttc ctgagatggt 

     1801 aggccgttgc cactgttcag ggacctctga ggtctgcggc cccatacagg agagcaggga 

     1861 tttgcacaga tggcctccct ccttaccctt ggagatgaag agggctgagc ctaggcaatg 

     1921 caggctcctc ccacatcctt actttctgaa tgagcacttc taagacttcc tgctactgaa 

     1981 atggtggtga tcagaggcta gtaggattca gacaattaca gg 

Figure C6: Rattus norvegicus PPARα mRNA sequence (Accession number: 

NM_013196.1). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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Rattus norvegicus PPARγ mRNA 

NCBI Reference Sequence: NM_013124.3 

        1 gcctttttcc tttaaccaac cgatctttta caagacacag acaaaacatc agtgggaatt 

       61 aaggcaaatc tctgttttat gctgttatgg gtgaaactct gggagatcct cctgttgacc 

      121 cagagcatgg tgccttcgct gatgcactgc ctatgagcac ttcacaagaa attaccatgg 

      181 ttgacacaga gatgccattc tggcccacca acttcggaat cagctctgtg gacctctctg 

      241 tgatggatga ccactcccat tcctttgaca tcaaaccctt taccacggtt gatttctcca 

      301 gcatttctgc tccacactat gaagacatcc cgttcacaag agctgaccca atggttgctg 

      361 attacaaata tgacctgaag ctccaagaat accaaagtgc gatcaaagta gagcctgcgt 

      421 ccccgcctta ttattctgaa aaaacccaac tctacaacag gccacatgaa gagccttcaa 

      481 actccctcat ggccatcgag tgccgagtct gtggggataa agcatcaggc ttccactatg 

      541 gagtccatgc ttgtgaagga tgcaagggtt ttttccgaag aaccatccga ttgaagctta 

      601 tttatgatag gtgtgatctt aactgtcgga tccacaaaaa gagtagaaat aaatgtcagt 

      661 actgtcggtt tcagaagtgc cttgctgtgg ggatgtctca caatgccatc aggtttgggc 

      721 gaatgccaca ggccgagaag gagaagctgt tggcggagat ctccagtgat atcgaccagc 

      781 tgaacccaga gtctgctgat ctgcgagccc tggcaaagca tttgtatgac tcatacataa 

      841 agtccttccc gctgaccaaa gccaaggcga gggcgatctt gacaggaaag acaacagaca 

      901 aatcaccatt tgtcatctac gacatgaatt ccttaatgat gggagaagac aaaatcaagt 

      961 tcaaacatat cacccccctg caggagcaga gcaaagaggt ggccatccgc atttttcaag 

     1021 ggtgccagtt tcgatccgtg gaagctgtgc aagagatcac agagtatgcc aaaaatatcc 

     1081 ctggtttcat taaccttgac ttgaatgacc aagtgactct gctcaagtat ggtgtccatg 

     1141 agatcatcta caccatgctg gcctccctga tgaataaaga tggagtcctc atatcagagg 

     1201 gacaaggatt catgaccagg gagttcctca aaagcctgcg gaagcccttt ggtgacttta 

     1261 tggagcctaa gtttgagttt gctgtgaagt tcaatgcact ggaattagat gacagtgact 

     1321 tggccatatt tatagctgtc attattctca gtggagaccg cccaggcttg ctgaacgtga 

     1381 agcccatcga ggacatccaa gacaacctgc tgcaggccct ggaactccag ctgaagctga 

     1441 accacccgga gtcctcccag ctgttcgcca aggtgctcca gaagatgaca gacctcaggc 

     1501 agattgtcac agagcacgtg cagctactgc atgtgatcaa gaagacggag acagatatga 

     1561 gccttcaccc tctgctccag gagatctaca aggacttgta ttagcagaaa agtcccagtc 

     1621 gctgacaaag tgttccttct atcgattgca ctattatttt gaggggaaaa aaatctgaca 

     1681 cctaagaaat ttactgtgaa aaaagcattt aaaaacaaaa agttttagaa catgatctat 

     1741 tttatgcata ttgtttataa agatacattt acaatttact tttaatatta aaaattacca 

     1801 cacta 

Figure C7: Rattus norvegicus PPARγ mRNA sequence (Accession number: 

NM_013124.3). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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Rattus norvegicus Adh7 mRNA 

NCBI Reference Sequence: NM_134329.1 

        1 ccgtgcgtca gtcagaacac gttcctgttt gcagaccaca aacccaggaa agccaggatg 

       61 gacactgctg gaaaagttat taagtgcaaa gcagctgtcc tatgggggac gaaccagccc 

      121 ttctccattg aggacattga agtggcccca ccaaaggcta aggaagttcg tgttaagatt 

      181 ttggccacgg gaatctgtgg cacagatgac cacgtgatca agggaacgat ggtgtctaag 

      241 ttcccagtga ttgtgggaca cgaagcagtt gggattgtgg agagtgttgg agaagaggtc 

      301 actacagtga gaccaggtga caaagtgatc cccctctttc taccacagtg tagagaatgc 

      361 aacccctgcc gcaacccgga ggaaaatctc tgcattagga gcgacctgac aggccgtgga 

      421 gtattggctg acggcacgac caggttcaca tgcaagggca aaccagtcca gcactttatg 

      481 aacaccagca ccttcactga gtacacggtc ctggatgaat cctccgtagc taagattgat 

      541 gccgaggctc ctcccgagaa agcctgcttg attggctgtg gattttccac tggttatggg 

      601 gctgctgtta aaactgccaa ggtcagccct ggctccacct gtgctgtgtt tggcctggga 

      661 ggagttggcc tgtcagtcgt catgggctgt aaagcggccg gcgcctcccg gatcatcgga 

      721 attgacatca acaaggacaa atttcagaaa gccctggatg taggggccac agagtgtatc 

      781 aatcccaggg acttcaccaa gcccatcagt gaggtgctgt cagacatgac aggcaacact 

      841 gtccagtata cttttgaagt tatcgggcgc cttgagacca tggttgatgc cctctcatct 

      901 tgccatatga actatgggac cagcgtggtg gtcggggctc ctccgtcagc caagatgctc 

      961 agctatgacc caatgctgct tttcactgga cggacatgga agggctgcgt ctttggtggt 

     1021 tggaagagca gagatgatgt tcccaaattg gtgactgaat tcctggaaaa gaaatttgac 

     1081 ctgggccagt tgataaccca caccttgcct tttcataaca tcagtgaagg atttgaattg 

     1141 ctttattcag ggcaaagcat tcggactgtc ctgacatttt gagatccaga gagctgggtg 

     1201 ttctgtgctg ggcgaccgtg acctgaagcc ttgttcctga cagtgttctc tgatatcacg 

     1261 agtctgtctc agaaatgcca tgcagaggcc aggttgggga caagagagag aagctctaca 

     1321 gaggtttata aaccttcata tgtttagttt accgggtgcc tagcattagc agagaacagt 

     1381 aagagtaaat gttctagtct gcgttttcct aagacgataa ttctacactt cataagcata 

     1441 tacttggggt tccaatttgt tggaagaggg actgttttcc agaattttac cacaagttgt 

     1501 tgttacttaa aaacagacaa agcatgtcga gagatgtaga gaatacattt ttcaagagat 

     1561 ccccaccaaa gccacccgag ctctcattct gtttttcaac agaaacactt ttaaaaatgt 

     1621 tataaattaa cttgaattag attgtgaaat tgcacacata acttgattag attaagaaag 

     1681 aaagttggga aatttaaggg aagggcacgt tttttaatga ttaactttga aaattatcgt 

     1741 tatgtaattt agtgacatgg gggaagcaca tctgtgcctg gggatatcgt cagcgtttat 

     1801 taatataaag cacttttaca gtagcgatta cagatgaacc atagatataa ccacattggg 

     1861 atatttatga tattaaggtt aataaagtag aatgacaagt ccttaagggc atagtagtaa 

     1921 ctccatttaa catgaagatt attctcagat tgctttaact acaccagcct gtatctgcat 

     1981 ctgtctgtgg acatgtacac acacgtaata ttcattaaat tttcattgtg gtaaaagaaa 

     2041 aaaaaaaa 

Figure C8: Rattus norvegicus Adh7 mRNA sequence (Accession number: 

NM_134329.1). Forward and reverse primers are highlighted in grey and indicated by 

the forward and backward arrows respectively.  
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Rattus norvegicus Ddhd1 mRNA 

NCBI Reference Sequence: NM_001033066.1 

        1 gaaagattat aaagtccggg cccagagggc ggcggcatcg gatgcgcgtg tggcggaagc 

       61 gccggcggca tgaactaccc cggccgcggc gccccacgga gccccgagcg taacggccgc 

      121 ggcggcggtg cctgggagct aggctcggac gcggcgggcg tgttcggtgg cggcggctgc 

      181 tgcttcgagc accagccggg tgacggcgtg ccgctgtcac tgctgcgcgc ggagccgctg 

      241 cacctggcac cgggcgcgga cgacttgagc cacctggctc tggacccgtg cctcagcgac 

      301 gagaactacg acttcagctc ggccgagtcg ggttcgtcgc tgcgctacta cagcgagggc 

      361 gagagcgcgg gcggcggtag ctcttcttcg cctccgccgc cgctggtcgc tccgaactcg 

      421 gggggcggcg gggcagcggg agggggaccc ggtgacagga agcgctcccg gccgggcggc 

      481 tgcgccgctc ggcaccgcta cgaggtagtg acggagctgg gccccgagga ggtgcgctgg 

      541 ttctacaagg aagacaagaa gacctggaag cccttcatcg gctacgactc tctgcgcatt 

      601 gagctcgcct tccggagcct cctgcagacg acgggctctc gtgcccggtc ggcggaccgc 

      661 gatggagacc gggtgtgcgg cccaacctct agcttcaggg aggacgacga ggaccgcgcc 

      721 tgcggcttct gcccgcgcgc ggtggggcct gagccggaga tggaggagct ggtgaccatc 

      781 gagcccgtgt gcgtgcgcgg cggcctctac gaggtggatg tcactcaagg agagtgctac 

      841 ccggtatact ggaaccaggc cgataaaata ccagtgatgc gtggacagtg gtttatcgat 

      901 ggcacttggc aacctctgga ggaagaagag agtaacttaa ttgagcaaga acatctcagt 

      961 tgttttaggg gtcagcagat gcaagagaat tttgatattg aaatgtccaa atccatcgat 

     1021 ggaaaagacg ctgttcatag tttcaaactg agtcggaacc acgtggactg gcacagcatg 

     1081 gacgaggtct atctctacag tgacgcaaca acttccaaaa ttgcaagaac tgttacccag 

     1141 aaactggggt tttctaaagc ctccagcagt gggaccagac ttcacagagg ctacgtagaa 

     1201 gaagccacac tagaagacaa gccatcgcaa acttctcata ttgtgtttgt tgtgcacggc 

     1261 attggacaga agatggacca aggaagaatc atcaaaaaca cagccatgat gagagaggct 

     1321 gcaaggaaaa tagaagaaaa gcattttgcc aaccacgcaa cacacgttga gtttctacct 

     1381 gtggagtggc gatcgaagct tactcttgat ggagacactg ttgactccat cactcctgac 

     1441 aaggtgcggg gcctgaggga catgctcaac agcagcgcca tggacatcat gtactacacc 

     1501 agcccgctct acagggatga gctagttaaa ggccttcagc aagagctgaa tcgattatat 

     1561 tcccttttct gttcccggaa tccagacttt gaagagaaag ggggtaaagt ctcaatagtg 

     1621 tcccattcct tggggtgtgt aatcacttat gacatcatga tgggctggaa tccagttcga 

     1681 ctttatgagc agctgctgca gaaggaggag gagctgcctg acgagcggtg gatgagctac 

     1741 gaagagcggc atcttcttga tgagctctat atcactaaac ggcggctgag ggaaattgaa 

     1801 gatcggctgc atggattgaa ggcgccatcc ggctcacaaa cacctgcctt aaagtttaag 

     1861 gttgagaatt tcttctgtat gggatctccg ctagcagttt ttttagcatt acgcggcatc 

     1921 cgaccaggaa ataccggaag tcaagaccac attttaccta gagagatctg taaccgctta 

     1981 ctaaatattt ttcatcctac agacccagtg gcctacagat tagagccatt gattctgaaa 

     2041 cactacagca acatttctcc agtccagatc cactggtaca acacttcgaa ccctctacct 

     2101 tatgagcata tgaagccaaa ctttctcaac ccagcaaaag agcctacctc agcttcagag 

     2161 agtgagaaca tcgcagctat cccgagccct gtaacctccc cagtcttatc tcggcgccac 

     2221 tatggggaat ccataactaa cattggcaaa gcgagcatac tgggggctgc tagcattgga 

     2281 aaggggcttg gaggaatgtt gttctcaagg ttcggacggt cctccacacc acagccgtcg 

     2341 gagccatcta aggactcagc ggaagaggag aagaagcctg tctcttcacc ctccaccacc 

     2401 accgtggcca cgcagaccct gccgcacagc agctccggct tcctcgactc tgcattggaa 

     2461 ctggagcaca ggatcgactt cgaactcaga gaaggccttg tggagagccg ctattggtca 

     2521 gccgtcacgt cgcacactgc ctattggtca tccttggatg tcgctctttt tcttttaaca 

     2581 ttcatgtaca agcacgagca tgacagcgag gcaaagacca gcctagattc aatctgaact 

     2641 ctggacggat atgaatggcc caaaactttt ctgttaaaaa atgtgtcaag acatggagat 

     2701 tccaaggttc cggttttgtt aagggcaaga aatattttaa tttaaaagca ctttatttta 

     2761 tttttaaaag agaaaaaaac cacattttca gttctaaagg agttatttat gtttctgtca 

     2821 ttttgattga gtctagcaga gcccctgcag agaatcacca gagtggagtg tggtgggctt 

     2881 aggtgaactg catgaaggca gccatcacaa cccagttctc cagaggagcc taacgtaacg 

     2941 tattaaccaa aaggcgttac agcgctgacg tgcctgaagg ccagtccact ctgcaaagac 
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     3001 tacaaggggg catcgtggct tctcgattct gcaaaggctt ctgtgcccac agttcctttg 

     3061 aaagaagagt atagcagatt ttaaatgtcc taaatttaac ttgttttgaa aagctaatgc 

     3121 taaaaagcaa tatttgaact actgtactta taatttatca tccctactta cttcagtgca 

     3181 ggaaacatgc ttaatgtctc ttttgccaca tctactctgt atcatgttga ggctcctttt 

     3241 tctcaaaact ccatctttgt aaatgagtag ctgatcctgt ggcgtaattt cagggggtct 

     3301 ggggggttgg gttttgtttt tttgtttttg tttttttggt tttttggggt tttttttttg 

     3361 ttttggtttt ttttttgttt tatttttcat taaaaacatg gtttcacaaa aaaaaaaaaa 

     3421 aaaaaaaaaa aa 

Figure C9: Rattus norvegicus Ddhd1 mRNA sequence (Accession number: 

NM_001033066.1). Forward and reverse primers are highlighted in grey and indicated 

by the forward and backward arrows respectively.  

Appendix C3: Agarose gel electrophoresis of qPCR products 

 

Figure C10: Agarose gel image of the qPCR products of endogenous references and 

target genes. The samples were run on a 2% agarose gel (1x TBE buffer) at 75V for 

40 minutes. Adh7, alcohol dehydrogenase 7; Bac, β-actin; Ddhd1, DDHD domain 

containing 1; Hprt1, hypoxanthine phosphoribosyltransferase 1; PPAR, peroxisome 

proliferator-activated receptor; RAGE, receptor for advanced glycation end product; 

SdhA, succinate dehydrogenase complex flavoprotein subunit A; esRAGE, 

endogenous secretory receptor for advanced glycation end product. 
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Appendix D: Metadata of the hepatic RNA samples for transcriptomic 

analysis by next generation sequencing 

Appendix D1: Purity, quality and integrity of the total RNA samples 

Table D1: Concentration, purity and integrity of the total RNA samples prior to library 

preparation and sequencing. 

Sample 

Identity 

Concentration 

(ng/μL) 
Abs 260/280 Abs 260/230 

RNA integrity 

number 

Control diet 1 868 1.99 2.14 6.8 

Control diet 2 782 2.06 2.11 6.4 

Control diet 3 944 2.06 2.18 6.7 

Control diet 4 654 2.00 2.12 7.2 

Control diet 5 1292 2.04 2.15 5.5 

High-fat diet 1 836 2.06 2.14 4.8 

High-fat diet 2 968 2.04 2.15 4.8 

High-fat diet 3 970 2.11 2.19 4.0 

High-fat diet 4 1204 2.09 2.21 6.5 

High-fat diet 5 1158 2.08 2.18 6.7 

Geraniin 1 1030 2.07 2.16 5.1 

Geraniin 2 861 2.06 2.18 6.0 

Geraniin 3 1110 2.08 2.12 5.9 

Geraniin 4 850 2.06 2.05 7.5 

Geraniin 5 990 2.00 2.12 6.8 

Appendix D2: Agarose gel electrophoresis of the total RNA samples 

 
Figure D1: Agarose gel image of the hepatic RNA samples. The two clear bands are 

18S (1.9 kb) and 28S (4.7 kb) rRNA. The samples were run in a 1% agarose gel (0.5x 

TBE buffer) at 180V for 16 minutes. CD, control diet; HFD, high-fat diet. 
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Appendix E: Published or submitted manuscripts  

Appendix E1: Purified ingredient-based high-fat diet is superior to chow-based 

equivalent in the induction of metabolic syndrome 
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Appendix E2: The ameliorative effects of a tocotrienol-rich fraction on the AGE-

RAGE axis and hypertension in high-fat-diet-fed rats with metabolic syndrome 
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Appendix F: Permission to reuse copyright content  

Appendix F1: Permission to reuse content entitled “Ellagitannin geraniin: a 

review of the natural sources, biosynthesis, pharmacokinetics and biological 

effects” 
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ADDENDUM  

Responses to Professor Yeo Chew Chieng’s comments  

Abstract 

1. Please rephrase the sentence to clarify the statement “Compared to high-fat diet, high-

fat-high-sucrose diet performed better among the adult rats but merely caused 

increased weight gain and hypertension”. What is meant by “performed better” in 

this context? 

The term “performed better” refers to the efficiency of metabolic syndrome induction by 

using the diets enriched with different high-caloric macronutrients. To avoid confusion, the 

sentence has been modified to “Compared to high-fat diet, high-fat-high-sucrose diet 

performed better in terms of metabolic syndrome induction among the adult rats but merely 

caused increased weight gain and hypertension.” 

2. Add “...genes” to the end of “peroxisome proliferator-activated receptors (PPAR) α 

and γ...”; likewise in lines 27 and 28, you need to add “...genes” at the end of the 

italicized names (RAGE and esRAGE) 

The word “genes” has been added accordingly at the respective sentences.  

3. Please explain why this particular dosage (25 mg/kg) was chosen. Also, please state 

how long was the treatment and when the ameliorative effects were observed 

following treatment. 

The dosage (25 mg/kg/day) was selected based on a pilot study that used a range of geraniin 

concentrations from 12.5 to 100 mg/kg/day. We found no increase in the treatment effects 

based on simple tests like fasting blood glucose, blood pressure and fasting insulin levels 

beyond a daily dosage of 25 mg/kg and thus, the dosage was chosen for more in-depth 

investigation of its metabolic effects and underlying mechanisms. The rationale for the 

selection of dosages used in the study has been outlined in Table 3.1 (page 86). The duration 

of the oral administration was four weeks. Most of the treatment effects, except for certain 

measurements like body weight, blood pressure and oral glucose tolerance test, were 

measured at the end of the experiment. The aforementioned information has been added to 

the Abstract as shown in the following sentences, “Treatment with geraniin at a daily 

dosage of 25 mg/kg for four weeks via oral administration (dosage selected based on a 

pilot study) exhibited remarkable ameliorative effects against multiple metabolic 

abnormalities. At the end of the four-week treatment, geraniin was found to reduce the 
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central adiposity, systolic and diastolic blood pressure, fasting blood glucose, circulating 

triglycerides and non-HDL cholesterols besides lowering the severity of hepatic steatosis. 

Chapter 1 

4. Section 1.1: I would add in a more cautionary phrase, "...particularly in the developed 

world" as undernutrition, starvation, and infectious diseases are still issues at large 

in the less developed world. 

The phrase, “…particularly in developed and developing countries”, has been added (page 

2, Section 1.1). 

5. Please cite the relevant reference(s) in which the term adiposopathy" was used. 

An existing citation (Bays 2009 Am. J. Med., 122: S26-S37) [61] has been added to indicate 

the use of “adiposopathy” (page 9, paragraph 1, last line). 

6. Page 12, line 13: “...associated with...”, and not “...associated to...” 

The use of “…associated to…” has been changed to “…associated with…” (page 9, 

paragraph 2, line 13). 

7. Page 28, end of paragraph 1: “...which will be discussed in...”, and not “...which will 

be discussion in...” 

The word “discussion” has been corrected to “discussed” (page 21, paragraph 2, last line). 

8. Page 32, paragraph 2, lines 4 – 5: “These issues have created a great deal...”, and not 

“These issues create in a great deal...” 

The incorrect phrase “These issues create in a great deal…” has been corrected to “These 

issues have created a great deal…” (page 24, paragraph 2, line 5). 

9. Page 73, paragraph 1, line 6: “....there is only one study reporting that the 

treatment...", and not “...one study reported that treatment...”; line 10: “"...in terms 

of the metabolic effects..." (missing "of" in the sentence) 

The word “reported” has been corrected to “reporting”; “of” has been added as suggested 

(page 63, Section 1.5.1, line 4). 

10. Page 75, end of paragraph 2: “...to tackle MetS”, and not, “...to tackle of MetS” (delete 

“of”) 

The prepositions “of” has been removed (page 65, paragraph 3, last line). 

Chapter 3 

11. Page 100: Figure 3.2 is suggested to be converted into a colour figure to ensure clarity 

for the different groups that were plotted onto the graph. 

Figure 3.2 has been changed to a coloured figure (page 89). 
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12. Page 105-106, Figures 3.6 and 3.7 are also suggested to be coloured; likewise for 

Figure 3.11 (A) and (B), page 110. 

Figures 3.6, 3.7 and 3.11 (A) and (B) have been changed to coloured figures (pages 95, 96 

and 100). 

13. Page 119, paragraph 3, line 5: As pointed out in "a certain study" or "certain studies"? 

Please provide the relevant citations to this study or these studies. 

The sentence has been changed to “As pointed out in a previous study,…” and the relevant 

citation (Spigoni et al. 2016 Molecules, 21:1009) [255] has been added (page 108, 

paragraph 3, line 5). 

Chapter 4 

14. Page 122, paragraph 2, line 5: please elaborate what is meant by “mitochondrial 

overdrive”. 

The term, “mitochondrial overdrive” means excessive mitochondrial activity. The term has 

been changed to “mitochondrial over-activity” to minimize confusion. Furthermore, the 

sentence has been rephrased to the following to elaborate the occurrence of mitochondrial 

over-activity and how this process leads to ROS generation 

“Under over-nutrition state, the constant influx of oxidizable substrates trigger 

mitochondrial over-activity, which leads to an increased mitochondrial membrane 

potential and impaired oxidative phosphorylation, facilitating the interaction between 

electrons from the respiratory chain directly with oxygen to produce an excessive amount 

of ROS [258].” (page 111, paragraph 2, line 4). 

15. Page 124, line 4: delete “which” in the sentence “....AGE-RAGE axis which is not well-

elaborated” 

The word, “which” has been removed (page 112, paragraph 3, last line). 

16. Page 129: it would be helpful at this stage to briefly describe the role of 

myeloperoxidase and the significance of the increase in its activity following HFD as 

this was not apparent in the Introduction to this Chapter. 

The following sentence has been added to elaborate the role of myeloperoxidase, “To 

elaborate, myeloperoxidase which can generate reactive radicals during pathogenic 

infection, also serves as an oxidative stress biomarker in many chronic diseases.” (page 

118, Section 4.4.1, paragraph 2, line 3) 
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17. Page 135, lines 3 – 4: citation is needed for the statement “IL-10, which is an anti-

inflammatory cytokine, the other cytokines are closely associated to  inflammatory 

response” 

A citation (Akdis et al. 2016, J. Allergy Clin. Immunol., 138: 984-1010) [273] has been 

added (page 124, paragraph 1, last line). 

18. Page 138, lines 2 – 3: how many folds was the RAGE overexpression observed in the 

liver specimens of rats on HFD? Please state here. 

The RAGE expression was upregulated by 2.4-fold in the rats on HFD compared to those 

on CD. The fold change has been added (page 127, paragraph 1, line 1). 

19. Page 139: final lines – please provide citation(s) for the statement made here regarding 

myeloperoxidase hyperactivity. 

Two citations (Karakas & Koenig 2012, Curr. Atheroscler. Rep., 14: 277-283 and Kataoka 

et al. 2014 Atherosclerosis, 232: 377-383) [293, 294] have been added (page 128, paragraph 

2, line 3).  

Chapter 5 

20. Page 147, paragraph 1, line 5: “insulin antagonists”, instead of “insulin antagonistic” 

The phrase, “insulin antagonistic” has been changed to “insulin antagonists”, but the entire 

paragraph has been removed in response to Comment 2 from Examiner #2. 

21. Page 148, paragraph 2, line 2: “...potential mechanisms of geraniin action” (add the 

word “action”). 

The word “action” has been added (page 135, paragraph 3, last line). 

22. Page 149, third objective: Should this be "To outline the possible metabolic pathways 

affected by ellagitannin geraniin...", instead? (Suggest adding in the underlined words, 

“possible” and “affected”). 

The words “possible” and “affected” have been added (page 136, Section 5.2, third bullet 

point). 

23. Page 149, 5.3.1: Metformin and TRF-treated groups were excluded from the RNASeq 

analysis because “they were not of interest with regards to the objectives of the 

mechanistic study”? This examiner is of the opinion that this statement needs to be 

rephrased by replacing “not of interest” with other more suitable phrase such as “they 

would not contribute to the main objective” and/or “their addition would complicate 

the transcriptomic data analyses”. 
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The sentence has been modified as follows, “This was because the comparisons of 

transcriptomes between these treatments and geraniin would not contribute to the main 

objective and their addition would complicate the transcriptomic data analysis.” (page 137, 

Section 5.3.1, line 3) 

24. Page 149, 5.3.2: was the total RNA obtained from each group of 5 rats pooled together 

or were they subjected to RNASeq individually? This has to be better clarified here. 

From the results presented (sections 5.4.1 and 5.4.2), it appeared that the RNASeq 

was performed on the total RNA extracted from the liver of each individual rat. 

However, from 5.4.4 onwards it appeared as though the analyses were carried out as 

per group of rats (CD, HFD and geraniin). Hence, for instance in Figure 5.14, were 

the RNASeq results presented from the average of the 5 rats per group or were they 

from a specific individual rat used to represent the group? Likewise, for the Gene 

Ontology analyses, were the RNASeq data analysed as a group? These need to be 

properly clarified. 

The mRNA samples of the rats were subjected to RNAseq individually. Hence, for each 

group, there were five biological replicates, each with a distinct sequencing data. For the 

downstream bioinformatics analysis like the identification of differentially expressed genes 

between groups, gene ontology and KEGG pathway analysis, the sequencing data from 

each biological replicate under the same treatment were analysed as a group. Therefore, the 

differences between groups (i.e. differentially expressed genes) were established based on 

the average of the biological replicates within a group, instead of a specific individual rat. 

To clarify these points, the following sentences in Sections 5.3.3 and 5.3.4 have been 

modified. 

 Lastly, the libraries which were prepared from individual mRNA samples were 

subjected to multiplex sequencing (150bp paired-end) using Hiseq 4000 (Illumina, USA) 

(page 138, Section 5.3.3, line 7). 

 Differential expression analysis was carried out using DESeq2 (version 1.14.1) in R 

(version 3.3.2), in which the five biological replicates given the same treatment were 

analyzed as a group and compared to other treatment groups (page 138, Section 5.3.4, 

line 12). 

25. Page 169, 5.4.5: the manner by which the genes PPARα, PPARγ, Adh7 and Ddhd1 were 

chosen to validate the RNASeq data by using qRT-PCR needs to be better presented. 

Earlier sections of this chapter should highlight the expression levels of these genes as 
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determined by RNASeq, which would then justify their validation using qRT-PCR. 

However, although PPARα and PPARγ were genes “linked” to lipid metabolism, their 

expression levels were more or less consistent across the CD, HFD and geraniin-

treated rats as shown in Figure 5.14. How would these results reconcile with those 

presented in the earlier Chapter 2 where it was stated that “PPARγ expression of the 

HFD-treated post-weaning rats also upregulated by 220% and 333% compared to the 

CD- and HFSD-treated rats” (page 87 of the thesis; page 748 of the manuscript in J. 

Adv. Res. 8 (2017): 743-752). In Figure 5.14B, there was hardly any change in the 

expression levels of PPARγ in rats on HFD and treated with geraniin. Were the 

RNASeq results presented here the average of the particular group of rats or just 

from a single individual rat representing the group? This also needs to be clarified 

either in the text or the legend to Figure 5.14. 

The relative gene expression levels between groups (expressed in fold change) for PPARα, 

PPARγ, Adh7 and Ddhd1 genes have been added to Section 5.4.5 to clarify the comparisons 

between qPCR and RNA sequencing results (page 157, Section 5.4.5, line 5). Like previous 

analysis, the RNA sequencing results were based on the average of all five biological 

replicates within the same group instead of a single individual rat. The sample sizes of each 

group has been added to the description of Figure 5.14 to avoid confusion (page 158). 

Indeed, the inconsistency of the hepatic PPARγ expression between the experiments 

outlined in Chapters 2 and 5 is rather puzzling. However, the hepatic PPARγ expression of 

the adult rats given high-calorie diets in the experiment described in Chapter 2 also 

remained unchanged compared to the control group. This would suggest that the activation 

of hepatic PPARγ is probably age-dependent. Indeed, one study reported that the activation 

of PPARγ induced by ischemic stress differed significantly between ages, whereby the gene 

remained activated for a longer period of time in young mice, but not adult and old mice 

(Shin et al. 2008). Such a prolonged activation of PPARγ could serve as a hepatoprotective 

mechanism in young rodents whose livers are relatively under-developed. Even though the 

hepatic stressor used in our study is different, the age-dependent PPARγ activation may 

explain the lack of PPARγ overexpression in older rats (12 weeks) on HFD. However, 

further investigation is required to verify the postulation. The above explanation has been 

added to the Discussion (page 159, paragraph 3, line 12).  

26. Page 171, paragraph 3: to what extent is the upregulation of the Acsl3 gene observed 

in the study? Was the upregulation consistent in all the rats within that particular 

group? Likewise, for the SREBP1 and PPARδ genes, were the overexpression levels 
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observed significant? The earlier paragraph stated that there was high transcriptomic 

variability in response to HFD. If that is the case, do the genes presented here 

consistently show up- or down-regulation in all the rats within a particular group, or 

are there variations observed within a group, i.e., where in some rats, there was 

upregulation in the genes whereas in other rats, downregulation was observed. This 

has to be stated with clarity here as well as earlier (as in the previous comments above). 

The upregulation of Acsl3, Srebp1 and PPARδ genes of HFD group relative to CD group 

were statistical significant (p<0.05). The fold changes were 2.22, 1.91 and 2.27-fold for 

Acsl3, Srebp1 and PPARδ genes respectively. These fold changes have been added into the 

Discussion (page 159, paragraph 3, lines 5 and 11) as well as Table 5.2 (page 145). The 

expression of Acsl3, Srebp1 and PPARδ genes were consistent and unaffected by the high 

transcriptomic variability in the HFD group. The upregulation of these genes were also 

consistently found in all the biological replicates in the HFD groups because the 95% 

confidence intervals for the fold change of Acsl3, Srebp1 and PPARδ genes relative to CD 

group were 1.81 to 2.71-fold, 1.47 to 2.47-fold and 1.66 to 3.10-fold respectively. It should 

be noted that only genes that were differentially expressed between groups (p<0.05) were 

used for the downstream analysis and discussed in further details in the Discussion as 

mentioned in Section 5.3.5 (page 139, Section 5.3.5, line 3). 

27. Page 172, paragraph 2: how many folds were the Fabp1 and Fabp2 genes 

downregulated in the geraniin-treated rats? 

Fabp1 and Fabp2 genes were downregulated by 1.55 and 1.78-fold in the geraniin-treated 

rats compared to those on HFD. The fold changes have been into the Discussion (page 161, 

paragraph 1, line 5) and Table 5.3 (page 147).  

28. Page 174, paragraph 3, lines 3 – 4: What is meant by “...positive correlation between 

mitochondrial proteins and DNA with BMI”? Please elaborate. 

The phrase “…positive correlation between mitochondrial proteins and DNA with BMI” 

means the amount of mitochondrial genomes as well as protein activity found specifically 

in mitochondria seemed to increase in people with higher BMI. The sentence has been 

modified as follows to provide clearer elaboration. 

“Some studies concluded a positive correlation between mitochondria proteins and DNA 

with BMI, whereby the circular mitochondrial genomes as well as mitochondrial citrate 

synthase activity were significantly increased in obese patients, especially among those 

without diabetes mellitus [397,398]. This reflects a compensatory mechanism by increasing 
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the number of mitochondria in response to the progression of mitochondrial impairment 

caused by nutritional insults.” (page 163, paragraph 3, line 4) 

Chapter 6 

29. Page 181, end of paragraph 1: “...selected as the disease model for the subsequent 

experiments” (replace “following” with “subsequent”; experiments”–plural. 

The word, “following” has been replaced with “subsequent”. The word “experiment” 

remains as a singular noun because only one animal experiment was performed (page 169, 

paragraph 1, last line). 

30. Page 185, paragraph 2: “The biologically functional molecules are the metabolites of 

geraniin like gallic acid, ellagic acid, brevifolincarboxylic acid and a wide variety of 

urolinths”, these molecules were not validated in this study but were obtained from 

previous papers. This should be stated clearly here. 

The sentences have been rephrased (as follows) to clarify that the molecules were not tested 

in the present study. 

“Based on studies from other research groups, the biologically functional molecules are 

the metabolites of geraniin like gallic acid, ellagic acid, brevifolincarboxylic acid and a 

wide variety of urolithins [292, 412]. However, the geraniin-derived metabolites were not 

validated in the present study and so, whether they possess similar bioactivities and potency 

as geraniin against MetS is unclear.” (page 173, paragraph 2, line 2) 

31. Besides suggesting further transcriptomic work on other organs, there are also 

proteomics plus metabolomics work that could answer some of the questions posed by 

the results of this study. 

The following sentences have been added to suggest the use of integrative –omics 

techniques, including transcriptomics, proteomics and metabolomics to understand and 

validate the molecular basis of geraniin.  

“Additionally, other high-throughput –omics techniques like proteomics and metabolomics 

are also exceedingly useful. Integrating datasets from several –omics analyses has become 

increasingly popular for the identification of metabolic pathways implicated in disease 

progression and drug response [413, 414]. Thus, a combinatory approach consisting of 

transcriptomics, proteomics and metabolomics can be utilized to understand and validate 

the molecular basis of geraniin and its metabolites in chronic metabolic diseases.” (page 

174, paragraph 3, line 8) 
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Responses to Professor Lee Kok Onn’s comments 

Major Comments 

1. The thesis should not include within the main text PDFs of publications as part of the 

thesis. This is unacceptable. If the University of Monash accepts this, then perhaps 

another examiner can be found. There are two reasons: 

 The publications are multi-authored and thus indicate that these portions of the 

thesis are substantially contributed by the other co-authors, and thus should have 

no place within a thesis – which all candidates will state that this is all work done 

(intellectual and experimental) by the candidate themselves. 

 There is significant repetition within these publications of introduction, methods, 

discussion and references. The candidate must include only directly relevant 

material, with removal of all repetitive references, discussion, methods, etc. 

The concerns of the examiner about the inclusion of published manuscripts in the thesis is 

reasonable and understandable. Essentially, this is a thesis including published works which 

is one of the thesis formats accepted by Monash University. All the guidelines required for 

a submission of thesis including published works have been fulfilled. A declaration (page 

IV) has also been made by me and my main supervisor to clarify the thesis format and 

contributions of every author to the publications. In this context, for a multi-authored 

publication to be included into the thesis, a student should have a substantial and significant 

contribution (>50%). This criterion has been fulfilled for both the included publications 

based on the declaration. I hope this could ease the examiner’s concerns about my 

contribution to the published works. 

It is also understood that there are repetitive contents in the introduction, methods, 

discussion and references. Some of these information is necessary to link the publications 

to the theme of the thesis. In this case, Sections 1.4.2, 2.1, 2.3 and 2.4 have been revised to 

remove repetitive contents. The details about the modifications can be referred to the 

response to Comment 2. 

2. This thesis is very long, and contains significant amounts of irrelevant discussion and 

postulations that are NOT warranted or even related to the experimental results 

presented. The candidate must shorten the introduction and the discussion portions 

and remove the irrelevant and speculative discussions. The thesis can be shortened by 

half, and with only three quarters of the references. In this era of huge overload of 
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scientific information, concise presentations are a requirement as evidence of 

scientific ability. 

 The introduction (Chapter 1) has been greatly shortened by 10 pages (from 75 pages to 

65 pages). The detailed information about the changes made is as follows: 

 Section 1.1.1 – Removed two paragraphs that describe the reasons that led to the 

definition of MetS by WHO and modifications of the MetS definitions over time. 

 Section 1.1.2 – Removed the first two introductory sentences in the first paragraph 

 Section 1.1.3 – Removed one sentence in the second paragraph that describes 

increased MetS rate among patients with psychiatric disorders. 

 Section 1.1.4 – Removed four introductory sentences about modern diets in the first 

paragraphs  

 Section 1.1.5 – The whole section which outlines the socioeconomic burdens of 

metabolic syndrome has been removed. 

 Section 1.2 – Removed two introductory sentences 

 Section 1.2.1 – Removed one sentence in the first and last paragraphs respectively 

that describes the therapy for pediatrics patients. 

 Section 1.2.2 – Removed detailed descriptions about anti-obesity agents like 

sympathomimetics, serotonin-releasing agents, sibutramine, rimonabant and 

lorcaserin in the first two paragraphs. 

 Section 1.2.3 – Removed two introductory sentences in the first paragraph as well 

as information about anorexigenic peptides other than GLP-1, sub-classes of 

polyphenols, definition of fecal microbiota transplantation, scepticism to 

“polypills”, various PPAR receptors and redundant concluding remarks. 

 Section 1.3.1 – Removed information about uncommon rodent species as the 

models of chronic diseases in the first paragraph. Removed information about 

forced exercises to simulate physical activity in third paragraphs. Removed the 

entire paragraph about the use of cafeteria diet for MetS induction. Removed two 

paragraphs about chemically-induced MetS models.  

 Section 1.3.2 – Removed two introductory sentences in the first paragraph and one 

concluding sentence in the last paragraph. 

 Section 1.3.3 – Removed one paragraph about cafeteria diet.  

 Section 1.4 – Removed an introductory sentence and description about metformin 

 Section 1.4.2 – Removed an introductory paragraph 
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 Section 1.5.3 – Rephrased the elaborations about the usefulness of a reproducible 

MetS induction approach across different strains and species. 

 Chapter 2 has been reduced by 1 page (16 pages to 15 pages). 

 Section 2.1 – Removed three introductory sentences in the first paragraph 

 Section 2.3 – Removed Table 2.1  

 Section 2.4 – Removed elaborations about the experimental results and only 

included statements about the key findings. 

 The page number of Chapter 3 remained unchanged (28 pages), but certain contents 

have been removed. 

 Section 3.1 – Removed two introductory sentences in the first paragraph 

 Section 3.5 – Removed three paragraphs about geraniin-derived metabolites with 

eNOS and bioactivities of urolithins. 

 Chapter 4 has been reduced by 1 page (24 pages to 23 pages). 

 Section 4.1 – Removed one introductory sentences in the first paragraph, some 

information about ROS and elaboration about AGE-RAGE axis and metabolic 

memory. 

 Section 4.5 – Removed descriptions about Nrf2 and autophagy and detailed 

elaborations about IL-10. 

 The page number of Chapter 5 remained unchanged (33 pages), but certain contents 

have been removed. 

 Section 5.1 – Removed the first introductory paragraph 

 Section 5.5 – Removed one paragraph about mitochondrial dysfunction and some 

elaborations about Sirt1 and its roles in mitochondrial function. 

 Overall, 12 pages of contents have been removed from the thesis. The reference list has 

also been reduced from 506 to 414 citations.  

3. It is unclear how many experiments were done – were the animal groups of n=6 in 

Chapters 3 AND Chapter 4 the same experiment, or were the animals in Chapter 4 

studied AFTER Chapter 3? Similarly with the experimental animals in Chapter 5 – 

were they the same animals as in Chapter 3 and 4 – or a whole different series. This 

has to be clearly stated in the thesis, and should be easily verifiable from the animals 

purchased, and animal housed in the University. 

The experiment described in Chapters 3, 4 and 5 is the same experiment. Only one animal 

experimentation has been performed. The blood and tissue samples of the rats from 
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different groups were harvested for the assays outlined in the three chapters. The following 

sentence has been added to Sections 4.3.1 and 5.3.1 to clarify that the blood and tissue 

samples used in the respective chapters were harvested from the experiment done in 

Chapter 3. 

 The blood and tissue specimens used in this chapter were taken from the experiment 

done in Chapter 3. (page 113, Section 4.3.1, line 1 & page 137, Section 5.3.1, line 1) 

4. The Appendix attached a publication in NUTRIENTS 2017. The figures are almost 

identical with the figures (with the Geraniin data omitted) in Chapter 3 of the thesis 

– e.g Figures 3.6 and 3.7, etc. However, the publication states that the number of 

animals per group was different. This discrepancy needs to be clarified, and verified. 

There was a mistake with the sample size presented in Chapters 3 and 4. For CD, HFD, 

metformin and TRF groups, the sample size per group was n=7 whereas for geraniin group, 

the sample size was n=6. Fewer rats were used for geraniin group because the amount of 

geraniin isolated from the rambutan rind was limited. Therefore, the number of animals 

shown in Appendix E2 was correct. The incorrect information about the sample size in 

Figures 3.1 and 4.1 (pages 85 & 114) as well as those in the figure descriptions (Figures 

3.2 to 3.15 and Figures 4.2 to 4.9) have been corrected.  

5. With the above serious concerns, if adequately clarified, the experimental work and 

results presented are clearly sufficient and clearly of a standard worthy of a PhD. 

The comment is a statement about the standard of the thesis and no modification is required. 

Detailed Comments on the Thesis 

6. The Title and Introduction of the Thesis does not reflect that a major portion of the 

work was in development of a model for study with different feeding dietary regimes. 

If the candidate feels that this is important enough for 1 attached PDF publication, 

and a whole chapter, perhaps the title and Abstract should be amended to reflect this. 

The thesis title has been changed to “Optimization of Metabolic Syndrome Induction in 

Rats for the Investigation of Metabolic Effects and Mechanisms of Ellagitannin Geraniin”. 

This is to reflect the development of a metabolic syndrome rat model. The key findings of 

the model establishment were included in the Abstract (page I, lines 7 to 15). The key 

challenges in the creation of diet-induced metabolic syndrome models have also been 

introduced in Introduction (page 19, Section 1.3).  

7. The Design of all the Experiments, in chapters 3, 4 and 5, should have included 2 doses 

(at least) of the compound being studied. It would make the evidence much more 
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convincing if a dose effect was present in the results, rather than just a single 

comparative dose. Why and how was this dose chosen for this particular mouse MetS 

model – were there initial pilot experiments to choose this dose? 

The dosage (25 mg/kg/day) was selected based on a pilot study that used a range of geraniin 

concentrations from 12.5 to 100 mg/kg/day. We found no increase in the treatment effects 

based on simple tests like fasting blood glucose, blood pressure and fasting insulin levels 

beyond a daily dosage of 25 mg/kg and thus, the dosage was chosen for more in-depth 

investigation of its metabolic effects and underlying mechanisms. The rationale for the 

selection of dosages used in the study has been outlined in Table 3.1 (page 86). 

8. There is NO comparison with previous studies. The candidate mentions that there was 

only 1 previous study – this should make it easier to compare the results. The 

Discussions hardly mention or refer to that. Any similarities or differences should 

then be discussed. Instead there are long speculative paragraphs which are not 

relevant to the results presented in each long discussion after the results. Example: 

eNOS was not measured, bioactivities were not studied – why have such a long 

discussion on these? Discussion should focus on the results presented, the interesting 

and puzzling findings. 

The comparison between the present and previous studies were included in the in the 

original Discussion (page 107, paragraph 2, line 7). To provide a comprehensive discussion, 

more detailed comparisons between the two studies have been added into the same 

paragraph. For instance, marked lipid-lowering and anti-hyperglycemic activities of 

geraniin were consistently found in both studies. However, the previous study reported an 

improvement of insulin sensitivity upon geraniin treatment, which was not found in our 

study (page 107, paragraph 2, line 9). Paragraphs which are not related to the results (e.g. 

eNOS) have been removed. Detailed information about the modifications in Section 3.5 

can be referred to the response to Comment 2.   

9. Chapter 3. Would another measure of glucose control e.g. Fructosamine or Glycated 

Albumin be more useful if the treatment duration was only 4 weeks? Was this 

considered by the candidate? 

In this study, several indicators of glucose homeostasis have been used including fasting 

blood glucose, glycated hemoglobin (HbA1c) and oral glucose tolerance test. Even though 

the fructosamines and glycated albumins, which are glycation products that can reflect 

short-term glucose control, had not been considered in the study, the circulating 

concentration of a glycation product known as advanced glycation end product (AGE) was 
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measured and presented in Figure 4.6 (page 122). The AGE levels in the blood circulation 

can serve as a biomarker of glucose control and oxidative stress. Basically, the glucose 

control markers, particularly fasting blood glucose, HbA1c and AGE were in agreement 

with each other. Therefore, additional biomarkers may not be necessary. However, the 

suggestion to measure fructosamine or glycated albumin in order to determine short-term 

glucose control due to the relatively short treatment period has been added into Section 3.5 

(page 105, paragraph 2, line 13). 

10. Chapter 3. Figure 3.9 compared to Figure 3.10. Does the magnitude of change in 

fasting glucose show some discrepancy with the magnitude of change in HbA1c? It 

would have been useful to have some discussion and attempt to discuss the differences. 

For metformin- and geraniin-treated rats, the results of fasting blood glucose were in line 

with that of HbA1c whereby both glycemic indices were significantly reduced after the 

four-week treatment in comparison to the HFD group. These were mentioned and discussed 

in the original version (page 104, Section 3.5, paragraph 2, line 1 for metformin; page 105, 

paragraph 2, line 1 for geraniin). For TRF-treated rats, there was a significant decline in 

HbA1c, but not fasting blood glucose. Such a discrepancy is likely because of the 

antioxidant effect of tocotrienols which can inhibit the glycation reaction. The discussion 

about the observed discrepancy has been added (page 107, paragraph 1, line 7).  

11. Chapter 3. Figures 3.6 and 3.7. Repeated measurements of Systolic and Diastolic 

Blood Pressure should ideally be assessed statistically by ANOVA for repeated 

measurements – as correctly stated in the Statistical methods. Why were only the 

individual time point differences given? The data in the text describing the differences 

should also be put in a table. As already stated in Comment 4 above, the figures look 

almost identical to the publication in NUTRIENTS 2017 in the Appendix but that was 

for n=7. 

A new table (Table 3.3; page 94) has been added to tabulate the data of systolic and diastolic 

blood pressure levels. The p-values for the main effects (treatment group and time) and 

interaction (treatment group*time) resulted from the repeated measures ANOVA were also 

provided in the table. The sample size mentioned in Figures 3.6 and 3.7 was incorrect. The 

mistake has been rectified as mentioned in the response to Comment 4. 

12. Chapter 4. (Also in earlier Chapter 3 Methods). Multiplex measurements using single 

bead technology usually requires independent verification when an important 

difference in found. This is especially important if the values are close to either end of 

the range in the multiplex. Many laboratories have used multiplex as an initial 



Addendum 

 

screening tool, and then re-assayed using a good validated single compound assay. 

The candidate should perhaps discuss some of the limitations of the study, and not be 

too overenthusiastic throughout. 

The limitations of the multiplex measurement technique used for cytokine profiling have 

been added (page 132, paragraph 2, line 13). The suggestion to validate the cytokine results 

with more specific uniplex assays has also been added into the conclusion (page 133, last 

paragraph, line 8).   

13. Chapter 5. Snapshots of Transcriptomes have as much value as snapshots of miRNA 

and Proteomic snapshots. With an n=5 the candidate should again discuss some of the 

limitations of the data presented. The comparison of changes would, at most, give 

suggestions for further hypothesis generation, and further experiments. It does not 

provide hard evidence for mechanisms of action for any new experimental compound. 

Conclusions should be much more restrained. 

The limitations of the transcriptomic study performed in the present study have been added 

(page 165, paragraph 4, line 9). The conclusion has also emphasized that the results 

generated from the transcriptomic study were exploratory and hence, further validation is 

necessary to provide solid evidence of the mechanism of geraniin (page 167, last paragraph, 

line 13). 

14. The grammar and spelling is excellent throughout. 

The comment is a statement which requires no modification. 

 

 

 




