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Abstract

ABSTRACT
Diabetes mellitus type 2 (T2D) and obesity are the most common complex
interconnected metabolic disorders prevalent worldwide. Abnormal changes at the
biochemical and molecular level in diabetes and obesity dysregulate the normal
metabolism. The aim of this thesis was to investigate biochemical and molecular
aspects of these disorders in human subjects, and in the animal models. Human
cohorts were investigated from Faisalabad, Pakistan and Shanghai, China regions for
anthropometric, physiological, biochemical, and adipokine analysis. These
parameters were tested for their associations with the disease status and its
complications. In animal model study, fat tissue (adipose) physiology and molecular
biology was studied in the tissue specific knockout mice for one of the important
transcription factors (Foxo1) implicated in metabolic regulation. Important results of
these studies are given below.
For Pakistani cohort(n=80) study, the aim was to find association between
adipokines and biochemical parameters in diabetes and obesity. Several biochemical
parameters and adipose tissue derived adipokines (adiponectin, leptin and resistin)
were analyzed in these subjects. Results showed significant differences in the
adiponectin and leptin concentrations. Adiponectin decreased up to 48% in diabetic
patients while in obese subjects the decrease was 45%. Leptin was significantly high
in obese subjects as 37% increase was observed with obesity. No significant
differences were found for resistin concentrations in these cohorts.
For Chinese cohorts (n=10,375), the aim was to investigate the biochemical
parameters for their associations with diabetes, obesity and their complications.
Results showed significant differences for diabetes and obesity status in classical
biochemical markers (e.g. lipid profile, liver function enzymes, kidney related
enzymes and glucose concentrations) as well as new factors (e.g. bilirubin) related to
oxidative stress.Interestingly, one of the major microvascular complications, diabetic
retinopathy was strongly linked to the serum concentrations of total bilirubin.
Results showed that the occurrence of diabetic retinopathy was significantly
(p=0.004) lower in subjects with high concentrations of bilirubin (>0.99 mg/dl). This
xi
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study implicates that high bilirubin concentrations may have protective effects for
diabetic retinopathy through ameliorating oxidative stress.
In the study of animal model for adipose biology, tissue specific knockout mice for
Forkhead box 1 (Foxo1) gene were investigated. As, Foxo1 activity is regulated by
insulin signal transduction, and limited published data show that Foxo1 plays a role
in adipocyte differentiation and function. Hence, to study the function of Foxo1 in
whole body physiology and metabolism, a targeted tissue specific gene knockout
mouse already produced by cre-lox recombination system was investigated for this
study. In the present study, for adipose specific knockout of Foxo1, the body weight
showed slightly lesser weight in knockout mice. Oral glucose tolerance test showed
faster glucose clearance in the knockout mice. In histological study, knockout mice
showed less lipid droplets in brown adipose tissue, and normally large white adipose
cells were noticeably smaller in the knockout mice. Furthermore, gene expression
concentrations were measured by RT-qPCR in the adipose tissue and results showed
that the key transcriptional factors like Peroxisome proliferator activated receptor
alpha (Ppar-) and gamma (Ppar-) as well as the transcriptional co-regulatory
factors likePparg coactivator 1 alpha (Pgc-1) and beta (Pgc-1) were both
significantly over-expressed in the white adipose tissue of knockout mice. In brown
adipose tissue, expression ofSterol regulatory element-binding protein-1c (Srebp-1c)
gene, and its lipogenic target genes that areFatty acid synthase (Fas) and StearoylCoA desaturase-1(Scd-1) were all reduced which would explain the lower
concentrations of lipid droplets in adipose cells. These results suggest improved
glucose tolerance in the Foxo1 targeted knockout mice, which may be helpful for
devising drugs for obesity and type 2 diabetes.
Overall, results from this thesis have implications in the diagnosis, prevention and
treatment of diabetes and obesity, which may be helpful in reducing the burden of
these disorders and associated complications in future.

xii
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Chapter 1

CHAPTER 1: GENERAL INTRODUCTION
1.1. Diabetes Mellitus
Diabetes mellitus (DM) is a metabolic disorder in which the body fails to regulate
glucose concentrations and results in chronically increased concentrations of glucose
also termed as hyperglycemia. Hyperglycemia can be either due to insufficient or
even complete absence of insulin (glucose regulating hormone), or due to blunt
response of insulin responsive tissues. At some stage, insulin is produced in good
quantity by pancreatic -cells but the target tissues of insulin do not respond to it.
This state is termed as insulin resistance and it is the hallmark of one of the types of
diabetes mellitus which is type 2 diabetes (T2D).
1.2. Types of diabetes mellitus
The American Diabetes Association (ADA) has classified diabetes mellitus in four
major types which are as follows(ADA 2004):
1.2.1 Type 1 diabetes (T1D)
1.2.2 Type 2 diabetes (T2D)
1.2.3 Maturity-onset diabetes of the young (MODY)
1.2.4 Gestational diabetes
1.2.1. Type 1 diabetes
Type 1 diabetes (T1D) is also known as insulin dependent diabetes mellitus
(IDDM)(Seewaldt et al. 2000; Yoon and Jun 2005; Daneman 2006; Husebye and
Anderson 2010; Maahs et al. 2010). Insulinis produced by -cells of pancreas and in
case of T1D body’s immune system deregulation results in auto-immune selective
destruction of -cells which results in inadequate amount of insulin and persons
suffering from T1D need insulin therapy to survive. The percentage of T1D is 5-10%
in all subjects with diabetes.

1
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1.2.2. Type 2 diabetes
Type 2 diabetes (T2D) results from insulin resistance which is a condition in which
the insulin responsive cells fail to respond and use insulin properly, and sometimes it
can be due to a combined effect of insulin deficiency as well(Rubino 2008). This type
is the most prevalent among all diabetes cases and about 90-95% of subjects with
diabetes have type 2 diabetes. This thesis will be focused mainly on T2D and more
detail will be discussed later in this chapter.
1.2.3. Other types of diabetes
MODY
MODY (Maturity-onset diabetes of the young) is a rare form of diabetes in which
mutation in a single gene can affect glucose concentrations (Winter 2000). This is
mainly autosomal dominant condition.
Gestational diabetes
Gestational diabetes is high blood glucose concentrations during pregnancy and it
can lead to increased risk of developing type 2 diabetes later (Hernandez et al.
2011).
1.3. Prevalence of diabetes
1.3.1. Global prevalence
According to a recent update by International Diabetes Federation, around 387
million people globally have diabetes which is expected to rise to 592 million by
2035(IDF 2014). The update also reports increasing number of people with T2D in
every country.
1.3.2. Prevalence in Pakistan
In Pakistan the prevalence of diabetes is also alarming and it was reported to be 2225% which included both diabetics and pre-diabetics (Basit and Shera 2008).
According to World Health Organization (WHO) ranking Pakistan currently is at
2
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7thposition in the list of countries with diabetes burden and expected to move to 4 th
if the number of subjects with diabetes increasesat same rate (Qidwai 2010).
1.4. Type 2 Diabetes
Type 2 diabetes is the most prevalent diabetes and it is characterized by high glucose
concentrations in blood. It is also a component of metabolic syndrome along with
other contributing factors like hypertension, hyperlipidemia, central obesity and
insulin resistance (Lee and Sanders 2012).
1.4.1. Causes, symptoms and diagnosis of diabetes
Genetics and environmental factors like life style, food intake, and energy
expenditure play an important role in diabetes development (WHO 2006; Qatanani
and Lazar 2007; Guilherme et al. 2008; Ershow 2009; Zhuang et al. 2009; Hu 2011;
Kumar 2014). Obesity is one of the major environmental factor which is linked to
insulin resistance and ultimately has a role in the development of diabetes. T2D
symptoms include polyuria (increased urination), polyphagia (increased hunger) and
polydipsia (increased thirst). The criterion for the diagnosis of diabetes isdevised by
World Health Organization (WHO) and is shown in Table 1.1.
Table 1.1. Diagnosis criteria for diabetes according to WHO
Status

Fasting blood glucose level Oral glucose tolerance test
(2- hour plasma glucose)

Normal

˂ 6.1 mmol/L (110mg/dL)

˂ 7.8 mmol/L (140 mg/dL)

Diabetes ≥7.0 mmol/L (126 mg/dL)

≥ 11.1 mmol/L (200mg/dL)

1.4.2. Pathophysiology of type 2 diabetes
Glucose is the primary source of energy in human body and it is balanced in a very
narrow range to 4.4 - 6.1 mmol/L (79.2 - 110 mg/dL). Glucose requirement in the
body are met exogenously by diet and endogenously mostly from liver. Glucose from
diet is taken up by cells with the action of insulin, and then metabolized to meet
3
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energy requirements in the body while in case of glucose deficiency liver produces
glucose by breakdown of stored glycogen (Figure 1.1). The homeostasis of glucose is
crucial and is regulated by two hormones insulin and glucagon. Insulin and glucagon
action, interaction and mechanism are important to appreciate the pathophysiology
of diabetes.

Figure 1.1: Regulation of glucose homeostasis in body
Glucose up or down concentrations than normal ranges are sensed immediately and signals are sent
to pancreas to overcome respective need. The -cells of pancreas produce insulin in response to high
concentrations of glucose and it facilitates the uptake of glucose by body cells, thus restores the
glucose to normal range. In case of low glucose concentrations, the -cells of pancreas secrete
glucagon which in liver facilitate the breakdown of stored glycogen and releases glucose, hence
restores the glucose concentration.

1.4.2.1. Pancreas biology
Pancreas is the organ in body which plays an important role in metabolism by
secreting a number of hormones like insulin, glucagon etc(Longnecker 2014). The
4
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endocrine portion of pancreas is comprised of a cluster of cells collectively called as
islet of Langerhans. This cluster has mainly four types of cell; -cells which release
glucagon, -cells which release insulin, -cells which release somatostatin and PP
cells that secrete pancreatic polypeptides. Insulin and glucagon hormones play
important role in glucose homeostasis.
1.4.2.2. Insulin and glucagon
Both insulin and glucagon are released by pancreatic cells in response to blood
glucose concentrations(Porte 2006; Quesada et al. 2008). Insulin is secreted in
response to high glucose concentrations which are usually after meal intake while
glucagon is secreted in response to low glucose concentrations. As T2D is
characterized by high concentrations of glucose therefore insulin mechanism is of
more importance and will be discussed in detail later. The major functions of insulin
are transport of glucose from blood to muscle and adipose tissue. In muscles,insulin
stimulates glucose metabolism and glucose storage, while in adipose tissue it
stimulates dietary fat storage. It also inhibits the breakdown of already stored
glucose, proteins and fats, which happensin glucose deficient state to overcome the
energy requirements of body. The balance between insulin and glucagon
concentrations is crucial to maintain normal glucose concentrations in the blood.
1.4.2.3. Insulin secretion in response to glucose
Insulin is secreted in response to high glucose concentrations(Layden 2010; Rorsman
et al. 2014). The mechanism of insulin secretion involves the action of glucose
transporter 2 (GLUT2). GLUT2 is a member of family of proteins which facilitates the
entry of glucose into -cells of pancreas. In -cells the glycolytic phosphorylation of
glucose occurs resulting in increased adenosine triphosphate (ATP): adenosine
diphosphate (ADP) ratio. Potassium channels of pancreatic -cells are ATP sensitive
and increased ATP production leads to shutting down of potassium channel.The
depolarization of plasma membrane due to shut down of potassium channel, opens
up the calcium channel in plasma membrane, which allows the inward flow of
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calcium ions into the cells andtriggers the secretion of insulin by exocystosis (Figure
1.2).

Figure 1.2: Secretion of insulin from pancreatic beta cell in response to glucose
Glucose enters the pancreatic -cells via GLUT2 and glycolytic production of ATP closes the ATP
sensitive potassium channel which depolarizes the cell membrane and opens the calcium channel.
The inward flow of calcium ions lead to exocystosis of insulin in blood stream. The concept of this
figure is adapted from references (Layden 2010; Rorsman et al. 2014).

1.4.2.4. Insulin mechanism of action
Insulin after secretion from -cells of pancreas in response to high blood glucose
concentrations binds to its receptors(Bevan 2001). The initiation of certain signal
transduction cascade on binding of insulin to its receptors promotes the uptake of
glucose into various tissues. These tissues include skeletal muscles where glucose is
metabolized for energy and adipose tissue where glucose is converted to
triglycerides for storage. The major step in glucose metabolism is the increased
number and immediate activation of type 4 glucose transporter (GLUT4). GLUT4
protein is insulin regulated glucose transporter and mainly found in adipose tissue
and skeletal muscles.
6
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Insulin activates the GLUT4 via signal transduction mechanism. Insulin binds to its
receptor’s -subunit which is embedded in cell membrane. This binding triggers the
tyrosine kinase activity in the -subunit of insulin receptor (attached to the subunit). This activity leads to the phosphorylation of two enzymes which are
Mitogen-activated

Protein

Kinase

(MAP-Kinase)

(EC

No.

2.7.11.24)

and

Phosphatidylinositol-3-Kinase (PI-3K) (EC No. 2.7.1.137). These enzymes are
responsible for the mitogenic (cell growth and gene expression) and metabolic
actions (synthesis of lipids, proteins and glycogen) of Insulin respectively. PI-3K
pathway is also responsible for isolating the GLUT4 from glucose as the GLUT4 binds
to the PI-3K after bringing glucose into the cell. The glucose that is isolated
undergoes glycolysis and excess glucose is stored in the cell as glycogen while GLUT4
is translocated back to cell membrane(Figure 1.3).

Figure 1.3: Insulin mechanism of action
Insulin binds to -subunit of insulin receptor at cell membrane and this binding activates the activity
of tyrosine kinase in -subunit of insulin receptor. This leads to phosphorylation of two enzymes
MAP-kinase and Pl-3K which initiate two signaling pathways (i) MAP kinase signaling pathway (ii) Pl-3K
signaling pathway. These two pathways exert the mitogenic and metabolic functions of insulin in cell.
Pl-3K extracts glucose from GLUT4 which is then translocated back to cell membrane to bind more
glucose. Glucose once inside cell is broken down in glycolysis and then the products of this process
are migrated to mitochondria for ATP production through TCA cycle, while extra glucose is stored as
glycogen(Bevan 2001).
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1.4.2.5. Insulin resistance
The primary metabolic action of insulin is to facilitate the postprandial disposition of
glucose(Rosenblatt-Velin et al. 2004; Kahn et al. 2006; Porte 2006; Guilherme et al.
2008). Defects in -cells insulin secretion and insulin action on its target tissues lead
to insulin resistance and diabetes. Insulin resistance is a condition in which the
cellular response to insulin diminishes and activation of GLUT4 is ceased which leads
to high concentrations of glucose in blood. Insulin resistance involves a very
complicated interaction of signaling pathways which are regulated by a number of
hormones in diabetes. Although the blood glucose concentrations are high the
uptake by tissues is affected. Hence, the target cells are unable to sense glucose and
therefore the blood glucose concentrations rise further which is a hallmark of type 2
diabetes.
1.5. Diabetic complications
Poor glycemic control in T2D contributes to hyperglycemia (high glucose
concentrations), which leads to macro and micro-vascular complications of
T2D(Fowler 2008; Giacco and Brownlee 2010). High glucose concentrations in the
blood lead to increased production of reactive oxygen species (ROS) which impairs
the antioxidant defense system. Oxidative stress due to such impaired defense
system causes vascular and neural dysfunction and degeneration which ultimately
cause the complications. Macro-vascular complications are coronary artery disease,
peripheral arterial disease, and stroke while micro-vascular complications include
diabetic nephropathy, neuropathy, and retinopathy.
1.5.1. Oxidative stress and diabetic retinopathy
Diabetic retinopathy (DR) is one of the major micro-vascular complications that
affects eyes and is a major cause of blindness in diabetics (Cheriyath et al. 2010;
Cheung et al. 2010). The oxidative stress due to prolonged hyperglycemia plays an
important role in the onset of diabetic retinopathy. The diagnosis and treatment of
DR is of much importance to avoid the complete blindness. The concentration of
8
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antioxidants especially bilirubin in the blood is protective in oxidative stress
conditions like hyperglycemia. The role of antioxidants, oxidative stress and diabetic
complications is further discussed in chapter 3.
1.6. Management and treatment of diabetes
Diabetes management and treatment is very important for a healthy lifestyle and
this can be achieved with right diet, exercise and anti-diabetic drugs according to
physician’s instructions. Diet management for a diabetic patient is important and it
must meet energy needs, weight control and a better regulation of glucose
concentration. Exercise is also a significant part in diabetes management, as it has
effects on lowering glucose concentration and improvement of insulin utilization by
increasing glucose uptake by the muscles.
There are several oral anti-diabetic drugs as well which along with diet and exercise
are used by diabetics to regulate the elevated blood glucose concentrations. Some
major anti-diabetic drugs are metformin which decreases the amount of glucose
released from liver, sulfonylurea which stimulates the pancreas to release more
insulin, and thiazolidinediones (TZDs) which makes the body more sensitive to the
effects of insulin. When the metabolic control cannot be achieved with diet, exercise
or anti-diabetic drugs then insulin therapy is advised.
1.7. Obesity
Obesity is a condition which is characterized by accumulation of excessive adipose
tissue in the body(Naser et al. 2006). This excess of adipose tissue in obesity affects
both physical and psycho-social health of individuals and also considered as a health
disaster in both developing and developed countries. Obesity is calculated with Body
mass index (BMI) scale of National Institute of Health (NIH). It is calculated as body
weight in kilograms divided by square of height in meters (kg/m 2). The values of BMI
for normal weight, overweight and obese are 18.5 to 24.9, 25 to 29.9 and 30 or
above respectively.
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1.7.1. Environmental and genetic factors in obesity
Environmental and genetic factors play a major role in causing obesity. Disruption of
balance between energy expenditure and food intake leads to obesity(Zamboni et al.
2005; Ershow 2009). Genetic factors are also responsible of causing obesity(Farooqi
and O'Rahilly 2007; Hebebrand and Hinney 2009; Memedi et al. 2013; Farooqi 2014).

1.7.2. Obesity, insulin resistance and type 2 diabetes
Obesity and T2D are linked to insulin resistance and mechanisms linking obesity and
T2D are not clear completely as all obese are not hyperglycemic and all diabetics are
not obese (Fantuzzi 2005; Kahn et al. 2006; Freemantle et al. 2008; Abdullah et al.
2010; Eckel et al. 2011; Despres 2012; Neeland et al. 2012). Obesity is one of the
major risk factorsfor T2D as obese people are at three times more risk of developing
T2D as compared to the normal weight people. There are reports which link obesity
and diabetes like release of pro-inflammatory cytokines like IL-6, TNF- from adipose
tissue that makes the body cells less sensitive to insulin and this disrupts the action
of insulin in the uptake of glucose by the body cells. This leads to hyperglycemia and
ultimately T2D. Obesity can also trigger changes in the body’s metabolic processes
and it can be a cause of release of certain hormones, increased amount of fatty
acids, pro-inflammatory cytokines from adipose tissue which affect the normal
action of insulin and leads to insulin resistance. The development of insulin
resistance accompanied by -cell dysfunction disturbs the control of normal
concentrations of blood glucose. Chronic high concentrations of blood glucose
results in type 2 diabetes.
1.7.3. Adipose tissue and adipocytes
Adipose tissue was considered as a fat depot for several years but endocrine
function of adipose tissue has been established since the discovery of leptin in 1994
(Zhang et al. 1994; Kershaw and Flier 2004; Fantuzzi 2005; Trayhurn 2007; Galic et al.
2010; Adamczak and Wiecek 2013). Adipocytes are secretory cells of adipose tissue
(Figure 1.4) which release fatty acids to meet energy requirements of body, different
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lipid molecules, variety of pro-inflammatory and anti-inflammatory factors, as well as
cytokines and chemokines, such as TNF-alpha, IL-6 and others. A number of
hormones and proteins are also secreted by adipocytes which are termed as
adipocytokines or adipokines.

Figure 1.4: Adipocyte structure
An adipocyte is responsible for expression of certain hormones called adipocytokines like adiponectin,
leptin and resistin.

1.7.4. Adipocytokines / Adipokines
A variety of hormones/proteins are released from adipocytes of adipose tissue and
termed as adipokines or adipocytokines (Ahima et al. 2006; Trayhurn 2007; AntunaPuente et al. 2008; Ouchi et al. 2011; Kwon 2013). The major adipokines are leptin,
resistin, adiponectin, visfatin etc. are extensively studied and have an established
link with insulin resistance and T2D. These adipokines circulate and communicate
with other organs including brain, liver, muscle and adipose tissue itself.

The

deregulated production or secretion of these adipokines due to excess adipose
tissue can leads to the pathogenesis of various obesity associated complications like
insulin resistance, T2D and cardiovascular diseases.
1.7.4.1. Leptin
Leptin is a hormone derived from adipose tissue and encoded by obese gene (Ob)
located on chromosome 7, which encodes a protein of 167 amino acids (Zhang et al.
1994; Flier 1998; Baratta 2002; Benoit et al. 2004; Woods and D'Alessio 2008;
Farooqi and O'Rahilly 2009). The expression of leptin in adipocytes and its plasma
concentration are both positively correlated with adiposity. It is the main regulator
11
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of the balance between food intake and energy expenditure through communication
with central nervous system. Due to defect in either secretion of leptin or abnormal
leptin there is leptin deficiency which is a hallmark of certain rare cases of obesity.
Leptin deficiency or resistance can result in profound obesity and diabetes. Leptindeficient mice and humans are severely obese and have several metabolic and
endocrine

alterations,

such

as

hyperglycemia,

insulin

resistance,

hyper-

triglyceridemia, and central hypothyroidism. If the defect is on leptin receptors in
brain or in the downstream signaling pathways on hypothalamic neuronal cells,
which are the target sites for leptin action; it would not exert its effects and will be
unable to regulate food intake and energy homeostasis. In this situation, brain is
irresponsive to the intake of food and energy, thus elicits a response to the body for
more food intake, which can cause weight gain and obesity. Since obesity is a major
risk factor for type 2 diabetes mellitus (T2D), the increase in adipose tissue may lead
to diabetes.
1.7.4.2. Adiponectin
Adiponectinis another adipose tissue derived protein that contains 244 amino acids
with a molecular weight of 30 kDa (Arita et al. 1999; Haluzik et al. 2004; Haluzik
2005; Nawrocki and Scherer 2005; Salmenniemi et al. 2005; Huerta 2006; Sun et al.
2009). The concentrations of adiponectin are variable with respect to gender as
males usually have low adiponectin concentration than the females. Moreover, age
and pregnancy also affect the adiponectin expression. It is a multifunctional
hormone and it has been shown to act in the brain to decrease the body weight. Its
direct actions are in the liver, skeletal muscles, and vasculature with prominent roles
in the improvement of hepatic insulin sensitivity, increased fuel oxidation and
decreased vascular inflammation. Adiponectin is an important protein hormone
implicated in obesity and type 2 diabetes mellitus (T2D). Its concentrations in the
blood show an inverse relationship with body fat composition and it is thought to be
the only adipose derived hormone which is decreased in obesity and T2D.
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1.7.4.3. Resistin
Resistin like adiponectin and leptin is one of the several adipokines and was
discovered in a screen for adipocyte gene products (Nagaev and Smith 2001; Savage
et al. 2001; Steppan et al. 2001; Steppan et al. 2001; Smith 2002; Steppan and Lazar
2002; Ukkola 2002; Steppan and Lazar 2004; Schwartz and Lazar 2011). Human
resistin gene is located on chromosome 19p13.3 and it is encoded by 3 exons. The
length of human resistin pre-peptide is 108 amino acids and its molecular weight is
12.5 kDa. Resistin also has been identified to be expressed by white blood cells in
humans. The role of resistin in obesity and T2D is extensively studied. In rodent
models resistin has a confirmed link to insulin resistance, as the administration of
anti-resistin antibody to mice with diet induced obesity and hyperglycemia partially
improved insulin sensitivity and administration of recombinant resistin to normal
mice led to impaired glucose tolerance. However, the role of human resistin in
obesity and diabetes is still controversial. The role of adipokines in obesity and
diabetes and their association with certain biochemical parameters is discussed in
detail in chapter 2.
1.8. Forkhead box transcription factors
Transcription factors are the proteins which bind to specific DNA sequence and
control the information which is transcribed by the specific gene in mRNA(Nakae et
al. 2001; Carlsson and Mahlapuu 2002; Farmer 2003; Carter and Brunet 2007; Nakae
et al. 2008; Benayoun et al. 2011; Kitamura 2013). Forkhead box transcription factors
(FOX) is a family of transcriptional factors that ischaracterizedbyaconservedDNAbindingdomain (theForkhead box).Many key members of forkhead transcription
factors especially FOXO are strongly associated with different biological processes
like cancer, drug resistance, stress response, cell cycle regulation, glucose
metabolism and apoptosis. FOXO family of transcription factors is one of the major
subfamily of FOX proteins and has been identified in species ranging from yeast to
humans. The FOXO family is regulated by insulin/Pl-3k/AKT signaling pathways and
therefore has a very important role in glucose metabolism. FOXO1 proteins are
members of FOXO family and are encoded by Foxo1gene. FOXO1 has a very
13
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important role in metabolism. It is expressed mainly in insulin responsive tissue i.e.
liver, pancreas, adipose tissue and muscles.FOXO1 is involved in adipocyte
differentiation and pancreatic -cell failure which makes it a possible cause of
obesity and related insulin resistance and diabetes. Functional biology of a gene is
important to study so the mechanism of a particular pathway can be understood
clearly. Study of gene function in a live biological system gives best idea of its
mechanism. The knocking out of particular gene from a live biological specimen can
help in understanding the function of that particular gene. Further detail about
FoxO1 transcription factor and its functional biology is discussed in chapter 4.
1.9. Approaches to study obesity and diabetes
There are different approaches to study the diabetes and obesity. These include
biochemical studies which are concerned with the biochemical aspect of obesity and
diabetes and the biochemical profiles of healthy and diseased (diabetes and obesity)
are studies. Epidemiological approach in diabetes and obesity research involves
population based studies which have a great role in defining and managing these
diseases for a particular population. Finally, molecular approach to study which are
more concerned with the study of underlying biology and mechanisms which are
involved in pathogenesis of obesity and diabetes.
1.10. Objectives of the study
This study was designed to investigate the biochemical, molecular and
epidemiological aspects of obesity and type 2 diabetes. Following were the main
objectives:


To compare the biochemical profile of controls with obese and type 2 diabetic
subjects from Faisalabad region of Pakistan and to find association of adipokines
(adiponectin, leptin and resistin) with obesity and diabetes for the selected
population as no such data is available for this population. A large number of
samples from Faisalabad region were collected and analyzed for their
biochemical profile. A subset of these samples was selected for theadipokine
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analysis. The biochemical profile and adipokine profile of the selected population
was statistically analyzed to find and correlation among them.


To find correlation of certain biochemical parameters and antioxidant
concentrations with prevalence of one of the major diabetic micro-vascular
complication that is diabetic retinopathy. Diabetic retinopathyis a leading cause
of blindness in diabetics and a need of in time diagnosis and treatment is of
crucial need. As diabetic retinopathy involves damage due to oxidative stress,
the role of antioxidants is really important in defense against it. The
concentrations of one of the antioxidants bilirubin were estimated in a large
population from Shanghai, China and correlated with the prevalence ofdiabetic
retinopathy.



To have an insight of molecular mechanism of obesity and diabetes by
investigating the role of Foxo1 gene in adipocyte differentiation and glucose
metabolism. Foxo1gene is regulated by insulin / growth factors and its activity
depends on its nuclear localization. In presence of insulin signals, Foxo1is
exported out from nucleus hence, unable to perform its functions while in case
of absence of insulin signaling, Foxo1 localized in nucleus where it interacts with
the major regulator of adipogenesis and glucose homeostasis Ppar- and repress
its activity. To understand the exact role of Foxo1in adipocyte differentiation and
glucose homeostasis with respect to Ppar- expression adipose tissue specific
Foxo1knockout mice were investigated.

1.11. Thesis outline
This thesis is written while keeping in importance the understanding of major
biochemical, molecular and epidemiological approaches for diabetes and obesity.
Chapter 2 will be focusing on the biochemical and adipocytokines study from Punjabi
population of Faisalabad region of Pakistan. Chapter 3 will be focused on the
epidemiological study with reference to a very important micro-vascular diabetic
complication which is diabetic retinopathy.Chapter 4 will be focused on molecular
study of diabetes and obesity with reference to an important transcription factor
FOXO1. Chapter 5 will be the general discussion chapter bridging the biochemical,
molecular and epidemiological studies in this thesis.
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CHAPTER 2: BIOCHEMICAL STUDY OF OBESITY AND DIABETES IN
PAKISTANI POPULATION
2.1. INTRODUCTION
2.1.1. Obesity and type 2 diabetes
Obesity is a major risk factor for developing type 2 diabetes (T2D) as the obese
persons are at three times more risk of getting diabetes(Abdullah et al. 2010).
Obesity is characterized by excess accumulation of adipose tissue in body especially
in abdominal region. Both genetic and environmental factors are involved in the
onset of obesity.
2.1.2. Adipose tissue as an endocrine organ
Adipose or fat tissue is a loose connective tissue in the body and was thought to be a
fat depot for many years. After the discovery of leptin in 1994(Zhang et al. 1994),
adipose tissue was ascribed with endocrine role which was evident from a number of
hormones (cytokines and adipokines)secreted from adipose tissue.
2.1.3. Biochemical changes in obesity and type 2 diabetes
Obesity is linked to T2D via insulin resistance mechanism the pathogenesis of T2D
involves various changes in the body at biochemical concentration. Hyperglycemia or
high glucose concentrations are the hallmark of T2D, and in response to high glucose
concentrations the normal metabolism of the body gets affected. Most commonly
altered biochemical parameters are concentration of triglycerides and cholesterol.
Various proteins concentration also alters with obesity and hyperglycemia and
concentrations of certain enzymes also change in the body in addition to other
metabolites like urea and creatinine. The altered concentrations of proteins, various
enzymes, lipid and biochemical profiles in obese or diabetic condition act as certain
biomarkers to diagnose the onset of different complications associated with obesity
and diabetes. Therefore, the monitoring of biochemical changes in obese and
diabetics are very important to avoid any complexities.
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2.1.4. Adipokines and their role in insulin resistance and type 2 diabetes
Adipokines are the hormones which are secreted from the adipose tissue. These
adipokines in circulation communicate with the brain, muscles, liver and even
adipose tissue itself, and play an important role in keeping the normal homeostasis
of energy in the body. There are numerous adipokines which have been identified
and studied. Some of the important adipokines are leptin, resistin, adiponectin etc.
which circulate in the body at physiological concentrations and perform their specific
functions (Figure 2.1). In obesity, with increase in adipose tissue the concentrations
of these adipokines change, which interfere with the normal functioning of body
metabolism. The altered concentrations of adipokines in obesity have been linked to
insulin resistance and T2D. The role of three major adipokines leptin, adiponectin
and resistin in obesity and T2D is discussed in more detail below.

Figure 2.1: Adipose tissue derived hormones and their functions
Adipose tissue secretes a number of hormones collectively called as adipokines or adipocytokines.
Resistin, Adiponectin and Leptin are among these adipokines and have major functions in normal
body physiology.
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2.1.4.1. Leptin
Leptin is a hormone derived from adipose tissue and encoded by obese gene (Ob)
located on chromosome 7, consists of 167 amino acids (Zhang et al. 1994; Baratta
2002). The expression of leptin in adipocytes and its plasma concentration are both
positively correlated with adiposity (Woods and D'Alessio 2008). It is the main
regulator of the balance between food intake and energy expenditure through
communication with central nervous system(Benoit et al. 2004; Farooqi and
O'Rahilly 2009).
2.1.4.1.1. Leptin resistance, obesity and type 2 diabetes
Due to defect in either secretion of leptin or abnormal leptin there is leptin
deficiency which is a hallmark of certain rare cases of obesity. Defects of leptin
receptors ignore the actions of available leptin thus causing leptin resistance.Leptin
deficiency or resistance can result in profound obesity and diabetes. Leptin-deficient
mice and humans are severely obese and have several metabolic and endocrine
perturbations, such as hyperglycemia, insulin resistance, hypertriglyceridemia, and
central hypothyroidism (Flier 1998). If the defect is on leptin receptors in brain or in
the downstream signaling pathways on hypothalamic neuronal cells, which are the
target sites for leptin action; it would not exert its effects and will be unable to
regulate food intake and energy homeostasis. In this situation, brain is irresponsive
for the intake of food and energy, thus elicits a response to the body for more food
intake, which can cause weight gain and obesity. Since obesity is a major risk factor
for T2D, the increase in adipose tissue may lead to diabetes. Obesity or increase in
fat mass also alters the concentration of adipokines like leptin, adiponectin etc.
released from adipose tissue, thus it can be hypothesized that this altered
concentration of adipokines can interfere with the pathogenesis of obesity
associated diabetes. Leptin concentration increases in obesity and its correlation
with body mass index (BMI) and glucose concentrations has been studied in different
populations (Buyukbese et al. 2004; Marita et al. 2005; Das et al. 2013; Chen et al.
2014).
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2.1.4.2. Adiponectin
Adiponectin is an important protein hormone implicated in obesity and type 2
diabetes mellitus (T2D) (Haluzik et al. 2004). Adiponectin protein contains 244 amino
acids with a molecular weight of 30 kDa (Haluzik et al. 2004; Huerta 2006).It is a
multifunctional hormone and it has been shown to act in the brain to decrease the
body weight, however the molecular mechanism is yet unclear (Nawrocki and
Scherer 2005). Its direct actions are in the liver, skeletal muscles, and
vasculature(Figure 2.1).(Sun et al. 2009). The concentrations of adiponectin are
variable with respect to gender as males usually have low adiponectin concentration
than the females. Its suppressive effect is probably due to androgen and
testosterone (Haluzik 2005). Moreover, age and pregnancy also affect the
adiponectin expression.
2.1.4.2.1. Adiponectin, obesity and type 2 diabetes
Adiponectin concentrations in the blood show an inverse relationship with body fat
composition and it is thought to be the only adipose derived hormone which is
decreased in obesity and T2D (Arita et al. 1999; Salmenniemi et al. 2005). In several
studies, the diabetics showed decreased plasma adiponectin concentrations
(Lindmark et al. 2006; Wannamethee et al. 2007). The anti-diabetic actions of
thiazolidinediones (TZDs) involve insulin sensitization which is partially caused by upregulation of adiponectin concentrations (Hulstrom et al. 2008). Therefore, serum
adiponectin concentrations could be used as a biomarker for the interventional
therapies with anti-diabetic drugs to monitor diabetes treatment efficacy at
endocrine concentration(Sun et al. 2009).

2.1.4.3. Resistin
Resistin like adiponectin and leptin is one of the several adipokines and was
discovered in a screen for adipocyte gene products (Steppan et al. 2001; Steppan et
al. 2001). Human resistin gene is located on chromosome 19p13.3 and it is encoded
by 3 exons (Ukkola 2002). The length of human resistin pre-peptide is 108 amino
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acids and its molecular weight is 12.5 kDa (Steppan and Lazar 2004). Resistin also has
been identified to be expressed by the white blood cells in humans (Nagaev and
Smith 2001; Savage et al. 2001). Gender dimorphism for resistin has also been
reported as females have more serum resistin concentration than males; the
possible reason of this gender dimorphism may be due to difference in body fat
distribution and sex steroids (Steppan and Lazar 2004).
2.1.4.3.1. Resistin, obesity and type 2 diabetes
The role of resistin in obesity and type 2 diabetes (T2D) is extensively studied. In
rodent models resistin has a confirmed link to insulin resistance, as the
administration of anti-resistin antibody to mice with diet induced obesity and
hyperglycemia partially improved insulin sensitivity while administration of
recombinant resistin to normal mice led to impaired glucose tolerance (Steppan and
Lazar 2002). However, the role of human resistin in obesity and diabetes is still
controversial (Smith 2002; Schwartz and Lazar 2011). Inconsistent patterns of resistin
expression were observed in several studies (Hotamisligil 2003; Chen et al. 2005;
Osawa et al. 2008; Habib 2012; Sadashiv et al. 2012). It has also been suggested that
there is an association between increased resistin concentrations and insulin
resistance, diabetes and cardiovascular disease (Park and Ahima 2013) while Oweki
and colleagues(2011) reported that although concentrations of resistin differ
between obese and non-obese humans, but no relationship between resistin
concentration and insulin resistance has been found.
2.1.5. Aims of study
The present study was aimed to compare the biochemical(serum fasting glucose,
serum total cholesterol and serum triglycerides) and adipokines (adiponectin,
resistin and leptin) profile of obese and type 2 diabetics with the healthy controls for
their correlation in a representative Punjabi population from Faisalabad, Pakistan.
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2.2. MATERIALS AND METHODS
2.2.1. Study design
A small case control study was designed to study the biochemical and adipokines
profile of a selected population from Faisalabad, Pakistan (Figure 2.2).A total of 80
subjects were included in this study. The objective of this study was to investigate
the serum concentrations of leptin, adiponectin and resistin and their correlation
with certain biochemical parameters. These subjects were subdivided in four groups
on the basis of diabetes status and obesity. Study subject groups are illustrated in
Figure 2.3. The age of participants was ≥ 40 years and the samples were collected
from both non-diabetic (n = 40) and confirmed type 2 diabetics (n = 40) according to
World Health Organization(WHO 2006) criteria from April to December 2012. All the
subjects were in fasting state at the time of sampling. The BMI value for non-obese
were taken as less than 24.9 kg/m2 while for obese it was more than 30 kg/m2 as
per American Diabetes Association guidelines. The study was approved by the
institutional ethical committee and all participants gave written informed consent. A
consent letter was signed by each subject prior to take sample (appendix ll).Each
participant completed a detailed questionnaire for the collection of demographic
information (i.e. age, gender, socioeconomic information, lifestyle factors such as
smoking medication and history of disease).
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Figure 2.2: Study subjects and study design

Non-diabetics
(n=40)

Non-obese non-diabetics
(n=20)
10 males and 10 females
Obese non-diabetics
(n=20)
10 males and 10 females

Subjects
(n=80)
Diabetics
(n=40)

Non-obese diabetics
(n=20)
10 males and 10 females

Obese diabetics
(n=20)
10 males and 10 females

Figure 2.3: Study groups for adipokines profile investigation

2.2.2. Data collection
The strategy was designed to execute the project and sampling visits were arranged
for the collection of samples with prior contact and help of the concerned
authorities at public places and hospitals in Faisalabad region. Basic and clinical
information was filled in our study questionnaire forms for each individual subject
(appendix ll). Blood sample was drawn from each subject in fasting state of at least
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10 hours. The blood was taken in gel-coated vacutainers, then centrifuged to
separate serum and was stored at -20C till analysis.
2.2.3. Anthropometric measurements
Anthropometric measurements (body weight, height) were taken for the calculation
of body mass index (BMI in units of kg/m2). Weight and height were measured while
participants were wearing light clothing and no shoes.
2.2.4. Biochemical analysis
Serum biochemical parameters fasting glucose concentration, cholesterol, and
triglycerides were estimated with a semi-automated clinical chemistry analyzer
(Micro Lab300, Merck, Germany).
2.2.5. Measurement of adipokines
Sandwich based ELISA kits were used for estimation three adipokines (adiponectin,
leptin and resistin). Leptin was measured by sandwich based ELISA kit (Bio vendor,
Germany). Adiponectin hormone was analyzed with sandwich based ELISA kit
(Adipogen, Korea).Resistin hormone was analyzed with sandwich based ELISA kit (Bio
vendor, Germany).The ELISA plates were read on ELISA plate reader from Diamate.
2.2.6. Statistical analysis
SPSS 18.0 software and SAS 9.3 software (SAS Institute, Cary, NC, USA)were used to
analyze data. All data were represented as mean ± SD or median (interquartile
ranges). For comparison of means, t test was used to find any statistical significance.
Spearman’s correlation analysis was used to see the association of selected
adipokines concentration with certain anthropometric and biochemical parameters.
The statistical tests were two-tailed and statistical significance was taken as P < 0.05.
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2.3. RESULTS
2.3.1. Baseline characteristics of study subjects
In this study, 80 subjects were included with an even distribution of gender, diabetes
and obesity status (Figure 2.3). Study subjects were initially divided on the basis of
diabetes status i.e. 40 non-diabetics and 40 diabetics, then subdivision was made on
the basis of obesity i.e. 20 obese non-diabetics, 20 non-obese non-diabetics, 20
obese diabetics and 20 non-obese diabetics. Further sub-division was made genderwise i.e. 10 non-obese non-diabetics males, 10 non-obese non-diabetics females, 10
obese non-diabetics males, 10 obese non-diabetics females, 10 non-obese diabetic
males, 10 non-obese diabetic females, 10 obese diabetic males and 10 obese
diabetic females. Baseline characteristics of study subjects are presented in Table
2.1.
2.3.1.1 Biochemical profile in obese and T2D
2.3.1.1.1. Non-diabetics versus Diabetics
The first comparison was made on the basis of disease status i.e. non-diabetics and
diabetics (Table 2.1). The total number of subjects taken for this comparison was 80
i.e. Non- diabetics (n=40) and diabetics (n=40). The average age of non-diabetics and
diabetics (mean years ± SD) was 48 ± 7 and 53 ± 6 respectively. From this analysis the
following changes were found in the diabetic group as compared to non-diabetic
group: Glucose = 55.4%↑, Triglycerides = 33%↑
2.3.1.1.2. Non-obese versus Obese subjects
The comparison was done on the basis of obesity status i.e. non-obese and obese
(Table 2.1). The total number of subjects taken for this comparison was 80 i.e. Nonobese (n=40) and obese (n=40). The average age of non-obese and obese (mean
years ± SD) was 52 ± 6 and 48 ± 7 respectively. From this analysis the following
changes were found in the obese group as compared to non-obese group: BMI =
31.6%↑ in the obese condition.
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2.3.1.1.3. Males versus Females
The comparison was done on the basis of gender (males vs. females) (Table 2.1). The
total number of subjects taken for this comparison was 80 i.e. males (n=40) and
females (n=40). The average age of males and females (mean years ± SD) was 51 ± 6
and 51 ± 6 respectively. From this analysis, BMI showed significant difference which
was 24 %↑ in the females.
2.3.2. Serum adiponectin concentrations in diabetes, obesity and gender
Diabetes status
Diabetics and non-diabetics were significantly (p=0.003) different in terms of
adiponectin concentrations. Adiponectin concentration was decreased by 48% in
the diabetes (Table 2.1).
Obesity status
There was a 45% decrease in adiponectin concentration in obese subjects as
compared to non-obese subjects; however, it was not statistically significant (Table
2.1).
Obesity and diabetes
Adiponectin concentrations were 49%↓ in obese diabetic group when compared to
the non-obese diabetic group. The comparison of obese non-diabetics group as
compared to obese diabetic group showed that adiponectin concentrations were
60% lower in obese diabetic group.
Gender dimorphism
Gender dimorphism was not observed for adiponectin when all males and females
from both non-diabetic and diabetic groups with obese or non-obese status were
compared(Table 2.1).
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2.3.3. Serum leptin concentrations in diabetes, obesity and gender
Diabetes status
Leptin concentrations did not show any significant difference in leptin
concentrations when diabetics and non-diabetics were compared (Table 2.1).
Obesity status
The obese and non-obese were significantly different (p=<0.001) in terms of leptin
concentrations as leptin was 37%(increased) in the obese (Table 2.1).
Obesity and diabetes
Effect of Diabetes on Obesity
Non-diabetics (non-obese vs. obese subjects) were compared and significant
differences were observed for leptin concentrations. Leptin concentration was 26%
higher in non-diabetic obese group. When diabetics (non-obese vs. obese subjects)
were compared, the significant difference was observed for leptin concentrations.
Leptin was 52% higher in diabetic obese group.
Effect of Obesity on Diabetes
When obese (non-diabetics vs. diabetics) were compared and Non-obese (nondiabetics vs. diabetics) were compared no significant difference for leptin
concentrations was observed.
Gender dimorphism
Gender dimorphism was observed for leptin concentrations when males were
compared to females irrespective of diabetes and obesity status; Leptin = 64.4% in
females(Table 2.1).
Non-diabetics (Non-obese and Obese)
Comparison between non-obese, non-diabetic (males vs. females) showed significant
gender dimorphism for leptin concentrations as leptin concentrations were high up
to 97% in female subjects. This shows leptin concentrations are higher in healthy
females relative to healthy males. However, comparison of obese non-diabetic
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(males vs. females) showed that leptin concentrations were 63% high in females as
compared to males.
Diabetics (Non-obese and Obese)
In comparison of non-obese diabetic (males vs. females) leptin concentrations
showed 42% higher concentrations in females while in comparison of obese diabetic
(males vs. female) comparison, the leptin concentrations in females were 58%
higher.
2.3.4. Serum resistin concentrations in diabetes, obesity and gender
Resistin concentrations did not show any significant difference among any group
based on either diabetes or obesity or gender (Table 2.1).

27

Chapter 2

Table 2.1: Physical, biochemicaland adipokine parameters of study subjects
Study groups

Obesity
Non-Obese

Obese

40

40

BMI (kg/m2)

23.9±2.7

31.5±3.8

FG (mg/dL)

153.7±89.4

TC (mg/dL)
TG (mg/dL)

Diabetes
p-Value Non-Diabetic

Diabetic

Gender
p-Value

Males

Females

40

40

p-Value

Parameters
40

40

<0.0001

27.4±5

28±5.2

0.71

26.7±4.2

28.8±5.6

0.04

143.5±77.6

0.59

91.7±12.1

205.5±85.3

<0.0001

137.9±67.4

159.3±96.4

0.25

181.4±45.8

193.1±47.6

0.31

183.2±47.1

191.3±46.7

0.44

185.2±49.4

189.3±44.6

0.69

163.7±113.7

164.6±101.4

0.97

131.5±75.3

196.7±124

0.005

171.8±102.6

156.5±112.1

0.52

Adiponectin (µg/mL) 5.7 (1.8-11.6)

4.5 (1.3-6.9)

0.18

5.8 (4.4-12.1)

2.5 (0.8-8.0)

0.003

4.6 (1.1-9.2)

5.7 (2.8-8.9)

0.48

Leptin (ng/mL)

4.7 (3.5-6.4)

7.7 (5.2-9.2)

<0.001

6.3 (4.1-8.5)

5.4 (7.7-4.3)

0.35

4.4 (3.3-5.5)

8.3 (6.1-9.2)

<0.0001

Resistin (ng/mL)

7.8 (6.8-8.7)

7.7 (6.6-8.6)

0.78

7.6 (6.5-8.6)

7.9 (7.3-8.6)

0.45

7.7 (6.3-8.6)

7.7 (7.1-8.6)

0.29

n

Data are given as the mean ± SD for BMI, FG, TC, and TG and adipokine data are given as the median (interquartile ranges).The p-values were calculated using
student’s t-test for continuous variables. BMI, body mass index; FG, fasting blood glucose; TC, total cholesterol; TG, triglycerides.
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2.3.5. Spearman’s correlation analysis of adiponectin, leptin and resistin
Spearman’s correlation analysis was performed to see the association of
adiponectin, leptin and resistin concentrations with obesity, diabetes or gender in
our study population. These results are given in Table 2.2. Adiponectin
concentrations showed strong association with diabetes (p=0.002) and triglycerides
(p=0.004). Leptin concentrations were correlated significantly with obesity (p=0.000)
and gender (p=0.000). Resistin did not show any association with diabetes, or
obesity, or gender status. The three adipokines were not associated with each other
either which in our study population shows that adiponectin and leptin are
independently associated with diabetes, obesity and gender (Table 2.2).
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Table 2.2: Spearman’s correlation analysis of adiponectin, leptin and resistin
Age
Gender
Obesity

Age Gender Obesity Diabetes Cholesterol Triglycerides Adiponectin Leptin Resistin
1.000
-.012
-.012
.328**
.054
.096
.113 -.142
.115
1.000

1.000**

.000

.097

-.143

.101

.657**

.110

1.000

.000

.097

-.143

.101

.657**

.110

1.000

.106

.333**

-.336**

-.095

.081

1.000

.349**

.111

.106

.053

1.000

**

-.317

-.165

.158

1.000

-.008

-.040

1.000

.125

Diabetes
Cholesterol
Triglycerides
Adiponectin
Leptin
Resistin

1.000

** Significance at 0.01 *Significance at 0.05
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2.4. DISCUSSION
2.4.1. Adipokines in obesity and diabetes
The association between obesity and diabetes supports the idea of adipose tissue
role in the maintenance of glucose homeostasis. Adipose tissue plays this role with
the hormones (adipokines) released from it. Adiponectin is a protein hormone
secreted by adipocytes in adipose tissue. There are various biological actions
performed by adiponectin like insulin sensitization, anti-atherogenic and antiinflammation(Ohashi et al. 2012), thus making it a very important hormone. Leptin is
a hormone secreted by adipose tissue and has an established role in maintaining
balance between food intake and energy expenditure through its communication
with central nervous system. In case of deficiency of leptin or leptin resistance in the
body, the normal physiological functions of body get disturbed. Main outcome of
leptin deficiency or resistance is obesity which further leads to many complications
involving insulin resistance and type 2 diabetes mellitus.
Leptin and adiponectin have established roles in obesity associated diabetes while
resistin with its controversial role in diabetes and obesity is a hormone of much
interest. The present study was conducted with an aim to identify serum
adiponectin, leptin and resistin concentrations in a representative population from
Faisalabad, Punjab, Pakistan and to correlate these concentrations with certain
anthropometric and biochemical parameters i.e. Body mass index (BMI), serum
glucose concentration, and serum lipid profile (cholesterol and triglyceride).
2.4.1.1. Adiponectin in obesity and diabetes
Reduced concentrations of adiponectin have been associated with insulin resistance
and obesity (Lindsay et al. 2002), and higher concentrations are reported to have a
protective effect from type 2 diabetes (Spranger et al. 2003). Adiponectin
concentrations are studied in neighboring populations (Indian and Chinese) of
Pakistan and correlated with diabetes and obesity (Woo et al. 2012; Gokulakrishnan
et al. 2013). In Pakistani population the concentrations of adiponectin are studied as
well but are not correlated with type 2 diabetes or obesity yet. The adiponectin
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concentrations in Pakistan are correlated with post menopausal diabetic women,
coronary artery disease, cerebrovascular disease, ischemic heart disease (Jaleel et al.
2006; Jaleel et al. 2006; Fayyaz et al. 2009; Jaleel et al. 2009). The objective of our
study was to find the differences in adiponectin concentrations on the basis of
obesity and diabetes status. Our results show significant decrease in serum
concentrations of adiponectin; decreased up to 48% in diabetics, 49% decrease in
obese diabetics when compared with non-obese diabetics.
Lower adiponectin concentrations are also associated with impaired fasting glucose
(Heliovaara et al. 2006) and development of diabetes when fasting glucose to
adiponectin ratio was calculated (Islam 2011). The profiling of this hormone for
Pakistani population is important to do so that therapeutic and life style
interventional approaches can be modulated to up-regulate the concentrations of
adiponectin in diabetes and obesity state. There are certain drugs which up-regulate
adiponectin concentrations; one class of such drugs is thiazolidinediones (TZDs). Life
style changes can also have positive effects on adiponectin concentrations as the
lower concentrations of adiponectin are reported to be improved with exercise as
reported earlier (Kriketos et al. 2004; Saunders et al. 2012). Exogenous adiponectin is
suggested to reverse insulin resistance condition (Matsuzawa et al. 2004). Herbal
and medicinal plants are also reported to enhance the production of adiponectin
from adipocytes but these studies are reported only in animal models and preadipocytes cell lines (Liao et al. 2010).
Gender dimorphism is also reported for adiponectin as males usually have lower
concentrations of adiponectin as compared to females. However, in our results we
did not observe any significant gender dimorphism for adiponectin concentrations.
Serum adiponectin concentration has been reported to correlate with many
biochemical and clinical parameters as well. In our study, we correlated adiponectin
concentrations with BMI, serum fasting glucose concentrations and serum lipid
profile (cholesterol and triglycerides). Serum adiponectin concentration is inversely
associated with BMI as it decreases with increase in BMI in obese and diabetes state
(Cohen et al. 2011) serum fasting glucose concentrations (Jalovaara et al. 2008;
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Sheng and Yang 2008), and triglycerides (Umeda et al. 2013). Our results also show
significant inverse association of serum adiponectin concentrations with BMI, serum
fasting glucose concentrations and serum triglycerides.
2.4.1.2. Leptin in obesity and diabetes
Leptin and BMI correlation is studied extensively in several populations with a major
result of positive correlation between these two parameters (Marita et al. 2005;
Wang et al. 2010; Gu et al. 2014). Although there are few reports on leptin
concentrations published from Pakistan but not for the Faisalabad region. One of
these reports indicated lower concentrations of serum leptin in obese subjects with
type 2 diabetes (Kazmi et al. 2012) which is contradictory to our results in which
leptin concentrations are high in obese subjects irrespective of the diabetes
status.The reason of low concentrations of leptin may be a result of insulin
deficiency (insulin is a major stimulator of leptin hence lower leptin lower insulin can
be inferred) or altered fat distribution (diabetics have low subcutaneous fat and
more visceral fat due to which the secretion of leptin changes as leptin is more
secreted by subcutaneous fat thus affecting the overall serum leptin concentration).
Gender based analysis in this report showed higher concentrations of leptin in
female (Kazmi et al. 2012).
Another report from Pakistan showed strong association between leptin
concentrations and body mass index. Increased concentrations of serum leptin in
obese subjects without type 2 diabetes mellitus were reported. A progressive
increase in serum leptin concentration was observed with an increase in BMI and
these results are in agreement with our results. Hence leptin concentration is
directly proportional to the total adiposity so this result can be considered as an
expected result. Females showed higher concentrations of leptin in this study as
well. (Paul et al. 2011).
A case control study reported significantly higher serum leptin concentrations in
obese diabetic and non-diabetic subjects as compared with non-obese diabetic
patients and non-diabetic subjects. Leptin concentrations were positively correlated
with serum insulin and C-peptide concentrations. Serum leptin increased with
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increase in body mass index. Leptin concentrations are increased in obesity and may
play a role in the development of insulin resistance and type 2 diabetes mellitus
(Haque and Rahman 2003).
Leptin concentrations in different ethnic groups and neighboring populations are
also studied in various reports. Serum leptin concentrations were evaluated in a
group of non-obese type 2 diabetic patients from Mumbai, Western India. Results
showed serum leptin concentrations were positively correlated to body mass index
(Marita et al. 2005).
A report from Turkey showed positive correlation between leptin and BMI, lower
leptin concentrations in obese women with diabetes than without diabetes and
additionally it is even lower in the poorly controlled diabetes subgroup (Gu et al.
2014).
In a gender specific meta-analysis study from China higher leptin concentrations
were found to be associated with elevated risk of type 2 diabetes in men but not in
women (Chen et al. 2014),however, in our population no association between leptin
and diabetes was observed. As obesity, insulin resistance, and aging are closely
associated and adipokines seem to have a crucial role in their pathophysiology. A
study from Portugal reported close link between leptin concentrations with obesity
and length of diabetes (Coimbra et al. 2014).
Association among obesity, leptin and insulin resistance in type 2 diabetes mellitus
was studied in an Indian population in which leptin and insulin resistance showed no
correlation. Study concluded that, obesity mainly abdominal might be responsible
for insulin resistance in type 2 diabetes mellitus whereas leptin, a potential marker
for obesity, may not be that responsible. This perhaps points towards the
multifactorial causation of insulin resistance in type 2 diabetes mellitus (Das et al.
2013).
A study in China showed no independent association between leptin and either
diabetes or impaired fasting glucose (IFG) hence, leptin does not independently
predict the risk of diabetes and IFG in older Chinese adults (Wang et al. 2010).
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Positive correlation between oxidative stress status parameters and leptin in obese
patients was observed which suggests that increased oxidative stress and increased
leptin concentrations, both consequences of obesity, may play a role in type 2
diabetes mellitus development (Stefanovic et al. 2008).
2.4.1.3. Resistin in obesity and diabetes
The role of resistin in diabetes and obesity is confirmed in mice but the role in
humans is still controversial. Our results showed no significant difference between
resistin concentrations in either groups based on obesity, diabetes or gender.
Correlation analysis also showed no association of resistin with anthropometric or
any biochemical parameters which were investigated in this study.
Studies in mice have shown a strong link of resistin in insulin resistance and obesity
as its deficiency affects the blood glucose concentration and is associated with
increase in body weight which suggest its role in obesity associated diabetes
(Banerjee et al. 2004). A study from Poland showed increased concentrations of
resistin in obese subjects as compared to non-obese but there was no correlation
between resistin concentrations and insulin resistance (Owecki et al. 2011). In our
study population we did not find any significant difference in non-obese and obese
group. A conflicting report from a study conducted in Saudi Arabia showed positive
correlation of resistin concentrations with body fat mass in diabetics and significantly
increased concentrations of resistin in non-diabetic group as compared to diabetic
group (Habib 2012).
The supporting report for our results is study from Taiwan which also showed no
association of resistin with adiposity, glucose concentrations, and lipid profiles (Chen
et al. 2005). A study reporting measurement of resistin in saliva of diabetics and it
showed presence of resistin in saliva of both non-diabetics and diabetics and
showed positive correlation of resistin with BMI in diabetics (Yin et al. 2012).
Conflicting to our results positive correlation of resistin with BMI and glucose
concentrations were observed in an epidemiological study from Thailand which
suggests that resistin has a role in obesity and obesity associated insulin resistance in
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diabetes mellitus (Chanchay et al. 2006). Polymorphisms of resistin gene were
studies in a Japanese population and plasma concentrations of resistin were
estimated. Results showed positive association of resistin concentrations and two
polymorphisms rs34861192 and rs3745368. Resistin concentrations were also
associated with obesity in this study (Asano et al. 2010)
Another study from Japan reported the association of resistin with metabolic
syndrome factors in diabetes. The results showed higher concentrations of resistin in
obese subjects and association of resistin with accumulation of metabolic syndrome
factors in diabetes as resistin concentrations were associated with lower high density
lipoprotein (HDL) and triglycerides (Osawa et al. 2008). In our study population
resistin did not show any association with triglycerides or lipid profile. Our results are
in support with the hypothesis that resistin concentrations have no association with
any anthropometric or biochemical parameter.
2.5. Shortcomings of the study
In spite of reasonably good study design, there are few limitations of our study.
Firstly, the present study for adipokines is a representative study of a small group of
Punjabi population from Faisalabad. Further studies on large set of population is
needed which will be more helpful in confirmation of our results, drawing a
meaningful conclusion as well as establishing the role of adiponectin, leptin and
resistin as an important biomarker for Pakistani population. Secondly, the results are
based on a single measurement of adiponectin concentrations, leptin concentrations
and resistin concentrations for all participants, which did not show any difference in
concentrations with time or with use of any drugs in case of diabetics. If there are
any differences then these results would have been biased. Thirdly, we did not have
data of HDL and LDL cholesterol for the population under study which if available can
be very important in understanding the underlying mechanism of adiponectin and
cholesterol interaction. Also, we do not have data for diabetes duration which can be
used to see the association between leptin, obesity and diabetes duration if any.This
study does not include any polymorphism analysis in adiponectin, leptin or resistin
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gene as blood concentrations of these adipokines may have a link with any mutation
in their respective gene.
2.6. Conclusion
In conclusion, our results for a representative group from Punjabi population of
Faisalabad, Pakistan are consistent with the results in other neighboring populations
for adiponectin and leptin as the concentration of serum adiponectin decreased up
to 48% with diabetes and 45% with obesity while the concentration of serum leptin
increased up to 37% with obesity. No association between glucose concentrations
and leptin concentrations were observed. Significant gender dimorphism for leptin
concentrations was found in our study population as 64.4% increase in female
subjects was observed. Adiponectin concentrations may then be added to clinical
profile in case of any difference in concentrations to be used as a predictor of
diabetes.
For Resistin concentrations in the selected population from Faisalabad region of
Pakistan, no association of resistin concentrations with diabetes or obesity was
observed. No gender dimorphism for resistin concentrations was observed either.
Polymorphism based studies can also be done to see association between adipokines
blood concentrations and mutations in their genes. These results need to be
replicated in large set of Pakistani population both in diabetics and subjects with
impaired glucose tolerance.
2.7. Contributions
This work was part of a major project (metabolic disorders) at Dr. Fazli Rabbi Awan’s
laboratory in NIBGE, Faisalabad, Pakistan. Samples collection was a collective effort
of team members Dr. Abdul Rehman Khan, Dr. Tehmina Siddique, Dr. Maryam Zain,
Mohsin Khurshid, Mehboob Islam and me. The adipokines assay, analysis and write
up were done by me.
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CHAPTER 3: EPIDEMIOLOGICAL STUDY OF TYPE 2 DIABETES AND
DIABETIC RETINOPATHY
3.1. INTRODUCTION
3.1.1. Diabetes and diabetic complications
Diabetes mellitus is a multi-factorial metabolic disease leading to several grave
complications with high incidence due to modern life style in many populations
across the globe(Wild et al. 2004). Hyperglycemia is the hallmark for all types of
diabetes and it activates certain biochemical pathways like oxidative stress which
ultimately affects the normal functioning of the body and leads to macro- and
microvascular complications(Takayanagi et al. 2011) including eye problems called
diabetic retinopathy.
3.1.2. Diabetic retinopathy
Diabetic retinopathy is one of the major diabetic microvascular complications, and is
a leading cause of blindness in diabetics(Cheung et al. 2010). It is of great importance
that diabetic retinopathy is diagnosed early and proper treatment is taken to avoid
blindness (Axer-Siegel et al. 2006).
3.1.3. Pathogenesis of diabetic retinopathy
In diabetic retinopathy damage is caused to retinal vasculature. Retinal cells are
highly susceptible to high blood glucose concentrations and a number of biochemical
changes occur in retina in response to hyperglycemia. In normal conditions, glucose
is converted to glucose-6-phosphate when enters the cell and then oxidized by
glycolysis for energy generation, and excess of glucose is stored as glycogen. In
hyperglycemia, high blood glucose concentrations alter normal biochemical
pathways, which are involved in causing damage to vasculature. The altered
biochemical pathways lead to over production of reactive oxygen species (ROS) and
associated oxidative stress. ROS are normal products of cellular metabolism and in
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case of hyperglycemic induced oxidative damage the production of ROS is increased
(Wu et al. 2014) .
Hyperglycemia leads to four major pathways (Figure 3.1) which are involved in ROS
production and pathogenesis of diabetic retinopathy (i) Increased Polyol Pathway
Flux (ii) Increased intracellular advanced glycation end-products (AGEs) formation
(iii) Increased Protein Kinase C activation (iv) over activation of hexosamine pathway
(Giacco and Brownlee 2010).
The polyol pathway involves in the reduction of glucose into fructose and it activates
when intracellular glucose concentrations are high. This pathway is a two-step
mechanism in which glucose is first converted into sorbitol (alcohol) and then to
fructose. The enzyme involved in this pathway is aldose reductase which is present
in the retina where it reduces the glucose into sorbitol that is further converted to
fructose by the action of sorbitol dehydrogenase. Sorbitol accumulation in cells has
damaging effects in the cells and possible degradation of fructose leads to
production of AGEs which ultimately cause oxidative stress (Lorenzi 2007; Giacco and
Brownlee 2010; Tarr et al. 2013).
Advanced glycated end-products are produced at a slow rate in the body during
normal conditions but their production is increased with higher concentrations of
glucose i.e. in hyperglycemia. A variety of cell surface receptors (CD36, RAGE etc)
interact with AGEs and this interaction leads to initiation of certain pro-oxidant and
pro-inflammatory events (Tarr et al. 2013). AGEs are present in retina of diabetic
patients as well where they take part in the pathogenesis of diabetic retinopathy
with the production of ROS and related oxidative stress (Huebschmann et al. 2006;
Giacco and Brownlee 2010). The other pathway which is involved in pathogenesis of
diabetic retinopathy is increased activity of PKC.
The increased activity of Protein Kinase C (PKC) (EC No. 2.7.11.13) in hyperglycemic
state is associated with pathogenesis of diabetic retinopathy. Protein kinase is a
family of enzymes involved in signal transduction pathways. In hyperglycemic states,
the increased glucose concentrations lead to the activation of PKC that interferes
with the normal physiological functions in the body. Such molecular changes also
target eyes and impair the retinal blood flow, which ultimately leads to the
pathogenesis of diabetic retinopathy (Fowler 2008; Giacco and Brownlee 2010; Tarr
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et al. 2013). Molecular abnormalities of such biochemical pathways are important in
the pathogenesis of diabetic retinopathy as these lead to both structural and
functional loss of retinal cells of eye (Brownlee 2001; Madsen-Bouterse and Kowluru
2008)(Figure 3.1).

Figure 3.1: Mechanisms involved in pathogenesis of diabetic retinopathy
Hyperglycemia leads to initiate four major pathways which have a role in oxidative stress and
associated diabetic complications like diabetic retinopathy. (i) Increased Polyol Pathway Flux (ii)
Increased intracellular advanced glycation end-products (AGE) formation (iii) Increased Protein
Kinase C activation (iv) over-activation of hexosamine pathway.

3.1.4. Oxidative stress: a major risk factor for diabetic retinopathy
The established risk factors for diabetic retinopathy include duration of diabetes,
poor glycemic control, hypertension and hyperlipidemia. Poor glycemic control and
long-term hyperglycemia lead to the excess production of intracellular reactive
oxygen species (ROS) and the associated oxidative stress, which damages the
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vasculature and hence leads to the microvascular complications like diabetic
retinopathy (Brownlee 2001; Kowluru and Chan 2007)Figure 3.2.

Figure 3.2: Hyperglycemia and oxidative stress.
Hyperglycemia leads to the increased production of intracellular reactive oxygen species (ROS)
and the associated oxidative stress, which damages the vasculature and hence leads to the
microvascular complication.

3.1.5. Antioxidant defense system to combat oxidative stress
Body in response to oxidative stress has antioxidant defense systems, which include
both endogenous and exogenous antioxidants. Endogenous antioxidants are
categorized in primary and secondary antioxidants depending on their mode of
action in combating the oxidative stress. Primary endogenous antioxidants are
involved in prevention of ROS production and secondary antioxidants act as
scavengers for ROS. Exogenous antioxidants can be derived from food or other
sources and exhibit antioxidants properties. Endogenous antioxidants include certain
enzymes like glutathione peroxidase, glutathione reductase, glucose-6-phosphate
dehydrogenase, glutathione-S-transferase, bilirubin etc. in the body while exogenous
antioxidants include vitamins, herbs, spices, foods that exhibit antioxidant activity.
These antioxidants have a role against the oxidative stress (Noori 2012).
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3.1.6. Bilirubin an important endogenous antioxidant
Bilirubin is a breakdown product of heme during breakdown of hemoglobin (Figure
3.3) with antioxidant and anti-inflammatory properties(Basiglio et al. 2010;
Cheriyath et al. 2010). Serum bilirubin is protective for insulin resistance, metabolic
syndrome and diabetes (Cheriyath et al. 2010).

Figure 3.3: Synthesis of bilirubin
Bilirubin is breakdown product of heme. Heme originates from the hemoglobin and converted to
Biliverdin by the action of heme oxygenase, Biliverdin is then converted to bilirubin by action of
Biliverdin reductase.

Serum bilirubin concentrations, according to various population-based studies are
inversely related with prevalence of several diabetic complications (Perlstein et al.
2008; Han et al. 2010; Cho 2011).The inverse association of bilirubin concentrations
is also studied in coronary heart disease, coronary artery disease, peripheral vascular
disease, stroke and carotid intima medial thickness(Erdogan et al. 2006; Vitek et al.
2006; Kimm et al. 2009; Oda and Kawai 2012; Vitek 2012). Bilirubin has been
discussed as potential therapeutic target for the cardiovascular diseases after a
meta-analysis confirming its protective value (Novotny and Vitek 2003).
3.1.7. Aims of study
The aim of this large-scale epidemiological study was to compare the biochemical
profile of control and diabetic subjects with a focus on diabetic micro-vascular
complications especially diabetic retinopathy: its prevalence and association with
biochemical parameters and bilirubin (an antioxidant) concentrations in a population
from Jiading district of Shanghai, China.
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3.2. MATERIALS AND METHODS
3.2.1. Place of study
This study was conducted at Professor Guang Ning’s laboratory at Shanghai Institute
for Biological Sciences, Shanghai, China. This study was funded by the Chinese
Academy of Sciences (CAS), China and The World Academy of Sciences (TWAS), Italy.
3.2.2. Study population
This study was designed as a population based cross-sectional study to explore the
association of diabetic micro-vascular complications and certain biochemical
parameters along with antioxidant concentrations. The study protocol was approved
by the Institutional Review Board of Rui-Jin Hospital, Shanghai Jiao-Tong University
School of Medicine. Briefly, data from 10,375 human subjects aged 40 years or older
were collected from March 2010 to August 2010 in Jiading district, shanghai. All
participants gave informed consent. The study design is shown in Figure 3.4.

Figure 3.4: Study design for epidemiological study
Total 10, 375 subjects were included in the study. The non-diabetics were n=8,504 while type 2
diabetics were n=1,871 according to WHO criteria. The type 2 diabetics were investigated for
serum bilirubin concentrations and association with one of the major complication of diabetes
i.e. diabetic retinopathy.
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3.2.3. Study subjects for diabetic complication analysis
Association study of diabetic microvascular complication retinopathy and one of the
antioxidants bilirubin was designed and diabetics out of total subjects (n=10,375)
were further investigated. The diabetics (n=1,871) included were diagnosed for
diabetesaccording to WHO criteria (WHO 2006); with a previous diagnosis of
diabetes, or fasting plasma glucose concentration≥7.0mmol/L, and or postprandial
plasma glucose concentration≥11.1mmol/L. For bilirubin concentrations and diabetic
retinopathy study, the diabetics with missing data for total bilirubin concentrations,
diabetic retinopathy examination or with the confused diagnosis were excluded. The
total number of subjects included for final analysis was n= 1,761 (Figure 3.4).
3.2.4. Data collection
Trained staff assisted each participant to fulfill the detailed questionnaire for the
collection of information with respect to demographic information like age and
gender, socioeconomic information, lifestyle factors like smoking and drinking status,
medication and history of diseases.
3.2.5. Anthropometric and biochemical parameters measurement
Anthropometric measurements were also performed according to standard protocol.
Weight and height were measured to calculate body mass index (BMI) while the
participants were wearing light clothing and no shoes. Systolic and diastolic blood
pressure (SBP and DBP) was measured with an automated electronic device
(OMRON Model HEM-752 FUZZY, Omron Company, Dalian, China), three times after
5 minutes rest. Average of three readings was used for analysis.
Venous blood was drawn for the biochemical analysis after an overnight fasting of
minimum 10 hours. Serum total bilirubin concentration, fasting plasma glucose
(FPG), 2-h post load plasma glucose (PPG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and
triglycerides (TG) were measured by using auto-analyzer (ADIVA-1650 Chemistry
System, Bayer Corporation, Germany). Glycated hemoglobin (HbA1c) was measured
by high performance liquid chromatography (Bio-Rad, Hercules, CA).
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3.2.6. Eye examination
Each participant underwent an eye examination for diagnosis of diabetic
retinopathy. The procedure for diagnosis was a single 45  non-mydriatic digital
photography centered on the macula. Each subject sat in a dark room for 5 minutes
before the fundus photographs were taken by a trained technologist. Fundus
photographs taken for both eyes were analyzed and graded for the confirmation of
diabetic retinopathy presence and severity by two separate ophthalmologists. Codes
were

assigned

to

differentiate

(0=noretinopathy,1=mild
proliferative

retinopathy,

among

non-proliferative
3=severe

different

types

retinopathy,

non-proliferative

of

retinopathy

2=moderate

retinopathy,

and

non4=

proliferative retinopathy) (Wilkinson et al. 2003).
3.2.7. Statistical analysis
Statistical software, SAS version 9.3 (SAS Institute Inc, Cary, NC, USA) was used to
perform the statistical analysis. The study population was divided into quartiles
based on serum total bilirubin concentration: quartile 1 (< 0.60 mg/dl), quartile 2
(0.60-0.76 mg/dl), quartile 3 (0.77-0.99 mg/dl) and quartile 4 (>0.99 mg/dl). Baseline
characteristics among the quartiles are presented as mean±SD or median
(interquartile range) for continuous variables, and number (proportion) for
categorical variables. P for trend across different groups were calculated using
generalized linear models for continuous variables and using Cochran-Armitage χ2
test for categorical variables. Abnormal distribution variables were log transformed
before analysis. Multiple logistic regression analyses were used to investigate the
association of bilirubin quartiles with the prevalence of DR, with quartile 1 as the
reference. Model 1 was unadjusted; model 2 was adjusted for age and sex. Model 3
was further adjusted for multiple variables(Table 3.2). Odds ratios (ORs) and the
corresponding 95% confidence intervals (95% CI) were calculated. All tests were twotailed and P value < 0.05 was considered as statistically significant.
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3.3. RESULTS
3.3.1. Analysis of anthropometric and biochemical parameters of study subject
Anthropometric (BMI) comparison of control verses diabetics (n=10,375:
control=8,504 vs. diabetics=1871) showed significant difference. Moreover,
comparison

of

biochemical

parameters

showed

significantly

increased

concentrations of cholesterol, triglycerides, and LDL in type 2 diabetics as compared
to the healthy controls, while HDL concentrations were significantly lower in type 2
diabetics (Figure3.5).
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Figure 3.5: Anthropometric and biochemical parameters comparison of control and
type 2 diabetics
(a) Body mass index (BMI) is significantly high in type 2 diabetics (n=1,871) as compared to
controls (n= 8,504) (b) Cholesterol, Triglycerides, Low density lipoproteins (LDL) are significantly
high while High density lipoproteins (HDL) is significantly lower in type 2 diabetics (n=1,871) as
compared to controls (n= 8,504).
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3.3.2. Bilirubin concentrations in diabetes and obesity
Serum bilirubin concentrations comparison was done between control and diabetics,
non-obese and obese subjects, non-obese control and non-obese diabetics, obese
control and obese diabetics. Interestingly, bilirubin concentrations were significantly
high in all diseased groups as compared to the healthy group. Type 2 diabetics
showed significantly high concentrations of bilirubin as compared to the healthy
controls, obese subjects as compared to non-obese subjects, non-obese diabetics as
compared to non-obese controls, and obese diabetics as compared to obese controls
(Figure 3.6). High concentrations of bilirubin in all diseased groups suggests onset of
some endogenous antioxidant defense system to overcome oxidative stress effects
of hyperglycemia and obesity.

0.7

0.8

0.7

0.8

0.7

0.8
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Figure 3.6: Serum bilirubin concentrations in study groups according to diabetes
and obesity
Serum bilirubin concentrations are significantly high in diabetics as compared to the control,
obese as compared to non-obese, non-obese diabetics as compared to non-obese controls and
obese diabetics as compared to non-obese controls.
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3.3.3. Baseline characteristics of diabetic complications study population according
to serum total bilirubin quartiles
Baseline characteristics according to bilirubin quartiles are shown in Table 3.1. Age,
percentage of males, current cigarette smoking and alcohol drinking status, and
diastolic blood pressure are gradually decreasing from quartile 4 to quartile 1 (all P
for trend < 0.05). Conversely, HbA1c, TC, LDL and TG concentrations are increasing
from quartile 4 to quartile 1. However, there are no marked differences across
bilirubin quartiles for BMI, FPG, PPG, SBP, HDL, prevalence of hypertension and selfreported CVDs.
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Table 3.1. Characteristics of diabetic patients across quartiles of serum total bilirubin concentrations
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Parameters
(< 0.60 mg/dl)
(0.60-0.76 mg/dl)
(0.77-0.99 mg/dl)
(>0.99 mg/dl)
P for trend
N (%)
421 (23.91)
444 (25.21)
455 (25.84)
441 (25.04)
Age (years)
60.1±9.0
61.1±9.6
61.6±9.2
61.8±9.3
0.0057
Male n (%)
127 (30.2)
166 (37.4)
208 (45.7)
254 (57.6)
<.0001
Current smoking 64 (15.8)
89 (20.5)
104 (23.4)
99 (23.4)
0.0045
Current drinking
25 (6.2)
41 (9.4)
42 (9.5)
74 (17.5)
<.0001
2
BMI (kg/m )
26.13±3.52
26.40±3.36
26.25±3.53
26.13±3.52
0.8357
FPG (mmol/L)
7.04 (5.96-8.42)
6.90 (5.98-8.07)
6.98 (6.02-7.98)
7.12 (6.15-8.45)
0.1348
PPG (mmol/L)
14.39 (11.93-17.99) 14.23 (12.12-17.42)
14.29 (12.02-18.01) 14.95 (11.95-18.82) 0.0440
HbA1c (%)
6.6 (6.1-7.7)
6.6 (6.0-7.4)
6.4 (6.0-7.4)
6.4 (5.8-7.7)
0.0221
SBP (mmHg)
148.4±19.8
149.3±19.9
148.7±18.5
150.0±19.9
0.3111
DBP (mmHg)
83.2±10.4
84.0±10.2
84.2±10.4
85.2±10.3
0.0052
TC (mmol/L)
5.68±1.18
5.58±1.12
5.49±1.01
5.27±1.05
<.0001
HDL-C (mmol/L)
1.25±0.28
1.26±0.29
1.28±0.32
1.28±0.32
0.0776
LDL-C (mmol/L)
3.33±0.98
3.35±0.90
3.35±0.90
3.13±0.90
0.0020
TG (mmol/L)
1.80 (1.27-2.70)
1.70 (1.22-2.30)
1.66 (1.18-2.29)
1.57 (1.15-2.18)
<.0001
GGT (U/L)
26.0 (19.0-41.0)
28.0 (19.0-43.0)
29.0 (20.0-50.0)
32.0 (22.0-55.0)
<.0001
Hypertension
174 (41.3)
202 (45.5)
213 (46.8)
209 (47.4)
0.0703
Self-report CVDs 48 (11.4)
59 (13.3)
58 (12.8)
52 (11.8)
0.9413
Data were means ± SD or medians (interquartile ranges) for continuous variables or number (proportion) for categorical variables.
Pfor trend values were calculated tests using generalized linear regression analysis for continuous variables or Cochran-Armitage χ2 test for categorical variables.
BMI, body mass index; FPG, fasting plasma glucose; PPG, postprandial plasma glucose; HbA1c, Glycosylated Hemoglobin; SBP, systolic blood pressure; DBP,
diastolic blood pressure; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol ; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; GGT,
gamma-glutamyl transpeptidase; CVD, cardiovascular diseases.
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3.3.4. Prevalence of diabetic retinopathy in bilirubin quartiles
The prevalence of diabetic retinopathy was 9.6% in this study population. According
to its type and severity, diabetic retinopathy was classified as mild non-proliferative
diabetic retinopathy (MiNDR), moderate non-proliferative diabetic retinopathy
(MoNDR), severe non-proliferative diabetic retinopathy (SNDR) and proliferative
diabetic retinopathy (PDR). MiNDR and MoNDR accounted for the largest percentage
in diabetic retinopathy patients (53% and 34% respectively), while SNDR and PDR
accounting for a small proportion (6% and 7% respectively) Figure 3.7.The
prevalence of diabetic retinopathy was 11.4%, 12.4%, 7.7% and 7.0% across the
bilirubin quartiles (quartile 1 to quartile 4) (Figure 3.8).

MiNDR

MoNDR

SNDR

PDR

60%
50%

53%

40%
30%
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0%

Figure 3.7: Proportion of diabetic retinopathy types in diabetic patients with
diabetic retinopathy
MiNDR: mild non-proliferative diabetic retinopathy (53%), MoNDR: moderate non-proliferative
diabetic retinopathy (34%), SNDR: severe non-proliferative diabetic retinopathy (6%), PDR:
proliferative diabetic retinopathy (7%).

50

Bilirubin quartiles

Chapter 3

7

Q4 ( >0.99 mg/dl)

*

7.7

Q3 ( 0.77-0.99 mg/dl )

12.4

Q2 ( 0.60-0.76 mg/dl )

11.4

Q1 (< 0.60 mg/dl )
0

2
4
6
8
10 12 14
Prevalence of Diabetic Retinopathy (%)

Figure 3.8: Prevalence of diabetic retinopathy in bilirubin quartiles
The prevalence of diabetic retinopathy was 11.4% in quartile 1 (˂ 0.60 mg/dL), 12.4% in quartile 2
(0.60-0.76 mg/dL), 7.7% in quartile 3 (0.77-0.99 mg/dL) and 7% in quartile 4 (˃ 0.99 mg/dL).

3.3.5. Association between serum bilirubin quartiles and prevalence of diabetic
retinopathy
Unadjusted and multivariate adjusted logistic regression models were analyzed to
estimate the risks of diabetic retinopathy in quartile 2-4, with quartile 1 as the
reference (Table 3.2).The comparison in unadjusted model (model 1) showed that
the risk of diabetic retinopathy in bilirubin quartile 2 and 3 were not significantly
different from quartile 1 (OR =1.10, 95% CI: 0.73-1.66 for quartile 2; OR = 0.65 95%
CI: 0.41-1.02 for quartile 3). Yet, a significantly lower risk was observed in bilirubin
quartile 4 (OR =0.59, 95% CI: 0.37-0.94). Adjustment for sex and age in model 2 did
not change the association. Those risk factors were further selected which were
significantly different among bilirubin quartiles including current smoking and
alcohol drinking status, PPG, HbA1c, DBP, TC, TG, LDL-C and GGT. After adjusting for
these factors, the results were not markedly altered (quartile 2: OR = 1.06, 95% CI:
0.69-1.64; quartile 3: OR = 0.67, 95% CI: 0.42-1.09; quartile 4: OR = 0.55, 95% CI:
0.33-0.91).
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Table 3.2. The risk of prevalent diabetic retinopathy byquartiles of serum total bilirubin concentrations
Quartile 1
Quartile 2
Quartile 3
Quartile 4
(< 0.60 mg/dl)

(0.60-0.76 mg/dl) (0.77-0.99 mg/dl)

(>0.99 mg/dl)

P for trend

Model 1

1.00

1.10 (0.73-1.66)

0.65 (0.41-1.02)

0.59 (0.37-0.94)

0.0047

Model 2

1.00

1.10 (0.73-1.66)

0.64 (0.40-1.02)

0.57 (0.35-0.93)

0.0043

Model 3

1.00

1.06 (0.69-1.64)

0.67 (0.42-1.09)

0.55 (0.33-0.91)

0.0056

Data are odds ratios (95% confidence interval).
Model 1 is unadjusted.
Model 2is adjusted for age, sex.
Model 3is further adjusted for current smoking and alcohol drinking status, PPG, HbA1c, DBP, TC, TG, LDL-C and GGT based on model 2.
BMI, body mass index; FPG, fasting plasma glucose; SBP, systolic blood pressure; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol ; LDL-C, lowdensity lipoprotein cholesterol; TG, triglycerides; CVD, cardiovascular diseases.
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3.4. DISCUSSION
Using a sample of middle-aged and elderly diabetic patients from Shanghai, China,
thecurrent study demonstrated significantly different biochemical profiles of
diabetics as compared to control subjects. In addition, an independent and inverse
association of serum bilirubin concentrations with the prevalence of diabetic
retinopathy even after the adjustment of potential confounders was found. The
diabetics with high serum bilirubin concentrations (> 0.99 mg/dl) were less likely (OR
= 0.55, 95% CI: 0.33-0.91) to suffer from diabetic retinopathy as compared to those
with lowest quartile of bilirubin (< 0.60 mg/dl).
Diabetic retinopathy is a major diabetic microvascular complication that affects the
vision and is a leading cause of blindness in diabetic patients(Fong et al. 2004). The
prevalence of diabetes and its complications are increasing all over the world(Wild et
al. 2004). The Handan Eye study in China in 2009 has estimated that the diabetics
were 21.1 million adults (30 years or older) and among those nearly 43% developed
diabetic retinopathy and more than half cases were at vision threatening
status(Wang et al. 2009).
The mechanisms underlying the diabetes vascular complications involve longer
exposure to hyperglycemia and poor glycemic control, which could lead to oxidative
stress in local vascular (Zhang et al. 2012). Oxidative stress plays an important role in
progression of diabetic retinopathy. Glucose oxidation and oxygen uptake is more in
retinal vasculature as compared to any other tissue, thus making it more vulnerable
to oxidative stress(Anderson et al. 1984).
The role of endogenous antioxidants against oxidative stress in diabetic
complications has been investigated in various studies (Matough et al. 2012; Sasaki
and

Inoguchi

2012).

Bilirubin

is

one

of

the

established

endogenous

antioxidant(Stocker et al. 1987; Basiglio et al. 2010), and its beneficial effects include
scavenging of over produced ROS, direct effects on cell signaling and antiinflammatory actions(Vitek 2012).
Bilirubin has been shown to protect against oxidative stress by exerting an inhibitory
effect on nicotinamide adenine dinucleotide phosphate (NADPH) -oxidase, which
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may be an important source of superoxide production in various tissue(Newsholme
et al. 2007; Takayanagi et al. 2011). High concentrations of bilirubin are protective
against incidence of diabetes and metabolic syndrome(Lin et al. 2009; Cheriyath et
al. 2010; Wu et al. 2011). Bilirubin concentrations are also inversely associated with
the incidence and prevalence of coronary heart disease, peripheral atherosclerosis
diseases, coronary artery calcification, ischemic stroke and non-fatal myocardial
infarction(Tanaka et al. 2009; Vitek and Ostrow 2009; Huang et al. 2010).
Other than cardiovascular diseases, high bilirubin concentrations are also inversely
associated with complications like diabetic nephropathy (Han et al. 2010),
albuminuria (Fukui et al. 2008), HbA1c concentration(Oda and Kawai 2011), and
abdominal obesity (Wu et al. 2011).Although several studies on diabetic
complications have been conducted, still a very few are available for the association
of diabetic retinopathy and bilirubin concentrations. Among them two are case
control studies (Huang et al. 2006; Inoguchi et al. 2007) while the other two are
population based cross sectional studies (Cho 2011; Yasuda et al. 2011). Huang et al.
showed no significant difference in the bilirubin concentrations of diabetics with and
without retinopathy (2006), while Inoguchi et al. showed the inverse association of
bilirubin concentrations and certain diabetic vascular complications like diabetic
retinopathy (Inoguchi et al. 2007). The population based studies by Cho and Yasuda
et al. also showed connection between the low prevalence of diabetic retinopathy
and high concentrations of bilirubin concentrations (Cho 2011; Yasuda et al. 2011).
Our results were consistent with the last three mentioned studies.
The results of this study showed an independently inverse association of serum
bilirubin concentrations with the prevalence of diabetic retinopathy even after
adjustment of conventional risk factors that are responsible for the pathogenesis of
diabetic retinopathy. The possibility of this protective value of bilirubin might be due
to its antioxidant effect against the oxidative stress in retinal vasculature.
3.5. Shortcomings of the study
The present study has few limitations. Firstly, the results are based on single
measurement of serum bilirubin that does not show over the time differences in
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bilirubin concentrations, if any for particular participants. If there was an
undifferentiated or random difference between the diabetics with and without
diabetic retinopathy then the results for the association would have been biased.
Secondly, the study design is cross-sectional which is unable to infer any causal
relationships. Thirdly, our study is representative of a small group of Chinese elderly
diabetics, and further studies on large population should be carried out for
confirmation. Fourth, we did not have the data for diabetes duration which is an
important risk factor for pathogenesis of diabetic retinopathy. The risk of diabetic
retinopathy increases with longer duration of diabetes as well, so due to lack of this
data in present study the results are not comprehensive.
3.5. Conclusion
In conclusion, serum bilirubin concentrations were inversely associated with
prevalence of diabetic retinopathy in the studied population, suggesting that
diabetic patients with low serum bilirubin concentrations were at a higher risk of
suffering diabetic retinopathy. The inverse association between serum total bilirubin
and prevalence of diabetic retinopathy observed in current study suggested that the
antioxidant effects of serum bilirubin might be beneficial for diabetic microvascular
complications. Bilirubin concentrations could be helpful in prediction of diabetic
retinopathy development and might be considered as a potential target for
treatment. Based on this, additional studies concerning the mechanisms and causal
relationships between bilirubin and diabetic retinopathy would be welcomed.
3.6. Contributions
This project was a part of an epidemiological study at Prof Guang Ning which was
conducted at Shanghai Institute for Biological Sciences (SIBS), Shanghai, China. The
samples collection was a collective effort of Dr. Yufang Bi’s team at SIBS. The
bilirubin study, assay/analysis, and write up of the article as well as thesis chapter
were done by me.
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CHAPTER 4: MOLECULAR STUDY OF DIABETES AND OBESITY USING
ADIPOSE TISSUE SPECIFIC Foxo1GENE KNOCKOUT MICE
4.1.

INTRODUCTION

4.1.1. Adipose tissue biology
Adipose tissue is a loose connective tissue found in the body. It is of two types: white
adipose tissue (WAT) and brown adipose tissue (BAT). Adipose tissue was primarily
considered as a fat storage organ for several years but its role as an endocrine organ
has been established now with the discovery of various hormones secreted from it
(detailed discussion in chapter 1 & 2). WAT and BAT are involved in energy storage
and energy expenditure respectively.
4.1.2. Adipocyte differentiation
Adipose tissue grows via two mechanisms which are hyperplasia (adipocyte
differentiation or increase in the number of adipocytes) or by hypertrophy
(increasing the volume of existing adipocytes / increase in adipocyte size). The
balance between these two mechanisms is important to have a normal function of
adipose tissue.
Adipogenesis or adipocyte differentiation is a process of formation of new
adipocytes by conversion of pre-adipocytes to mature adipocytes. It is a multi-step
process and involve the coordinated expression of many transcription factors and
cell-cycle proteins(Rosen and MacDougald 2006). The major transcription factor
involved in this process is the peroxisome proliferator-activated receptor gamma
(Ppar-),which is a nuclear receptor, and is referred to as the ‘master regulator of
adipogenesis’ because it plays a crucial role in coordinating the expression of many
genes involved in the formation and function of mature adipocytes(Farmer 2005).
PPAR- along with retinoid X receptor (Rxr) forms heterodimers and controls the
expression of various genes which are important in the insulin sensitivity, adipocyte
differentiation, energy metabolism and glucose homeostasis (Lenhard 2001).
Synthetic ligands for these nuclear receptors (Ppar- and Rxr) are used as insulin56
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sensitizing agents in the treatment of diabetes(Rosen and Spiegelman 2000; Lenhard
2001). Therefore, the regulation and activity of Ppar-is of great importance in the
formation and functioning of adipocytes (Rosen et al. 1999). Ppar- and Rxr
interaction and regulating the expression of genes involved in adipocyte
differentiation is affected by a transcription factor Foxo1, which is a member of
forkhead (FOX) family of proteins (discussed in detail later in this chapter).
Hypertrophy involves increase in cell size and in case of adipose tissue the size of
adipocytes increase to store excess energy intake. Hypertrophy is associated with
obesity and insulin resistance. Hyperplasia occurs mostly in developmental stages
while in developed stages hypertrophy occurs, but in case of spillover of oversized
adipocytes, hyperplasia can also takes place. Therefore, for excess nutrition storage
and to avoid the metabolic outcomes of obesity, the adipocyte differentiation is an
important adaptive response.
4.1.3. Forkhead box (FOX) family of proteins
FOX proteins belong to a family of transcriptional factors that are responsible for
expression of certain genes during development and adult stages of tissues and
organisms. This family is characterized by a conserved DNA-binding domain (the
Forkhead box)(Benayoun et al. 2011). On the basis of sequence similarity, FOX family
has more than 100 members in humans classified from FOXA to FOXR
subfamilies(Kaestner et al. 2000; Carter and Brunet 2007).The functional
complexities of these proteins have established these transcription factors as
important possible drug targets and biomarkers. The key member FOXO (FOX
“other”) among these subfamilies of FOX family; is strongly associated with
different biological processes like cancer, drug resistance, stress response, cell cycle
regulation, glucose metabolism and apoptosis(Carlsson and Mahlapuu 2002; Barthel
et al. 2005; Nakae et al. 2008).
4.1.4. FOXO family
Foxo family of transcription factors is one of the major subfamily of FOX proteins and
has been identified in species ranging from yeast to humans(Carter and Brunet
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2007).Foxo subfamily in mammals has four members: Foxo1, Foxo3a, Foxo4 and
Foxo6(Tran et al. 2003; Tzivion et al. 2011).The distinguished feature of this
subfamily is the sequence differences in the conserved DNA binding domain along
with a highly conserved site for protein kinase B (PKB), also known as AKT
phosphorylation (downstream target of phosphatidylinositide 3-kinases: Pl-3k)
(Barthel et al. 2005; Huang and Tindall 2007).

All Foxo factors function as

transcriptional activators and bind as monomers to the consensus DNA sequence
TTGTTTAC (Figure 4.1)(Carter and Brunet 2007). Foxo family is responsible for
diverse cellular responses that include glucose metabolism, stress response, cell
cycle regulation, and apoptosis(Tzivion et al. 2011) and at the organism
concentration, Foxo transcription factors are believed to function in various
pathological conditions like cancer and diabetes (Tran et al. 2003; Greer and Brunet
2005).

Nuclei of adipocyte

Figure 4.1: DNA binding domain of Foxo family
Foxo subfamily has a conserved DNA binding domain after binding to which it plays a role in energy
homeostasis, cell cycle arrest, cell death and glucose metabolism.

4.1.4.1. Regulation of FOXO proteins
FOXO proteins are tightly regulated to make sure the transcription of specific
target genes in response to specific environmental conditions. The major
mechanisms of FOXO regulation involve the phosphorylation, acetylation,
deacetylation and ubiquitination of FOXO in response of specific condition(Tran et
al. 2003). Members of FOXO share the characteristic of being regulated by the
insulin/PI3K/Akt signaling pathway (Nakae et al. 2008; Tzivion et al. 2011). Mammalian
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FOXO proteins are directly phosphorylated and inhibited by Akt in response to
insulin/growth factor stimulation. In addition to being post-translationally modified
by phosphorylation, FOXO proteins also bind to co-activator or co-repressor
complexes and become acetylated or deacetylated. FOXO proteins are also monoubiquitinated under conditions of oxidative stress and this increases transcriptional
activity. FOXO proteins can also be poly-ubiquitinated and targeted for protein
degradation (Tran et al. 2003; Huang and Tindall 2007; Daitoku et al. 2011).The
unique phosphorylation, acetylation, and ubiquitination status of FOXO under
specific environmental conditions may provide specificity in the regulation of subsets
of FOXO target genes.
4.1.5. FOXO1 proteins
FOXO1 is the most abundant isoform of FOXO proteins in adipose tissue, involved in
glucose homeostasis and is encoded by Foxo1 gene. In humans, this gene is located
on 13q14.1 while in mice the location of Foxo1 gene is on chromosome 3 in a 4.9 Mb
DNA fragment. This transcription factor has a very important role in glucose
metabolism as it is a downstream target of insulin/growth factors mediated Akt
pathway and expressed mainly in insulin responsive tissues i.e. liver, pancreas,
adipose tissue and muscles(Gross et al. 2008; Nakae et al. 2008; Kousteni 2011;
Kousteni 2012).
4.1.5.1. Mechanism of action
Foxo1 acts as a transcriptional activator and its action depends on its
phosphorylation status. In un-phosphorylated state it remains localized in nucleus
and binds to specific sequences on its target genes and mediates the
transcription(Tran et al. 2003; Qiang et al. 2010). While in state of its
phosphorylation by insulin or growth factors initiated Akt pathway, Foxo1 is
transported out from the nucleus where it undergoes ubiquitination and finally
degraded(Matsuzaki et al. 2003; Tzivion et al. 2011; Wang et al. 2014). Hence, it
cannot perform any of its functions in phosphorylated state.
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4.1.5.2. Functions of Foxo1gene
Foxo1 plays a major role in insulin responsive tissues (liver, skeletal muscle, adipose
tissue) as it is expressed abundantly in these tissues(Gross et al. 2008). Foxo1 is a
major target for insulin/growth factors which inhibits its transcriptional activity via
nuclear exclusion. While in case of its nuclear localization it activates certain cellular
functions like in the liver, hepatic glucose production is promoted and lipid
metabolism is regulated by Foxo1(Zhang et al. 2006; Sparks and Dong 2009; Cheng
and White 2010; Cheng and White 2011), in the pancreas, Foxo1 regulates -cell
formation and function with a balanced mode of action which suppresses -cell
proliferation with survival promotion by increasing stress resistance. Foxo1 hyper- or
hypo-activity results in -cell failure(Nakae et al. 2002; Buteau and Accili 2007;
Kitamura 2013). In skeletal muscleFoxo1 maintains energy homeostasis during
fasting and provides energy supply through breakdown of carbohydrates, a process
that can lead to muscle atrophy(Gross et al. 2008; Cheng and White 2011; Sanchez et
al. 2014). In adipose tissue, Foxo1 regulates energy and nutrient homeostasis
through energy storage in white adipose tissue, while promotes energy expenditure
in brown adipose tissue(Gross et al. 2008; Cheng and White 2011). This chapter will
be more focused on role of Foxo1 in adipose tissue in association with obesity and
diabetes.
4.1.5.3. Foxo1 in Adipose Tissue
Adipose tissue is the main energy storage and an endocrine organ of body. White and
brown adipose tissue the two types of adipose tissue are responsible for energy
storage and expenditure respectively, and thus are major players in maintaining the
energy homeostasis (Trayhurn and Beattie 2001; Seale and Lazar 2009). Adipocyte
differentiation and maintenance is of great importance in performing these
functions. Foxo1 in adipose plays an important role and is involved in adipocyte
differentiation by interacting with the major regulator of adipocyte differentiation i.e.
Ppar-(Cheng and White 2011) as highlighted in Figure 4.2.
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Figure 4.2: Foxo1 in adipocyte
Foxo1 is regulated with AKT pathway and exported out of nucleus with phosphorylation by AKT and
degraded. In absence of AKT activity the Foxo1 remains localized in the nucleus and bind to Ppar-
(the main regulator of adipogenesis) and interferes with the adipocyte differentiation along with the
downstream targets of Ppar- which are involved in glucose metabolism. It also affects cell cycle by
interacting with p21 (cell cycle inhibitor) which ultimately has a role in adipocyte differentiation.
Akt: Protein kinase B, Foxo: Forkhead box 1, p21: Cyclin-dependent kinase inhibitor 1, Ppar-:
Peroxisome proliferator-activated receptor gamma, Rxr-:Retinoid X receptor alpha.

4.1.5.4. Altered Foxo1 expression in adipose tissue studies
The over expression and insufficiency of Foxo1, both are studied in live mice adipose
tissue to explore the effects of this important transcription factor on metabolism and
adipocyte differentiation. The over expression of a dominant negative Foxo1,
restored the adipocyte differentiation (Nakae et al. 2003), improved the insulin
sensitivity and glucose tolerance. The insufficiency of Foxo1 also improved insulin
sensitivity in transgenic mice as compared to the wild type mice. Moreover, altered
gene expression in adipose tissue has been reported which suggests that Foxo1 may
have target genes in adipose tissue that are de-regulated in insulin resistance state
(Nakae et al. 2003). Foxo1 can mediate its effects in adipocyte differentiation by
interacting with the major adipogenesis regulator i.e. Ppar- . The activity of Ppar-
and Rxr complex (essential for gene expression in glucose homeostasis and adipocyte
differentiation) is shown to be decreased (Dowell et al. 2003). Foxo1 also has been
reported to inhibit the PPAR- promoter activity and hence it may suppress Ppar-
gene expression as well (Armoni et al. 2006). Therefore, it can be hypothesized easily
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that by the reduction in Foxo1 gene expression, the activity of Ppar- can be
increased and which influence the adipocyte differentiation that ultimately can have
positive effects on insulin sensitivity and glucose tolerance.
Although the altered expression of Foxo1 has been studied in mice, yet, there is no
report about physiological roles of complete absence or inhibition of Foxo1 in the
adipose tissue of mice.
4.1.6. Aims of study
Owing to the importance of Foxo1 in adipocyte differentiation, and the effects of it’s
over expression and insufficiency on metabolism which are already reported, the
present study was designed to investigate the tissue specific knocking out effects of
Foxo1 from the adipose tissue on glucose metabolism and adipocyte differentiation.
The whole body Foxo1 knockouts are not viable therefore; tissue specific knockout
mice were studied.
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4.2. MATERIALS AND METHODS
4.2.1. Place of study
This study was conducted in Professor Timothy Osborne’s lab at Sanford-Burnham
Medical Research Institute (SBMRI), Orlando, Florida, USA and the funding was
provided by the Higher Education Commission, Pakistan under International
Research Support Initiative Program (IRSIP).
4.2.2. Study design
The study design for adipose tissue specific Foxo1 gene knockout mice is shown in
Figure 3.3. Cre-lox recombination system was used to generate the tissue specific
Foxo1 gene knockout mice at animal facility of Sanford-Burnham Medical Research
Institute (SBMRI), Orlando, Florida, USA. Adipose tissue specific mice were generated
by using adipose tissue specific gene (encoding adipocyte protein 2, aP2;which is
also called fatty acid binding protein 4, Fabp4)promoter for selective expression of
CRE in adipose tissue only (Barlow et al. 1997).Genotyping was done for the
confirmation of transgenic mice. The mice taken for analysis were all males and
total six mice were investigated in this study (4 wild type and 2 knockouts). This was
a pilot study which was not intended for publication. So, the experiments were
carried out with limited number of confirmed transgenic mice to get the preliminary
data.

Figure 4.3: Research design for the study of adipose tissue specific FOXO1 knockout
mice
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4.2.3. Mouse data
Weight record
The body weight in grams of individual mouse was recorded using an animal
weighing scale on weekly basis from week 3 to week 11 until all mice were sacrificed
for further analysis. Average of weekly recorded weight of mice was used in further
analysis.
Body composition
The body composition of mice was done using the EchoMRI™ analyzer to see the
percentage of muscles, fat and fluid in control and knockout mice. Data was
recorded for each mouse, then average readings for muscles, fat and fluid
percentage for wild types and knockout mice were calculated and used for analysis.
Oral glucose tolerance test (OGTT)
Oral glucose tolerance test (OGTT) was performed to see how fast the glucose gets
cleared from the animal body after injection of high dose of glucose (2.5g of glucose
/ kg body weight). Both wild types and knockouts were fasted for at least 6 hours
before injecting glucose dose intra-peritoneally. Baseline glucose concentration was
measured before injection of glucose by cutting the mouse tail and use of
glucometer. After injecting the mice with glucose, blood samples were drawn and
analyzed for glucose concentrations at 30, 60, 90 and 120 minutes. The average
value for glucose concentrations of wild types and knockouts were taken and
analyzed for differences.
4.2.4. Humane killing of mice and harvesting of adipose tissue
After 11weeks of age mice were euthanized with high concentration of CO2,white
and brown adipose tissues were harvested from both wild types and knockouts for
tissue histology, protein extraction (for western blotting) and RNA extraction (for
real time quantitative, RT-qPCR).
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4.2.4.1. Tissue histology
White adipose tissue and brown adipose tissue was collected from all mice. Tissue
samples were placed in 10% paraformaldehyde and then embedded in paraffin. Thin
sections of 10µm thickness were mounted on slides and staining was done with
Hematoxylin & Eosin.
4.2.4.2. Protein Isolation, SDS-PAGE and Western blot assay for FOXO1 protein
expression
The expression of FOXO1 protein in adipose was checked with the western blot to
confirm the complete absence of FOXO1 at protein concentration. Both white and
brown adipose tissue sections were placed in cell lysis buffer (recipe in appendix).
The protein content was determined by Bicinchoninic acid assay (BCA) (Thermo
scientific PierceTM BCA Protein Assay kit). Samples were placed in Laemmli sample
buffer along with 5% -mercaptoethanol and boiled for 5 minutes to denature the
protein (recipe in appendix). Equal quantity of protein lysate (35 µg) was loaded and
resolved on 8% SDS PAGE. After resolving, proteins were blotted onto nitrocellulose
membrane, probed with specific primary antibody and incubated overnight at 4°C.
The membrane was probed with horseradish peroxidase (HRP) conjugated to
secondary antibody followed by the detection with Thermo Scientific Super Signal
West Femto substrate. The X-ray film for protein detection was developed with
Kodak MIN-R x-ray machine (detailed protocol of western blot assay is mentioned
in appendix).
4.2.4.3. RNA isolation, cDNA synthesis and RT-qPCR of adipose tissue genes
The quantitative real time PCR was performed to check the change in gene
expression profile in wild types and adipose tissue specific Foxo1 knockouts. Total
RNA was extracted from both white and brown adipose tissue with Trizol reagent
(Invitrogen, Carlsbad, CA) (detail in appendix) followed by the quantification of RNA
on ND-1000 spectrophotometer (NanoDrop Technologies, NC, and USA). Primers
were designed with Primer3 software for the selected genes (Table 4.1). The
synthesis of cDNA was carried out with ProtoScript cDNA synthesis kit (NEB, CA). The
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amount of total RNA used for cDNA synthesis was 1 µg (details in appendix). The
cDNA of wild type mice were pooled together for RT-qPCR analysis and similar
pooling was done with cDNA of knockouts. The quantitative real time PCR (RT-qPCR)
was performed on BioRad CFX96 Real-Time detection system and samples were run
in triplicates using Syber green master mix (Bio-Rad). The ribosomal protein L32 was
used as a normalizer in RT-qPCR reaction.
4.2.4.4. Genes analyzed from adipose tissue
Genes selected for this study are mentioned in Table 4.1. Each gene was selected for
its role in adipocyte differentiation and glucose metabolism. Peroxisome
proliferator-activated receptor alpha (Ppar-) gene was selected because it is
involved in the expression of genes for energy metabolism (Evans et al. 2004; Goto
et al. 2011). It is expressed in tissues with high rates of fatty acid oxidation (liver,
brown adipose tissue, heart) and it is involved in regulating the expression of genes
involved in fatty acid oxidation. Ppar gamma (Ppar-) gene was selected due to its
major role in adipocyte differentiation and its activity is known to be affected by
Foxo1(Dowell et al. 2003; Armoni et al. 2006). The transcriptional co-activators
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc-) and
peroxisome proliferator-activated receptor gamma coactivator 1-beta (Pgc-) were
selected because of their interaction with the nuclear receptor Ppar- in the
regulation of the genes involved in energy metabolism (Vega et al. 2000). The
uncoupling proteins (Ucp1, Ucp2 and Ucp3) genes were selected due to their role in
thermogenesis (Ucp1), insulin regulation (Ucp2) and regulator of Akt dependent
mechanism (Ucp3). The genes involved in lipogenic pathway were: Sterol regulatory
element-binding protein 1c (Srebp-1c) is involved in cholesterol and fatty acid
biosynthesis, Fatty acid synthase (Fas) (EC No. 2.3.1.85)is involved in fatty acid
synthesis, and Stearoyl-CoA desaturase-1 (Scd-1) is a key enzyme in fatty acid
metabolism. The expression profile of these genes was studied in both wild types
and Foxo1 knockouts.
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Table 4.1: Primer sequences for Real Time PCR in wild type and adipose tissue
specific Foxo1 knockout mice

Gene Name

Gene

Primer sequence (5´ to 3´)

Direction

TCCCATCATGACAGAGCAGGATGA
CAGACTGGGCAGCGTAGACGC
CATGAAAGAAGTGGGAGTGGGCTT
ACCGGATGGTGACCAAATCCCCA

Forward
Reverse
Forward
Reverse

ACATTTGCCCTGAATGTGGT
ATCCTCTTGCCCTGATCCTT
TCAAGAGATTTCTCAGTCCATCGG
TGGAGAGAGGGTGTCTGTGATGAC
TCCATTCACAAGAGCTGACCCAATG
TGAGGCCTGTTGTAGAGCTGGGT

Forward
Reverse
Forward
Reverse
Forward
Reverse

CGCCTTCTTGCTCTTCCTTTAACTC

Forward

ATCTACTGCCTGGGGACCTTGATC

Reverse

TGGACGAGCTTTCACTGCTACAG

Forward

TGCCATCCACCTTGACACAAG

Reverse

CGACTCAGTCCAAGAGTACTTCTCTTC
GCCGGCTGAGATCTTGTTTC
TCCCCTGTTGATGTGGTCAA
CAGTGACCTGCGCTGTGGTA
CCTACGACATCATCAAGGAGAAGTT

Forward
Reverse
Forward
Reverse
Forward

TCCAAAGGCAGAGACAAAGTGA
TGGATTGCACATTTGAAGACAT
GCCAGAGAAGCAGAAGAG
GCTGCGGAAACTTCAGGAAAT
AGAGACGTGTCACTCCTGGACTT
CCGGAGACCCCTTAGATCGA

Reverse
Forward
Reverse
Forward
Reverse
Forward

TAGCCTGTAAAAGATTTCTGCAAACC

Reverse

abbreviation
Forkhead box 1

Foxo1

Fatty acid-binding protein 2

Fabp4

Ribosomal protein L32

L32

Peroxisome proliferatoractivated receptor alpha

Ppar-

Peroxisome proliferatoractivated receptor gamma

Ppar-

Peroxisome proliferatoractivated receptor gamma
coactivator 1-alpha
Peroxisome proliferatoractivated receptor gamma
coactivator 1-beta

Pgc-

Pgc-

Un-coupling protein 1

Ucp-1

Un-coupling protein 2

Ucp-2

Un-coupling protein 3

Ucp-3

Sterol regulatory elementbinding protein 1c

Srebp-1c

Fatty acid synthase

Fas

Stearoyl-CoA desaturase-1

Scd-1

4.2.5. Statistical analysis
Student’s t-test was used to calculate statistical difference between the mean values
of wild types and Foxo1 knockouts for body weight, body composition and glucose
tolerance test. Statistical significance was taken as ˂ 0.05.

67

Chapter 4

4.3. RESULTS
Mice were bred and genotyped to get knockout generation at the animal facility of
Sanford-Burnham Medical Research Institute, Orlando, Florida, USA. All mice were
fed on simple chow diet in which protein, carbohydrates and fat percentage (%) in
grams was 23, 0 and 5% respectively while % of kcal was 28, 60 and 12%
respectively. In total, six mice were analyzed: 4 wild type (with Foxo1 in adipose
tissue) and 2 Knockouts (without Foxo1 in adipose tissue). The experimental strategy
involved weekly weight record from week 3 to week 11 to see differences in weight
of wild type and knockouts, body composition was checked to record the
percentages of fat mass, muscle mass and fluid. Glucose tolerance test was
performed to check the glucose clearance in mice after a high dose (2.5g/kg body
weight) of glucose injection. At 11 weeks of age, mice were humanely killed and
adipose tissue samples were collected for histology (brown adipose tissue, white
adipose tissue), western blot to confirm complete knocking out of FOXO1 protein
and RT-qPCR was done to see the expression profile of selected genes in wild types
and knockouts (Figure 4.3).
4.3.1. Mouse Data
Weight Record
Body weight of each mouse was measured weekly. Weight record was kept from
week 3 to week 11 to see the differences in weight gain of both wild type and
knockouts; however, the weight difference in both the groups was not significant.
The trend of weight gain in both wild types and knockouts are shown in Figure 4.4.
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Figure 4.4: Weekly weight record of wild types and adipose tissue specific Foxo1
knockouts
Difference between weight gains in grams for wild type (
) and adipose tissue specific Foxo1
knockouts (
). Weight gain record was started at week 3 and kept till week 11. Knockouts showed
slightly less weight as compared to wild types but the difference was not statistically significant.

Body Composition
Body composition of live mice was analyzed with EchoMRITM analyzer to measure
the percentages of fat, muscle and fluids in mice. Live mice, one by one were placed
in the analyzer chamber without any anesthesia or special treatment. After scanning
each mouse in the analyzer their numeric data was recorded. Results of these
measurements showed that there was no significant difference in percent fat,
muscle and fluids in wild type and knockout mice(Figure 4.5).
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Figure 4.5: Amount (percentages) of fat, muscles and fluid of wild types and
adipose tissue specific Foxo1 knockouts
Body composition data of both wild types ( ) and adipose tissue specific FOXO1 knockouts ( ) done
with EchoMRITM analyzer. Fat mass, muscle mass (lean) and fluid mass percentages were calculated by
dividing tissue weight by body weight to see the differences in both wild types and knockouts. No
statistical difference was observed for any mass either fat or muscles or fluid.

Oral glucose tolerance test (OGTT)
Oral glucose tolerance test (OGTT) was performed to check the clearance of glucose
in mice within 2 hours after injecting a high dose (2.5g/kg of body weight). Each
mouse was weighed and individual glucose dose was calculated. Glucose
concentrations for each mouse were calculated after a fast of at least 6 hours. This
concentration was considered as basal concentration and then the individualized
glucose dose was injected to each mouse. Glucose concentrations measured after
30, 60, 90 and 120 minutes of injection. Figure 4.6 shows the average glucose
concentrations of wild types and Foxo1 knockouts at each time interval. It is clearly
seen that the Foxo1 knockouts showed significant increased glucose clearance as
compared to wild types after 60 minutes of glucose injection.
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Figure 4.6: Glucose concentrations at diferent time intervals of glucose tolerance
test
Glucose concentrations at 0 minutes (basal concentration after fasting), 30, 60, 90 and 120 minutes
(after glucose injection) for wild type and knockouts in glucose tolerance test. Basal concentrations of
glucose were almost similar for both wildtyps and knockouts while at time point of 30 minutes
glucose concentrations in knockouts were slighlty less than wild types while at 60 minutes interval the
decrease in glucose concentrations in knockouts is clearly seen. Knockout mice bodies cleared glucose
more rapidly than wild types.

4.3.2. Mouse Dissection
At week 12 mice were humanely killed and dissected for adipose tissue collection.
Figure 4.7shows the dissescted wild type mouse (a) and knockout mouse (b). Visible
difference in white fat mass content is observed in knockouts. Although, the body
weight of knockouts were slightly less than the wild types but knockout mice
apparently had more visceral adipose tissue as compared to the wild type. Three
portions of white adipose tissue were harvested from visceral fat for histological
examination, western blotting and RT-qPCR.
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Figure 4.7: Dissected wild type and adipose tissue Foxo1 knockout mouse
(a) Wild type mouse (b) Foxo1 knockout mouse. It is obvious that knockout mouse body has more
white adipose tissue mass in visceral region as compared to the wild type mouse.

Brown adipose tissue was also harvested and aPparent differences are shown in
Figure 4.8. Brown adipose tissue was also divided in three parts for histological
examination, western blotting and RT-qPCR.

Figure 4.8: Brown adipose tissue of wild type mouse and Foxo1 knockout mouse
Brown adipose tissue of (a) wild type and (b) Foxo1 knockout. Knockout mouse brown adipose tissue
is smaller as compared to wild type brown adipose tissue and more red in color.
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4.3.2.1.Histology
White adipose tissue: knockout mice tissue had more white adipocytes as well as
they were of small size as compared to wild types. Figure 4.9 shows both wild type
and knockout tissue histology.
Brown adipose tissue: knockout mice tissues had more brown adipocytes as well as
they were of small size as compared to the wild types. Figure 4.10 shows both wild
type and knockout tissue histology.

Figure 4.9: Histology of mouse white adipose tissue
(a) Wild type, (b) Foxo1 knockout. H&E stained paraffin sections, 20X magnification (Spectrum
Webscope)

Figure 4.10: Histology of mouse brown adipose tissue
(a) Wild type, (b) Foxo1 knockout. H&E stained paraffin sections, 20X magnification (Spectrum
Webscope)

4.3.2.2.Quantitative real time polymerase chain reaction (RT-qPCR) results
The RT-qPCR was performed to check the expression of Forkhead box O1 (Foxo1),
Fatty acid-binding protein 2 (Fabp4), Peroxisome proliferator-activated receptor
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alpha (Ppar-), Peroxisome proliferator-activated receptor gamma(Ppar-), PPAR-
coactivator 1-alpha (Pgc-), PPAR-coactivator 1-beta (Pgc-), Sterol regulatory
element-binding protein 1c (Srebp-1c), Fatty acid synthase (Fas), Stearoyl-CoA
desaturase-1 (Scd-1), Uncoupling proteins 1, 2 and 3 (Ucp1, Ucp2, Ucp3) genes of
glucose and energy metabolism pathway in adipose tissue of wild type and Foxo1
knockouts. Both white and brown adipose tissue was analyzed for selected genes.
Samples were analyzed for these genes by RT-qPCR.
4.3.2.2.1. Gene expression of target knockout gene (Foxo1)
The gene expression for knockout geneFoxo1 gene expression was checked with RTqPCR in white and brown adipose tissues of wild types and knockouts along with
expression of selected promoter Fabp4. L32 gene which encodes for a ribosomal
protein was used for normalization (Figure 4.11). The expression of Foxo1 was downregulated in brown adipose tissue of knockout mice up to 65% while in case of white
adipose tissue the down regulation was only 30%. The Fabp4 expression was
decreased in brown adipose tissue up to 32% while up regulated in white adipose
tissue up to 39%. The aim of study was to see the complete knockout effects of
Foxo1. The qPCR analysis showed expression of Foxo1 in knockouts as well so before
analyzing any further genes involved in Foxo1 pathway, western blotting was
performed to see protein expression concentration of FOXO1.
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White Adipose Tissue (Wild Type)
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Figure 4.11: Gene expression of Foxo1 and Fabp4 in white and brown adipose
tissue of wild type and knockout mice
Foxo1, and Fabp4 gene expression was analyzed in white and brown adipose tissue of wild type and
knockout mice. Decreased expression for Foxo1 in knockouts was observed while Fabp4 was upregulated in white adipose tissue of knockouts.Fabp4: Fatty acid-binding protein 2
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4.3.2.2.2. Western Blotting Assay
Western blotting assay was performed with total FOXO1 primary antibody and
expression of FOXO1 was checked in both white and brown adipose tissues. The
western blot showed complete knocked out FOXO1 protein expression as shown in
Figure 4.12.

Wild types

Knockouts

Wild types

Knockouts

75KDa

Figure 4.12: FOXO1 protein expression in white and brown adipose tissue of wild
type and knockout mice
Western blot for expression of FOXO1 protein in white and brown adipose tissue of wild type and
knockouts. (a) brown adipose tissue blot: Lane 1 contains ladder while Lane 2 to 4 contains pooled
samples from wild type mice and Lane 5 to 7 contains pooled samples from knockouts. (b) white
adipose tissue: Lane 1 contains ladder while Lane 2 to Lane 4 contains pooled samples from wild type
mice and Lane 5 to 7 contains pooled samples from knockouts. No expression of FOXO1 is observed
for knockouts both in white and brown adipose tissue.

After confirmation of completely knocked out Foxo1, by using FOXO1 specific
antibody it is clear that the expression in qPCR reaction was may be due to other
isoforms of FOXO family which are expressed in adipose tissue. Afterwards,
expression of genes from glucose and energy metabolism was analyzed by RT-qPCR.
4.3.2.2.3. Expression analysis of adipocyte differentiation genes: Ppar- and Ppar-
Ppar- and Ppar- genes are the essential transcription factors which are involved in
adipocyte differentiation, regulation of glucose and energy metabolism. Ppar- is
considered as the master regulator of adipogenesis. Decreased expression for Ppar (31%) and Ppar- (65%) was detected in brown adipose tissue of knockouts
while in white adipose tissue expression of both Ppar- and Ppar- were upregulated to 2.2 folds (55%) and 2.07 folds (52%) respectively (Figure 4.13).
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4.3.2.2.4. Transcriptional co-activators for Ppar-(Pgc- and Pgc- ) gene expression
analysis
Both Pgc- and Pgc- genes act as transcriptional co-activators and regulate the
genes involved in energy metabolism through their interaction with the nuclear
receptor Ppar-. Pgc- expression was increased by 15% in brown adipose tissue,
Brown Adipose Tissue (Wild Type)
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White Adipose Tissue (Wild Type)
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Figure 4.13: Gene expression of Ppar- and Ppar- in white and brown adipose
tissue of wild type and knockout mice
Ppar-alpha and Ppar-gamma in white and brown adipose tissue of wild type and knockout mice were
analyzed. Decreased expression for these genes was observed in brown adipose tissue of knockouts
while in white adipose tissue knockouts significant up-regulation of both genes was observed.
Ppar-alpha: Peroxisome proliferator-activated receptor alpha, Ppar-gamma:Peroxisome proliferatoractivated receptor gamma
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Figure 4.14: Gene expression of transcriptional co-activators of Ppar- in white and
brown adipose tissue of wild type and knockout mice
Transcriptional co-activators of Ppar-gamma (Pgc-a and Pgc-β)in white and brown adipose tissue of
wild type and knockout mice were analyzed. In white adipose tissue knockouts significant upregulation of both genes was observed.(Pgc-a), Pgc-a : PPAR-g coactivator 1-alpha, Pgc-β : PPAR-g
coactivator 1-beta
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and Pgc- expression was decreased up to 44% in the brown adipose tissue of
knockout mice. Up regulated expression for both Pgc- and Pgc- in white adipose
tissue of knockouts was detected with 5.21 folds up-regulation (81%) for Pgc- and
2.71 folds up regulation (63%) for Pgc- (Figure 4.14).
4.3.2.2.5. Lipogenesis pathway genes (Srebp-1c, Fas and Scd-1) expression
Srebp-1c is involved in fatty acid and cholesterol biosynthesis, Fas is involved in fatty
acid synthesis while Scd-1 is a key enzyme in fatty acid metabolism. Srebp-1c
expression was down-regulated up to 77% in brown adipose tissue of knockouts and
2% upregulated in case of white adipose tissue knockouts. Fas expression was
decreased up to 62% in brown adipose tissue of knockouts. In white adipose tissue
knockouts, 2% increase in Fas expression was observed. Scd-1 expression was
decreased in knockouts brown adipose tissue up to 72% while increased up to 19% in
knockouts white adipose tissue (Figure 4.15).
4.3.2.2.6. Expression analysis of uncoupling proteins genes
The uncoupling proteins Ucp1, Ucp2 and Ucp3 gene expression was checked. Ucp1 is
involved in thermogenesis and its expression is restricted to brown adipose tissue.
Ucp2 is involved in insulin regulation and mainly expressed in white adipose tissue
while Ucp3 acts as a regulator of Akt dependent mechanisms. Ucp1 expression in
brown adipose tissue knockouts was down regulated up to 39% while no expression
was detected in white adipose tissue of both wild types and knockouts. Ucp2
expression was increased up to 50% in knockouts brown adipose tissue while in
white adipose tissue the increase was 49% for knockouts. Ucp3 expression was
decreased up to 68% in brown adipose tissue of knockouts while in white adipose
tissue of knockouts 7% increased expression was detected (Figure 4.16).
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Figure 4.15: Gene expression analysis of lipogenic pathway genes in white and
brown adipose tissue of wild type and knockout mice
Srebp-1c, Fas and Scd-1 in white and brown adipose tissue of wild type and knockout mice were
analyzed. Decreased expression for all the three genes were observed in brown adipose tissue of
knockouts while in white adipose tissue no significant changed was observed.
Srebp-1c: Sterol regulatory element-binding protein 1c, Fas: Fatty acid synthase, Scd-1:Stearoyl-CoA
desaturase-1
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Figure 4.16: Gene expression analysis of uncoupling proteins in white and brown
adipose tissue of wild type and knockout mice
The uncoupling proteins (Ucp1, Ucp2 and Ucp3) expression was analyzed in white and brown adipose
tissue of wild types and knockouts. No expression of Ucp1 was detected in white adipose tissue; Ucp2
expression was significantly up-regulated in white adipose tissue knockouts while Ucp3 expression
was decreased in brown adipose tissue of knockouts.
Ucp1: Uncoupling protein 1, Ucp2: Uncoupling protein 2, Ucp3: Uncoupling protein 3
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4.4. DISCUSSION
Functional biology of tissue specific knockout Foxo1 in the adipocyte differentiation
and metabolic functions of adipose tissue was the study question, with the
hypothesis that Foxo1 presence in adipose tissue is involved in decreasing energy
storage and energy expenditure, both of which lead to the pathogenesis of obesity
and associated metabolic disorders like insulin resistance and type 2 diabetes. Thus,
targeting Foxo1 activity in adipose tissue can be a potential therapeutic approach in
terms of obesity and associated metabolic disorders. The present study showed that
the adipose tissue specific Foxo1 knockout mice had increased number and smaller
size of adipocytes which may be involved in improved glucose tolerance along with
increased energy storage. Furthermore, in the brown adipose tissue the increased
number of adipocytes along with more mitochondria was observed which can be
assumed as involved in increased energy expenditure by brown adipose tissue.
4.4.1. Foxo1, adipose tissue and metabolism
The adipose tissue is involved in the regulation of energy and glucose homeostasis
along with the storage of fats. The biology of adipose tissue is well explored and the
imbalance between the energy uptake and expenditure is related to several
metabolic disorders associated with the adipose tissue. The primary storage for
excess calories in case of excess energy intake is adipose tissue. However, in
situation of consistent intake of excessive calories, the overload on adipose tissue
results in lipid spillover. The adipose tissue which reaches to upper limit of fat
storage can lead to the inflammation of the adipose tissue (Danforth 2000). The
excess triglycerides will be then stored in other organs rather than the adipose
tissue. This condition will have negative impact on the energy balance of the body
and the glucose and energy homeostasis will be disturbed (Despres and Lemieux
2006; Rosen and Spiegelman 2006). The capacity to store maximum fat in adipocytes
is associated with the increase in size of adipocytes (hypertrophy), and it already has
been suggested that an increased adipocyte size is associated with insulin resistance
(Okuno et al. 1998; Eriksson et al. 1999). Therefore, the prevention of increased size
of adipocytes can be the strategy for the inhibition of insulin resistance in the body.
79

Chapter 4

Brown adipose tissue is involved in energy expenditure that is maintained by the
adaptive thermogenesis.Adaptive thermogenesis is the production of heat in
response to the cold exposure or overfeeding. The purpose is to protect the body
from cold exposure and also the regulation of energy balance in the body(Cannon et
al. 1998). The mechanisms involved in the adaptive thermogenesis in brown adipose
tissue are the stimulation of biogenesis in mitochondria, increased fatty acid
oxidation, and the uncoupling of oxidative phosphorylation(Puigserver and
Spiegelman 2003). In response to cold exposure, peroxisome proliferator–activated
receptors (Ppar)- coactivator (Pgc)-1α expression is increased. Pgc-1α enhances the
expression of brown adipose tissue (BAT)specific uncoupling protein (Ucp)-1, which
dissipates the proton gradient across the inner mitochondrial membranes that is
produced by the action of the electron transport chain (Lowell and Spiegelman 2000;
Puigserver and Spiegelman 2003). The essential role of Pgc-1α in adaptive
thermogenesis is demonstrated by the observation that Pgc-1α knockout mice are
unable to withstand a cold stress with reduced Ucp-1 expression (Lin et al. 2004).
FOXO, a family of transcription factors has an important role in energy metabolism.
The FOXO1 isoform of FOXO family is abundantly expressed in the adipose tissue of
the body and mediate a key role in adipogenesis and glucose homeostasis. Foxo1 is
negatively stimulated by the action of insulin and interacts with the major
transcription factor Ppar- in adipose tissue. Foxo1 is expressed abundantly in insulin
responsive tissues (liver, skeletal muscle and adipose tissue), where it plays a major
role in case of its nuclear localization (Tran et al. 2003; Gross et al. 2008). The Foxo1
has been shownto promote the expression of key gluconeogenic enzymes and
regulation of lipid metabolism in the liver (Sparks and Dong 2009; Cheng and White
2011),regulates the -cell formation and function in the pancreas as the Foxo1
hyper- or hypo-activity results in -cell failure(Buteau and Accili 2007; Kitamura
2013), maintains energy homeostasis during fasting and provides energy supply
through breakdown of carbohydrates in the skeletal muscle(Sanchez et al. 2014). In
adipose tissue, Foxo1 regulates energy and nutrient homeostasis through energy
storage in white adipose tissue, while promotes energy expenditure in brown
adipose tissue(Gross et al. 2008; Cheng and White 2011).
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4.4.2. Foxo1interaction with Ppar- in adipogenesis and metabolism
Foxo1 is the most abundant FOXO isoform identified inboth white and brown
adipose tissues. The mechanism of Foxo1 activity is already shown in Figure 4.2
where Foxo1 interferes with the activity of major adipogenesis regulator Ppar-.
Foxo1 interference with Ppar- activity has been studied in cultured adipocytes as
well as in Foxo1 haploinsufficient and dominant mutant Foxo1 mice. The Foxo1 in
adipose tissue in cultured adipocytes binds to Ppar- promoters and repress their
transcriptional activity so that the expression of Ppar- is reduced (Armoni et al.
2006). The reduction in Ppar- expression is responsible for the imbalance in glucose
and energy homeostasis as a result of changed expression of target genes of Ppar-.
The effect on transcriptional activity of Ppar- by Foxo1 is also mediated through
protein-protein interaction and effect on DNA binding activity of Ppar-(Fan et al.
2009).The ability of Foxo1 to prevent adipose differentiation is associated with
increased expression of cell cycle inhibitors (Nakae et al. 2003). A metabolic
characterization of mice fed on high fat confirmed the protective effect of Foxo1
haploinsufficiency against diet-induced insulin resistance and diabetes. In our study
Foxo1 absence was also associated with increased expression of Ppar- along with
the co-activators Pgc- and Pgc- in white adipose tissue. The weight record of wild
types and knockouts did not show any significant difference although the visceral
mass of knockouts was visibly more as compared to the wild type (Figure 4.7). The
size of adipocytes were smaller in knockouts as compared to the wild types and the
size of adipocytes is associated with insulin sensitivity (Eriksson et al. 1999). The
glucose tolerance test for wild types and adipose tissue specific knockouts showed
significantly faster clearance of glucose from knockouts body after 60 minutes of
high glucose dose (Figure 4.6). The improved glucose tolerance can be related to the
smaller size of adipocytes in knockouts along with the increased expression of Ppar-
and its co-activators.
The Ppar- is the master regulator of adipogenesis and lipogenesis as in adipose
tissue specific Ppar- mice showed reduced expression of adipogenesis and lipogenic
genes (Jones et al. 2005). In this study, the increased expression of this transcription
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factor (Ppar-) in adipose tissue can be related to the histological sections of both
white and brown adipose tissue, which showed the increased number of adipocytes
and the smaller size in knockouts as compared to the wild types. The size of
adipocyte is associated with the insulin sensitivity as smaller adipocyte is more
insulin sensitive as compared to the large adipocyte. This can also be the reason for
fast glucose clearance in our knockouts in the glucose tolerance test.
The genes which are involved in lipid synthesis were also investigated and no
significant change in expression of Srebp-1c, Fas and Scd-1 was observed in white
adipose tissue of knockouts. However, the expression of these three genes was
significantly reduced in brown adipose tissue of knockouts. It can be guessed that
fatty acid oxidation was increased in brown adipose tissue which is also clear from
the histological sections of brown adipose tissue. Ppar- is a direct target of Srebp-1c
in adipose tissue as it contains a sterol response element in its promoter. Srebp-1c is
able to induce Ppar- activity and along with Ppar- the other important lipogenic
gene targets of Srebp-1c are Fas and Scd-1. It is clear from our study that the
reduced expression of Srebpp-1c in brown adipose tissue of knockouts also had
reduced expression of its targets i.e. Ppar-,Fas and Scd-1.
The altered expression of Foxo1 has been investigated in mice and the results have
shown that in Foxo1 haploinsufficiency the insulin resistance was attenuated in mice
along with the reduced cell size and increased cell numbers of white adipocytes of
mice under a high-fat diet. The insufficiency of Foxo1 also improved insulin
sensitivity in transgenic mice as compared to the wild types and altered gene
expression in adipose tissue was also observed(Kim et al. 2009).
The over expression of a dominant negative Foxo1, restored the adipocyte
differentiation, improved the insulin sensitivity and glucose tolerance (Nakae et al.
2003). The dominant-negative Foxo1 contains the DNA binding domain but lacks the
transactivation domain. As a result, it is transcriptionally inactive and prevents DNA
binding of endogenous Foxo1(Nakae et al. 2001; Nakae et al. 2001). The mechanism
proposed in the study by Nakae et al.(Nakae et al. 2001) was that the mutant Foxo1
increased energy store in white adipose tissue through increased small adipocytes
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and spared triglycerides and increased energy expenditure in brown adipose tissue
through enhanced thermogenic capacity of brown adipocytes. It has also been
reported that a constitutively nuclear mutant Foxo1 inhibited differentiation of the
pre-adipocyte cell line 3T3-F442A cells (Nakae et al. 2003).Therefore, Foxo1 in
adipose tissue might decrease energy store and energy expenditure. Foxo1 in
adipose tissues may have an important role for changing energy homeostasis in
response to excessive energy intake and thus,can be a potential target in treatment
of obesity and its associated disorders such as type 2 diabetes (Nakae et al. 2008).
4.4.3. Proposed mechanism of Foxo1 knockout in adipose tissue
The proposed mechanism from our study that how Foxo1 absence in adipose tissue
improves glucose tolerance and insulin sensitivity is demonstrated in Figure 4.17.
We showed that in white adipose tissue of knockout mice, small adipocytes were
increased significantly compared with wild-type mice. Increased numbers of small
sized adipocytes might contribute to improved glucose tolerance and insulin
sensitivity in spite of increased visceral fat mass. The results from our study also
demonstrated that in complete absence of Foxo1 from adipose tissue the Ppar-
expression and activity is increased and retained that efficiently play role in
increased adipogenesis, lipid metabolism and improved glucose homeostasis (Figure
4.17).
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Figure 4.17: Proposed mechanism of Foxo1 knockout in adipose tissue
The proposed mechanism of Foxo1 knockout from adipose tissue is that Foxo1 absence improves the
expression and activity of Ppar-, which ultimately leads to better lipid metabolism, improved glucose
homeostasis and increase in adipogenesis.

4.5. Conclusion
In conclusion, this study has confirmed the protective role of Foxo1 absence in
adipose tissue as the knockouts showed improved glucose tolerance and increased
expression of Ppar- and its target genes. The results of the study indicate that the
Foxo1 activity in adipose tissue interferes with the adipogenesis and glucose
homeostasis both of which are associated with insulin resistance and type 2
diabetes. These findings suggest that targeting Foxo1 in adipose tissue can be helpful
in maintaining the energy and glucose homeostasis of the body and it may involve
the increased expression of Ppar-.

4.6. Contributions
This project was conducted at Sanford-Burnham Medical Research Institute (SBMRI),
Orlando, FL. The knockout mice production was done by the breeding specialist at SBMRI.
The genotyping for knockouts was a collective effort of Dr, Timothy Osborne’s team
including myself during my 6 months HEC IRSIP fellowship. The biochemical analysis of mice,
qPCR experiments, data analysis and write up of thesis chapter was done by me.
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CHAPTER 5: GENERAL DISCUSSION
The imbalance between energy intake and energy expenditure in the adipose tissue
leads to clinical conditions like obesity and type 2 diabetes, thus making adipose
tissue a very exciting area of research. Role of adipose tissue biology in obesity and
type 2 diabetes has been investigated in this thesis through various research
approaches which involve: 1) biochemical approach in which changes in the clinically
important analytes and adipokines were followed to investigate differences among
non-obese, obese, non-diabetics and diabetics; 2) epidemiological approach in
which a large set of population was investigated with the aim to generate new
knowledge pertaining to etiology of diabetes in general and one of its complications
i.e. diabetic retinopathy in particular; and 3) molecular approach was based in the
study of mechanistic biology of obesity and diabetes using adipose tissue specific
forkhead box O1 (Foxo1) knockout mice.
The biochemical approach(Focus of chapter 2)involved the investigation of several
biochemical (glucose concentrations, Liver functioning enzymes, Kidney related
enzymes, total protein concentrations and lipid profile) and adipokines (leptin,
adiponectin and resistin) profile of non-obese, obese, non-diabetics and diabetics
and

their

correlation

with

the

disease

status.

For

epidemiological

approach(Described in detail in chapter 3) one of the most important diabetic
complications, diabetic retinopathy (a leading cause of blindness owing to diabetes)
was studied for its association with the oxidative stress and antioxidant
concentrations

in

a

Chinese

population

from

Shanghai.

For

molecular

approach(Details in chapter 4) the potential of an important transcription factor
FOXO1 (involved in adipogenesis and energy homeostasis) in adipose tissue was
examined in a tissue specific manner and adipose tissue specific FOXO1 knockout
mice.
A discussion of all these approaches with relevance to disease biology, new findings,
shortcomings and comparison with related studies, and future prospects is given
below.
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5.1. Adipokines in obesity and diabetes
Adipokines are the hormones secreted from adipose tissue include leptin,
adiponectin, resistin and several others. The physiological concentrations of these
adipokines are important in maintaining the normal functions in the body. However,
with the increase in adipose tissue or obesity the concentrations of these adipokines
vary according to disease status. The dys-regulation of adipokine concentrations
affects the normal energy and glucose homeostasis of the body, hence their
concentrations are maintained in a narrow range for normal physiological functions
of the body. The concentrations of these adipokines and their association with
diabetes and obesity have been studied in various populations. Leptin and
adiponectin have established roles in obesity associated diabetes while resistin with
its controversial role in diabetes and obesity is a hormone of much interest to
researchers in the field.
Some previous reports show that reduced concentrations of adiponectin have been
associated with insulin resistance and obesity (Lindsay et al. 2002), and higher
concentrations are reported to have a protective effect from type 2 diabetes
(Spranger et al. 2003). Lower adiponectin concentrations are also associated with
impaired fasting glucose (Heliovaara et al. 2006) and development of diabetes when
fasting glucose to adiponectin ratio was calculated (Islam 2011). In Pakistani
population the concentrations of adiponectin have also been studied in some other
clinical conditions but are not in type 2 diabetes or obesity yet. The adiponectin
concentrations in Pakistan are correlated with post menopausal diabetic women,
coronary artery disease, cerebrovascular disease, ischemic heart disease (Jaleel et al.
2006; Jaleel et al. 2006; Fayyaz et al. 2009; Jaleel et al. 2009).Serum adiponectin
concentration has been reported to correlate with many biochemical and clinical
parameters as well. In our study, we correlated adiponectin concentrations with
BMI, serum fasting glucose concentrations and serum lipid profile (cholesterol and
triglycerides)(Najam et al. 2014). Our results show significant inverse association of
serum adiponectin concentrations with BMI, serum fasting glucose concentrations
and serum triglycerides, this finding is in agreement with some other studies. In one
previous study, serum adiponectin concentration was inversely associated with BMI
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as it decreases with increase in BMI in obese and diabetes state (Cohen et al. 2011),
serum fasting glucose concentrations (Jalovaara et al. 2008; Sheng and Yang 2008),
and triglycerides (Umeda et al. 2013).
Leptin concentrations in different ethnic groups and neighboring populations as well
as from Pakistan are also studied in various report for their association with obesity
and diabetes and positive results were foundin which leptin concentrations were
higher in obesity (Haque and Rahman 2003; Marita et al. 2005; Wang et al. 2010;
Paul et al. 2011; Coimbra et al. 2014; Gu et al. 2014). However, low concentrations of
leptin in obesity are also reported (Kazmi et al. 2012). The reasons for low
concentrations of leptin may be a result of leptin deficiency (Farooqi et al. 2002) or
insulin deficiency (insulin is a major stimulator of leptin, hence lower leptin with
lower insulin can be inferred).Another study concluded that, obesity mainly of
abdominal regionmight be responsible for insulin resistance in type 2 diabetes
mellitus but leptin which is a potential marker for obesity, may not be that
responsible. This perhaps hints towards the multifactorial causation of insulin
resistance in type 2 diabetes mellitus (Das et al. 2013). Positive correlation between
oxidative stress status parameters and leptin in obese patients was observed which
suggests that increased oxidative stress and increased leptin concentrations, both
consequences of obesity, may play a role in type 2 diabetes mellitus development
(Stefanovic et al. 2008). In our study, positive correlation of leptin concentrations
with obesity and gender was observed.
The role of resistin in diabetes and obesity is confirmed in mice but the role in
humans is still controversial. Studies in mice have shown a strong link of resistin in
insulin resistance and obesity as its deficiency affects the blood glucose
concentration and is associated with increase in body weight which suggest its role
in obesity associated diabetes (Banerjee et al. 2004). Resistin concentrations have
been studied in different populations and controversial results are observed as
some studies have shown increased concentrations of resistin in obesity but no
correlation with type 2 diabetes (Osawa et al. 2008; Owecki et al. 2011; Habib 2012;
Yin et al. 2012). Positive correlation of resistin with BMI and glucose concentrations
were observed in an epidemiological study from Thailand which suggests that
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resistin has a role in obesity which is associated with insulin resistance in diabetes
mellitus (Chanchay et al. 2006). Our results showed no significant difference
between resistin concentrations in either groups based on obesity, diabetes or
gender. The supporting report for our results is a study from Taiwan which also
showed no association of resistin with adiposity, glucose concentrations, and lipid
profiles (Chen et al. 2005).Correlation analysis also showed no association of resistin
with anthropometric or any biochemical parameters which were investigated in this
study.
5.2. Oxidative stress, antioxidant bilirubin and diabetic retinopathy
Oxidative stress is an imbalance of tissue oxidants (free radicals or reactive oxygen
species, ROS) and antioxidants, and may be a unifying feature in the development of
major obesity-related metabolic disorders such as cardiovascular diseases and type 2
diabetes(Higdon and Frei 2003). Oxidative stress in the body is associated with the
low-grade inflammation of adipose tissue, deregulated metabolism in case of obesity
(Mansuy-Aubert et al. 2013) and type 2 diabetes and the related complications. ROS
are constantly generated and eliminated in the biological system and are required to
drive regulatory pathways(Dickinson and Chang 2011). Under normal physiological
conditions, cells control ROS concentrations by balancing the generation of ROS with
their elimination by scavenging system. But under oxidative stress conditions,
excessive ROS can damage cellular proteins, lipids and DNA. Hyperglycemia in type 2
diabetes involves ROS induced oxidative stress and is a major cause of various
macro- and micro-vascular complications of diabetes, which include neuropathy,
nephropathy and retinopathy, atherosclerosis etc.
Diabetic retinopathy is a major diabetic microvascular complication that affects the
vision and is a leading cause of blindness in diabetic patients(Fong et al. 2004). The
mechanisms underlying the diabetes vascular complications involve longer exposure
to hyperglycemia and poor glycemic control, which could lead to oxidative stress in
local vascular (Zhang et al. 2012). Oxidative stress plays an important role in the
progression of diabetic retinopathy. Glucose oxidation and oxygen uptake is more in
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retinal vasculature as compared to any other tissue, thus making it more vulnerable
to oxidative stress(Dong et al. 2013; Yuan et al. 2014).
The role of endogenous antioxidants against oxidative stress in diabetic
complications has been investigated in various studies (Matough et al. 2012; Sasaki
and

Inoguchi

2012).

Bilirubin

is

one

of

the

established

endogenous

antioxidant(Stocker et al. 1987; Basiglio et al. 2010), and its beneficial effects include
scavenging of over produced ROS, direct effects on cell signaling and antiinflammatory actions(Vitek 2012).High concentrations of bilirubin are protective
against incidence of diabetes and metabolic syndrome(Lin et al. 2009; Cheriyath et
al. 2010; Wu et al. 2011).
Although several studies on diabetic complications have been conducted, yet very
few are available linking diabetic retinopathy with bilirubin concentrations (Huang et
al. 2006; Inoguchi et al. 2007; Cho 2011; Yasuda et al. 2011). In our study described
in Chapter 3, using a large sample size of middle-aged and elderly diabetic patients
from Shanghai, China, demonstrated significantly different biochemical profiles of
diabetics as compared to control subjects and an independently inverse association
of serum bilirubin concentrations with the prevalence of diabetic retinopathy. This
was further confirmed even after the adjustment of conventional risk factors that
are responsible for the pathogenesis of diabetic retinopathy. These results have
been published as well (Najam et al. 2014). The possibility of such protective effect
of bilirubin might be due to its antioxidant properties against the oxidative stress in
retinal vasculature. Thus, the concentrations of bilirubin can be used as a predictor
for incidence of diabetic retinopathy in subjects with diabetes.
5.3. Transcriptional level molecular study of obesity and diabetes using adipose
tissue specific Foxo1 knockout mice
The expression of various transcription factors in the adipose tissue provides a
strong evidence of the involvement of this tissue in energy and glucose homeostasis.
The important transcription factors with a role in energy metabolism are Ppar-  and
Foxo1 abundantly expressed in the adipose tissue. The Foxo1 isoform of Foxo family
is abundantly expressed in the adipose tissue of the body and mediate a key role in
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adipogenesis and glucose homeostasis. Foxo1 is expressed abundantly in insulin
responsive tissues (liver, skeletal muscle and adipose tissue), where it plays a major
role in several metabolic pathways (Tran et al. 2003; Buteau and Accili 2007; Gross et
al. 2008; Sparks and Dong 2009; Cheng and White 2011; Kitamura 2013; Sanchez et
al. 2014). In adipose tissue, Foxo1 regulates energy and nutrient homeostasis
through energy storage in white adipose tissue, while promotes energy expenditure
in brown adipose tissue(Gross et al. 2008; Cheng and White 2011).
Foxo1 is negatively stimulated by the action of insulin and interacts with the major
transcription factor Ppar- in adipose tissue. Foxo1 interference with Ppar- activity
has been studied in cultured adipocytes as well as in Foxo1 haploinsufficient and
dominant mutant Foxo1 mice where Foxo1 have shown to repress the expression
and transcriptional activity of Ppar- which also affect the downstream targets of this
important transcription factor (Nakae et al. 2003; Armoni et al. 2006; Fan et al. 2009;
Kim et al. 2009).
Owing to the potential of Ppar- and Foxo1 interaction in adipose tissue, the adipose
tissue specific Foxo1 knockout mice were generated for this study and investigated
for the body physiology and gene expression profile. The Ppar- is the master
regulator of adipogenesis and lipogenesis as in adipose tissue specific Ppar-
knockout mice showed reduced expression of adipogenesis and lipogenic genes
(Jones et al. 2005). In absence of Foxo1 in the adipose tissue of experimental mice,
the expression of Ppar- along with its co-activators (Pgc- and Pgc-) increased,
along with the increase in number of adipocytes of small size. The insulin sensitivity
in absence of Foxo1 was also improved which may involve the increased expression
of Ppar-. Brown adipose tissue is much involved in thermogenesis and in absence of
Foxo1 the fatty acid oxidation was increased giving more red color to the brown
adipose tissue in knockouts due to more mitochondria.
The mechanisms in Foxo1 absence involve increased energy storage (increased
number of adipocytes) along with increased energy expenditure (increased fatty acid
oxidation) and it can be speculated that Foxo1 absence in adipose tissue has
protective roles against obesity associated insulin resistance and type 2 diabetes.
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Therefore, targeting Foxo1 activity in adipose tissue can be a potential therapeutic
approach for obesity and associated metabolic disorders.
5.4. Linking up biochemical, clinical, epidemiological and molecular studies for
advancing diabesity research
The aforementioned three approaches used in this thesis are interconnected as the
central player in all the described metabolic features is the adipose tissue. The
adipose tissue is involved in the regulation of energy and glucose homeostasis along
with the storage of fats. The biology of adipose tissue is well explored and the
imbalance between the energy uptake and expenditure is related to several
metabolic disorders associated with the adipose tissue.The primary storage for
excess calories in case of excess energy intake is adipose tissue. However, in
situation of regular intake of excessive calories, the overload of adipose tissue results
in lipid spillover. The effort to store maximum fat by the adipocytes is associated
with the increase in size of adipocytes (hypertrophy), and it already has been
suggested that an increased adipocyte size is associated with insulin resistance
(Okuno et al. 1998; Eriksson et al. 1999). Therefore, preventing formation of
oversized adipocytes can be an effective strategy for the inhibition of insulin
resistance in the body.
In obesity abnormal accumulation of fat develops in the adipose tissue specifically in
abdominal area. The intra-abdominal fat accumulation is strongly associated with
various metabolic diseases including type 2 diabetes. The subjects with diabetes also
have anincreased risk of developing a number of hyperglycemic induced diabetic
complications like retinopathy (leading cause of blindness in the diabetics). As
obesity brings about various changes in the body that lead to the pathogenesis of
type 2 diabetes, which include variable amounts of biochemical analytes, adipokine
concentrations, and changes in the transcriptional/molecular concentration as
demonstrated in Figure 5.1.
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Obesity

Hyperplasia or
hypertrophy
(Ppar- and
Foxo1 role)

Increase in
Adipose Tissue

•Biochemical changes
•Adipokine levels change
• Molecular changes

Oxidative stress
due to
hyperglycemia
leads to diabetic
complications

High blood glucose
levels / Type 2
Diabetes Mellitus

Effect on insulin
sensitivity / insulin
resistance

Antioxidants
like bilirubin can
protect against
oxidative stress

Figure 5.1: Obesity and type 2 diabetes connection
This flowchart shows how increased adipose tissue (both in size and volume; with a proposed role of
Ppar- and Foxo1 interaction) in obesity is associated with insulin resistance, type 2 diabetes and
hyperglycemic induced oxidative stress associated complications via changing the biochemical and
adipokine profiles along with the changes at the transcriptional/molecular concentration.

Insulin-responsiveness in isolatedhuman and rat adipose tissue is related to
adipocyte cell size, with larger cells beingincreasingly insulin-resistant(Salans et al.
1981; Okuno et al. 1998; Eriksson et al. 1999). The effects of adipocyte size on
metabolism are demonstrated in Figure 5.2.
Small sized adipocytes

• normal adipokine
expression
• insulin sensitive
•No oxidative stress
•Foxo1 not localized in
nucleus

Hypertrophic adipocytes

• altered adipokine
expression
• insulin resistance
•oxidative stress
•Foxo1 localized in
nucleus
• Obesity
•Type 2 diabetes
•Diabetic complications

Figure 5.2: Effect of adipocyte size on metabolism
Small adipocyte size is associated with insulin sensitivity and normal adipokine expression along with
no oxidative stress and no localization of Foxo1 in nucleus. However, in case of hypertrophic cells, the
insulin signaling is affected which results in localization of Foxo1 in the nucleus, altered adipokine
expression, obesity and insulin resistance. The ultimate fate of the oversized adipocytes is causing
obesity and associated metabolic disorders.
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The role of transcription factors like Foxo1 is established in energy metabolism
through affecting insulin sensitivity, oxidative stress and oxidative stress induced
diabetic complications.In diabetic complications, impaired insulin signaling along
with the hyperglycemic induced oxidative stress allows Foxo1 to promote the
diabetic retinopathy by increasing apoptosis inmicrovascular endothelial cells and
pericytes (Behl et al. 2009). Foxo1also plays an important role inthe protection of
cells against oxidative stress. Under normalconditions Foxo1 induces expression of
antioxidant genes todecrease apoptosis (Ambrogini et al. 2010), while promotes cell
death in extreme oxidative stress (Ponugoti et al. 2012).Thus, Foxo1 may function as
a molecular switch which determines the cell fate at different concentrations of
oxidative stress. Few roles of Foxo1 are shown in Figure 5.3.
Increase gluconeogenesis
(glucose production by liver)

Decreases Adipogenesis

Decreases insulin
sensitivity

Foxo1

Decreases wound healing

Insulin resistance
diabetic retinopathy
inflammation

Figure 5.3: Roles of Foxo1 during nuclear localization
Foxo1 is negatively regulated by insulin and in case of diabetes or impaired insulin signaling Foxo1
localizes in the nucleus and involve in the increased gluconeogenesis, insulin resistance, diabetic
retinopathy and inflammation. Foxo1 is also involved in decreased adipogenesis and late healing of
wounds in diabetics.

Recently, it has been shown that visceral adipose tissue mainly grows via
hypertrophy, while the subcutaneous adipose tissue grown through hyperplasia the
mice fed with a high fat diet(Joe et al. 2009). This observation can be an important
explanation for the moreharmful effect of excess visceral adipose tissue. In humans,
the obese but otherwisemetabolically healthy subjects exist. This is accompanied by
high insulin sensitivity, low concentrations of inflammation markers and decreased
visceral obesity. The possible explanation for thedifference in metabolic phenotypes
can be the fact that total fat mass itself does not completely describethe functional
status of adipose tissue. This can be true for differences in fat depots i.e.
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subcutaneous versus visceral, but also for the single cell within the adipose tissue
and its size.
5.5. Shortcomings of the study
In spite of reasonably good study design, there are few limitations of present study.
Firstly, the biochemical and adipokine investigationis a representative study of a
small group of Punjabi population from Faisalabad, Pakistan. Further studies on large
set of population would be required which will be more helpful in confirmation of
our results, drawing a clinically meaningful conclusion as well as establishing the role
of adiponectin, leptin and resistin as biomarker for Pakistani population.
For the epidemiological study, the results are based on single measurement of serum
bilirubin; that does not show over the time differences in bilirubin concentrations, if
any. The study design is cross-sectional which is unable to infer any causal
relationships for bilirubin concentrations and diabetic retinopathy.
For the molecular study based on adipose tissue specific Foxo1 gene knockout mice,
the number of knockout mice was less as compared to the control ones. More
number of knockouts could have given more confirmatory insight to the underlying
mechanism.
Overall unifying features were not studied, which if done could link and explain the
impact of each approach in all the studies, like the adipokines study could not be
done in Chinese population which could give idea about the correlation of these
adipokines with obesity and diabetes in Chinese population and population based
differences could be seen. In Pakistani population, the bilirubin concentrations could
not be correlated with any diabetic complication which if done could be helpful in
understanding the importance of bilirubin concentrations in diabetic complications
for Pakistani population. Moreover, the adipokine concentrations in Foxo1 gene
knockout mice could not be investigated which if done could illustrate the impact of
adipogenesis on the concentration of adipokines.
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5.6. Overall summary of thesis
As in this thesis three major approaches (biochemical, epidemiological and
molecular) were considered for obesity and diabetes at human and animal model
concentrations, here are the key findings in a nutshell from the overall study:
Biochemical approach


The concentration of serum adiponectin decreased up to 48% with diabetes and
45% with obesity.



The concentration of serum leptin increased up to 37% with obesity.



The resistin concentrations did not show any association with diabetes or
obesity.

Epidemiological approach


Serum bilirubin concentrations were inversely associated with the prevalence of
diabetic retinopathy in the studied population.



Low serum bilirubin concentrations in subjects with diabetes were associated
with a higher risk of developing diabetic retinopathy.

Molecular approach


Adipose tissue specific Foxo1 gene knockout mice showed improved glucose
tolerance relative to control mice



Higher expression of Ppar- and its target genes were observed in knockout mice.

5.7. Overall conclusions
Overall, results from this thesis have implications in the diagnosis, prevention and
treatment of type 2 diabetes and obesity. The important conclusions which could be
drawn based on the findings from this study are as follows:


Measurement of significant changes in adipokine concentrations may be
helpful in therapy monitoring.



Serum total bilirubin concentrations can be helpful in predicting the
incidence of diabetic retinopathy.
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Chapter 5



Loss of Foxo1 gene function by knockout in adipose tissue improves glucose
tolerance in animal models.

5.8. Future directions
The research studies conducted in this thesis can be advanced in futurefor improving
the health of obese and diabetic people.Some of the research lines which could be
pursued in this connection inthe future are outlined as follows:
 Epidemiological/clinical investigations can provide important information for:
o Population trend in terms of adipokines.
o Prevalence data for diabetic complications.
 Genetic polymorphism based studies can also be followed to see association
between adipokines concentrations and variations in the respective genes.
 Bilirubin concentrations could be helpful in prediction of diabetic retinopathy
development and might be considered as a potential target for treatment.
Based on this, additional studies concerning the mechanisms and causal
relationships between bilirubin and diabetic retinopathy would be welcomed.
 Further knockout mouse studies can provide molecular insights into impaired
metabolism which may provide new drug targets for the treatment of
diabetes and obesity.
 Unifying approaches can be adapted in which the pathogenesis of diabetes
and obesity from cell culture to clinical concentration validation could be
followed.
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APPENDICES
Cell Lysis Buffer
Reagent

Final Conc

Volume

2M Tris HCl, pH 7.6

20 mM

0.5 mL

5M NaCl

150 mM

1.5 mL

0.5M EDTA, pH 8.0

1 mM

0.1 mL

0.5M EGTA

1 mM

0.1 mL

Triton X-100

1%

0.5 mL

H2O

To 50 mL (47.3 mL)

Store at 4°C.
LaemmliSample Buffer-20mL
60 mM Tris-CIpH 6.8,2% SDS,10% glycerol,5% -rnercaptoethanol,
0.01% bromophenolblue
5X Sample Buffer
Reagents
4 mL 1.5 M Tris-Cl pH 8.0
10 mL Glycerol
5 mL β-Mercaptoethanol
2g SDS
Directions:
1) Add 1ml of 1% bromophenol blue to 4 mlof 1.5 M Tris-CI
pH 6.8.
2) Add 1Omlof glyceroland mix.
3) Add 2 g of SDS and mix (the SDS will take a few minutes to dissolve).
4) Add 5 ml of -mercaptoethanol and mix.
5) Aliquot and store at -20°C.
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Alternatively, 250 µL of β-mercaptoethanol can be added just prior to use. Simply
omit step 4 and the final volume will be 16m.
Western blotting assay protocol
1. 8% gel preparation
2. Protein sample quantification (BCA)
3. Calculation for protein dilution
4. Loading of samples
5. 150 V for 2 hours
6. Transfer 1 and half hours
7. Checking of transfer
8. Blocking 1 hour 20 ml TBST 5 % + 0.5 g milk
9. Washing 30 minutes 10 minutes interval 3 times
10. Primary antibody incubation overnight 4 degrees
-actin 2% Tbst 0.2 g BSA
FOXO1 4%Tbst 0.4 g BSA
10 ml TBST
0.4 g BSA
2 µl -actin antibody

11. Secondary antibody
FOXO1 = 10 ml TBST + 0.2 g milk (1:1000)
Anti rabbit 10 µl secondary antibody
-actin = 10 ml tbst + 0.2 milk (1:3000)
anti mouse 3.3 µl secondary antibody

12. 2 hours incubation with secondary antibody
13. Washing with Tbst 3 X 10 minutes
14. Dry membrane on paper towel and put kit reagents 1 and 2 (1:1) for 5
minutes
15. Develop film
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RNA Isolation Protocol
1. Tissue + 1 ml Trizol
2. Genogrinder max speed for ten minutes
3. Incubation room temperature for 5 minutes
4. Centrifugation for ten minutes at 4 °C at 12000xg (fat layer on the top)
5. Clear homogenate in a separate tube
6. 200 µl choloroform addition, vortex incubation for 2 to 3 minutes at room
temperature
7. Centrifugation 4 °Cfor 15 minutes 12000xg
8. Upper aqueous phase to separate tube
9. 500 µl isopropyl alcohol add + 20 minutes incubation at room temperature
10. Centrifugation 10 minutes 12000xg 4°C
11. Removal of supernatant
12. 300 µl GTC +BME addition to pellet and dissolve pellet
13. 300 µl 100 % ethanol and incubation at room temp for 20 minutes
14. Centrifugation 4°C for 10 minutes 12000xg
15. Removal of supernatant
16. Washing of pellet with 300 µl of 75 % ethanol
17. Centrifugation at 4°C for 10 minutes 12000xg
18. Removal of ethanol from tube with a pipette tip + leave lid open for few
minutes
19. 50 µl DEPC water addition to pellet
RNA cleaning (invitrogen RNA mini kit cat No: 12183-018A)
1.
2.
3.
4.
5.
6.
7.
8.

RNA volume : 50 µl make volume upto 200 µl by adding 150 µl of DEPC water
Make fresh lysis buffer (1 ml lysis buffer from kit + 10 µl BME)
100 % ethanol
Add one volume of RNA + one volume of lysis buffer + one volume of 100 %
ethanol (200 µl RNA + 200 µl lysis buffer + 200 µl ethanol)
Transfer this to spin catridge with a collection tube
Centrifuge at 12000xg for 15 sec at room temperature
Discard the flow through and reinsert spin catridge in same collection tube
Add 500 µl wash buffer II from the kit with ethanol (60 ml of 100 % ethanol
directly to wash buffer II bottle from kit)
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9. 500 µl wash buffer II to the spin catridge
10. Centrifuge at 12000 xg at room temperature for 15 seconds
11. Discard flow through and reinsert them inti same collection tube
12. Repeat washing step once
13. Centrifuge at 12000xg for 1 minute at room temperature to dry the
membrane with attached RNA
14. Discard the flow through and insert the spin catridge into collection tube
(recovery tube)
15. Add 30 µl DEPC water to spin catridge
16. Incubation at room temperature for 1 minute
17. Centrifuge the spin catridge and recovery tube for 2 minutes at room
temperatue at 12000xg
18. RNA in recovery tube ready to analyze.
cDNA synthesis
1 µg RNA + DEPC water =12 µl
PCR only water =2 µl
5x buffer =5 µl
Reverse Transcriptase= 1 µl
Total reaction volume = 20 µl
Master mix for 8 reactions=
PCR only water = 2 µl X 8 =16
5x buffer= 5 X 8= 40
RT= 1 X 8 = 8
Total volume for master mix = 64 µl
Divide this master mix (8 µl to each PCR tube )
Add 12 µl of individual RNA sample to each PCR tube already containing 8 µl
of master mix
Dilution of cDNA
1:20 dilution of cDNA
20 µl of cDNA + 380 µl of DEPC water
Total volume = 400 µl
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National Institute for Biotechnology and Genetic Engineering
(NIBGE), Jhang Road, Faisalabad.

Dated: _____________

Title of the research project:
Genomic, proteomic, metabolomic and adipokine studies of diabetic
patients and healthy controls from Pakistani population.
Principal Investigator:
Dr Fazli Rabbi Awan,
Senior Scientist, Health Biotechnology Division, NIBGE, Faisalabad.

Subject: Patient Consent Form
This is to certify that I _____________________________ S/O, D/O, W/O __________________________ resident of
_________________________ CNIC No.______________________________ am happy to participate in the above
mentioned project and willing to give details about myself and my disease history as well as biofluid
samples (blood and/or urine) as required in the project.
I hereby confirm that the researchers have explained to me that these information and samples will
not be used for any other study except this one and they will not disclose my personal and biological
information to any third party. However, they can publish the results in peer reviewed journals
without mentioning my name for the benefit of researchers/scientists, clinicians and patients.

Patient Signature
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Date…………………….

NIBGE No…………………….

FORM- A
Name…………………………………. S/O,D/O,W/O …………………………………………………….
Age …………. ……..Gender—Male/Female Marital status---Single/Married

Caste………………..

Address………………………………………………………………………………………...Urban/Rural
Phone/Mobile number………………………Reg No…………………….

1. Anthropometric measurements:
Weight (kg):……….. Height :………. Waist circumference……….. Hip
circumference……………….
2. Education:
PrimaryMiddle MatricFA/FScBA/BScPost graduate
Quran Studies 
3. Occupation:
Govt. servantBusinessmanHouse wifeField workerShopkeeperOffice
worker
4. Monthly income:
<50005000 to 10,00010000 to 1500015000 to 2000020000 to 50000> 50000
5. Smoker:
a) No

b) Yes ---Active /Passive

c) Cigarette / Huqa / Cigar / Other

d) Duration

(in yrs)……………..
6. Physical activity:
a) Sedentary

b) Regular walk

c)Exercise / Sports

Vigorous exercise / Gym
7. Daily time to watch TV (hrs):

<1  <2

8. Daily time to work on computer (hrs):<1 

<5

>5

<2

<5>5

9. Dietary habits:
a) Vegetables……………………b)Pulses/fiber based
diet………………………………………………
c) Meat ………Fish ChickenMuttonBeef 

d)Sugar based diet ….ice creamchocolatescakessweets

d)

Date…………………….

NIBGE No…………………….

e) Fast foods
PizzaBurgerChicken pcs Pakoras Samosas Halwa puriPathuray 
f) Balanced diet………………………. g) Fruit based
diets………………………………………………..
h) Walnuts…………………………….Cloves……………………… Cinnamon (dar
chini)………………....

10. Fats:a) Oil (Olive / Canola / sunflower / mustard / Others)
b) GheeBanaspati / Desi /both
c) Both oil and ghee
11. Daily intake of beverages (1 cup= 250 ml)
a) Tea:

1 cup,

b) Coffee: 1 cup,

2 cups

<5 cups,

5-10 cups,

>10 cups

2 cups

<5 cups,

5-10 cups,

>10 cups

c) Daily carbonated/cola based drinks (250 ml bottle ): 1 
d) Daily fruit juices (per glass): 1
12. Mode of short commute: Walk 
13. Diabetes Non-diabetic
Type 1 diabetes

2

<5

bicycle 

2

<5  > 5

> 5
motorbike 

car

Diabetic
Type 2 diabetes

MODY

Gestational diabetes

Any other type of diabetes……………….
14. Date of diagnosis of diabetes ……………….Duration of diabetes……………………………..
How Diagnosed? Any symptoms……………………… Screening -------------15Medication /Drugs used or in use.
a) Anti Diabetic
InsulinMetforminSulfonylureaMeglitinideTZDsAcarbose
b) Any other drugs
AntibioticsAnti-inflammatory drugsEstrogen replacement
16. Any other disease:

Cardiac

Hepatic

17. Family history No

{ Yes 1st degree

Renal

Parents (Mother / Father) Brother /

Sister
DistantUncleAuntyCousinsGrand parents }
18. Obstetric History
Diabetes…..Yes/No…Onset----Pre gestationalGestational. Postgestational.
Number of children………….Any child with diabetes …..Yes/No……………..

Date…………………….

19. BMI (kg/m2):………………….WHR:……………….
20. Blood pressure: Systolic………Diastolic………….

NIBGE No…………………….

Date…………………….

NIBGE No…………………….

FORM-B
1. Lipid profile:
Cholesterol…………LDL…………HDL…………TG……..VLDL………NEFA…………
Free glycerol……………
Clinical………………………ECG ……………………ETT

2. Cardiovascular system:
……………………………

Thalium ……………………Angio………………...…Echo
…………………………….
3. Kidney:Ultrasound exam………………Urea ……………………………BUN
……………………………………..
Creatinine………………….….Urine C/E
…………………………..…………………………….................
4. Eye examination: Retinopathy …………………. b)Cataract
5. Neuropathy:Hand

FootFine

touch……….Vibration………Reflexes…………………………..
6. Lower limb/Foot examination:………………………………………………………………
7. Blood glucose (mg/dL):Fasting plasma glucose…………………….Random blood
glucose……………………….
8. Insulin and insulin resistance:Fasting insulin (pmol/L)……..…Clamp-IR….…….HOMAIR………………………..
9. Clinical chemistry profile:Na+………K+……….Cl- …………HCO3 2………..CRP……………………………...
10. Complete blood
count:Hb………………WBC………..…..RBC……………..MCV……………………………
…..
MCH……….….MCHC………….Platelets……………ESR……..………………
………..
11. HbA1c……………………………………………………………………………………………
………………………
12. Creatinine concentration (mg/dl): Serum: …………….Urine…………………..
13. Total serum proteins:…………….
14. Albuminuria: Normal

Micro

Macro

