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SYNOPSIS 

 
 Obesity and related complications have increased substantially over the past few 

decades. It is a prominent risk factor for insulin resistance, hypertension, type 2 diabetes 

and cancer. Obesity is characterised by excessive expansion of adipocyte size and adipose 

tissue mass. This enlargement of adipocyte size (140-180 µm) exceeds the normal oxygen 

diffusion distance (100 µm) and compromises the effective oxygen supply, which lead to 

local hypoxia. The response to low O2 levels is accomplished through the activation of 

specific transcription factor, hypoxia inducible factor 1 (HIF-1). The HIF-1α subunit of 

this heterodimeric transcription factor is considered as the molecular oxygen sensor. When 

cellular O2 levels are sufficient, this protein is continuously synthesized but is immediately 

targeted for proteasome degradation. The low O2 level induces stabilization, nuclear 

translocation, and activation of this transcription factor. HIF-1α expression is directly 

linked to adiposity and is decreased following weight loss. So the hypoxia-signaling 

pathway is expected to provide a new target for the treatment of obesity-associated 

complications. Inhibition or downregulation of the HIF-1 pathway could be an effective 

target for the treatment of obesity related hypoxia. 

 In this study, we evaluated the effect of hypoxia on functions of 3T3-L1 

adipocytes emphasising on oxidative stress, endoplasmic reticulum (ER) stress, 

mitochondrial dysfunctions, inflammation, and insulin resistance. We also evaluated the 

protective role of two phytochemicals, bilobalide and curcumin, on hypoxia induced 

alterations. Hypoxia was induced in differentiated 3T3-L1 adipocytes on 9th day by 

incubating in hypoxic chamber at an atmosphere of 1% O2, 94% N2, 5% CO2, and at 37oC 

for 24 hrs. The control cells were incubated in an atmosphere of 21% O2 and 5% CO2 at 

37oC. The cells were treated with different concentrations of bilobalide (10 µM, 20 µM & 

50 µM) and curcumin (5 µM, 10 µM & 20 µM) during hypoxic period (24hrs). Acriflavine 

(5 µM) is used as positive control which is an HIF-1α inhibitor. 

 The thesis is divided into 5 chapters including summary and conclusion. A 

general introduction dealing with obesity and its prevalence, obesity related metabolic 

complications, importance of adipose tissue in obesity, adipose tissue hypoxia, the effect of 

hypoxia on key functions of adipocytes, and the role of natural products in obesity related 



xx 

complications, a brief note on the pharmacological properties of bilobalide and curcumin 

etc., along with aims and objectives of the study have been described in chapter 1. 

The chapter 2 highlights how hypoxia affects the physiological functions of 3T3-

L1 adipocytes, emphasizing on HIF-1α expression, lactate release, oxidative stress and ER 

stress and possible protection with bilobalide and curcumin. The results revealed that 

hypoxia significantly altered all the vital parameters of adipocyte biology. There was a 

significant increase in HIF-1α expression, lactate release, ROS production, lipid and 

protein oxidation, in hypoxia treated groups compared with normoxic group. In addition, a 

reduction in antioxidant enzymes status was observed in hypoxic group. The expression of 

Nrf2/HO-1 and ER stress markers (GRP78, ERO1-Lα, PDI, PERK, IRE-1α, ATF-6 & 

CHOP) were significantly upregulated in hypoxic groups compared to normoxia. 

Bilobalide and curcumin attenuated the expression of HIF-1α, the hypoxic marker and 

protected 3T3-L1 adipocytes from hypoxia induced oxidative stress and ER stress. 

Chapter 3 depicts hypoxia induced mitochondrial dysfunctions in 3T3-L1 

adipocytes and its protection by bilobalide and curcumin. Various parameters relevant to 

mitochondrial functions like superoxide production, aconitase activity, transmembrane 

potential, integrity of mitochondrial permeability transition pore,  oxygen consumption rate 

and ATP content, proteins involved in oxidative phosphorylation, expression of genes 

involved in mitochondrial biogenesis and proteins involved in mitochondrial structural 

dynamics were analysed in all the normoxic and hypoxic groups. Hypoxia impaired all the 

vital parameters relevant to mitochondrial functions in differentiated 3T3-L1 cells. 

Bilobalide and curcumin protected 3T3-L1 adipocytes from adverse effects of hypoxia by 

enhancing mitochondrial biogenesis, mitochondrial functional performances and by 

controlling mitochondrial dynamics via downregulating HIF-1α expression.  

Chapter 4 explains the crosstalk between hypoxia induced inflammation, and 

insulin resistance and, also secretion of proangiogenic factors in 3T3-L1 adipocytes and 

possible reversal with bilobalide and curcumin. Hypoxia significantly increased the release 

of TNF-α, IL-6, IL-10, MCP-1 and IFN-γ, leptin, and resistin, the adipokines that induce 

inflammation and insulin resistance in adipocytes. But the secretion of adiponectin, a 

beneficial antidiabetic adipokine was significantly reduced in hypoxia treated adipocytes. 

Hypoxia also showed an increased mRNA expression of TLR4, the receptors of free fatty 

acids. Enhanced TLR4 activation in combination with increased glycerol release activated 



xxi 

inflammatory pathways, NF-κB and JNK signaling in hypoxic groups. Activation of NF-

κB and JNK signaling pathways by hypoxia and subsequent higher expression of cytokines 

impair insulin signaling cascade by mediating serine phosphorylation of IRS-1 and by 

downregulating the expression of IRS-2. However, we observed an increased basal glucose 

uptake in hypoxia, in response to increased GLUT1 expression. But there were no 

significant changes in expression of GLUT4 after 24hrs of hypoxia. Bilobalide and 

curcumin ameliorated hypoxia-induced inflammation in 3T3-L1 adipocytes and improved 

insulin signaling. Hypoxia also increased the release proangiogenic factors (MMP-2, 

MMP-9, VEGF, angiopoietin like protein 4) in 3T3-L1 adipocytes. Bilobalide and 

curcumin significantly reduced the expression of proangiogenic factors via reducing 

hypoxia and inflammation. 

Chapter 5 describes the overall summary and conclusion of the study. Based on 

these results we presume that HIF-1α represent a viable therapeutic target for the treatment 

of obesity related hypoxia.  



1 

CHAPTER 1 

INTRODUCTION 

1.1 Obesity 

1.1.1 Obesity as a global epidemic 

There has been an exponential rise in the prevalence of overweight and obesity in 

recent years, which has reached epidemic proportions. In fact, the worldwide prevalence of 

obesity has almost doubled in the last 20 years and it is currently the fifth leading risk for 

global death (WHO, 2015). Obesity is an independent risk factor for a number of chronic 

diseases including hypertension, cardiovascular disease, and diabetes (Poirier and Eckel, 

2002; Ye, 2013). Obesity also increases the risk of developing certain cancers such as 

breast and colon cancer, in addition to respiratory disorders such as sleep apnea (Pischon et 

al., 2008; Vgontzas et al., 1994). Economic growth, modernization, urbanization and 

globalization of food markets are the main contributors to the obesity epidemic.  Therefore, 

the development of effective anti-obesity therapies represents a high priority area for the 

research-based pharmaceutical industry.  

Most countries show progressive increases in the prevalence of overweight and 

obesity, including the USA, Europe, the Middle East and Asia. Obesity is less common in 

sub-Saharan Africa (except for South Africa) and is increasingly prevalent among urban 

populations in India and China (Williams and Fruhbeck, 2009). Worldwide, at least 3.4 

million people die each year as a result of being obese, and an estimated 3.8% of global 

DALYs are caused by obesity. However, the phenomenon is not only restricted to 

industrialized societies, this increase is often faster in developing countries than in the 

developed world. A few developed countries such as the United Kingdom and Germany 

experienced a drop in the prevalence rate of obesity in the past decade, but the prevalence 

of obesity continues to rise in many other parts of the world, especially in the Asia Pacific 

region (Chan and Woo, 2010). More than 50% of obese individuals in the world live in ten 

countries (listed in order of number of obese individuals): USA, China, India, Russia, 

Brazil, Mexico, Egypt, Germany, Pakistan, and Indonesia. The USA accounted for 13% of 

obese people worldwide in 2013, with China and India jointly accounting for 15% (Ng et 

al., 2014). Childhood obesity prevalence also remains very high in developed countries. It 

is reported that about 10% of school children aged between 5 to 17 years around the globe 
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are overweight out of which 70% grow up to become obese adults. Obesity adversely 

affects both physical and psychological health of the child (Li et al., 2004; Siddiqui and 

Bose, 2012). 

1.1.2 Definition for overweight and obesity 

Overweight and obesity are defined as abnormal or excessive fat accumulation 

that may impair health. Body mass index (BMI) is a simple index of weight-for-height 

that is commonly used to classify overweight and obesity in adults. It is defined as a 

person's weight in kilograms divided by the square of his height in meters.  

BMI = (Weight in kg)/(height in m)2 

The WHO definition is: 

▪ a BMI greater than or equal to 25 is overweight

▪ a BMI greater than or equal to 30 is obesity.

BMI provides the most useful population-level measure of overweight and obesity as it 

is the same for both sexes and for all ages of adults. The BMI classes are detailed in 

Table 1.1. 

Table 1.1 Classification of overweight and obesity in adults according to BMI 

Classification BMI kg/m2 Risk of co-
morbidities 

Underweight <18.5 Low

Normal range 18.5 – 24.9 Average 

Overweight 25 -29.9 Increased

Obese class I 30 -34.9 Moderate 

Obese class II 35 -39.9 Severe 

Obese class III ≥ 40 Very severe 
WHO, 2015. 

1.1.3 Possible causes of the obesity epidemic   

Obesity results from the failure of the homeostatic mechanisms that normally 

regulate energy intake and expenditure. The etiology of obesity is multifactorial. It 

involves complex interactions among the genetic background, hormones and different 

social and environmental factors, such as sedentary lifestyle and unhealthy dietary habit 

(Chan and Woo, 2010; Table 1.3). 
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Table 1.2 Causes of obesity 

‘Common’, ‘idiopathic’ or ‘lifestyle-related’ 
➢ Genetic susceptibility (polygenic)
➢ Obesogenic environment

(overconsumption of energy and/or decreased
expenditure)

Secondary causes  
➢ Drugs

(e.g. corticosteroids, antipsychotics, antiepileptics)
➢ Endocrine disorders

(e.g. Cushing syndrome, hypothalamic damage)
➢ Specific genetic syndromes

(e.g. Prader-Willi syndrome)
➢ Mutations affecting energy control mechanisms

(e.g. leptin mutations)

˃95% of cases 

<5% of cases 

Williams and Frühbeck, 2009. 

1.1.4 Metabolic complications of obesity 

Obesity is associated with a large number of diseases and metabolic abnormalities, 

many of which have high risk of morbidity and mortality (Fig. 1.1). This include 

hypertension, type 2 diabetes mellitus, dyslipidemia, gall bladder disease, osteoarthritis, 

coronary heart disease, stroke, obstructive sleep apnea, other respiratory problems and 

various malignancies (Pi-Sunyer, 2002). 

Fig. 1.1 Metabolic syndrome and some other disorders associated with obesity 
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1.2 Importance of adipose tissue in obesity 

The classical perception of adipose tissue as a lipid storage depot has now been 

replaced by the notion that adipose tissue is an active endocrine organ playing a central 

role in lipid and glucose metabolism and produces a large number of hormones and 

cytokines. White adipose tissue (WAT) has now moved centre stage in energy balance and 

obesity research.  

Adipose tissue comprises a variety of cell types, including endothelial cells, blood 

cells, fibroblasts, pericytes, preadipocytes, macrophages, and other immune cells. 

However, the predominant cells present in adipose tissue are mature adipocytes (Géloën et 

al., 1989). The adipocytes are broadly classified into three main types: white, brown, or 

beige (brite). The important function of white adipocytes is to store energy in the form of 

triglyceride, provide a long-term fuel reserve for the animal. The brown adipocytes 

dissipate energy in a heat-producing process called thermogenesis and practically absent in 

adult humans, but are found in foetuses and new-born infants (Fonseca-Alaniz et al., 

2007). It generates heat via the mitochondrial uncoupling protein UCP1 (Stephens, 2012). 

Beige cells resemble white fat cells in having extremely low basal expression of UCP1, 

but, like classical brown fat, they respond to cyclic AMP stimulation with high UCP1 

expression and respiration rates (Wu et al., 2012; Stephens, 2012). 

There are differences between adipose tissue, subcutaneous adipose tissue 

(SCAT) present in subcutaneous areas and visceral adipose tissue (VAT) present in the 

abdominal cavity. VAT adipocytes are more metabolically active, more sensitive to 

lipolysis and more insulin-resistant than SCAT adipocytes. VAT has a greater capacity to 

generate free fatty acids and to uptake glucose than SCAT and is more sensitive to 

adrenergic stimulation, while SCAT is more avid in absorption of circulating free fatty 

acids and triglycerides. VAT carries a greater prediction of mortality than SCAT (Ibrahim, 

2010). 

1.2.1 Physiological role of white adipocytes 

The primary functions of WAT are to insulate and cushion the body and store 

excess energy. In the adipocytes, energy is stored in the form of triacylglycerols (TAGs), 

composed of three fatty acids esterified to one molecule of glycerol. After an overnight fast 

or during prolonged exercise, when the body needs energy, TAGs can be hydrolysed into 
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non-esterified fatty acids (NEFAs) and released into the circulation. In the blood, NEFAs 

are bound to albumin and transported to target tissues, including skeletal muscle and liver, 

where they are used as energy substrates (Rosen and Spiegelman, 2006). 

The discovery of leptin production in 1994 by adipocytes marked the first 

indication that adipose tissue also functions as an endocrine organ. Further studies revealed 

that adipocytes secrete a large number of cytokines known as adipokines. These adipokines 

can act on the adipose tissue itself in an auto- and/or paracrine fashion or be released into 

the circulation to regulate other organ’s metabolism (Guilherme et al., 2008). These 

adipokines are involved in glucose metabolism (e.g. adiponectin, resistin), lipid 

metabolism (e.g. cholesteryl ester transfer protein), inflammation (e.g. TNF-α, IL-6, IL-

10), feeding behaviour (leptin) and so on (Fig. 1.2). 

Fig. 1.2 Overview of adipokines released by adipose tissue and their role in adipocyte biology 

1.3 Adipose tissue hypoxia (ATH) 

Obesity is characterised by excessive enlargement of adipose tissue to store 

energy in the form of triglyceride. Hyperplasia (cell number increase) and hypertrophy 

(cell size increase) are two possible growth mechanisms of adipose tissue (Jo et al., 

2009). This enlargement of adipocyte size (140-180 µM) exceeds the normal oxygen 

diffusion distance (100 µm) and compromises the effective oxygen supply which leads to 

localized hypoxia (Trayhurn and Wood, 2004). The role of hypoxia in chronic 
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inflammation in adipose tissue was first proposed in a review article in 2004 (Trayhurn and 

Wood, 2004). The adipose tissue hypoxia is known in genetic and diet induced obese mice 

as well as in obese individuals (Ye et al., 2007; Hosogai et al., 2007). In vitro studies also 

demonstrate the role of hypoxia in adipocyte dysfunctions such as inflammation, insulin 

resistance, cytokine secretion, and so forth (Wang et al., 2007). 

Table.1.3 Oxygen level in WAT and other tissues 

Tissue PO2, mmHg 

Inspired air (at sea level) 160 

Alveolar blood from lungs 104 

General tissue oxygenation 40-50

Brain 4-8

Retina 2-25

Tumours 1-10

White adipose tissue, lean mice 47.9

White adipose tissue, obese mice 15.2

White adipose tissue, humans (I) lean 55.4/obese 44.7 

White adipose tissue, humans (II) lean 46.8/obese 67.4  

  Trayhurn, 2013. 

Adipocytes have only a limited capacity for hypertrophy; one reason for this is 

considered the diffusion limit of oxygen, which is at most 100 µm. This limits adequate 

oxygen supply in adipocytes, resulting in decreased oxygen tension. A PO2 of 48 mmHg 

was recorded in the white fat of lean mice, a level that is similar to the general level of 

tissue oxygenation (Table 1.3). But, for obese mice, the PO2 was three fold lower at 15.2 

mmHg (Ye, 2009). Cell culture and other in vitro studies on the molecular and cellular 

responses of adipocytes to hypoxia have usually employed either 1% or 2% O2, with 1% 

being the most widely used O2 concentration, 1% O2 is equivalent to a PO2 7.6 mmHg, 

which is close to the level observed in WAT of very obese mice (ob/ob) (Trayhurn, 2013). 

The reference point almost always employed is the 21% O2. 
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1.3.1 Possible causes of adipose tissue hypoxia 

Ye (2009), proposes the reasons for adipose tissue hypoxia in obesity. One 

possibility may be related to the reduction in adipose tissue blood flow that is seen in both 

obese humans and animals. Reductions in capillary density may also contribute to adipose 

tissue hypoxia. Another possible cause of adipose tissue hypoxia may be the increase in 

adipocyte size that is seen with obesity. The diffusion distance of oxygen is 100-120 μm at 

most. In the obese state, adipocyte size increases up to 140-180 μm. Therefore, this 

increased size may block diffusion with oxygen not being able to reach the cells outside 

the 120 μm range, causing hypoxia. 

1.3.2 Demonstration of hypoxia in adipose tissue in obesity 

The adipose tissue hypoxia in obese groups can be confirmed by different 

methods. The first is the direct measurement of the interstitial partial pressure of oxygen 

via the insertion of an optical oxygen probe. The second approach involves detection via a 

chemical hypoxic probe, pimonidazole hydrochloride, which reacts with proteins in a low-

oxygen environment leading to the generation of new protein adducts. The probe can then 

be stained for and measured via western blot or enzyme-linked immunosorbent assay 

(ELISA). In the third technique, a group of widely accepted hypoxia-responsive genes are 

used as markers of hypoxia. These genes include hypoxia inducible factor-1α (HIF-1α), 

vascular endothelial growth factor (VEGF), glucose transporter 1 (GLUT1), heme 

oxygenase 1 (HO-1), and pyruvate dehydrogenase kinase-1 (PDK1). Of these, HIF-1α is 

the transcription factor that controls the expression of the other four genes in response to 

hypoxia. The fourth technique is a lactate assay in the adipose tissue, with lactate being 

used as an indirect indicator of hypoxia (Ye, 2009). 

1.3.3 Hypoxia signaling pathway 

The transcription factor, HIF-1 is a key regulator that facilitates adaptation and 

survival of cells and organism from normoxia (21% O2) to hypoxia (1% O2) (Wang et al., 

1995). The HIF-1 transcription factor was first identified based on its ability to activate the  

erythropoetin gene in response to hypoxia (Semenza et al., 1991; Wang and Semenza, 

1993). HIF-1 is considered as a master signal mediator of hypoxia. It consists of an oxygen 

sensitive α subunit (HIF1-α) and a constitutively expressed β subunit (ARNT or HIF-1β). 

HIF-1 function is primarily regulated by HIF-1α protein stability. Under normoxic 
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conditions, oxygen can mediate the hydroxylation at proline residues of HIF-1α in a Fe2+ 

and α-ketoglutarate-dependent manner by a family of prolyl hydroxylases (PHDs). 

Following hydroxylation, HIF-1α is ubiquitinated by the E3 ubiquitin ligase, von Hippel-

Lindau tumour suppressor (VHL), and degraded via the proteasome pathway. Under 

hypoxia, PHDs are inactive due to lack of substrate, and HIF-1α is no longer subjected to 

hydroxylation and degradation, and can then bind to HIF-1β, and activate transcription of 

HIF target genes (Fig. 1.3) (Brahimi-Horn et al., 2005). HIF target genes like Glut 1, 

Hemox, PDK1, NF-κB and VEGF, facilitate cell survival in a low-oxygen environment, by 

promoting glycolytic metabolism, angiogenesis, or maintenance of redox status (Ye, 2009). 

But its expression in adipose tissue may also be involved in some of the inflammatory and 

metabolic complications seen in the obese state (Trayhurn and Wood, 2004; Trayhurn et 

al., 2008a, b; Wang et al., 2007). HIF-1α expression is directly linked to adiposity and is 

decreased following weight loss. Therefore inhibition or downregulation of the HIF-1 

pathway could be an effective target for the treatment of obesity related hypoxia. 

Fig. 1.3 Diagrammatic view of the molecular signaling response to hypoxia through the 
hypoxia-inducible factor (HIF) system:  In the presence of oxygen, PHDs bind to HIF-1α and 
catalyse the Fe (II)-dependent hydroxylation of specific proline residues. Once hydroxylated, 
HIF-1α binds rapidly to the VHL tumour-suppressor protein (an E3 Ligase), which results in its 
polyubiquitylation and proteasome-mediated degradation. An extra oxygen-dependent 
hydroxylation event takes place at asparagine residue, mediated by FIH and this modification 
prevents the association between HIF-1α and p300/CBP.  In the presence of low oxygen, HIF-1α is 
stabilized and can translocate to the nucleus. HIF-1α dimerizes with HIF-1β and associates with co-
activator proteins p300/CBP to transactivate target genes containing hypoxia responsive elements 
(Trayhurn et al., 2008b). 
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1.4 Effects of hypoxia on key functions of white adipocytes 

Hypoxia has pervasive effects on the function of adipocytes and appears to be a 

key factor in adipose tissue dysfunctions in obesity (Fig. 1.4). It is considered as an 

important cause for the inflammatory response in adipose tissue in the obese state. Other 

factors which induce inflammation include ER stress, free fatty acid and oxidative stress, 

all of these can be initiated by hypoxia (Trayhurn et al., 2008a). Adipose tissue hypoxia 

also impairs mitochondrial function and insulin signaling in adipocytes (Zhang et al., 2010; 

Jang et al., 2013; Halberg et al., 2009). 

Fig. 1.4 Schematic representation of the effect of hypoxia on key functions of adipocytes: The  
effect of hypoxia on oxidative stress, ER stress, mitochondrial functions, adipokines release, 
glucose uptake, and insulin signaling is shown (Trayhurn, 2013). 

1.4.1 Adipose tissue hypoxia and oxidative stress 

Reactive oxygen species (ROS) are byproduct of the normal metabolism of 

oxygen and have important roles in cell signaling and homeostasis. An imbalance between 

ROS production and the cellular antioxidant defence system leads to oxidative stress (D 

Marchi et al., 2013). It has been reported that obesity may induce systemic oxidative stress. 

Biomarkers of oxidative damage are higher in individuals with obesity and correlate 

directly with BMI and the percentage of body fat (Pihl et al., 2006). Adipose tissue 

hypoxia in obesity is one of the reasons for oxidative stress. Reactive oxygen species 
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(ROS) are derived from many sources including mitochondria, xanthine oxidase, 

uncoupled nitric oxide synthases and NADPH oxidase (Mueller et al., 2005). In hypoxia, 

mitochondria act as major source of ROS production. Under hypoxic conditions, 

mitochondria participate in a ROS burst generated at complex III of the electron transport 

chain (Liu et al., 2002). Mitochondria function as O2 sensors and signal hypoxia by 

releasing ROS to the cytosol. The resulting oxidant signal then mediates an inhibition of 

PHDs, leading to HIF1-α stabilization (Guzy et al., 2015). 

Biomarkers of oxidative stress are defined as molecules that are modified by 

interactions with ROS and enzymes of the antioxidant system that change in response to 

increased redox stress. DNA, proteins, lipids including phospholipids and carbohydrates 

can be modified by excessive ROS in vivo. Of these modifications, some are known to 

have direct effects on function of the molecule (e.g. inhibit enzyme function), but others 

merely reflect the degree of oxidative stress in the local environment. Lipid peroxidation, 

oxidative protein modifications, and oxidized low-density lipoprotein and oxidized 

phospholipids are major biological markers of oxidative stress (Ho et al., 2013).  

The activity of antioxidant enzymes like superoxide dismutase (SOD), catalase 

(CAT) and glutathione peroxidase (GPx) represent endogenous antioxidant system of the 

cells. Of these, SOD decomposes superoxide radicals and produce H2O2. H2O2 is 

subsequently removed to water by CAT in the peroxisomes, or by GPx oxidizing GSH in 

the cytosol (Hermes-Lima and Zenteno-Savín, 2002). The activities of these enzymes are 

inversely associated with oxidative stress.  

ROS levels also influence the expression of key genes involved in regulating 

cellular and systemic oxidative stress. A prime example is Nuclear factor (erythroid-

derived 2)-like 2 (Nrf-2), a transcription factor that is upregulated in response to oxidative 

stress and drives the increased expression of numerous cellular antioxidant enzymes. Heme 

oxygenase-1 (HO-1) is another example of stress-inducible protein. HO-1 gene expression 

is mainly regulated by the Nrf2-antioxidant response element (ARE) pathway, and 

induction of this enzyme protects cells against oxidative stress-induced cell death and 

tissue injury (Singh et al., 2010).  
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1.4.1.1 The kelch-like ECH-associated protein 1 (Keap1)/Nrf2 pathway 

The Nrf2 is a prime transcriptional activator that plays a central role in inducible 

expression of many cytoprotective genes in response to oxidative and electrophilic stresses. 

Target genes of Nrf2 are involved in the glutathione synthesis, elimination of reactive 

oxygen species (ROS), xenobiotic metabolism and drug transport (Kobayashi et al., 2004; 

Kobayashi and Yamamoto, 2005). Keap1 is essential for the regulation of activity of Nrf2. 

Under normal conditions, Nrf2 is constantly degraded via the ubiquitin–proteasome 

pathway in a Keap1-dependent manner (Itoh et al., 1997; Motohashi and Yamamoto, 

2004). In the presence of electrophiles or ROS, Nrf2 degradation ceases, stabilized Nrf2 

accumulates in nuclei, heterodimerizes with small Maf proteins and activates target genes 

for cytoprotection through antioxidant response element (ARE) ⁄ electrophile response 

element (Fig. 1.5; Itoh et al., 2004).  

Fig. 1.5 Nrf2-antioxidant response element signaling pathway:  Under unstressed conditions, 
Nrf2 is constantly degraded via the ubiquitin–proteasome pathway in a Keap1-dependent manner. 
When oxidative or electrophilic stress inactivates Keap1, Nrf2 is stabilized and de novo 
synthesized Nrf2 translocates into nuclei. Nrf2 heterodimerizes with small Maf proteins and 
activates target genes for cytoprotection through antioxidant ⁄ electrophile response element (ARE ⁄ 
EpRE) (Taguchi et al., 2011).  

 Therefore, understanding the mechanism that regulates ROS formation is 

important to protect adipocytes from hypoxic injury. Hypoxia induces ROS production in 
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almost all cell types. Previous studies revealed that hypoxia significantly increased 

oxidative stress in adipocytes and treatment with antioxidants N-acetyl cysteine (NCA) and 

CAT significantly abolished hypoxia induced ROS production (Regazzetti et al., 2009). 

1.4.2 Adipose tissue hypoxia and endoplasmic reticulum stress 

The endoplasmic reticulum (ER) is a central organelle of each eukaryotic cell 

where, protein folding and secretion, calcium homeostasis and lipid biosynthesis take place 

(Gething and Sambrook, 1992). It is also a site for posttranslational modifications 

(glycation, disulphide formations etc) of newly synthesised proteins. It is the organelle in 

which proteins are folded into their proper conformation and in which multi subunit 

proteins are assembled (Kaufman, 1999).  The lumen of the ER contains molecular 

chaperones and folding enzymes including glucose regulated protein 78/ immunoglobulin 

heavy chain binding protein (Grp78/BiP), Grp94, protein disulfide isomerase (PDI), 

calnexin, and calreticulin. Only properly folded proteins are exported to the Golgi 

organelle, while incompletely folded proteins are retained in the ER to complete the 

folding process or are delivered to the cytosol to undergo endoplasmic reticulum–

associated degradation. Under normal physiologic conditions, there is equilibrium between 

ER protein load and folding capacity. Perturbations in ER homeostasis is due to increased 

protein synthesis, accumulation of misfolded proteins, or alterations in the calcium or 

redox balance of the ER lead to a condition called ER stress (Ron and Walter, 2007). 

To cope with this stress, cells have developed a protective mechanism called the 

unfolded protein response (UPR) or ER stress response (Fig 1.6). The initial objective of 

this response includes the attenuation of protein translation to lessen the protein processing 

load in the ER. There is also an upregulation of genes involved in ER protein folding 

including chaperones such as BiP/GRP78, enzymes mediating folding such as protein 

disulfide isomerase, ER structural components, and components of the ER-associated 

degradation pathway (ERAD) (Oslowski and Urano, 2011).  

The ER stress response is initiated when the capacity of ER-resident chaperone 

proteins is exceeded by the load of misfolded proteins. BiP/GRP78, a transmembrane 

protein that spans the ER lumen, associates with the UPR sensors PKR-like ER kinase 

(PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) 

and represses their activity. The accumulation of misfolded proteins results in the 
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saturation of ER chaperones, including BiP/GRP78. The sequestering of BiP by misfolded 

proteins results in the loss of BiP-mediated repression of the UPR sensors resulting in their 

activation. Prolonged ER stress typically results in cell death by apoptosis (Lin et al., 

2008).  

1.4.2.1 GRP78/BiP 

Molecular chaperones and among them Grp78/BiP plays an important role in the 

protein folding process. Grp78/BiP participates in the translocation of nascent polypeptide 

chains into the ER and also recognizes unfolded or misfolded proteins in the lumen of the 

ER. As an ER-resident protein Grp78/BiP contains a typical signal sequence at the NH2-

terminus (to guide it into the ER) and a KDEL sequence at the C-terminus (to hold it in the 

ER). The ADP-bound form of Grp78/BiP has high affinity for other proteins while 

exchange of ADP for ATP releases the substrates and allows for further folding. 

Grp78/BiP cycles between monomeric and oligomeric states. Oligomeric Grp78/BiP forms 

a storage pool. Only monomeric Grp78/BiP associates with unfolded proteins. 

Accumulation of unfolded proteins in the ER lumen increases the monomeric Grp78/BiP 

pool (Gething, 1999). 

1.4.2.2 Unfolded protein response 

Three major transducers of the UPR have been identified: PERK, IRE1 and ATF-

6. These factors transmit signals from the ER to the cytoplasm or nucleus, and activate

three pathways: i) suppression of protein translation to avoid the generation of more

unfolded proteins; ii) induction of genes encoding ER molecular chaperones to facilitate

protein folding; and iii) activation of ER-associated degradation (ERAD) to reduce

unfolded protein accumulation in the ER. If these strategies fail, the cells are unable to

maintain ER homeostasis and undergo apoptosis (Kawasaki et al., 2012).

The first response to ER stress is attenuation of transient global translation. This is 

mediated by the PERK signaling pathway.  PERK binds to the chaperone protein Grp78 

under normal conditions. As unfolded proteins accumulate during ER stress, Grp78 

dissociates, allowing PERK to autophosphorylate and dimerize. Once activated, it 

phosphorylates α-subunit of eukaryotic translational initiating factor 2 (eIF-2α), resulting 

in translational attenuation. Phosphorylated eIF-2α preferentially enhances translation of 

ATF4 transcription factor that induces expression of UPR target genes (Shi et al., 1998). 
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Activation of IRE1 by ER stress is typical of receptor kinase proteins, which 

homodimerize and transphosphorylate. Activation of IRE1 by dimerization and 

phosphorylation causes IRE1-mediated splicing of XBP1 mRNA. Translation of spliced 

XBP1 mRNA produces a transcription factor that upregulates UPR target genes (Calfon et 

al., 2002).  

ATF6 activation involves an unusual mechanism called regulated intramembrane 

proteolysis. The protein translocates from the ER to the Golgi where it is proteolytically 

processed. In Golgi, the full length 90-kDa ATF6 is proteolytically processed to release a 

50-kDa transcription factor that translocates to the nucleus and activates UPR target genes.

Some target genes of the UPR pathway include genes encoding ER-resident chaperones

and genes involved in ER stress induced apoptosis (Lai et al., 2007).

Fig. 1.6 ER stress pathway: Protein misfolding in the ER induces the UPR. There are 3 signaling 
arms of the UPR that are activated upon increased protein misfolding: activation of (1) IRE1 leads 
to spliced (s) (XBP-1) and (2) ATF6 which leads to transcriptional up-regulation of chaperone 
proteins. The third arm involves PERK, which oversees the attenuation of nascent protein 
translation via phosphorylation of eukaryotic initiation factor 2 alpha (eIF2α) (Wouters and 
Koritzinsky, 2008). 

CHOP is the first identified protein that mediates ER stress-induced apoptosis. All 

three UPR signaling pathways are involved in inducing CHOP transcription, although the 

PERK pathway is essential. CHOP is also known as growth-arrest and DNA-damage-
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inducible gene 153 (GADD153). It is induced by ER stress more than growth arrest or 

DNA damage. During prolonged ER stress, CHOP is one of the most highly upregulated 

genes, which downregulates the expression of the anti-apoptotic protein Bcl-2 and induces 

GADD34 and ERO1 and promote ER stress induced apoptosis (Wang et al., 1996). 

Accumulating evidence suggests prolonged ER stress in the development and 

progression of many diseases, including neurodegeneration, atherosclerosis, type 2 

diabetes, liver disease, and cancer. Recent study reported the up-regulation of ER stress 

markers such as BiP, phosphorylated PERK, and phosphorylated eIF2α in adipose tissue 

and the liver of ob/ob mice (Ozcan et al., 2004). However, the triggers that induce ER 

stress in obesity remained unclear. ER stress in obesity is thought to be induced by an 

augmented demand for protein synthesis under nutrient excess. Obesity related hypoxia is 

known to induce ER stress (Hosogai et al., 2007). So the better understandings of the 

molecular mechanism of ER stress response during obesity related hypoxia provide a 

potential strategy to treat obesity related complications. 

1.4.3 Adipose tissue hypoxia and mitochondrial dysfunctions 

Mitochondria play a central role in cellular bioenergetics. In mitochondria, the 

energy supplied by nutrients is converted to adenosine triphosphate (ATP) via tricarboxylic 

acid (TCA) cycle and oxidative phosphorylation (OXPHOS) process of the respiratory 

chain. In addition to supplying cellular energy, mitochondria are involved in several 

cellular stresses and human diseases (Lane, 2006). Mitochondria have an important role in 

the pathophysiology of obesity. The mitochondria of obese individuals are different from 

those of lean individuals. Alterations in mitochondrial morphology, impaired 

mitochondrial bioenergetics, increased mitochondrial lipid peroxides, decreased ATP 

content, and other mitochondrial dysfunctions increase the risks of developing metabolic 

complications associated with obesity (Grattagliano et al., 2012). Obesity is also 

accompanied by a decrease in the expression of adipose mitochondrial genes in ob/ob mice 

and impaired adipose mitochondria in db/db mice (Rong et al., 2007).  

Mitochondria play a key role in oxygen homeostasis in adipocytes. HIF-1α is a 

major mediator of the hypoxia signal involved in mitochondrial dysfunction. It has been 

demonstrated that HIF-1α functions as a negative regulator of mitochondrial biogenesis 

and oxygen utilization. Therefore in adipose tissue hypoxia, mitochondria act as O2 
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sensors, convey signals to HIF-1 directly or indirectly, which in turn triggers a cascade of 

events involving stabilization of HIF-1α, ER stress, inflammation and insulin resistance 

(Ali et al., 2012).  

Mitochondria are considered as the main source of reactive oxygen species 

(ROS). Previous studies report increased ROS production in adipose tissue of obese mice, 

accompanied by augmented expression of NADPH oxidase and decreased expression of 

antioxidant enzymes (Furukawa et al., 2004). Hypoxia in obese adipose tissue is 

considered as a mediator of mitochondrial ROS production. Under normal oxygen 

tensions, cells catabolise glucose to pyruvate via glycolytic enzymes. Pyruvate is then 

taken up by the mitochondria for further catabolism through the TCA or Krebs cycle, 

which transfers electrons to the respiratory chain. Electron transport through this chain 

results in ATP production and terminates in the donation of electrons to oxygen. But in low 

oxygen tension, there is a paucity of oxygen as final electron acceptor; hypoxic cells are 

then forced to undergo anaerobic glycolysis. Hypoxic activation of HIF-1 promotes ATP 

production through increased anaerobic glycolysis. Increased ATP production, however, 

may not be sufficient for hypoxic adaptation, since hypoxia paradoxically causes oxidative 

stress from uncontrolled mitochondrial generation of reactive oxygen species (ROS). 

Under hypoxic conditions, perturbation in electron transport is associated with leakage of 

electrons from the respiratory chain, resulting in increased superoxide production that 

could be toxic to cells (Kim et al., 2006).  

Increased ROS production adversely affects mitochondrial membrane potential 

(Δψm) and ATP synthesis. Δψm is an important parameter of mitochondrial function and 

has been used as an indicator of cell health. The Δψm is the electrochemical gradient built 

across the inner membrane by the respiratory chain complexes, constitutes a distinguishing 

feature of mitochondria. In normal physiological cell functioning, maintenance of Δψm, is 

essential for ATP synthesis. Δψm, is highly negative, approximately −180 mV, due to the 

chemiosmotic gradient of protons across the inner mitochondrial membrane. This energy is 

used to synthesise ATP by the respiratory chain. Δψm also provides the driving force for 

Ca2+ uptake into mitochondria by the Ca2+ uniporter, and it is now generally accepted that 

it is this Ca2+ signal in the mitochondria which stimulates ATP production in response to 

increased demand of energy by the cell (Andrew et al., 2004). Many studies support the 

dissipation of Δψm in obese subjects. Mitochondria isolated from the liver of high-fat fed 
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rats exhibit impaired mitochondrial membrane potential, oxygen consumption and cellular 

ATP levels (Teodoro et al., 2013). 

The mitochondrial permeability transition pore (mPTP) is a Ca2+ dependent, non-

selective pore located on the inner mitochondrial membrane. It facilitates the exchange of 

molecules between the mitochondrial matrix and cytoplasm, and opening of the mPTP 

occurs in response to physiological stressors. It opens in response to elevated matrix Ca2+ 

concentrations, increasing the permeability of the mitochondrial membrane to molecules 

less than 1500 Da in weight, and resulting in cell death (Zoratti and Szabo, 1995). Under 

normal physiological conditions, mPTP is closed; if matrix [Ca2+] increases, the pore 

opens, causing a mitochondrial permeability transition (mPTP) and resulting in 

mitochondrial swelling. Conditions associated with obesity such as oxidative stress, 

mitochondrial membrane potential dissipation and depletion of adenine nucleotides also 

influence mPTP opening. Recent study reports opening of the mitochondrial permeability 

transition pore links mitochondrial dysfunction to insulin resistance in skeletal muscle of 

HFD mice (Taddeo et al., 2014). 

Mitochondrial biogenesis can be defined as growth and division of pre-existing 

mitochondria. Mitochondrial biogenesis involves the coordinated action of both nuclear 

and mitochondrial encoded genomes. PGC-1α is a central regulator of mitochondrial 

biogenesis. PGC-1α acts as co-transcriptional regulation factor that induces mitochondrial 

biogenesis by activating different transcription factors, including NRF-1 and NRF-2, which 

promote the expression of Tfam. NRF-1 and NRF-2 are important contributors to the 

sequence of events leading to the increase in transcription of key mitochondrial enzymes, 

and they have been shown to interact with Tfam, which drives transcription and replication 

of mtDNA (Virbasius and Scarpulla, 1994). Decreased expression of markers of 

mitochondrial biogenesis and metabolism were found in overweight and obese insulin-

resistant subjects (Heilbronn et al., 2007). Studies also reported that transgenic as well as 

high fat diet obese mice had less mitochondrial density compared to lean control (Zhang et 

al., 2010).  
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Fig. 1.7 Mitochondrial fusion and fission cycle: Mitochondrial biogenesis increases 
mitochondrial numbers and replaces damaged mitochondria. Fusion dilutes damage that 
accumulates in the mitochondria, including mitochondrial DNA mutations and oxidized proteins. 
When mitochondrial damage exceeds a critical level, fission supports mitochondrial quality control 
by dividing a mitochondrion into a larger, polarized healthy portion (which can reintegrate with the 
network) and a smaller depolarized, abnormal portion. The small depolarised abnormal portion 
packaged into autophagic vacuoles that are transported to lysosomes for elimination by mitophagy 
(Archer, 2013). 

Mitochondria are dynamic organelles that continually undergo fusion and fission 

(Fig. 1.7). These opposing processes work in concert to maintain the shape, size, and 

number of mitochondria, and their physiological function. Dysregulation of mitochondrial 

dynamics alters mitochondrial morphology, metabolism, and intracellular signaling, and it 

has been implicated in various human diseases, including T2DM and obesity (Chan, 2012; 

Bach et al., 2005). In mammals, three large GTPases are essential for mitochondrial fusion. 

The mitofusins Mfn1 and Mfn2 are transmembrane GTPases embedded in the 

mitochondrial outer membrane. OPA1 is a dynamin related GTPase associated with the 

mitochondrial inner membrane or intermembrane space. Mitochondrial fusion is a 

multistep process. Outer membrane fusion depends on the mitofusins Mfn1 and Mfn2. 

Inner membrane fusion depends on the OPA1. Depletion of any of these three GTPases 

results in severely reduced levels of mitochondrial fusion. Studies have identified two 

classes of molecules that are necessary for the fission of mitochondria. The central player 

appears to be Drp1, a dynamin-related protein. Drp1 assembles on mitochondrial tubules 

and is thought to mediate constriction and scission. Much of Drp1 resides in the cytosol, 

and therefore a second class of proteins on the mitochondrial surface is necessary to 
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efficiently recruit Drp1 for fission. This second class potentially includes Fis1, Mff, 

MiD49, and MiD51 (Archer, 2013; Lee et al., 2004). Mitochondrial fusion and fission 

result in content exchange between mitochondria. These exchange events keep the 

mitochondrial population homogeneous and functional. Mitochondrial dynamics is 

involved in multiple mitochondrial functions, including mtDNA stability, respiratory 

function, apoptosis, response to cellular stress, and mitochondrial degradation (Chan, 

2012).  

1.4.4 Adipose tissue hypoxia and inflammation 

Fig. 1.8 Obesity-induced inflammatory changes in adipose tissue: Obese adipose tissue is 
characterized by inflammation and progressive infiltration by macrophages as obesity develops 
(Wellen and Hotamisligil, 2003). 

In obesity research, the link between chronic inflammation and fat accumulation 

is well established (Fig. 1.8). The initial observation of TNF-α elevation in adipose tissue 

of obese mice provides the first evidence for the chronic inflammation (Hotamisligil et al., 

1993). Thereafter, the concept of obesity induced inflammation was confirmed by 

abundant literature identifying increases in many other inflammatory cytokines, such as 

plasma C-reactive protein (CRP), interleukin 6 (IL-6), plasminogen activator inhibitor-1 

(PAI-1), in models of obesity. Activation of inflammatory kinases such as NF-κB and JNK 
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provides additional evidence for activation of intracellular inflammatory pathways in 

obesity (Yuan et al., 2001; Hirosumi et al., 2002). 

Adipose tissue is a major source of chronic inflammation in obesity. In adipose 

tissue, adipocytes and adipose tissue macrophages are the major cell types responsible for 

the production of inflammatory cytokines. Macrophages and adipocytes are activated 

during the process of adipose tissue expansion. Recent studies suggest that the adipose 

tissue expansion induces a local hypoxia. The hypoxia response serves as a common root 

for all of the stress responses in adipose tissue including inflammatory stress (Ye, 2009; 

Hosogai et al., 2007). Hypoxia directly promotes the chronic inflammation through 

activation of transcription factors (NF-κB and HIF-1) in adipocytes and macrophages (Ye 

et al., 2007). The representative adipokines include TNF-α, IL-6, MCP-1, IL-1β, leptin, 

adiponectin and resistin. 

TNF-α: It is a pro-inflammatory cytokine secreted predominantly by monocytes 

macrophage, and adipocytes. It has wide ranging biological effects on lipid metabolism, 

coagulation and endothelial function.  In humans, TNF-α level are higher in plasma and 

adipose tissue of subjects with obesity, and circulating levels reduce with weight loss 

(Kern et al., 1995; Ziccardi et al., 2002). Previous study reports the interplay between 

obesity, inflammation and insulin resistance and showed that TNF-α expression was 

elevated in adipose tissue isolated from different obese rodent models. Hotamisligil et al., 

also showed that immuno-neutralization of TNF-α in obese rat ameliorated insulin 

resistance (Hotamisligil et al., 1993). Corresponding in vitro experiments demonstrated 

that by activating IKKβ, TNF-α stimulation leads to serine phosphorylation of IRS-1 which 

attenuates its ability to transduce insulin mediated cellular events (Hotamisligil et al., 

1996). Mice genetically deficient in TNF-α or the TNF-α receptor 1 gene (Tnfr1) do not 

develop insulin resistance caused by high fat feeding or obesity (Uysal et al., 1997). TNF-α 

treatment of cultured 3T3-L1 adipocytes leads to reduced expression of the insulin 

receptor, IRS-1 and Glut4 genes, as well as a decrease in insulin stimulated glucose 

uptake (de Luca and Olefsky, 2008). 

IL-6: IL-6 is an inflammatory cytokine produced and secreted from WAT and act as 

pathogenic mediator of insulin resistance.  IL-6 levels are positively correlated with body 

mass and plasma free fatty acid concentrations.  It has been demonstrated that IL-6 inhibits 
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the insulin signaling pathway by upregulating SOCS3 expression, which in turn impair 

insulin-induced insulin receptor and IRS-1 phosphorylation in adipocytes (Senn et al., 

2002; Senn et al., 2003). IL-6 can promote fatty acid oxidation and glucose uptake in 

skeletal muscle. IL-6 also modulates insulin resistance through several distinct 

mechanisms, including c-Jun N-terminal kinase 1 (JNK1) mediated serine phosphorylation 

of IRS-1, and IκB kinase mediated NF-κB activation (Kelly et al., 2004). 

MCP-1: MCP-1 (also called CCL2) is a chemoattractive protein that recruits immune cells 

to sites of inflammation. The adipose tissue expression of MCP-1 increases in proportion 

to adiposity and decreases following treatment with TZDs and following bariatric surgery. 

MCP-1 gene expression in adipose tissue is increased in diet-induced insulin resistance and 

in ob/ob and db/db mice. Two independent studies convincingly showed that the 

adipocyte-specific overexpression of MCP-1 in mice was sufficient to increase 

macrophage recruitment to adipose tissue and cause systemic insulin resistance (Kamei et 

al., 2006; Kanda et al., 2006) notably, MCP-1 expression in adipocytes resulted in hepatic 

steatosis and insulin resistance in liver and muscle as well as in fat cells. Concordantly, 

mice deficient in CCR2, a major cell surface receptor for MCP-1, have fewer monocytes 

recruited to fat cells and are protected against the development of obesity-induced insulin 

resistance (Weisberg et al., 2006). 

IL-1: IL-1α and IL-1β are proinflammatory cytokines that binds to IL-1 receptors and 

shows similar functions. Il1α−/− mice have lower fasting glucose and insulin levels and 

improved insulin sensitivity as compared with wild type controls (Matsuki et al., 2003). 

mRNA expression of IL-lβ was increased in the epididymal fat pads of insulin resistant 

HFD-fed mice and ob/ob mice compared with low-fat-fed mice and wild type mice, 

respectively (Lagathu et al., 2006). IL-1β together with IL-6 concentrations predicts risk 

for T2D in humans better than either cytokine alone (Shoelson et al., 2007). 

Resistin: Resistin is an inflammatory cytokine produced in adipocytes and immune cells 

whose expression is suppressed by TZDs and up-regulated by proinflammatory cytokines. 

In rodents, circulating levels of resistin were increased in obesity (Rajala et al., 2004), and 

both gain and loss of function studies (Satoh et al., 2003; Kim et al., 2004) demonstrated a 

role for resistin in mediating hepatic or skeletal muscle insulin resistance. Like many other 
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proinflammatory cytokines, resistin stimulates intracellular signaling through NF-κB 

activation, which in turn promotes the synthesis of other proinflammatory cytokines, 

including TNF-α, IL-6, MCP-1, etc. Consistent with the feed forward, “positive feedback 

loop” nature of NF-κB-mediated inflammatory signaling, various proinflammatory stimuli 

also induce the expression of resistin. In addition to its potential roles in insulin resistance, 

resistin may play a role in the inflammation associated with the pathogenesis of CVD 

(Jamaluddin et al., 2012). 

Adiponectin: Adiponectin is a 30-kDa secretory hormone produced predominantly by 

adipocytes, expression, and secretions are elevated during adipocyte differentiation 

(Carbone et al., 2012). There are three major isoforms of adiponectin; low molecular 

weight (LMW), formed from three adiponectin monomers, middle-molecular weight 

(MMW) which is an octomer, and high- molecular weight (HMW) consisting of 12 or 

more monomers (Magkos and Sidossis, 2007). HMW adiponectin is the most biologically 

active form and best reflective of the reduction in total adiponectin levels associated with 

obesity (Almeda-Valdes et al., 2010). Adiponectin can enhance FA oxidation and improve 

insulin sensitivity (Carbone et al., 2012); suppressing gluconeogenesis in the liver thus 

reducing circulating glucose levels, also increasing glucose uptake in the muscle by 

enhanced GLUT4 expression. In the liver, adiponectin stimulates glucose and FA 

oxidation through activation of the AMPK pathway and reduces lipogenesis by minimizing 

SREBP-1c expression (Utzschneider and Kahn, 2006). 

Leptin: Leptin is the product of the ob gene. It is involved in the regulation of energy 

homeostasis and is almost exclusively expressed and produced by WAT and more 

particularly by differentiated mature adipocytes (Ahima and Flier, 2008). Circulating levels 

and adipose tissue mRNA expression of leptin are strongly associated with BMI and fat 

mass in obesity (Varela and Horvatha, 2012). Thus, leptin appears as a real marker of 

adipose tissue mass in lean humans where the subcutaneous fraction represents about 80 % 

of total fat. In animal models, expression of leptin is increased in conditions that are 

associated with release of pro-inflammatory cytokines such as TNF-α and IL-6 in 

monocytes and macrophages. Vice versa, TNF-α and IL-6 are capable of stimulating 

adipocyte leptin production. Leptin has also been reported to improve insulin sensitivity 

through activation of AMP-activated protein kinase (AMPK) (Minokoshi et al., 2012). 
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Moreover, the leptin-signaling pathway, activate suppressor of cytokine signaling (SOCS)-

3, which inturn inhibit insulin signaling (Howard and Flier, 2006). Taken together, it is 

suggested that leptin has proinflammatory effects and is involved in the pathogenesis of 

insulin resistance. However, the underlying mechanism of leptin in the etiology of obesity-

associated adipose tissue inflammation and insulin resistance needs to be further 

elucidated. 

1.4.4.1 Role of free fatty acid stimulation of toll-like receptor 4 in inflammation 

TLR4 belongs to the family of toll-like receptors that function as pattern 

recognition receptors that guard against microbial infections as part of the innate immune 

system. TLR4, in particular, is stimulated by lipopolysaccharide (LPS), an endotoxin 

released by gram-negative bacteria. TLR4 stimulation results in the activation of both 

Ikkβ/NF-κB and JNK/AP-1 signaling, culminating in the expression and secretion of pro-

inflammatory cytokines/chemokines (Iwasaki and Medzhitov, 2004). 

The role of TLR4 as a key component in fatty acid-induced inflammation was 

first identified in studies examining the ability of dietary fatty acids to activate the 

inflammatory response via TLR4 signaling in cultured macrophages. The link between 

TLR4 and fatty acid and obesity-induced insulin resistance was further assessed by Shi et 

al, (2006). This study found that FFA activate the NF-κB signaling pathway in primary 

macrophages from wild type mice but not in macrophages derived from TLR4 deficient 

(Tlr4−/−) mice. In addition, they demonstrated that saturated fatty acids are the most potent 

inducers of this inflammatory response. In in vivo studies, they found that obese mice have 

increased TLR4 expression in adipose tissue compared to lean controls. Previous studies 

also showed the role of TLR4 in the development of lipid and obesity-induced insulin 

resistance and suggest that TLR4 can act as a potential sensor of elevated tissue and/or 

serum FFA concentrations that are commonly associated with obesity (Shi et al., 2006; 

Zhu et al., 2010). 

1.4.4.2 NF-κB and JNK pathway 

 The IKKβ/NF-κB pathway is a dominant inflammation signaling pathway. The  

pathway has been under active investigation in the obesity field after IKKβ was found to 

induce insulin resistance in obese mice (Yuan et al., 2001; Arkan et al., 2005). The serine 

kinase IKK has three major isoforms including IKKα (IKK1), IKKβ (IKK2) and IKKγ, in 
23  

Chapter 1 



24 

which IKKβ is required for NF-kB activation. In obesity, IKKβ is activated by several 

intracellular signals, such as ROS, ER stress, DAG, and Ceramide. IKKβ is also activated 

by the extracellular stimuli including TNF-α, IL-1, fatty acids, and hypoxia (Ye and Keller, 

2010). IKKβ induces NF-κB activation by phosphorylation of the Inhibitor Kappa B alpha 

(IkBα). In the classical pathway, NF-κB activation is mediated by IKKβ-induced 

phosphorylation, proteasome-mediated degradation of IkBα (Karin and Ben-Neriah, 2010). 

It induces transcription of inflammatory cytokines (TNF-α, IL-1β, IL-6, MCP-1, etc). In 

the alternative pathway, NF-κB is activated by hypoxia in the absence of IkBα degradation 

(Ye, 2009). This type of NF-κB activation in adipocytes and macrophages contributes to 

chronic inflammation in the adipose tissue of obese individuals. 

 The c-Jun NH2-terminal kinase (JNK) belongs to a family of mitogen-activated 

kinases (MAPKs), together with extracellular regulated kinases (ERKs) and p38. The JNK 

subgroup of MAPKs is encoded by three loci; Jnk1 and Jnk2 are ubiquitously expressed, 

and Jnk3 is expressed primarily in heart, testis, and brain (Maeda, 2010). Stimuli that have 

been shown to activate JNK pathways during metabolic dysregulation include TNF-α, IL-

1, TLR, or free fatty acids, intracellular stresses including ROS and ER stress, ceramides, 

and various PKC isoforms. Obesity-induced JNK activation promotes the phosphorylation 

of IRS-1 at serine sites that negatively regulate normal signaling through the insulin 

receptor/IRS-1 axis. By contrast, evidence has not been reported for obesity-induced 

effects on transcription factors such as AP-1 that are regulated by JNK (Ye and Keller, 

2010). 

1.4.4.3 Molecular pathways that link inflammation and insulin resistance 

 The NF-κB and JNK-MAPK pathways link obesity, inflammation, and insulin 

resistance. The NF-κB pathway is activated by inhibitor of NF-κB (IκB) kinase β (IKKβ), 

and the c-Jun NH2-terminal kinase (JNK) pathway. These pathways are activated by many 

of the same proinflammatory stimuli including cytokines such as TNF-α and IL-6 which in 

addition to being activators of NF-κB are also NF-κB-regulated products. Both pathways 

are also activated by pattern recognition receptors, such as the receptor for advanced 

glycation end products and the toll-like receptors, which are gatekeepers of the innate 

immune system. In addition to being activated by bacterial, viral, and fungal products, toll-

like receptors can be activated by free fatty acids. Reactive oxygen species, endoplasmic 
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reticulum stress, hypoxia and ceramides are increased by adiposity, and all have also been 

shown to activate both JNK and NF-κB (Mc Ardle et al., 2013). 

 JNK1 and NF-κB contribute to insulin resistance and type 2 diabetes through 

multiple mechanisms. Serine/threonine phosphorylation of insulin receptor substrates 1 and 

2 (IRS1&2) is believed to be an important mediator of insulin resistance because it results 

in uncoupling of insulin receptor activation from downstream signaling (Tanti et al., 1994). 

This hypothesis is supported by a study showing that mice expressing an IRS-1 variant in 

which the serine phosphorylation sites Ser-302, Ser-307, and Ser-612 were replaced by 

alanines (IRS-1 Ser3Ala), are protected from high-fat diet-induced insulin resistance 

(Morino et al., 2008). By contrast, mice expressing an IRS-1 variant with only Ser-307 

mutated to alanine are more susceptible to developing insulin resistance when fed a high-

fat diet (Copps et al., 2010). Therefore, the inhibitory action of IRS-1 serine/threonine 

phosphorylation on insulin signaling could be independent from Ser-307 phosphorylation. 

Another mechanism by which JNK1 and NF-κB promote insulin resistance is by induction 

of proinflammatory cytokines. Interestingly, NF-κB induced insulin resistance is nearly 

fully reversed with neutralizing antibodies against IL-6 (Cai et al., 2005). Jnk1-/- mice 

show decreased expression of proinflammatory cytokines in models of diet-induced insulin 

resistance (Tuncman et al., 2006), and a conditional deletion of Jnk1 in adipocytes 

decreases IL-6 serum levels and improves hepatic insulin sensitivity (Sabio et al., 2008). 

1.5 Inflammation and angiogenesis 

Angiogenesis corresponds to the formation of new vessels from the pre-existing 

vascular network. This phenomenon has critical role in physiological and 

pathophysiological remodelling processes (Carmeliet and Jain, 2000). Inflammation and 

hypoxia, the main angiogenesis regulators described in non-neoplasic tissues, may 

represent two possible candidates for angiogenesis regulation in growing adipose tissue. 

VEGF, leptin and MMP-2 and -9 are factors involved in the process of angiogenesis, it is 

suggested that hypoxic adipocytes may increase their secretion of angiogenic factors to 

stimulate the formation of new blood vessels. Hypoxia, in adipocytes, stimulates the HIF-

1α pathway and enhances the expression of proangiogenic factors such as leptin, VEGF, 

MMP-2, and MMP-9. Lolmède et al. (2003) demonstrated rapid accumulation of HIF-1α 

protein and up regulation of the expression of leptin, VEGF, and MMP-2 and MMP-9 in 
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3T3-F442A adipocytes, exposed CoCl2, the hypoxia-mimetic agents. Emerging evidence 

shows that modulators of angiogenesis affect the expansion and metabolism of fat mass by 

regulating the growth and remodelling of the adipose tissue vasculature. Pharmacological 

manipulation of adipose tissue neovascularization by angiogenic stimulators and inhibitors 

might therefore offer a novel therapeutic option for the treatment of obesity and related 

metabolic disorders (Cao, 2010). 

1.6 Natural products and HIF-1α 

Preventing and treating obesity have become a major public health priority. Even 

after several decades of intensive research activity, progress has been very limited. 

Reversing hypoxia, or attenuating the O2-signaling pathways, through the HIFs or other 

regulatory factors, presents novel opportunities and targets providing adiposity is not itself 

enhanced. Natural compounds seem to be an alternative in an attempt to identify new 

inhibitors of the HIF-1 signaling pathway. During the past few years many studies tried to 

identify natural compounds able to interfere with or inhibit the HIF-1 activity. It is reported 

that dietary quinones, semiquinones, phenolics, vitamins, amino acids, isoprenoids, and 

vasoactive compounds can down-regulate the HIF-1 pathways. Unfortunately, many of 

these identified compounds are very toxic and cannot be used in human therapy 

(Manolescu et al., 2009). In present study we analysed the protective roles of two 

phytochemicals, bilobalide and curcumin against hypoxia induced dysfunctions. 

1.6.1 Bilobalide   

Bilobalide is a naturally occurring sesquiterpene trilactone from Gingko biloba 

(Fig. 1.9), the best known example of a living fossil (Singh et al., 2008). Gingko biloba 

extract (EGb 761) is a popular and standardised natural extract used worldwide for the 

treatment of numerous ailments. Bilobalide is one of the predominant components of this 

extract constituent that accounts for 2.9% of the standardized Ginkgo biloba extract EGb 

761 (Yoshitake et al., 2010). As a single chemical entity, bilobalide possesses several 

pharmacological activities, including preventing ischemia-induced edema formation, 

cerebral ischemia and neurodegenerative diseases (Van Beek and Montoro, 2009). 

Ginkgo biloba L. could be one of natural product candidates for treating metabolic 

syndromes. In traditional Chinese medicine, fruits and seeds of Ginkgo biloba L. have been 

used for the treatment of asthma, cough and enuresis (Smith and Luo, 2004). EGb761, a 
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standardized extract of Ginkgo biloba leaves, is the more widely used version of the herbal 

medicine in the USA and Europe, largely because of its better quality control, safety, and 

tolerability, as compared to other types of Ginkgo biloba preparations. As a dietary 

supplement, EGb761 exerts multiple therapeutic effects on several diseases; these effects 

included improvements in peripheral blood circulation, increases in cerebral blood 

perfusion, and prevention of neurodegenerative disorders, such as Alzheimer's disease 

(Man et al., 2008; DeFeudis and Drieu, 2000).  Like Ginkgo biloba leaves, EGb761 is also 

an effective free radical scavenger. Its flavonoid fraction exhibits antioxidant and free 

radical-scavenging actions (Eckert et al., 2003). Recently, it was reported that EGb761 can 

protect pancreatic beta cells against HFD-induced apoptosis in rats (Choi et al., 2007). In 

addition, it has been observed that EGb761 could increase insulin secretion from INS-1 

cells and also reduce insulin resistance in a high-fat-fed mouse model (Choi et al., 2007; 

Cong et al., 2011).   

Fig. 1.9 The compound selected for the study: Structure of bilobalide, and figure of Ginkgo 
biloba L plant 

EGb 761 upregulates the expression of antioxidant enzymes such as mitochondrial 

SOD, GPx, and HO-1 (Li et al., 2005; Saleem et al., 2008; Shah et al., 2011). Additionally, 

EGb 761 increases mRNA and protein levels of GST-P1 and NQO1 in vitro through the 

Nrf2-Keap1-ARE signaling pathway (Liu et al., 2007). Liu et al., suggest that EGb 761 

may have dual effects on Keap1; first, EGb 761 interacts with keap1 (or Nrf2) to dissociate 

the Nrf2-Keap1 complex, facilitating the release and nuclear translocation of Nrf2; second, 

EGb 761 reduced expression or enhanced degradation of Keap1 enables Nrf2 nuclear 

translocation. 
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Both EGb 761 and bilobalide protects mitochondria from ischemia induced 

alterations (Janssens et al., 1995; Janssens et al., 1999). Bilobalide allows mitochondria to 

maintain their respiratory activity under ischemic conditions by protecting complex I and 

III activities as long as some oxygen is present, thus delaying the onset of ischemia-

induced damage (Janssens et al., 2000). The nonflavone fraction is responsible for the 

antihypoxic activity of EGb 761. Zhu et al., 2007, reported that ginkgolides, the main 

constituent of the nonflavone fraction of EGb 761, have a significant protective role 

against chemical and physical hypoxia-induced injury in neurons and PC12 cells. 

1.6.2 Curcumin 

Curcumin is the major active component of turmeric, a yellow compound 

originally isolated from the plant Curcuma longa (Fig. 1.10). It is a member of the 

curcuminoid family and has been used for centuries in traditional medicines. As a spice, it 

provides curry with its distinctive colour and flavour. Furthermore, traditional Indian 

medicine has considered curcumin as a drug effective for various respiratory conditions 

(asthma, bronchial hyperactivity, and allergy) as well as for other disorders including 

anorexia, cough, hepatic diseases, and sinusitis (Goel et al., 2008). 

Fig. 1.10 The compound selected for the study: Structure of curcumin, and figure of Curcuma 
longa plant 

Curcumin, a dietary polyphenol has been shown to possess antioxidant, anti-

inflammatory, anticancer, anti-angiogenesis, chemopreventive and chemotherapeutic 

properties (Shao et al., 2012). The first report referring to curcumin’s effect on disease in 

humans was published in The Lancet by Oppenheimer on 1937 (Oppenheimer, 1937). 

Studies have shown that curcumin inhibits a number of signaling pathways and molecular 

targets involved in inflammation and obesity-related metabolic diseases. Curcumin can 

inhibit the IKK signaling complex that is responsible for the phosphorylation of IκB, 
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thereby blocking improper activation of NF-κB induced by various inflammatory agents 

(Singh and Aggarwal, 1995). Anti-obesity effects of curcumin are also linked with the 

inhibition of inflammatory and angiogenic biomarkers such as COX-2 and vascular 

endothelial growth factor (VEGF) (Aggarwal et al., 2006). Curcumin has known to 

downregulate the expression of various NF-κB-regulated proinflammatory adipocytokines, 

chemokines (such as MCP-1, MCP-4, and eotaxin) and interleukins (IL-1 IL-6, IL-8 etc) 

(Woo et al., 2007; Wang et al., 2009) in obese subjects. Several studies have shown that 

curcumin blocks the leptin signaling by reducing the phosphorylation levels of the leptin 

receptor (Ob-R) and increases the induction of adiponectin, which improves obesity-

associated inflammation (Shao et al., 2012). These finding support the existence of direct 

and indirect molecular mechanisms by which curcumin inhibits several inflammatory 

pathways that are responsible for obesity and obesity-related metabolic diseases. 

Moreover, curcumin has been identified as a potent inducer of HO-1, a redox-

sensitive inducible protein via regulation of Nrf2 and the antioxidant-responsive element 

(ARE), which provides protection against various forms of stress. Curcumin stimulates 

HO-1 gene activity through inactivation of the Nrf2–Keap1 complex, leading to increased 

Nrf2 binding to the resident HO-1 and AREs (Yang et al., 2009) 

There are reports on inhibitory effect of curcumin on HIF-1 activation by 

degrading aryl hydrocarbon receptor nuclear translocator in cancer studies (Choi et al., 

2006). The antiangiogenic activity of curcumin in HepG2 hepatocellular carcinoma cells 

was hypothesized to be mediated by the inhibition of HIF-1 and down-regulation of VEGF 

(Yoysungnoen et al., 2008). These findings suggest that curcumin may play pivotal role in 

inhibition of HIF-1α mediated hypoxia response. The major disadvantage of curcumin is 

its poor absorption and bioavailability. 

1.7 Scope of present study and objectives 

Obesity research has become a priority in current healthcare research due to its 

increased social and economic consequences. Therefore, studies focusing on understanding 

the underlying mechanisms that link obesity and metabolic dysfunction may provide new 

pharmaceutical targets and innovative therapies for the prevention and treatment of 

metabolic diseases. Recent studies have shown the emerging role of ATH in obesity. This 

links obesity with other metabolic syndromes. Hypoxia is mainly responsible for 
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inflammation, insulin resistance and all other obesity related complications in obese 

individuals and that leads to metabolic syndromes. So there is a high demand for anti-

obese phytoceuticals to control and manage the complications resulting from adipose tissue 

hypoxia. Reversing hypoxia, or attenuating the O2-signaling pathways, through the HIFs or 

other regulatory factors, presents novel opportunities and targets. In present study we 

evaluated the effect of hypoxia on key functions of adipocyte biology using the cell line 

‘3T3-L1 adipocytes’ and possible attenuation with phytochemicals curcumin and 

bilobalide. 

The main aims and objectives of the present study are 

1. To investigate how hypoxia affects the physiological functions of 3T3-L1

adipocytes, emphasizing on HIF-1α expression, lactate release, oxidative stress and

ER stress and also evaluate the protective role of curcumin and bilobalide on

hypoxia induced alterations in adipocytes.

2. To evaluate the effect of hypoxia on adipocyte mitochondria emphasising on

intracellular reactive oxygen species (ROS) levels, mitochondrial superoxide

production, aconitase activity, mitochondrial membrane potential (∆ψ) and

mitochondrial transition pore opening (mPTP opening), ATP production and

oxygen consumption, proteins involved in oxidative phosphorylation,

mitochondrial mass and mitochondrial DNA (mtDNA) copy number, expression of

genes and proteins involved in mitochondrial biogenesis and proteins involved in

mitochondrial structural dynamics and possible protection with bilobalide and

curcumin.

3. To study the crosstalk between hypoxia induced inflammation and insulin

resistance, and, also the secretion of proangiogenic factors in 3T3-L1 adipocytes

and possible reversal with phytochemicals bilobalide and curcumin.

1.8 Societal impact of present study 

Obesity and overweight have significant implications for health, social care and 

the economy. Being obese or overweight increases the risk of developing a range of 

serious diseases, including heart disease and cancers. The impact of obesity on the health 

of adults has long been established. In addition, rising levels of childhood obesity has 
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consequences for the physical and mental health of children and young people in both the 

short and the longer term. The ideal anti-obesity drug would produce sustained weight loss 

with minimal side effects. However, most of the anti-obesity drugs that were approved and 

marketed have now been withdrawn due to serious adverse effects. Natural products may 

be an excellent alternative strategy for developing future effective, safe anti-obesity 

drugs. A variety of natural products, including crude extracts and isolated pure natural 

compounds can induce body weight reduction and prevent obesity related complications. 

Understanding the underlying mechanisms that link obesity and metabolic dysfunction 

may provide new pharmaceutical targets. Recent studies have shown the emerging role of 

ATH in obesity mediated metabolic complications. Reversing hypoxia through the HIFs or 

other regulatory factors, presents a novel therapeutic target for obesity treatment. The 

present study suggested natural compounds as an alternative attempt to identify new 

inhibitors of the HIF-1, for treating obesity related complications.  
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CHAPTER 2 

HYPOXIA INDUCED OXIDATIVE STRESS AND ENDOPLASMIC 

RETICULUM STRESS IN 3T3-L1 ADIPOCYTES AND POSSIBLE 

PROTECTION WITH BILOBALIDE AND CURCUMIN 

2.1 Introduction 

Obesity is a major public health concern because of its strong predispositions to 

certain diseases, such as type 2 diabetes, cardiovascular diseases and numerous cancers 

(Bergman et al., 2001; Bianchini et al., 2002). Obesity is characterised by excessive 

expansion of adipocyte size and adipose tissue mass (Weisberg et al., 2003). This 

enlargement of adipocyte size (140-180 µm) exceeds the normal oxygen diffusion distance 

(100 µm) and compromises the effective oxygen supply. This leads to local hypoxia which 

is considered as a possible contributor to obesity-related metabolic complications 

(Trayhurn and Wood, 2004). 

The response to low O2 levels is accomplished through the activation of hypoxia 

inducible factor-1 (HIF-1). HIF-1 is a heterodimeric transcription factor, consisting of α 

and β subunits, which directs a broad range of responses in hypoxic cells (Maxwell et al., 

1997). The HIF-1α subunit is considered as the molecular oxygen sensor (Semenza, 2004). 

When cellular O2 levels are sufficient, this protein is continuously synthesized but is 

immediately targeted for proteasome degradation. The low O2 level induces stabilization, 

nuclear translocation, and activation of this transcription factor (Rocha, 2007). HIF-1α 

expression is directly linked to adiposity and is decreased following weight loss (Jiang et 

al., 2011). 

An important metabolic change in hypoxia is the shift from aerobic to anaerobic 

glycolysis. The anaerobic glycolysis is maintained by conversion of pyruvate to lactate, a 

reaction catalysed by lactate dehydrogenase A (Koukourakis et al., 2005). This is also an 

adaptation to low O2 tension. This increased release of lactate, is maintained by pyruvate 

dehydrogenase kinase-1 (PDK1), by inhibiting the conversion of pyruvate to acetyl CoA. 

PDK1 is up-regulated in hypoxia and is under the control of the HIF-1 (Kim et al., 2006).  

The growing body of evidence suggests oxidative stress, associated with increased 

formation of reactive oxygen species (ROS), also contributes1 to the pathophysiology of 

hypoxic injury (Millar et al., 2007; Guzy et al., 2005; Zhang et al., 2013). Overproduction 
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of ROS has been shown to be accompanied with a decline in endogenous antioxidant 

defense system. Increased ROS accumulation also leads to proteins, nucleic acids and 

intracellular membranes modifications, subsequently impairing cellular functions 

(Prabhakar et al., 2007). 

HO-1 is a stress-associated protein induced by hypoxia and its expression is 

regulated by HIF-1 (Lee et al., 1997). In addition to hypoxia, HO-1 is dramatically induced 

by a variety of other stresses. At the transcriptional level, HO-1 gene expression is mainly 

regulated by the Nrf2/ARE pathway, and induction of this enzyme protects cells against 

oxidative stress-induced cell death and tissue injury (He et al., 2014). Under normal 

physiological conditions, Nrf2 is sequestered in the cytosol by Keap1 and is targeted for 

proteasomal degradation. In the presence ROS, Nrf2 is released from Keap1 and then 

translocate into the nucleus, activating the transcription of target antioxidant genes, 

including HO-1 (Jeong et al., 2006; Cheng et al., 2011). Therefore, activation of Nrf2 is 

critical for cellular rescue pathways against oxidative stress. 

Endoplasmic reticulum (ER) stress is known to be initiated by hypoxia and 

oxidative stress. In oxidative stress, ROS oxidizes nascent proteins and increases misfolded 

and unfolded proteins in the ER. ROS also acts on calcium channels in the ER membrane, 

followed by stimulation of calcium release from the ER. Decreased concentration of the 

total calcium in the ER lumen ultimately impairs protein folding of nascent proteins 

(Malhotra and Kaufman, 2007). Protein folding in the ER requires disulfide bond 

formation catalysed sequentially by ERO 1 and protein disulfide isomerase (PDI). The 

final electron acceptor downstream of ERO 1 is molecular oxygen. Although ERO 1 is 

transcriptionally induced by HIF during hypoxia, in the absence of oxygen, it cannot fold 

proteins containing disulfide bonds (Gess et al., 2003). These findings underscore the 

critical role of molecular oxygen in sustaining ER folding and strongly suggest that the 

accumulation of misfolded proteins in the ER is a natural consequence of hypoxia.  

Hence UPR pathway links with other stress signals induced by hypoxia (HIF 

pathway) and oxidative stress (Nrf2 pathway), and contributes to the progression of 

various diseases (Chiang and Inagi, 2010; Inagi et al., 2013). So understanding the 

relationship between hypoxia, oxidative stress and unfolded protein response is essential to 

develop new therapeutic targets against adipose tissue hypoxia related complications in 

obesity.  
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 In this chapter, we reported how hypoxia affects the physiological functions of 

3T3-L1 adipocytes, emphasizing on HIF-1α expression, lactate release, oxidative stress 

and ER stress. We also evaluated the protective role of bilobalide and curcumin on hypoxia 

induced alterations in 3T3-L1 adipocytes. 

 
2.2 Materials and Methods 

 
2.2.1 Chemicals and cell culture reagents 

 Curcumin, bilobalide, acriflavine, 3-isobutyl-1-methylxanthine (IBMX), 

dexamethasone, insulin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT), dimethyl sulfoxide (DMSO), 2′,7′dichlorodihydrofluorescein diacetate (DCFH-

DA), bovine serum albumin, trizma, phenazine methosulphate (PMS), nitroblue 

tetrazolium (NBT), nicotinamide adenine dinucleotide (NADH) and Dulbecco's Modified 

Eagle's Medium (DMEM) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Foetal calf serum (FCS) was from Gibco (Langley, OK, USA) and foetal bovine serum 

(FBS) and supplements were from Hi-media Pvt Ltd (Mumbai, India). All other chemicals 

used were of analytical grade.  

 
2.2.2 Cell culture  

 3T3-L1 preadipocytes (ATCC) were maintained in DMEM (4.5 g/L; high 

glucose) supplemented with 10% FBS, antibiotic (100 U penicillin/mL and 100 µg 

streptomycin/mL) and incubated at 5% CO2 and 37oC. To induce differentiation, 2-days 

post confluent 3T3-L1 preadipocytes were stimulated for 48 hours (hrs) with 0.5 mM 

isobutyl methyl xanthine, 0.25 mM dexamethasone, and 1 μg/ml insulin in DMEM. Then 

differentiated adipocytes were maintained in and refed every 2 days with DMEM 

containing 1 μg/ml insulin. 

 
2.2.3 Hypoxia induction and treatment 

 In order to induce hypoxia, differentiated 3T3-L1 adipocytes at 9th day were 

incubated in a hypoxic chamber (Galaxy 48R, New Brunswick, Eppendorf, Germany) at an 

atmosphere of 1% O2, 94% N2, 5% CO2, and at 37oC for 24 hrs. The control cells were 

incubated in an atmosphere of 21% O2 and 5% CO2 at 37oC. The cells were treated with 

different concentrations (10, 20, & 50 µM) of bilobalide, (5, 10, & 20 µM) of curcumin or 
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acriflavine (5 µM; positive control) during hypoxic period (24 hrs). For mRNA expression 

and protein expression studies, only higher doses of test materials were used. Acriflavine 

was used as positive control, which is an HIF-1α inhibitor and prevent transcriptional 

activities of HIF-1 (Jiang et al., 2013; Lee et al., 2009).  

2.2.4 Cell viability by MTT assay 

The cytotoxicity of bilobalide (10, 20, & 50 µM), curcumin (5, 10, & 20 µM) and 

acriflavine (5 µM) were assessed in differentiated 3T3 L1 cells after 24 hrs of treatment by 

MTT assay. The protective property of bilobalide, curcumin, and acriflavine against 

hypoxia induced cell death was also checked. In brief, MTT solution (5 mg/mL) was added 

to each well and incubated for 4 hrs at 37°C. The blue-coloured tetrazolium crystals 

resulting from mitochondrial enzymatic activity on the MTT substrate were dissolved in 

DMSO. Then the plates were read at 570 nm after 45 minutes (mins) on multimode reader 

(Biotek Synergy 4, USA). 

 2.2.5 Molecular docking study 

Docking experiments of bilobalide, curcumin and acriflavine into the HIF-1α was 

performed using Autodock 4.2 and iGEMDOCK v2.1 software with default docking 

parameters. These docking softwares were used to determine the appropriate binding and 

conformations of the ligand to the receptor. The 3D model of HIF-1α (PDB id:4AJY) was 

retrieved from the Brookhaven Protein Data Bank (PDB) (http:// www.rcsb.org/pdb/), 

acriflavine (CAS No: 8063-24-9.mol), bilobalide (ChemSpider ID: 66258.mol) and 

curcumin (ChemSpider ID:839564.mol) structures were downloaded from Chemical Book 

(http://www.chemicalbook.com/) and Chemspider (http://www.chemspider.com/)  and 

converted to PDB file using Chem3D Pro 10. The docking fitness of the ligand molecules 

to HIF-1α and the amino acids of the receptor (HIF-1α) involved in interactions were 

predicted using iGEMDOCK. The interaction table and the binding energy of HIF-1α were 

analysed using iGEMDOCK. 

2.2.6 HIF-1α transcription factor Assay 

After normoxic and hypoxic treatments, nuclear extracts of the cells were isolated 

using Cayman’s nuclear extraction assay kit (Cayman chemical company, MI, USA). The 

HIF-1α was then estimated in nuclear extract using HIF-1α transcription factor assay kit 
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(Cayman chemical company, MI, USA). Cayman’s HIF-1α transcription factor assay is a 

non-radioactive, sensitive method for detecting specific transcription factor DNA binding 

activity in nuclear extracts and whole cell lysate. A specific double stranded DNA 

(dsDNA) consensus sequence containing the HIF-1α response element was immobilized to 

the wells of a 96-well plate. HIF-1α contained in a nuclear extract bound specifically to the 

HIF-1α response element. The HIF transcription factor complex was then detected by 

addition of a specific primary antibody directed against HIF-1α. A secondary antibody 

conjugated to HRP was added to provide a sensitive colorimetric readout at 450 nm.  

 
2.2.7 Detection of lactate release 

 The concentration of lactate was determined in conditioned medium with lactate 

assay kit (Cayman chemical company, MI, USA). Lactate assay provides a fluorescence-

based method for detecting lactate in biological samples.  In this assay, lactate 

dehydrogenase catalyzes the oxidation of lactate to pyruvate, along with the concomitant 

reduction of NAD+ to NADH. NADH reacts with the fluorescent substrate to yield a 

highly fluorescent product. The fluorescent product were then analysed with an excitation 

wavelength of 530-540 nm and an emission wavelength of 585-595 nm.  

 
2.2.8 Detection of intracellular reactive oxygen species (ROS) 

 Intracellular ROS content was determined by oxidative conversion of cell-

permeable DCFH-DA to fluorescent 2’,7’ dichlorofluorescein (DCF) (Wang and Joseph, 

1999). In brief DCFH-DA stain in serum-free medium was added in the cell and incubated 

at 37oC for 20 mins. After three washes, images of the cells were collected using spinning 

disk microscope (BD Pathway 855; BD Biosciences, USA) using AttoVision 1.5.3 

software.  

 
2.2.9 Estimation of lipid peroxidation and protein carbonyl content 

 The levels of lipid peroxidation in cell lysates were estimated according to the 

method of Niehius and Samuelsson, 1968. In brief, cells after treatment, were washed 

twice in cold PBS, scraped off the dishes, and then suspended in 12 ml of PBS 

supplemented with 150 μM butylated hydroxytoluene (BHT). After centrifugation at 2,000 

g for 5 mins, the supernatant was discarded, and the cells were resuspended in 150 μl of 

PBS with BHT. The cell suspension (100 μl) was combined with freshly made 50 μl 30% 
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trichloroacetic acid, 0.75% thiobarbituric acid, and 0.5 N HCl, and incubated for 15 mins 

at 100°C. The reaction mixture was then centrifuged for 8 mins at 13,500 g. The 

absorbance of the supernatant was measured at 532 nm. 

 The protein carbonyl content in cell lysate was estimated using protein carbonyl 

assay kit (Cayman Chemical Company, USA) as per the manufacturer’s instructions.This 

assay utilizes the DNPH reaction to measure the protein carbonyl content in the sample. 

The amount of protein-hydrozone produced was quantified spectrophotometrically at an 

absorbance between 360-385 nm.  

 
2.2.10 Estimation of superoxide dismutase (SOD) and catalase (CAT) activity :

 Superoxide dismutase (SOD) activity was estimated by method of Kakkar et al., 

1984. The assay of SOD is based on the inhibition of the formation of NADH-PMS-NBT 

formazan. In brief, the assay mixture contained 1.2 ml of sodium pyrophosphate buffer, 0.1 

ml of PMS, 0.3 ml of NBT, 0.2 ml of the cell extract and water in a total volume of 2.8 ml. 

The reaction was initiated by the addition of 0.2 ml of NADH. The mixture was incubated 

at 30°C for 90s and arrested by the addition of 1.0 ml of glacial acetic acid. The reaction 

mixture was then shaken with 4.0 ml of n-butanol, allowed to stand for 10 mins and 

centrifuged. The intensity of the chromogen in the butanol layer was measured at 560 nm 

in a multimode reader. 

 CAT activity was determined by the method of Cohen et al., 1970, where 

decomposed hydrogen peroxide is measured by reacting it with excess of KMnO4 and 

residual KMnO4 is measured spectrophotometrically at 480 nm. 

 
2.2.11 Estimation of glutathione peroxidase (GPx) activity 

 GPx activity was quantified according to the method of Gunzler et al., 1974. In 

brief, to 0.2 ml of the Tris buffer (0.4 M), 0.2 ml of EDTA (0.4 mM), 0.1 ml of sodium 

azide (10 mM), and 0.5 ml of cell lysate were added and mixed; to this, 0.2 ml of GSH was 

added, followed by H2O2. The reaction was stopped after 10 mins by adding 0.5 ml of 10% 

trichloroacetic acid (TCA). After centrifugation, the supernatant was read at 412 nm. 

 
2.2.12 Estimation of glutathione reductase (GR) activity 

 The GR activity was done according to the procedure of David and Richard, 1983. 

In brief, the assay system contained 0.1 M phosphate buffer, 15 mM ethylene diamine 
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tetraacetic acid (EDTA), 65.3 mM oxidized glutathione, and 0.1 ml of sample, and the 

volume was made up to 2 ml using distilled water. The tubes were incubated for 3 mins 

and 0.1 ml of 9.6 mM nicotinamide adenine dinucleotide phosphate (NADPH) was added. 

The absorbance was read at 340 nm in Tecan multiplate reader (Tecan Infinite 200 PRO, 

Tecan, Austria). Controls were set up that contained water instead of oxidized glutathione.  

 
2.2.13 Estimation of reduced glutathione (GSH) activity 

 GSH content in the cell lysate was measured following the method described by 

Moran et al., 1979. GSH is measured by its reaction with DTNB (Ellman's reaction) to 

give a compound that absorbs at 420 nm.  

 
2.2.14 Estimation of total antioxidant activity 

 Total antioxidant activity was determined in cell lysate using total antioxidant 

assay kit (Cayman chemical company, MI, USA) as per the manufacturer’s instructions. 

This assay was based on the ability of antioxidants in the sample to inhibit the oxidation of 

ABTS* (2, 2’- Azino-di-[3-ethylbenzthiazoline sulphonate]) to reduced ABTS**+ by 

metmyoglobin. The amount of ABTS**+ produced was monitored by measuring the 

absorbance at 405 nm. In brief, after respective treatment the cells were collected by 

centrifugation (2000×g) for 10 mins at 4 °C. The pellets were sonicated and centrifuged at 

10,000×g for 15 mins at 4 °C. For assay, 10 μl of the sample (supernatant) and 10 μl 

standards was added in two different wells. 10 μl metmyoglobin and 150 μl of chromogen 

were added to both wells. The reaction was initiated by adding H2O2. The wells were 

incubated for 5 mins at room temperature and then absorbance was read at 405 nm. 

 
2.2.15 Nrf2 translocation assay 

 Nrf2 transcription factor was determined in cytosolic and nuclear extract using 

Nrf2 transcription factor assay kit (Cayman chemical company, MI, USA). In brief, after 

hypoxic and normoxic treatments, cytosolic and nuclear extracts of the cells were isolated 

using Cayman’s nuclear extraction assay kit (Cayman chemical company, MI, USA). The 

Nrf2 containing cytosolic and nuclear extracts were then added to the well coated with 

specific double stranded DNA (dsDNA) sequence containing the Nrf2 response element. 

Nrf2 contained in the extracts, bound specifically to the Nrf2 response element. Nrf2 was 

detected by addition of a specific primary antibody directed against Nrf2. A secondary 
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antibody conjugated to HRP was added to provide a sensitive colorimetric readout at 450 

nm. 

 2.2.16 Determination of heme oxygenase-1 (HO-1) activity 

HO-1 activity assay was determined according to the method reported by Foresti, 

1994. The amount of extracted bilirubin was calculated using the difference in absorption 

between 464 and 530 nm using an extinction coefficient of 40 mM-1 cm-1 for bilirubin.  

2.2.17 Determination of expression of p-eIF-1α by indirect ELISA 

Indirect ELISA was carried out using specific primary antibody (1:500 dilutions) 

and HRP-conjugated secondary antibody (1:1000 dilutions) by the method of Engvall and 

Perlman, 1971, with slight modification. The amounts of phosphorylated eIF-2α expressed 

in the cells were quantitated by Indirect ELISA. Cell lysate precoated to ELISA plates (96 

well, NUNC) served as antigen. After blocking (5% non-fat dry milk) and washing (50 

mM Tris, pH 7.5, 150 mM NaCl, 0.01% Tween-20), the plates were incubated with 

specific primary antibody against p-eIF-2α for 2 hrs at room temperature. The plates were 

washed and then treated with HRP-conjugated secondary antibody. The colour developed 

using 3, 3’ 5 5’- tetramethylbenzidine (TMB) substrate solution (BD bioscience) was 

measured spectrophotometrically at 450 nm in a plate reader (Biotek, USA). 

2.2.18 Quantitative real-time PCR 

Total RNA from 3T3-L1 adipocytes was extracted using Trizol reagent 

(Invitrogen, Carlsbad, CA). 2 µg of total RNA was reverse transcribed using Super Script 

III reverse transcriptase and random hexamers (Life technologies, Invitrogen, USA). The 

gene expression levels were analysed by quantitative real-time RT-PCR, conducted using 

the CFX96 Real Time PCR system (Bio-rad, USA) using the following conditions: an 

initial denaturation for 10 min at 95ºC, followed by 39 cycles of 15 s denaturation at 95ºC, 

30 s annealing at the optimal primer temperature and 10 s extension at 72ºC. Each sample 

was assayed in triplicate in a 20 µL reaction volume containing 1 µL cDNA, 10 µL SYBR 

Green master mix (Power SYBR® Green PCR Master Mix, life technologies, Invitrogen, 

USA), 5.81 µL DEPC water and 1.6 µL of each primer. Negative controls (no template) 

were run as well to ensure the absence of contamination. Analysis was performed 

according to the ∆∆Ct method using β-actin as the housekeeping gene. Specific primers for 
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each gene were designed to amplify a single product, as confirmed by dissociation curve 

analysis after the real-time PCR run. 

Fold change = 2-∆(∆CT) 

where ∆CT = CT, target - CT, β-actin and ∆∆CT = ∆CT, stimulated- ∆CT, control, CT 

(threshold cycle) is the intersection between an amplification curve and a threshold line. 

Table. 2.1 Nucleotide sequence of qRT-PCR primers 

mRNA Primer sequence 

Hif-1a         Forward 
Reverse 

5’-TCAAGTCAGCAACGTGGAAG-3’ 
5’-TATCGAGGCTGTGTCGACTG-3’ 

Pdk-1          Forward 
Reverse 

5’-AGCAGGTAATGACACCTGGG-3’ 
5’-CCTCTAGGCAAGTGGCAAAG-3’ 

Grp78      Forward 
Reverse 

5’-CCACTTCATCTTACCATTTA-3’ 
5’-ATCTGCATCTGAGTTTAATC-3’ 

Chop Forward 
Reverse 

5’-GTCCAGCTGGGAGCTGGAAG-3’ 
3’-GTCCAGCTGGGAGCTGGAAG-3’ 

 β-Actin Forward 
Reverse 

5’-AGTACCCCATTGAACGC-3’ 
5’-TGTCAGCAATGCCTGGGTAC-3’ 

2.2.19 Western blot analysis 

Fully differentiated 3T3-L1 cells after respective treatments were lysed in RIPA 

buffer containing protease inhibitor cocktail (Sigma Aldrich, St Louis, MO, USA). After 

incubation, the cell suspensions were centrifuged at 12000 rpm for 15 min at 4ºC, and the 

supernatants were collected. Proteins content in the supernatants were quantified using the 

bicinchoninic acid protein (BCA) assay kit (Pierce, Rockford, IL, USA) in accordance with 

the manufacturer’s instructions. Equal amount of proteins (50 µg) were separated by 10% 

sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) and transferred to 

Polyvinylidene difluoride (PVDF) membranes using turbo transblot apparatus (BD 

Bioscience). The membranes were blocked with 5% BSA in TBST for 1 hrs at room 

temperature. The membrane was washed 3 times with TBST for 10 mins each. The 

membrane was incubated at 4ºC overnight in 5% BSA in TBST containing primary 

antibodies to one of the following: HIF-1α 1:200, PDK1 1:500, HO1 1:500, GRP78 1:500, 

ERO1-Lα 1:500, PDI 1:500, IRE-1α 1:500, PERK 1:500, ATF6 1:500, CHOP 1:500 or β-

ACTIN 1:1000. After washing with TBST, the membrane was incubated with peroxidase-

conjugated corresponding secondary antibodies for 1 hr at room temperature. After 
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washing, membranes were developed using 3, 3’-diaminobenzidine tablets (DAB) (Sigma 

Aldrich, St Louis, MO, USA) and H2O2. The immunoblot results were analysed in quantity 

one software using Gel doc (BD Bioscience). 

 
2.2.20 Statistical analysis 

 Results were expressed as mean ± standard deviation of the control and treated 

cells. Data were subjected to one-way ANOVA and the significance of differences 

between means were calculated by Duncan’ s multiple range test using SPSS for Windows, 

standard version 7.5.1 (SPSS, Inc.), and significance was accepted at P≤0.05. 

 
2.3 Results 

 
2.3.1 Cell viability in normoxic and hypoxic adipocytes 

 Cell viability was assessed in normoxic group, hypoxic group, bilobalide and 

curcumin treated hypoxic groups by MTT assay. The different doses of bilobalide (10, 20 

and 50 μM), curcumin (5, 10, and 20 µM) and acriflavine (5 μM) did not cause any 

significant toxicity after 24 hrs of treatment (data not given).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Cell viability evaluated by MTT assay: The bar diagram represent % of viability of 3T3-
L1 cells under hypoxia and treated with different concentrations of bilobalide (B1-10 µM, B2-20 
µM, B3-50 µM) and curcumin (C1-5 µM, C2-10 µM, C3-20 µM) and acriflavine (AF-5 µM). The 
cell viability of normoxia is adjusted to 100%.Values are means, with standard deviations 
represented by vertical bars (n=6).* Mean value are significantly different from the control cells 
(P≤0.05). # Mean values are significantly different from hypoxia treated cells (P≤0.05). 
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Cells exposed to 24 hrs of hypoxia exhibited a significant decrease in cell viability 

(45%; Fig. 2.1; P≤0.05. The treatment with 10, 20, 50 μM bilobalide and 5, 10, and 20 µM 

curcumin reduced cell injury significantly (21.5%, 11.5% and 9.5% & 17.4%, 14% and 

7.9%; Fig. 2.1; P≤0.05) in a dose dependent manner. Acriflavine treatment also showed 

protection against hypoxia induced cell injury (8.3%; Fig.2.1; P≤0.05) compared to 

hypoxic cells. 

2.3.2 HIF-1α expression in normoxic and hypoxic adipocytes 

Fig. 2.2 Expression of HIF-1α transcription factor in normoxic and hypoxic groups: A) 
Determination of HIF-1α transcription factor in nuclear extract B) mRNA expression of Hif1a 
normalised to β-actin C) Immunoblot analysis of HIF-1α D) Quantification of protein level 
normalised to β-actin. PC – 150 µL of Dimethyloxaloylglycine (DMOG) stimulated HeLa cell 
extract provided with kit, N-normoxia, H-hypoxia, , B1-10 µM, B2-20 µM, B3-50 µM of 
bilobalide,  C1-5 µM, C2-10 µM, C3-20 µM of curcumin, and  AF-5 µm of acriflavine, treated 
hypoxic groups. Values are means, with standard deviations represented by vertical bars (n=3).* 
Mean value are significantly different from the control cells (P≤0.05). # Mean values are 
significantly different from hypoxia treated cells (P≤0.05). 
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The expression of HIF-1α, the marker of hypoxia was determined in nuclear 

extract of normoxic and hypoxic groups. The expression was significantly increased 

(P≤0.05) by 1.94 fold in hypoxia-treated cells compared with normal cells (Fig. 2.2A). 

This confirmed the induction of hypoxia in cells. Experiments were also performed to see 

whether treatment with bilobalide and curcumin could affect the expression of HIF-1α. We 

found that all the doses of bilobalide (10, 20 and 50 μM) and curcumin (5, 10, and 20 µM) 

significantly decreased (P≤0.05) the expression of HIF-1α, in hypoxia-treated cells in a 

dose dependent manner (1.20, 1.32, & 1.51 fold; 1.48, 1.74, & 1.86 fold respectively; Fig. 

2.2A). Likewise acriflavine prevented HIF-1α increase in hypoxia treated groups 

significantly (2.50 fold; Fig. 2.2A). The mRNA and protein level expression of HIF-1α 

were also checked in normoxic and hypoxic groups. The Hif1a mRNA level was 

significantly (P≤0.05) increased by 37.8 fold after 24 hrs of hypoxic treatment compared to 

normoxia. The treatment with bilobalide (50 µM), curcumin (20 µM) and acriflavine 

significantly (P≤0.05) inhibited hypoxia induced upregulation of Hif1a mRNA level (Fig. 

2.2B). Similar results were obtained with western blot analysis. Hypoxic group showed a 

significant (P≤0.05) increase in protein level of HIF-1α (5.34 fold) compared to normoxia. 

Bilobalide (50 µM), curcumin (20 µM) and acriflavine (5 µM) significantly reduced the 

protein level of HIF-1α (Fig. 2.2C & D). 

2.3.3 Molecular docking 

In order to assess the interaction of these compounds with HIF-1α, docking 

experiments were performed using Autodock 4.2 and iGEMDOCK v2.1 softwares. 

Acriflavine, bilobalide and curcumin were made to bind to HIF-1α ligand using Autodock 

4.2 software. The free energy binding thus determined were found to be -6.01 kcal/mol,  

-3.57 kcal/mol and -5.72 kcal/mol (Table 2.2B) for acriflavine, bilobalide and curcumin

respectively, showing the high potential binding affinity to the LBD. The docking fitness

scores of acriflavine, bilobalide, and curcumin obtained from iGEMDOCKv2 software

were found to be -165.72, -64.0106, and -92.5441 kcal/mol (Table. 2.2A) respectively. The

best docking pose obtained from Autodock 4.2 and iGEMDOCKv2 was shown in figure

2.3A. The interactions between HIF-1α with bilobalide, curcumin and acriflavine were

shown in the interaction table (Table 2.2A) as obtained from iGEMDOCKv2. Since lowest

(high negative value) energy of docked molecule indicates high binding affinity with the
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Compound Bilobalide Curcumin Acriflavine 

Energy -64 -92.5 -165.7

H-S-ASP-126 0 0 -9.54548

H-M-ARG-167 0 0 -3.41931

V-M-THR-124 0 0 -20.2569

V-S-THR-124 0 0 -16.9218

V-S-ASP-126 0 0 -10.3045

V-M-GLN-164 0 0 -6.35545

V-M-ARG-167 0 0 -16.6087

V-S-ARG-167 0 0 -35.8088

V-M-SER-168 0 0 -9.90935

V-S-HIS-191 0 0 -9.26746

V-M-GLY-127 -7.34741 0 0 

V-S-TYR-156 -8.13498 0 0 

V-S-GLU-160 -7.13907 0 0 

V-S-ASP-197 -4.65993 0 0 

V-S-ARG-200 -4.6432 0 0 

V-M-GLY-33 0 -10.0688 0 

V-M-ILE-34 0 -8.84361 0 

V-S-ILE-34 0 -6.69121 0 

V-S-MET-17 0 -6.87731 0 

V-M-TYR-18 0 -7.18374 0 

V-S-TYR-18 0 -12.1162 0 

V-S-LYS-20 0 -7.55535 0 

V-M-ASN-58 0 -10.5363 0 

target protein/compound, our results showed, bilobalide curcumin and acriflavine exhibited 

a high binding affinity with LBD of HIF-1α. 

      Table. 2.2 

Compound Energy(kcal/mol) VDV H-bond Electr 

Bilobalide -64.01 -64.01 0 0
Curcumin -92.5 -92.5 0 0
Acriflavine -165.72 -150.93 -14.79 0

Fig. 2.3 Docking of bilobalide, curcumin and acriflavine to the LBD of HIF-1α: A) Best 
binding pose of bilobalide, curcumin and acriflavine with  HIF-1α LBD; a, c, e Autodock 4.2 
representing best binding pose of bilobalide, curcumin and acriflavine with  HIF-1α LBD b, d, f : 
iGEMDOCK v2.1 representing the best docking pose of bilobalide, curcumin and acriflavine with 
HIF-1α  LBD.  
Tab. 2.2 Pharmacological interactions in post-screening analysis: A) Interaction table of 
bilobalide, curcumin and acriflavine from iGEMDOCK. Energy represents the binding energy 
(kcal mol-1). B) iGEMDOCK fitness results of bilobalide,  curcumin and acriflavine with HIF-1α. 
VDW- van der Waals interaction; H bond - hydrogen bonding; Elect - electrostatic interaction 
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2.3.4 Lactate release and PDK1 expression in normoxic and hypoxic adipocytes 

In our study, we determined lactate release, the end product of anaerobic 

glycolysis under normoxic and hypoxic conditions. The hypoxic 3T3-L1 adipocytes were 

found to secrete significant quantity of lactate into media (2.84 fold P≤0.05) compared 

with normoxic cells. Like HIF-1α here also bilobalide (1.41, 1.54 & 1.99 fold) curcumin 

(1.25, 1.4 & 1.57 fold) and acriflavine (2.3 fold) significantly reduced the lactate release in 

hypoxic groups in a dose dependent manner (P≤0.05; Fig. 2.4A). We also analysed the 

expression of PDK1 by qRT-PCR and immunoblot analysis. PDK1 is the protein that 

maintains increased lactate release in hypoxic condition. Result showed an increased 

expression of PDK1 in protein level as well as mRNA level in hypoxia treated cells 

compared with normoxic cells. The treatment with bilobalide (50 µM), curcumin (20 µM), 

and acriflavine (5 µM) significantly (P≤0.05) reduced PDK 1 expression in hypoxic 3T3-

L1 adipocytes (Fig. 2.4B & C). 

Fig. 2.4 Lactate release and expression of PDK-1 in normoxic and hypoxic adipocytes: A) 
Estimation of concentration of lactate release by colorimetric assay in different groups. B) mRNA 
expression of Pdk-1 normalised to β-actin C) Immunoblot analysis of PDK-1. N-normoxia, H-
hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of 
curcumin, and AF-5 µm of acriflavine, treated hypoxic groups. Values are means, with standard 
deviations represented by vertical bars (n=3).* Mean value are significantly different from the 
control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells 
(P≤0.05). 
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2.3.5 Intracellular ROS generation in normoxic and hypoxic adipocytes 

 

Fig. 2.5 Intracellular ROS generation determined by DCFDA incorporation in normoxic and 
hypoxic groups: A) The representative images of ROS-induced fluorescence. a-normoxia; b-
hypoxia; c, d, e-10, 20 & 50 µM of bilobalide treated hypoxic groups; f, g, h-5, 10 & 20 µM of 
curcumin treated hypoxic groups; i- acriflavine (5 µM) treated hypoxic group respectively. Scale 
bar: 100 µm. B) Relative fluorescence intensity of ROS. Values are means, with standard 
deviations represented by vertical bars (n=6). *Mean value is significantly different from the 
control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells 
(P≤0.05). 
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 Hypoxia caused significant ROS generation compared with normoxia. The ROS 

production monitored by imaging showed hypoxia caused 3.89 fold increase of ROS 

generation compared to normoxia (P≤0.05; Fig. 2.5A & B). The different doses of 

bilobalide (10, 20 and 50 μM) and curcumin (5, 10, and 20 µM) treatment, dose 

dependently (1.55, 1.81 & 2.67 fold; 1.62, 2.12, & 2.66 fold respectively; P≤0.05) 

prevented ROS generation in hypoxia. The acriflavine-treated cells also prevented ROS 

production (3.85 fold) in hypoxic groups (Fig. 2.5A & B). 

 
2.3.6 Endogenous antioxidant status in normoxic and hypoxic adipocytes 

 Evaluation of endogenous antioxidant status during hypoxia provides an 

indication of oxidative damage. For this, we measured the concentration of TBARS, 

protein carbonyl content and the activities of various antioxidant enzymes like catalase, 

superoxide dismutase, glutathione peroxidase, glutathione reductase, reduced glutathione 

level and total antioxidant activity in hypoxic and normoxic groups. Hypoxia aggravated 

lipid peroxidation (4.69 fold) and protein oxidation (5.52 fold) significantly (P≤0.05) 

compared with normoxia. While different doses of bilobalide (10, 20 and 50 μM) and 

curcumin (5, 10, and 20 µM) treatment reduced lipid peroxidation (1.41, 1.77, 2.46 & 1.33, 

1.67, 2.41 fold respectively) and protein oxidation (1.21, 1.42, 1.63 & 1.21, 1.22, 1.43 

fold) in dose dependent manner in hypoxic cells significantly (P≤0.05; Table 2.3). 

Acriflavine-treated cells showed less oxidation of lipids (4.55 fold) and proteins (1.65 fold) 

compared to hypoxia. Hypoxia was found to inhibit both SOD (2 fold) and CAT activity 

(1.64 fold) significantly (P≤0.05; Table 2.3) in 3T3-L1 adipocytes compared to normoxia. 

Treatment with different concentrations (10, 20 and 50 µM) of bilobalide and (5, 10, and 

20 µM) curcumin restored (P≤0.05) SOD (1.61, 1.66, 1.79 & 1.52, 1.64, 1.76 fold 

respectively) and CAT activity (1.12, 1.20, 1.33 & .97, 1.06, 1.22 fold respectively; Table 

2.3). Acriflavine was able to keep the enzyme unaltered in hypoxia.
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Table 2.3 Endogenous antioxidant status in normoxic and hypoxic groups 

TBARS, Thiobarbituric acid-reactive substances; MDA, Malondialdehyde; SOD, Superoxide dismutase; GPx, Glutathione peroxidase; GSH, Reduced 
glutathione; GR, Glutathione reductase. 

Values are means, with standard deviations represented by vertical bars (n=6).* Mean value are significantly different from the control cells (P ≤0.05). # 
Mean values are significantly different from hypoxia treated cells (P≤0.05). 

Parameters 
Normoxia Hypoxia Bilobalide 

(10 µM) 
Bilobalide 
(20 µM) 

Bilobalide 
(50 µM) 

Curcumin 
(5 µM) 

Curcumin 
(10 µM) 

Curcumin 
(20 µM) 

Acriflavine 
(5 µM ) 

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
TBARS 
(nM MDA/mg 
protein) 

0.26 ± .015 1.22 ±.017* 0.863 ± .02# 0.689 ±.038# 0.496 ± 0.06# 0.914 ± .028# 0.7305 ± .058# 0.506 ±.043# 0.268 ± .03# 

Proteincarbonyls 
(nmol/ml) 

6.52 ±  0.108 35.98 ± 4.2* 29.55 ± 2.1# 25.32 ± 3.11# 22.14 ± 1.33# 29.55 ± 3.71# 29.44 ± 3.81# 25.14 ± 2.33# 21.85 ± .036# 

SOD 
(Unit/mg protein) 

0.5 ± 0.028 0.26 ± 0.008* 0.41 ± 0.015# 0.43 ± 0.008# 0.46 ± 0.006# 0.39 ± .005# 0.42 ± .0095# 0.45 ± .11# 0.48 ± 0.0055# 

Catalase 
(μmoles of H2O2 
decomposed/min/ 
mg protein) 

5.17 ± 0.2 3.14 ± 0.22* 3.5 ± 0.07# 3.7 ± 0.1# 4.1 ± 0.18# 3.24 ± .051 3.34 ± .089# 3.82 ± .064# 4.82 ± 0.13# 

GPx 
(Unit/mg protein) 

14.45 ±  .099 8.6 ± .056* 9.7 ± .049# 10.7 ± .102# 11.6 ± .020# 9.43 ± .105# 10.4 ± .015# 12.4 ± .170# 11.75 ± .075# 

GR 
(Unit/mg protein) 

10.2 ± .085 3.9 ± .128* 5.4 ± .317# 6.11 ± .153# 6.9 ± .2# 5.3 ± .076# 7.2 ± .067# 8.2 ± .10# 7.22 ± .105# 

GSH 
(nM/mg protein) 

9.62 ± .05 5.66 ± .28* 5.89 ± .15# 6.26 ± .27# 7.07 ± .14# 6.27 ± .17# 7.38 ± .24# 7.78 ± .25# 8.12 ± .06# 

Total antioxidant 
activity  
(mM of trolox 
equivalents) 

0.190 ±.003 0.016 ± .002* 0.041 ±.002# .059 ± .0023# 0.13 ±.0031# 0.13 ± .0024# 0.17 ± .0032# 0.18 ± .0012# 0.18 ± .0041# 
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 Similarly the activities of antioxidant enzymes like GPx, GR and GSH content 

were reduced in hypoxia treated cell (1.67, 2.60, 1.70 fold respectively; P≤0.05) when 

compared with normoxic cells. The treatment with different doses of bilobalide and 

curcumin significantly improved (P≤0.05) antioxidant status in a dose dependant manner 

(Table 2.3). Acriflavine treatment also improved antioxidant status. There was a significant 

(P≤0.05) depletion of total antioxidant activity (12.15) fold in hypoxic group compared 

with normoxia and the activity were restored almost normal level by treatment with 

bilobalide (2.65, 3.77, & 8.05 fold), curcumin (8.11, 10.75, & 11.23 fold) and acriflavine 

(11.22 fold) in a dose dependent manner (P≤0.05; Table 2.3). These results validate the 

potential free radical scavenging effect of bilobalide and curcumin. 

 
2.3.7 Nrf2 and HO-1 expression in normoxic and hypoxic adipocytes 

 In response to oxidative stress, Nrf2 translocated to the nucleus, where it binds to 

ARE sequences resulting in transcriptional activation of antioxidant genes, such as HO-1. 

Here we investigated the effect of hypoxia on expression of Nrf2 and HO-1, the proteins 

involved in cellular defence against oxidative stress. The analysis of Nrf2 in nuclear and 

cytosolic fraction of hypoxia treated cells, by ELISA showed an increased protein level 

expression of Nrf2 in nuclear fraction (1.9 folds; P≤0.05; Fig. 2.6) compared to normoxia. 

But cytosolic expression of Nrf2 was significantly higher in normoxic groups, relative to 

nuclear fraction. This clearly depicted the nuclear translocation of Nrf2 during hypoxia. 

  
 

 
 
 
 
 
 
 

 
 

 

 
Fig. 2.6 Nrf2 translocation assay in normoxic and hypoxic groups: PC- Nuclear extract of 
HepG2 cells treated with 90 µM tert-butylhydroquinone, N-normoxia, H-hypoxia, B1-10 µM, B2-
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20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and AF-5 µm of 
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by 
vertical bars (n=6).* Mean value are significantly different from the control cells (P ≤0.05). # Mean 
values are significantly different from hypoxia treated cells (P≤0.05). 

Furthermore, expression of HO-1, which is a downstream molecule of Nrf2, was 

analysed. The mRNA and protein level expression of HO-1 were significantly (P≤0.05) 

increased (1.38 fold; Fig. 2.7A & B) in hypoxia treated group, indicating increased 

oxidative stress. The treatment with bilobalide (10, 20 and 50 µM) and curcumin (5, 10 

and 20 µM) and acriflavine (5 µM) augmented (P≤0.05) the nuclear translocation of Nrf2 

(2.2, 2.3, 2.5 fold; 2.4, 2.5, 2.6 fold; 2.3 fold respectively Fig. 2.6) and expression of 

HO-1 (1.49, 1.54, 1.58; 1.6, 1.7, 1.8; 1.38 fold respectively, Fig. 2.7A & B), in hypoxia 

treated groups and hence protected adipocytes from hypoxia induced oxidative stress. 

Fig. 2.7 Heme oxygenase-1 activity in normoxic and hypoxic groups: A) Determination of heme 
oxygenase-1 activity by colorimetric assay B) Immunoblot analysis of HO-1 and quantification of 
protein level normalized to β-actin. N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of 
bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and AF-5 µm of acriflavine, treated 
hypoxic groups. Values are means, with standard deviations represented by vertical bars (n=3).* 
Mean value are significantly different from the control cells (P ≤0.05). # Mean values are 
significantly different from hypoxia treated cells (P≤0.05). 

2.3.8 The expression of ER stress markers in normoxic and hypoxic adipocytes 

To examine the effect of hypoxia and hypoxia induced oxidative stress on ER 

function, the expression of ER stress markers were determined in normoxic and hypoxic 

3T3-L1 adipocytes. 

A B 
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We conducted qRT-PCR and immunoblot analysis of expression of molecular 

chaperone, GRP78/BiP after 24 hrs of hypoxia treatment. The hypoxic group showed a 

marked elevation (P≤0.05) of the expression of GRP78/BiP compared to control group 

(Fig 2.8). We also determined the expression levels of other ER stress markers, including 

ERO1-Lα and PDI, protein involved in disulphide bond formation and ROS production. 

The expression levels of these ER stress markers were significantly (P≤0.05) up-regulated 

in hypoxic group compared to normoxia (Fig. 2.9). 

 

 

Fig. 2.8 The expression of Grp78/BiP in normoxic and hypoxic adipocytes: A) The immunoblot 
analysis of GRP78/BiP (B) Quantification of protein level normalized to β-actin (C) Relative 
mRNA expression of Grp-78 normalized to β-actin. 

Fig. 2.9 The expression of PDI and ERO1-Lα in normoxic and hypoxic adipocytes: (A) The 
immunoblot of PDI and ERO1-Lα (B) Quantification of protein level of PDI and ERO1-Lα 
normalized to β-actin. N-normoxia, H-hypoxia, B3-50 µM of bilobalide, C3-20 µM of curcumin 
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and AF-5 µm of acriflavine, treated hypoxic groups. Values are means, with standard deviations 
represented by vertical bars (n=3).* Mean value are significantly different from the control cells 
(P≤0.05). # Mean values are significantly different from hypoxia treated cells (P≤0.05).  

We then focused on downstream events of ER stress and UPR signaling. The 

expression of UPR sensors IRE-1α, PERK and ATF6, significantly (P≤0.05) upregulated 

in hypoxic group compared with control indicating the activation of UPR (Fig. 2.10). UPR 

activation results in a rapid repression of translation of proteins through PERK-mediated 

eIF-2α phosphorylation. Here we observed an increased (P≤0.05; 3.5 fold; Fig. 2.11) 

phosphorylation of eIF-2α in hypoxic groups compared with normoxia that clearly 

suggested ER stress induced activation of UPR after 24hrs of hypoxia treatment in 

adipocytes.  

 
 

Fig. 2.10 Immunoblot analysis of unfolded protein response markers Lα in normoxic and 
hypoxic adipocytes (A) The immunoblot of PERK, IRE-1α and ATF-6 (B) Quantification of 
protein level of PERK, IRE-1α and ATF-6 normalized to β-actin. N-normoxia, H-hypoxia, B3-50 
µM of bilobalide, C3-20 µM of curcumin and AF-5 µm of acriflavine, treated hypoxic groups. 
Values are means, with standard deviations represented by vertical bars (n=3).* Mean value are 
significantly different from the control cells (P≤0.05). # Mean values are significantly different 
from hypoxia treated cells (P≤0.05). 

Next we studied the expression of CHOP, one of the components of the ER stress-

mediated apoptosis pathway. Hypoxia for 24 hrs significantly (P≤0.05) upregulated the 

expression of CHOP at mRNA and protein level compared with normoxia (Fig. 2.12). 

Treatment with bilobalide, curcumin and acriflavine significantly (P≤0.05) inhibited 

hypoxia induced expression of ER stress markers and UPR sensors. Taken together, these 

results indicate bilobalide and curcumin attenuated hypoxia induced ER stress and UPR 

signaling pathway in adipocytes. 
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Fig. 2.11 Expression of p-eIF-2α in normoxic and hypoxic groups: N-normoxia, H-hypoxia, 
B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and 
AF-5 µm of acriflavine, treated hypoxic groups. Values are means, with standard deviations 
represented by vertical bars (n=6).* Mean value are significantly different from the control cells 
(P≤0.05). # Mean values are significantly different from hypoxia treated cells (P≤0.05). 

Fig. 2.12 Protein and mRNA level expression of CHOP in normoxic and hypoxic groups: (A) 
The immunoblot of CHOP (B) mRNA expression of CHOP normalized to β-actin. 
N-normoxia, H-hypoxia, B3-50 µM of bilobalide, C3-20 µM of curcumin and AF-5 µm of
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by
vertical bars (n=3).* Mean value are significantly different from the control cells (P≤0.05). # Mean
values are significantly different from hypoxia treated cells (P≤0.05).
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2.4 Discussion 

Excessive expansion of adipose tissue is a hallmark of obesity which leads to 

complications such as type 2 diabetes, cardiovascular diseases, and cancer (Kopelman, 

2004). Adipose tissue hypoxia is a major contributor to obesity related dysfunctions in 

adipocyte. In this investigation, to mimic characteristic features of in vivo hypoxia in 

culture flask (in vitro), 3T3-L1 adipocytes were kept at 1% O2 for 24 hrs. 1% O2 is 

equivalent to a PO2 of 7.6 mm Hg, which is close to the level observed in white adipose 

tissue of very obese mice (ob/ob) (Trayhurn, 2013). Hypoxia for 24 hrs substantially 

increased HIF-1α expression, lactate release, oxidative stress, and affected innate 

antioxidant status severely. We also evaluated the potential of curcumin and bilobalide, 

against hypoxia induced changes. 

Obese individual shows a decreased oxygenation in adipocytes which leads to 

local hypoxia. It induces inflammatory cytokine secretion and metabolic stress gene 

transcription in adipose tissue of obese individual (Ye et al., 2007). Large size of 

adipocytes and a reduction in adipose tissue blood flow may be the factors for reduced 

oxygenation (Brook et al., 1972). The local hypoxia activates HIF-1 that induces the 

expression of several other HIF dependent genes which involve in inflammation, 

angiogenesis, glucose metabolism, apoptosis, cellular stress, and extracellular matrix 

remodelling. These genes facilitate cell survival in a low oxygen environment, by 

promoting glycolytic metabolism, angiogenesis, or maintenance of redox status (Bento and 

Pereira, 2011). But hypoxic conditions in the expanded adipose tissue may also be 

involved in some of the inflammatory and metabolic complications seen in the obese state 

(Trayhurn and Wood, 2004). 

The induction of hypoxia was confirmed by evaluating the high expression of 

hypoxic marker, HIF-1α. The treatment with bilobalide and curcumin inhibited the 

expression of HIF-1α in 3T3- L1 adipocytes. By molecular docking experiment using 

Autodock 4.2 and iGEMDOCK v2.1, appropriate binding and conformation of bilobalide, 

curcumin, and acriflavine to the LBD of HIF-1α was found. Bilobalide and curcumin 

exhibited a high binding affinity with LBD of HIF-1α similar to positive control acriflavine 

which is a known HIF-1α inhibitor (Morris et al., 2009; Hsu et al., 2011). Unlike other 

HIF-1 inhibitors, acriflavine binds directly to HIF-1α and HIF-2α and inhibits HIF-1 

dimerization and transcriptional activity (Lee et al., 2009). Like acriflavine, bilobalide and 
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curcumin showed high binding affinity with HIF-1α and also reduced HIF-1α expression in 

hypoxic adipocytes. 

Lactate is an end product of anaerobic respiration. Our study showed an increased 

release of lactate in hypoxic 3T3-L1 adipocytes. In anaerobic conditions, pyruvate is 

metabolised to lactate. But in normoxia, pyruvate is converted to acetyl-CoA, by pyruvate 

dehydrogenase enzyme (PDH). PDH activity is controlled by two regulatory enzymes; 

pyruvate dehydrogenase kinase (PDK), which phosphorylates and inactivates the enzyme 

and pyruvate dehydrogenase phosphatase, which dephosphorylates the enzyme to the 

active form. Recent study identified PDK-1 as a hypoxia responsive protein that regulates 

the function of the mitochondria under hypoxic conditions (Kim et al., 2006; Papandreou 

et al., 2006). PDK-1 is up-regulated in hypoxia and contributes substantially to maintaining 

increased levels of lactate (Wigfield et al., 2008). In our study, PDK-1 expression is 

substantially increased with an increased lactate production. These finding indicates 

upregulation of PDK-1 increases lactate release in hypoxic groups, via inhibiting PDH, the 

enzyme that convert pyruvate to acetyl CoA.   

Reactive oxygen species are associated with obesity related chronic inflammation, 

adiponectin reduction, and other metabolic dysfunctions (Furukawa et al., 2004). Hypoxia 

induces ROS production in almost all cell types. Previous studies revealed that hypoxia 

significantly increased oxidative stress in adipocytes and treatment with antioxidants N-

acetyl cysteine (NCA) and CAT significantly abolished hypoxia induced ROS production 

(Chen et al., 2006). This study also showed a significant production of ROS after 24 hrs of 

hypoxia. Treatment with different doses of bilobalide and curcumin reduced the ROS 

production significantly. Surplus ROS can also oxidize lipids, proteins and DNAs which 

leads to many diseases. Most general indicator used as a marker of protein oxidation is 

protein carbonyl content. There are reports on aggravated level of lipid and protein 

oxidation in hypobaric hypoxia in lung tissues of rodents (Arya et al., 2013). Similarly, we 

observed an increase in the lipid peroxidation and protein oxidation in hypoxic cells and 

bilobalide and curcumin treatment significantly reduced oxidation of lipids and proteins.  

In order to protect against oxidative stress, cells have developed antioxidant 

enzymes and non-enzymatic antioxidants. These act as a first line of defence against 

oxidative stress in the cell.  The activity levels of these enzymes have been used to 

quantify oxidative stress in cells. Among the various antioxidant enzymes, SOD catalyses 
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the dismutation of the superoxide anion to H2O2 and molecular O2. H2O2 is decomposed to 

H2O by catalase and GPx. In the reaction catalysed by GPx, GSH is oxidised to oxidised 

glutathione, which can be subsequently reduced back to GSH by glutathione reductase. 

GSH is one of the major non-enzymatic antioxidant and depletion of GSH leads to the 

impairment of cellular defence against ROS and may lead to oxidative injury (Yu, 1994). 

In present study, we observed reduction in the activities of innate antioxidant system 

(SOD, CAT, GPx, GSH and GR) in hypoxia-treated cells. Previous study by Karar et al. 

(2007) on hypobaric hypoxia in murine heart supports depletion of antioxidant defense 

system under hypoxia. These enzymes were increased on treatment with different 

concentrations of bilobalide and curcumin. This may be due to potent antioxidant 

properties of these phytochemicals.  

 HO-1 is a stress-inducible enzyme that catalyses the degradation of heme to 

biliverdin, iron, and carbon monoxide (Foresti et al., 1997). In hypoxia, HIF-1 mediates 

transcriptional activation of the HO-1 (Lee et al., 1997). Another factor that regulates HO-

1 gene expression is the Nrf2/ARE pathway, and induction of this enzyme protects cells 

against oxidative stress-induced cell death and tissue injury (Chapple et al., 2012; Jeong et 

al., 2006). Nrf2 plays a central role in inducible expression of many cytoprotective genes 

in response to oxidative and electrophilic stresses. Under unstressed conditions, Nrf2 is 

constantly degraded via the ubiquitin–proteasome pathway in a Keap1-dependent manner. 

When oxidative inactivates Keap1, Nrf2 is stabilized and translocated into nuclei, where it 

heterodimerizes with small Maf proteins and activates target genes for cytoprotection 

through antioxidant response element (ARE). Therefore, activation of Nrf2 is critical for 

cellular rescue pathways against oxidative stress (Cho et al., 2006; Lee et al., 2014).  In our 

study, we found increased expression of HO-1 at mRNA and protein level after 24 hrs of 

hypoxia induction, along with increased nuclear translocation of Nrf2. Several studies have 

revealed increased expression of HO-1 in hypoxic cells of different origin (Gong et al., 

2001; Neubauer and Sunderram, 2012). This indicated the increased production of ROS 

during hypoxia and subsequent activation of Nrf2/HO-1 in order to protect cells from 

hypoxic injury (Kolamunne et al., 2013). The treatment with curcumin and bilobalide 

augmented nuclear translocation of Nrf2 and expression of HO-1, and protected the cells 

from oxidative stress injury during hypoxia. Phytochemicals are known to activate Nrf2, 

resulting in the induction of some cytoprotective proteins including HO-1 and protecting 
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the cells from oxidative injury (Lee  et al., 2014; Cho  et al., 2006;  Huang et al., 2014;  

Zhang et al., 2012). There are reports on the up regulated expression of HO-1 by curcumin 

(Yang, 2009) and bilobalide (Shah et al., 2011) in order to protect cells from oxidative 

stress.  

 Recent evidence reveals that hypoxia-induced excessive generation of ROS and 

ROS-based ER stress are major pathological complications associated with various 

diseases (Chhunchha et al., 2013). In ATH, in addition to oxidative stress, hypoxia itself 

up-regulate the induction of unfolded protein response. We found an increased expression 

of ERO 1-Lα and protein disulfide isomerases (PDI) in hypoxia treated adipocytes. ERO 1-

Lα oxidizes the active-site cysteines of certain PDIs, which in turn introduce disulfide 

bonds into newly synthesized proteins. The final electron acceptor downstream of ERO1 is 

molecular oxygen. ERO 1 is transcriptionally induced by HIF during hypoxia, but in the 

absence of oxygen, it cannot fold the protein properly (Gess et al., 2003). This can result in 

protein misfolding and thereby turn on the unfolded protein response (UPR) in adipocytes. 

In addition, hypoxia induced ROS also induce ER stress by oxidizing proteins and 

disrupting calcium homeostasis. PERK, IRE1α, and ATF6 constitute the three UPR 

transducers that are activated upon ER stress (Walter and Ron, 2011). 24 hrs of hypoxia in 

3T3-L1 adipocytes induced ER stress which is evident from increased expression of 

GRP78/BiP at mRNA and protein level. In addition, hypoxia also augmented the 

expression of proximal UPR transducers, PERK, IRE1α and ATF-6 in 3T3-L1 adipocytes. 

CHOP is another ER stress marker, also known as growth arrest and DNA damage-

inducible gene 153, and involved in ER stress mediated apoptotic pathway (Tsang et al., 

2010). Hypoxia also induced CHOP expression at mRNA and protein level. The treatment 

with bilobalide and curcumin attenuated hypoxia induced oxidative stress and ER stress. 

The antioxidant potential of bilobalide and curcumin reduced oxidative stress and 

oxidative stress induced ER stress. Zhou and Zhu (2000), have reported that bilobalide 

could attenuate ROS-induced apoptosis, suggesting that bilobalide might be working as a 

free-radical scavenger. Recent report suggests the protective role of curcumin on hypoxia 

induced oxidative stress based ER stress in mouse hippocampal cells (Chhunchha et al., 

2013). Curcumin is also known to downregulate the expression of HIF-1 (Choi et al., 

2006) and thus protects cells from hypoxia induced oxidative stress and subsequent 

complications. 
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Overall result showed that hypoxia induced the expression of HIF-1α, lactate 

release and PDK1 expression, oxidative stress, Nrf2/HO-1 expression and ER stress in 

3T3-L1 adipocytes. The treatment with bilobalide and curcumin protected the adipocytes 

from hypoxia induced dysfunctions via scavenging reactive oxygen species and 

downregulating the expression of HIF-1α.  

Fig. 2.13 Schematic representation - Summary of chapter 2: Hypoxia induced expression of 
HIF-1α, lactate release, oxidative stress and ER stress in 3T3-L1 adipocytes while treatment with 
bilobalide and curcumin reduced increased oxidative stress and ER stress via downregulating 
HIF-1α expression and scavenging ROS. 
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CHAPTER 3 

EFFECT OF HYPOXIA ON MITOCHONDRIAL FUNCTIONS IN 3T3-L1 

ADIPOCYTES AND POSSIBLE AMELIORATION WITH BILOBALIDE 

AND CURCUMIN 

3.1 Introduction 

Mitochondria are key organelles as their main function is to synthesize most of 

the cell’s ATP via the oxidative phosphorylation (OXPHOS) system. Mitochondrial 

defects associated with hypoxia has been invoked in many diverse complex disorders, such 

as type 2 diabetes (Catrina et al., 2004), Alzheimer's disease (Peers et al., 2007), cardiac 

ischemia/reperfusion injury (Solaini and Harris, 2005), tissue inflammation (Nizet and 

Johnson, 2009), and cancer (Denko, 2008). This is due to mitochondria's central role in 

energy production, reactive oxygen species homeostasis, and cellular respiration. These 

processes are interdependent and may occur under various stress conditions, among which 

hypoxia are certainly prominent. 

The number of mitochondria in white adipose tissue (WAT) is less compared to 

brown adipose tissue. But WAT represent 10% of total body weight in lean adults and 

>50% in obese subjects (Kusminski and Scherer, 2012), therefore any obesity-induced

changes in WAT mitochondria can substantially disrupt whole-body energy homeostasis.

In obese condition, mitochondrial number and function may be decreased gradually in

adipose tissue. HIF-1α is a major mediator of the hypoxia signal involved in the adipocyte

dysfunction. It has been reported that HIF-1α also functions as a negative regulator of

mitochondrial biogenesis, respiration and oxygen utilization (Jang et al., 2013). Other

factors which induce mitochondrial dysfunctions include ER stress and oxidative stress,

both of this can be initiated by hypoxia.

Mitochondria are dynamic organelles whose morphology is regulated by fusion 

and fission processes. A growing body of evidence suggests the relevance of this process 

in the control of mitochondrial activity and cell metabolism (Liesa et al., 2009; Zorzano, 

2009; Lee et al., 2004). Several genes encoding mitochondrial fusion and fission proteins 

have been recently identified. Mammalian proteins involved in mitochondrial fission are 

Fission 1 homologue protein (Fis1) and Dynamin-related protein 1 (DRP1). Similarly, 

Mitofusin 1 (MFN1), Mitofusin 2 (MFN2) and Optic Atrophy gene 1 (OPA1) are proteins 
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that participate in mitochondrial fusion in mammals (Cipolat et al., 2004; Frank et al., 

2001). Recent study reports that peroxisome-proliferator–activated receptor coactivator 1-α 

(PGC-1-α) and HIF-1-α also provide transcriptional control of fission and fusion (Zorzano 

et al., 2009; Rehman et al., 2012). Since HIF-1α plays a key role in hypoxia induced 

mitochondrial dysfunction, the detrimental effects of hypoxia can be ameliorated by 

inhibiting HIF-1α expression.  

 In this chapter, we evaluated the effect of hypoxia on adipocyte mitochondria 

emphasising on intracellular reactive oxygen species (ROS) levels, mitochondrial 

superoxide production, aconitase activity, mitochondrial membrane potential (∆ψ) and 

mitochondrial transition pore opening (mPTP opening), ATP production and oxygen 

consumption, proteins involved in oxidative phosphorylation, mitochondrial mass and 

mitochondrial DNA (mtDNA) copy number, expression of genes and proteins involved in 

mitochondrial biogenesis and proteins involved in mitochondrial structural dynamics and 

possible protection with bilobalide and curcumin. 

 
3.2 Materials and methods 
 
3.2.1 Chemicals and cell culture reagents 

 Curcumin, bilobalide, acriflavine, 3-isobutyl-1-methylxanthine (IBMX), 

dexamethasone, insulin, dimethyl sulfoxide (DMSO) cobalt chloride hexahydrate, JC1 and 

Dulbecco's Modified Eagle's Medium (DMEM) were purchased from Sigma Aldrich (St. 

Louis, MO, USA). Calcein AM, was from Invitrogen (Carlsbad, CA, USA). Foetal calf 

serum (FCS) was from Gibco (Langley, OK, USA) and FBS and supplements were from 

Hi-media Pvt Ltd. India. All other chemicals used were of analytical grade. 

 
3.2.2 Cell culture  

 3T3-L1 preadipocytes (ATCC) were maintained in DMEM (4.5 g/L high glucose) 

supplemented with 10% FBS, antibiotic (100 U penicillin/mL, and 100 µg 

streptomycin/mL) and incubated at 5% CO2 and 37oC. To induce differentiation, 2-days 

post confluent 3T3-L1 preadipocytes were stimulated for 48 hrs with 0.5 mM isobutyl 

methyl xanthine, 0.25 mM dexamethasone, and 1 μg/ml insulin in DMEM. Then 

differentiated adipocytes were maintained in and refed every 2 days with DMEM 

containing 1 μg/ml insulin.  
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3.2.3 Hypoxia induction and treatment 

In order to induce hypoxia, differentiated 3T3-L1 adipocytes at 9th day were 

incubated in a hypoxic chamber (Galaxy 48R, New Brunswick, Eppendorf, Germany) at an 

atmosphere of 1% O2, 94% N2, 5% CO2, and at 37oC for 24 hrs. The control cells were 

incubated in an atmosphere of 21% O2 and 5% CO2 at 37oC. The cells were treated with 

different concentrations (10, 20 & 50 µM) of bilobalide or (5, 10, 20 µM) of curcumin or 

acriflavine (5 µM; positive control) during hypoxic period (24 hrs). For mRNA expression 

and protein expression studies, only higher doses of test materials were used. Acriflavine 

was used as positive control. 

3.2.4 Detection of intracellular reactive oxygen species (ROS) and mitochondrial 

superoxide production 

Intracellular ROS levels were measured using flow cytometry technique with 

fluorescent 2’, 7’ dichloro dihydrofluorescein diacetate (DCFH-DA). DCFH-DA is cleaved 

intracellularly by non-specific esterase and turn to high fluorescent upon oxidation by 

ROS, which were analysed with FACS Aria II (BD Bioscience, San Jose, USA).  

The generation of mitochondrial superoxide was evaluated using MitoSOXTM dye. 

For this, the cells were treated with 5 µM stain in serum-free media for 30 mins at 37ºC. 

The stain was washed off with HBSS/Ca/Mg solution. Images of the cells were collected 

using spinning disk microscope (BD PathwayTM Bioimager System, BD Biosciences) and 

fluorescence intensity was measured using multimode reader (Biotek Synergy 4, Winooski, 

VT, USA) at excitation and emission wavelengths of 510 nm and 580 nm, respectively. 

3.2.5 Determination of aconitase activity 

Aconitase activity was assayed in normoxic and hypoxic groups using kit 

purchased from Cayman chemicals (Cayman Chemical Company, Ann Arbor, USA) as per 

manufacturer’s instructions. After respective treatments, cells were washed with cold PBS 

(pH 7.4). Then fresh PBS was added to cover the cells and centrifuged the cells at 800×g 

for 10 mins at 4°C. Then supernatant was discarded and the resuspended the cell pellet in 1 

ml of homogenization buffer. The cell suspension was sonicated for 5 seconds and 

centrifuged the cell suspension at 20,000×g for 10 mins at 4°C. This supernatant was used 

for the assay of aconitase. 50 μl of the sample was added to 5 μl of assay buffer, 50 μl 

NADP+ reagent, 50 μl of isocitric dehydrogenase and 50 μl of aconitase substrate solution 
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and incubated for 15 mins at 37°C. The absorbance was taken once in every min at 340 nm 

for 10 mins. 

 
3.2.6 Assay for mitochondrial membrane potential (∆ψ)  

 Changes in ∆ψ were measured using JC-1 mitochondrial staining kit, (Sigma) and 

images were visualized under spinning disk microscope (BD PathwayTM Bioimager 

System, BD Biosciences) using JC-1, a cationic fluorescent dye. Simultaneously 

fluorescence intensity was measured in multiwell plate reader (Biotek Synergy 4, 

Winooski, VT, USA). For JC-1 monomers, the fluorimeter was set at 490 nm excitation 

and 530 nm emission wavelengths, and for J-aggregates, the fluorimeter was set at 525 nm 

excitation and 590 nm emission wavelengths. Valinomycin (1 µg/mL) was used as positive 

control. 

 
3.2.7 Mitochondrial permeability transition pore opening 

 Mitochondrial permeability transition pore (mPTP) opening was examined by 

loading the cells with 0.25 mM calcein-AM in the presence of 8 mM cobalt chloride for 30 

mins. Images of cells were collected using spinning disk fluorescent microscope at 

excitation and emission wavelengths of 488 nm and 525 nm, respectively. 

 
3.2.8 Determination of the activity of mitochondrial respiratory complexes 

 For determining the activity of mitochondrial respiratory complexes after 

normoxic and hypoxic treatments, mitochondria were isolated using mitochondria isolation 

kit (Sigma-Aldrich, USA) The isolated mitochondria was then dissolved in CelLytic M, 

cell lysis reagent with protease inhibitor Cocktail [1:100 (v/v)] for further analysis.  

 The effect of hypoxia on complex I mediated electron transfer (NADH 

dehydrogenase) was studied using NADH as the substrate and menadione as electron 

acceptor. The reaction mixture containing 200 μM menadione and 150 μM NADH was 

prepared in phosphate buffer (0.1 M, pH 8.0). To this, mitochondria (100 μg) was added, 

mixed immediately and observed quickly for change in the absorbance at 340 nm for 8 

mins (UV-2450 PC; Shimadzu, Kyoto, Japan) (Paul et al., 2008). Rotenone (10 μM) was 

used to inhibit the complex I. 

 Complex II mediated activity (succinate dehydrogenase) was measured 

spectrophotometrically at 600 nm using dichlorophenolindophenol (DCPIP) as an artificial 
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electron acceptor and succinate as substrate. The extent of decrease of absorbance (ΔOD) 

was considered as the measure of the electron transfer activity of complex II (Paul et al., 

2008). The reaction mixture was prepared in 0.1 M phosphate buffer (pH 7.4) containing 

10 mM EDTA, 50 μM DCPIP, 20 mM succinate and mitochondria (50 μg). The change in 

absorbance was observed immediately for 8 mins at 30°C. Malonate (25 μM) was used to 

inhibit the complex II. 

Complex III (Ubiquinol-cytochrome C reductase) activity was determined as per 

the method described previously (Sudheesh et al., 2009). In brief, mitochondrial protein 

(50 μg) was mixed with 100 μM EDTA, 2 mg BSA, 3 mM sodium azide, 60 μM 

ferricytochrome C, decylubiquinol (1.3 mM) and phosphate buffer (50 mM, pH 8.0) in a 

final volume of 1 ml. The reaction was started by the addition of decylubiquinol and 

monitored for 2 mins at 550 nm and again after the addition of 1 μmol/l of antimycin A. 

The activity was calculated from the linear part of absorption-time curve, which was not 

less than 30 seconds. Activity of complex III was expressed as μmoles of ferricytochrome 

C reduced/minute/mg protein. Antimycin A (10 μM) was used as standard inhibitor of 

complex III. 

Complex IV activity of mitochondria was assayed using kit from Sigma Aldrich 

chemicals (USA) as per manufacturer’s instructions. Briefly, 950 μl of 1X assay buffer was 

added to a cuvette and then 10 μg of mitochondrial suspension was added and brought the 

reaction volume to 1.05 ml with 1X enzyme dilution buffer. The reaction was initiated by 

the addition of 50 μl of ferrocytochrome c substrate solution. Absorbance was read at 

550/min.  

3.2.9 Oxygen consumption rate assay 

The rate of oxygen consumption in the cells was determined using oxygen 

consumption rate (OCR) assay kit from Cayman in accordance with the manufacturer’s 

protocol. The phosphorescence of MitoXpress-Xtra, a phosphorescent oxygen probe, is 

quenched by oxygen and the phosphorescent signal is inversely proportional to the amount 

of oxygen present. The OCR was calculated from the change in MitoXpress probe signal 

over time (excitation: 380 nm; emission: 650 nm). 
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3.2.10 ATP determination assay 

 The ATP content was measured using a luciferase-based bioluminescence assay 

kit (ATP Determination Kit, Molecular Probes, Invitrogen). The cells, after treatment were 

homogenized in an ice-cold ATP releasing buffer (100 mM potassium phosphate pH-7.8, 

2mM EDTA, 1 mM DDT, 1% Triton X 100). Then 90 µl of standard reaction mixture  (8.9 

ml distilled water, 0.5 ml 20X reaction buffer, 0.1 ml 0.1 M DTT, 0.5 ml of 10 mM D-

luciferin, 2.5 μl of 5 mg/ml firefly luciferase) and 10 μl samples were gently mixed and the 

luminescence was read at 560 nm in a multiplate reader (Tecan Infinite 200PRO, Tecan, 

Austria). Using ATP standard provided with kit, ATP concentrations were determined and 

then normalized to protein concentrations. 

 
3.2.11 Mitochondrial mass measurement  

 Mitochondrial mass was determined using Mitotracker Deep Red FM (Molecular 

Probe, Invitrogen). Briefly, the cells were treated with 5 µM stain in serum-free media for 

30 mins at 37ºC. The stain was washed off with PBS and examined under spinning disk 

microscope (BD PathwayTM, BD Biosciences) and fluorescence intensity was measured 

using multimode reader (Biotek Synergy 4, Winooski, VT, USA) at excitation and 

emission wavelengths of 644 nm and 665 nm, respectively. 

 
3.2.12 Determination of mitochondrial biogenesis  

 Mitochondrial biogenesis was analysed with MitoBiogenesis™ In-Cell ELISA Kit 

(ABCAM, MA, USA) in all normoxic and hypoxic groups according to manufacturer’s 

procedure. In brief, the cells after treatment were fixed with 4% paraformaldehyde. Cells 

were then washed with PBS and followed by the addition of 100 μL of freshly prepared 

0.5% acetic acid for 5 mins to block endogenous alkaline phosphatase activity. Cells were 

washed again with PBS and permeabilized with 0.1% Triton X-100 for 30 mins and 

followed by the addition of 200 μL of 1X Blocking Solution for 2 hrs. These cells were 

then incubated with primary antibodies specifically against mtDNA encoded COX-I 

(subunit I of Complex IV, cytochrome c oxidase-1), and nuclear-DNA encoded SDH-A (a 

subunit of complex II, succinate dehydrogenase) proteins overnight at 4ºC. Cells were 

washed with a washing buffer and incubated with AP for SDH-A and HRP for COX-I 

secondary antibodies for 1 hr. After thorough washing, AP Substrate was added and colour 

development was measured at 405 nm for SDH-A. Then the wells were emptied and added 
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HRP Substrate. The colour developed was measured at 600 nm for COX-I. COX-I signal 

and SDH-A signal was then plotted independently for analysing the data. 

3.2.13 Quantitative real-time PCR 

Total RNA from 3T3-L1 adipocytes was extracted using Trizol reagent 

(Invitrogen, Carlsbad, CA). 2 µg of total RNA was reverse transcribed using Super Script 

III reverse transcriptase and random hexamers (Life technologies, Invitrogen, USA). The 

gene expression levels were analysed by quantitative real-time RT-PCR, conducted using 

the CFX96 Real Time PCR system (Bio-rad, USA) using the following conditions: an 

initial denaturation for 10 mins at 95ºC, followed by 39 cycles of 15s denaturation at 95ºC, 

30s annealing at the optimal primer temperature and 10s extension at 72ºC. Each sample 

was assayed in triplicate in a 20 µL reaction volume containing 1 µL cDNA, 10 µL SYBR 

Green master mix (Power SYBR® Green PCR Master Mix, life technologies, Invitrogen, 

USA), 5.81 µL DEPC water and 1.6 µL of appropriate primer. Negative controls (no 

template) were run as well to ensure the absence of contamination. Analysis was 

performed according to the ∆∆Ct method using β-actin as the housekeeping gene. Specific 

primers for each gene were designed to amplify a single product, as confirmed by 

dissociation curve analysis after the real-time PCR run. 

Fold change = 2-∆(∆CT) 

where ∆CT = CT, target - CT, β-actin and ∆∆CT = ∆CT, stimulated- ∆CT, control 

CT is the intersection between an amplification curve and a threshold line. 

Table. 3.1 Nucleotide sequence of qRT-PCR primers. 

mRNA    Primer sequence 

Tfam         Forward 
Reverse 

5’-GGAATGTGGAGCGTCCTAAAA-3’ 
5’-TGCTGGAAAAACACTTCGGAATA-3’ 

Pgc1a        Forward 
Reverse 

5’-CGGAAATCATATCCAACCAG-3’ 
5’-TGAGGACCGCTAGCAAGTTTG-3’ 

Nrf1         Forward 
Reverse 

5’-TGGTCCAGAGAGTGCTTGTG-3’ 
5’-TTCCTGGGAAGGGAGAAGAT-3’ 

MtDNA    Forward 
Reverse 

5’-CCACTTCATCTTACCATTTA-3’ 
5’-ATCTGCATCTGAGTTTAATC-3’ 

Cyt B Forward 
Reverse 

5’-TTTTATCTGCATCTGAGTTTAATCCTG-3’ 
5’-CCACTTCATCTTACCATTTATTATCGC-3’ 

β-Actin     Forward 
Reverse 

5’-AGTACCCCATTGAACGC-3’ 
5’-TGTCAGCAATGCCTGGGTAC-3’ 
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3.2.14 Western blot analysis 

Treated cells were washed with ice-cold PBS and lysed in RIPA buffer containing 

protease inhibitors. The cell suspensions were centrifuged at 12000 rpm for 15 mins at 4ºC, 

and the supernatants was collected. Proteins were quantified using the bicinchoninic acid 

protein assay kit (BCA kit; Pierce, Rockford, IL, USA) in accordance with the 

manufacturer’s instructions. Equal amount of proteins (50 µg) were separated by 10% 

SDS-PAGE and transferred to PVDF membranes using turbo transblot apparatus (BD 

Bioscience). The membranes were blocked with 5% BSA in TBST (50 mM Tris, pH 7.5, 

150 mM NaCl, 0.01% Tween-20) for 1 hr at room temperature. The membrane was 

washed 3 times with TBST for 10 mins each. The membrane was incubated at 4ºC 

overnight in 5% BSA in TBST containing primary antibodies to one of the following:, 

OPA1 1:500 , MFN2 1:500, DRP 1:500, FIS 1:500 or β-ACTIN 1:1000. After washing 

with TBST, the membrane was incubated with peroxidase-conjugated corresponding 

secondary antibodies for 1 hr at room temperature. After washing, membranes were 

developed using 3, 3’-diaminobenzidine tablets (DAB) (Sigma Aldrich, St Louis, MO, 

USA) and H2O2. The immunoblot results were analysed in quantity one software using Gel 

doc (BD Bioscience, USA). 

3.2.15 Statistical analysis 

Results are expressed as means ± standard deviations. Data were subjected to one-

way ANOVA and the significance of differences between means were calculated by 

Duncan’s multiple range tests using SPSS for Windows, standard version 7.5.1 (SPSS), 

and significance was accepted at P≤0.05. 
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3.3 Results 

3.3.1 Intracellular ROS generation and mitochondrial superoxide production 

Flow cytometry analysis was performed to monitor intracellular ROS generation in 

normoxic and hypoxic adipocytes. 44.2% of hypoxic population showed significant 

(P≤0.05) ROS production compared with normoxia (8.2%; Fig. 3.1). Treatment with 

different concentration of bilobalide (10, 20, 50 µM), curcumin (5, 10, 20 µM), and 

acriflavine (5 µM) significantly reduced (P≤0.05) ROS production in hypoxia treated cells 

(Fig. 3.1). 

Fig. 3.1 Intracellular ROS generation in normoxic and hypoxic groups: a-normoxia; b-
hypoxia, c-hypoxia + 10 µM bilobalide; d-hypoxia + 20 µM bilobalide; e-hypoxia + 50 µM 
bilobalide; f-hypoxia + 5 µM curcumin; g-hypoxia + 10 µM curcumin; h-hypoxia + 20 µM 
curcumin; i-hypoxia + 5 µM acriflavine. 

The mitochondrial superoxide production was monitored in these cells and found 

that hypoxia caused significant superoxide production (4.47 fold) compared to normoxia. 

Bilobalide (10, 20, 50 µM) and curcumin (5, 10, 20 µM) treated group showed less 

fluorescence, suggesting protective effect of these compounds against superoxide 
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production in hypoxic cells. Acriflavine also showed limited superoxide production (Fig. 

3.2A & B). 

 

Fig. 3.2 Mitochondrial superoxide production determined by mitoSOXTM: A) Fluorescent 
microscopic images of 3T3-L1 cells stained with mitoSOXTM in normoxic and hypoxic groups. a-
normoxia; b-hypoxia, c-hypoxia + 10 µM bilobalide; d-hypoxia + 20 µM bilobalide; e-hypoxia + 
50 µM bilobalide; f-hypoxia + 5 µM curcumin; g-hypoxia + 10 µM curcumin; h-hypoxia + 20 µM 
curcumin; i-hypoxia + 5 µM acriflavine. Scale bar: 100 µm. B) Relative fluorescent intensity of 
mitochondrial superoxide production.  
N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, 
C3-20 µM of curcumin and AF-5 µM of acriflavine, treated hypoxic groups. Values are means,

A 

B 
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with standard deviations represented by vertical bars (n=6).* Mean value are significantly different 
from the control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells 
(P≤0.05). 
 
3.3.2 Aconitase activity 

 The activity of this enzyme is sensitive to oxidative stress and superoxide radicals 

(Gardner et al., 1994; Gardner et al., 1995). In this study, aconitase activity was 

significantly (P≤0.05) reduced in hypoxic group (4.54 fold) when compared with control 

cells. Bilobalide (10, 20, 50 µM) and curcumin (5, 10, 20 µM) treatment dose dependently 

improved (1.47, 1.99, 3.69 & 2.28, 3.74, 4.12 fold) the activity significantly (P≤0.05) and 

brought back the activity near to normal. Acriflavine also improved aconitase activity (3.24 

fold; Fig. 3.3). Thus, inhibition of aconitase activity in hypoxia indicates elevated level of 

mitochondria generated ROS. 

 
 

 
 
 

 
 

 
 

 
 

 
Fig. 3.3 Aconitase activity in normoxic and hypoxic groups: N-normoxia, H-hypoxia, B1-10 
µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and AF-5 
µM of acriflavine, treated hypoxic groups. Values are means, with standard deviations represented 
by vertical bars (n=6).* Mean value are significantly different from the control cells (P≤0.05). # 
Mean values are significantly different from hypoxia treated cells (P≤0.05). 
 
3.3.3 Alterations in mitochondrial transmembrane potential (∆ψm) and 

mitochondrial permeability transition pore (mPTP) 

  Fig. 3.3 shows the mitochondrial transmembrane potential of normoxic and 

hypoxic cells. 
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Fig. 3.4 Mitochondrial transmembrane potential changes with normoxic and hypoxic groups: 
A) Fluorescent microscopic merged images of 3T3 L1 adipocytes; a-normoxia; b-hypoxia; c-
valinomycine, d, e, f - 10, 20 & 50 µM of bilobalide treated hypoxic groups; g, h, i- 5, 10 & 20 µM
of curcumin treated hypoxic groups; j- acriflavine (5 µM)  treated hypoxic group respectively.
Scale bar: 100 µm. B) Relative fluorescence intensity of mitochondrial transmembrane potential
(∆ψm) change. N-normoxia, H-hypoxia, V-1 µg/mL valinomycin, B1-10 µM, B2-20 µM, B3-50
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B 
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µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and AF-5 µM of acriflavine, 
treated hypoxic groups. Values are means, with standard deviations represented by vertical bars 
(n=6).* Mean value are significantly different from the control cells (P ≤0.05). # Mean values are 
significantly different from hypoxia treated cells (P≤0.05). 
 
 The JC-1 dye concentrates in mitochondrial matrix and form red fluorescent 

aggregates in normal cells due to the existence of electrochemical potential gradient. 

Alteration of ∆ψm prevents the accumulation of JC-1 in the mitochondrial matrix and gets 

dispersed throughout the cells, leading to a shift from red (JC-1 aggregates) to green 

fluorescence (JC-1 monomers). It was found from the fluorimetric and imaging data that in 

hypoxia treated group, JC-1 green monomers formed were significantly more in 

comparison with normoxic cells, whereas red aggregates were significantly less. This 

indicated dissipation ∆ψm in hypoxic group. A similar pattern was observed in 

valinomycin-treated cells. The treatment with different doses of bilobalide, curcumin and 

acriflavine showed more red aggregates and less green monomers, providing a significant 

improvement in impairment of mitochondrial ∆ψm due to hypoxia. Acriflavine also 

showed better result (Fig. 3.4) 

 Integrity of permeability transition pore was checked by calcein-cobalt loading. In 

normoxic and acriflavine-treated cells, calcein fluorescence was highly compartmentalized, 

corresponding to the mitochondrial space. On hypoxia induction, a 

decompartmentalization of calcein fluorescence was observed, indicating mPTP opening 

(Fig. 3.5). The loss of cobalt concentration in the cytosol by entering within the 

mitochondria leads to the dequenching of calcein fluorescence throughout the cells. 

However, in bilobalide and curcumin treated hypoxic cells, no calcein 

decompartmentalization was observed, and the cells appeared with punctiform 

fluorescence that was comparable with cells under normoxia and acriflavine treated group 

(Fig. 3.5). This suggested that hypoxia-induced mPTP opening in 3T3-L1 adipocytes was 

modestly reduced by bilobalide and curcumin. 
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Fig. 3.5 Integrity of permeability transition visualized by calcein and cobalt coloading in 
hypoxic and normoxic groups: a normoxia; b hypoxia; c, d, e-10, 20 & 50 µM of bilobalide 
treated hypoxic groups; f, g, h-5, 10 & 20 µM of curcumin treated hypoxic groups; i- acriflavine (5 
µM) treated hypoxic group respectively. Scale bar: 100 µm.  

3.3.4 Activities of mitochondrial respiratory chain complexes 

Table. 3.2 shows the activities of mitochondrial respiratory complexes in 

normoxic and hypoxic groups. The activities of respiratory chain complexes such as 

complexes I, III and IV were significantly decreased (2.05, 2.35 & 2.9 fold; Table. 3.2) in 

hypoxic adipocytes (P≤0.05) compared to normal cells. Bilobalide (50 µM), curcumin (20 

µM) and acriflavine (10 µM) treatment prevented the reduction (1.31, 1.36, 1.28 fold; 1.80, 

1.89, 1.45 fold; 1.4, 1.6, 1.3 folds respectively; Table. 3.2) of respiratory chain complexes 

activities in hypoxic 3T3-L1 adipocytes (P≤0.05). Standard compounds like rotenone, 

inhibited complex I activity by 3.87 fold, malonate inhibited complex II activity by 3.40 

fold, antimycin A inhibited complex III activity by 2.44 fold and KCN inhibited complex 

IV activity by 7.45 fold.  There were no significant changes in complex II activity in 

normoxic and hypoxic groups. 

a b c 

d e f 

g h i 
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Table 3.2 Activities of mitochondrial respiratory chain complexes 

 

Complex I 

(NADH:ubiquinone 

oxidoreductase) 

(∆OD 340 nm) 

Complex II 

(Succinate-CoQ 

reductase) 

(∆OD 600 nm) 

Complex III 

(Cytochrome c reductase) 

(µM of ferricytochrome C 

reduced/min/mg protein) 

Complex IV 

(Cytochrome c oxidase) 

(µM of ferrocytochrome C 

oxidized/min/mg protein) 

N 0.391±0.006 0.245±0.008 5.14±1.015 6.11±0.18 

H 0.191±.003* 0.239±0.01 2.19±0.16* 2.90±0.25* 

B3 0.251±0.015# 0.237±0.016 3.95±0.41# 4.11±.029# 

C3 0.260±0.007# 0.251±0.008 4.15±.72# 4.52±0.61# 

AF 0.245.011# 0.249±0.012 3.18±.52# 3.88±0.41# 

Rotenone 0.101±0.008* 
   

Malonate 
 

0.072±0.021* 
  

Antimycin 

A   
2.11±0.24* 

 

KCN 
   

0.82±0.52* 

N-normoxia, H-hypoxia, B3-50 µM of bilobalide & C3-20 µM of curcumin and AF-5 µm of 
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by 
vertical bars (n=6).* Mean value are significantly different from the control cells (P≤0.05). # Mean 
values are significantly different from hypoxia treated cells (P≤0.05). 
 
3.3.5 Oxygen consumption rate and ATP content  

 The oxygen consumption rate (OCR) was analysed using Cayman’s O2 

consumption assay kit.  The kit utilizes a phosphorescent probe MitoXpress®, signal of 

which is quenched by oxygen and resulting in a signal that is inversely proportional to the 

amount of oxygen present. Adipocytes under hypoxia showed a significant (P≤0.05) 

decrease in OCR (2.23 fold) compared with the normoxic cells (Fig. 3.6). However, co-

treatment with bilobalide, curcumin and acriflavine dose dependently promoted oxygen 

consumption rate under hypoxia. 10, 20, 50 μM of bilobalide significantly accelerated 

1.11, 1.37, & 1.67 fold oxygen consumption rate respectively in hypoxic adipocytes. 

Similarly, 5 10, 20 μM curcumin also significantly improved 1.18, 1.85, & 1.92 fold 

oxygen consumption rate in hypoxic adipocytes (P≤0.05; Fig.3.6). Acriflavine (5 µM) also 

increased (P≤0.05) oxygen consumption rate (2.09 fold) in hypoxic adipocytes, indicating  
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protection against the defect in oxygen consumption. 

Fig. 3.6 Changes in oxygen consumption in normoxic and hypoxic groups: Hypoxia 
significantly reduced the oxygen consumption rate compared with the control group. Bilobalide, 
curcumin and acriflavine co-treatment partly restored the oxygen consumption rate. N-normoxia, 
H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM & C3-20 µM of
curcumin, AF-5 µm of acriflavine treated hypoxic groups, and AA-antimycin A treated group.
Values are means, with standard deviations represented by vertical bars (n=6).* Mean value are
significantly different from the control cells (P≤0.05). # Mean values are significantly different
from hypoxia treated cells (P≤0.05).

ATP content in hypoxic group was significantly (P≤0.05) reduced (4.32 fold) 

when compared to normoxia (Fig. 3.7). Treatment with bilobalide, curcumin and 

acriflavine restored (2, 2.34, & 3.08; 2.21, 2.93 & 3.24; 3.55 fold respectively; P≤0.05; 

Fig. 3.7). ATP content, further confirms the protective effect of these compounds against 

alterations in mitochondrial function. 

# 

*
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Fig. 3.7 Determination of ATP content in normoxic and hypoxic group: Hypoxia significantly 
reduced ATP content compared with the normoxic group. Bilobalide, curcumin and acriflavine co-
treatment partly restored ATP content in hypoxic groups. N-normoxia, H-hypoxia, B1-10 µM, B2-
20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and AF-5 µM of 
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by 
vertical bars (n=6).* Mean value are significantly different from the control cells (P ≤0.05). # Mean 
values are significantly different from hypoxia treated cells (P≤0.05).  
 
3.3.6 Mitochondrial mass 

 The mass of mitochondria in normoxia and hypoxia treated cells were assessed 

with mitotracker red. MitoTracker is a fluorescent dye that enters into the mitochondrial 

matrix independent of the mitochondrial membrane potential and forms covalent bonds 

with free thiol groups of cysteine residues of mitochondrial proteins. Fluorescence 

intensity was related to mitochondrial number. Here the hypoxic cells showed less 

(P≤0.05) fluorescence compared with normoxic condition (5.04 fold) indicating the loss of 

mitochondria. The treatment with bilobalide and curcumin dose dependently increased (2, 

2.63, 3.24 fold; 2.04, 2.83, 3.25 fold; 3.73 fold; P≤0.05; Fig. 3.8)   the fluorescence 

indicating more number of functional mitochondria. Acriflavine showed high fluorescence 

indicating the presence of functional mitochondria (Fig. 3.8). This is an indication of 

protection by bilobalide and acriflavine against mitochondrial alterations in hypoxia. 
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Fig. 3.8 Studies on alteration in mitochondrial mass in normoxic and hypoxic groups: (A) 
Fluorescent microscopic images of 3T3 L1 cells stained with mitotracker red. a-normoxia; b-
hypoxia; c, d, e-10, 20 & 50 µM of bilobalide treated hypoxic groups; f, g, h-5, 10 & 20 µM of 
curcumin treated hypoxic groups; i- acriflavine (5 µM) treated hypoxic group respectively. Scale 
bar: 100µm. (B) Relative fluorescence intensity of mitochondrial mass. N-normoxia, H-hypoxia, 
B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-20 µM of curcumin and 
AF-5 µM of acriflavine, treated hypoxic groups. Values are means, with standard deviations 
represented by vertical bars (n=6).* Mean value are significantly different from the control cells 
(P≤0.05). # Mean values are significantly different from hypoxia treated cells (P≤0.05). 

3.3.7 Mitochondrial biogenesis 

The mitobiogenesis in cell ELISA assay measures the specific activities of two 

mitochondrial proteins, the subunit I of Complex IV (cytochrome c oxidase- 1, COX-1), 

which is mtDNA encoded, and a subunit of Complex II (succinate dehydrogenase-A, SDH-

A), which is nuclear DNA-encoded.  

A 

B 
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Fig. 3.9 Studies on mitochondrial biogenesis in normoxic and hypoxic groups: A) 
Mitochondrial biogenesis in normoxic and hypoxic group based on the specific activities of 
Subunit I of complex IV (COX-1), which is mtDNA encoded, and Subunit of Complex II (SDH-
A), which is encoded in nuclear DNA. B) The relative expression of genes involved in 
mitochondrial biogenesis in normoxic and hypoxic groups. C) Mitochondrial DNA copy number in 
normoxic and hypoxic groups determined by qRT PCR. 
N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM,
C3-20 µM of curcumin and AF-5 µM of acriflavine, treated hypoxic groups. Values are means,
with standard deviations represented by vertical bars (n=6).* Mean value are significantly different
from the control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells
(P≤0.05).

The specific activity of mtDNA encoded COX-1 was significantly (P≤0.05) 

depleted (1.45 fold) in hypoxic group compared with normoxia indicating, loss of 

mitochondrial biogenesis. The treatment with bilobalide (10, 20, 50 µM), curcumin (5, 10, 

20 µM) and acriflavine (5 µM) significantly (P≤0.05) restored COX-1 activity (1.07, 1.10, 

1.26 fold; 1.22, 1.38, 1.41 fold; 1.23 fold; Fig. 3.9A) in a dose dependent manner, showing 

protection from loss of mitochondrial biogenesis. But there was no significant changes in 
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the activity of SDH-A, the nuclear DNA encoded protein in normoxic and hypoxic groups. 

These results strongly support hypoxia induced mitochondrial dysfunctions in adipocytes. 

3.3.8. Mitochondrial biogenesis marker expression and mtDNA copy number 

Next, we examined the mRNA level expression of the mitochondrial biogenesis 

related factors, Pgc1a, Nrf1, mtTFA and Cyt b in normoxic and hypoxic adipocytes. The 

results showed that the gene level expression of Pgc-1a, Nrf1, mtTFA and Cyt b were 

drastically (P≤0.05) decreased after hypoxia treatment with respect to normoxia (Fig. 

3.9B). Similarly qRT PCR analysis of mtDNA copy number also found to be significantly 

decreased in hypoxic group (Fig. 3.9C). The treatment with bilobalide (50 µM), curcumin 

(20 µM) and acriflavine (5 µM) significantly (P≤0.05) restored mitochondrial biogenesis 

related proteins and mtDNA copy number almost to normal level in hypoxia treated groups 

(Fig. 3.9B & C). 

3.3.9. Alterations in proteins involved in mitochondrial structural dynamics 

Fig. 3.10 Studies on mitochondrial structural dynamics in normoxic and hypoxic groups: A) 
Immunoblot analysis of proteins involved in mitochondrial fusion (MFN-2 & OPA-1) and fission 
(DRP-1 & FIS-1). B) Quantification of protein level normalized to β-actin. N-normoxia, H-

A 

B 
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hypoxia, B3-50 µM of bilobalide, C3-20 µM of curcumin and AF-5 µm of acriflavine, treated 
hypoxic groups.  
Values are means, with standard deviations represented by vertical bars (n=3).* Mean value are 
significantly different from the control cells (P≤0.05). # Mean values are significantly different 
from hypoxia treated cells (P≤0.05). 

An important factor mediating mitochondrial function is mitochondrial dynamics. 

An appropriate balance in mitochondrial fusion and fission is essential for cells to maintain 

normal function. We therefore investigated expression of the fusion proteins, MFN2 and 

OPA1, and fission proteins, DRP1 and FIS1 in hypoxic and normoxic cells by immunoblot 

analysis. The results showed a significant (P≤0.05) decrease in MFN2 & OPA1 (fusion 

proteins) expression and significant increase in DRP1 & FIS1 (fission proteins) in hypoxic 

adipocytes indicating impaired mitochondrial function. The treatment with bilobalide (50 

µM), curcumin (20 µM) and acriflavine (5 µM) restored the fusion and fission proteins in 

normal range (Fig. 3.10A & B). 

3.4. Discussion 

Mitochondria are considered as “powerhouse” of the cell, where tricarboxylic acid 

(TCA) cycle and β-oxidation take place and chemical energy is converted into ATP 

(Goldenthal and Marin-Garcia, 2004). Mitochondrial impairment is emerging as a 

contributing factor to pathogenesis of obesity. The mitochondrial content in white adipose 

tissue is significantly less compared with brown adipose tissue. But more than 95% of 

cellular ATP required by adipocytes for triglyceride and adipokines synthesis and 

secretion, is produced by mitochondria. It also plays an essential role in many different 

pathways in the adipocyte, including differentiation and maturation (De Pauw et al., 2009). 

So any alterations in mitochondrial activity may lead to malfunctions in adipocytes (Keijer 

and van Schothorst, 2008). Key contributors to mitochondrial dysfunction in obesity 

include ROS, ER stress, inflammation and all of this could be initiated by hypoxia and that 

ultimately leads to insulin resistance in adipocytes. Hypoxia inducible factor 1α (HIF-1α) 

is a major mediator of the hypoxia signal in the inhibition of mitochondrial function 

(Zhang et al., 2010; Jang et al., 2013). Mitochondria are crucial oxygen sensors. Therefore, 

in present study, mitochondrial function under normoxia and hypoxia were analysed. 

The mitochondrial ETC is a major site of ROS production in adipocytes. 

Oxidative stress has been described in WAT of many mouse models of obesity, such as the 

KKAy, diet-induced obesity (DIO), and db/db mice (Curtis et al., 2010; Houstis et al., 
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2006; Furukawa et al., 2004). In our study, we found an increased level of ROS along with 

surplus generation of mitochondrial superoxide radicals in hypoxic cells. Studies support 

mitochondria as a primary source of ROS production during hypoxic stress. Mitochondrial 

ROS generated at Complex III, causes stabilisation of HIF-1α during hypoxia (Chandel et 

al., 2000; Chhunchha et al., 2013). Mitochondrial aconitase is an enzyme that plays a 

central role in carbohydrate and energy metabolism and is responsible for the 

interconversion of citrate to isocitrate as part of the citric acid cycle (Tsui et al., 2013). The 

activity of this enzyme is sensitive to oxidative stress and superoxide radicals (Gardner et 

al., 1995 Gardner et al., 1994). Inhibition of mitochondrial aconitase is used as a marker 

for superoxide detection. Thus, the assay for aconitase activity is a sensitive marker of 

mitochondrial-generated ROS level (Gardner, 2002).  In accordance with several other 

reports (Magalhaes et al., 2005; Regazzetti et al., 2009), the present study confirmed the 

paradoxical phenomenon of hypoxia-induced oxidative stress and damage in 3T3-L1 

adipocytes. This leads to reduction in aconitase activity. This supports the role of 

mitochondria as a potential ROS source and also as a target under severe hypoxic 

conditions. Bilobalide and curcumin protected mitochondria from ROS as well as 

superoxide production in hypoxic cells which is evident from decreased production of 

ROS, superoxide production and increased aconitase enzyme activity. Bilobalide could 

attenuate ROS in different cells and act as a free radical scavenger (Zhou and Zhu, 2000). 

Curcumin is known to restore the activity and expression levels of many antioxidant genes 

(Aggarwal and Sung, 2009). Curcumin also enhance the cellular antioxidant defense 

system and thereby protect cells against oxidative stress (Onder et al., 2012). 

Increased mitochondrial superoxide production and oxidative stress is associated 

with a dissipation of ∆ψm (Prathapan et al., 2014). ∆ψm represents an important marker of 

mitochondrial integrity, and its dissipation is a critical event in cell pathology. ∆ψm is 

highly negative, approximately -180 mV, due to the chemiosmotic gradient of protons 

across the inner mitochondrial membrane, the energy of which is used for ATP synthesis 

by the respiratory chain. Maintenance of ∆ψm is fundamental for the normal performance 

and survival of cells (Mathur et al., 2000). This study also showed a dissipation of ∆ψm in 

hypoxia-treated cells.  Bilobalide and curcumin was found effective to prevent 

mitochondrial membrane potential dissipation. Conversely, Gao et al. and Chen et al. 

(2010) reported loss of ∆ψm in 3T3-L1 adipocytes on treatment with TNF α, high glucose 
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and free fatty acids. All these confirm impairment of ∆ψm in adipocyte mitochondria of 

obese individuals via hypoxia. 

ROS, low membrane potential, and oxidized pyridine nucleotides all may lead to 

opening of the mitochondrial permeability transition pore (Scheffler, 1999). Alteration in 

∆ψm may lead to the uncoupling of respiratory chain, and this accompanies mPTP opening 

(Javadov and Karmazyn, 2007). Under normal physiological conditions, the mitochondrial 

inner membrane is impermeable to almost all metabolites and ions. The compounds that 

enter or leave the mitochondria are generally transported via specific and controlled 

carriers. mPTP opening dramatically changes the properties of the inner membrane, 

making it unspecifically permeable to molecules smaller than 1,500 Da (Zoratti and Szabo, 

1995). We observed mPTP opening in hypoxia-treated cells along with dissipation in ∆ψm, 

and these effects were modestly attenuated by bilobalide and curcumin. 

A reduction in mitochondrial oxygen consumption rate as well as intracellular 

ATP content after 24 hrs of hypoxia treatment in 3T3-L1 adipocytes had been observed. It 

is known that hypoxia is associated with disturbances of ATP synthesis resulting from 

depressed functions of electron transport and oxidative phosphorylation in the respiratory 

chain (Lukyanova, 2013). The mitochondrial membrane potential provides the driving 

force for ATP synthesis. In this study we found a dissipation of ∆ψm which ultimately 

leads to disruption of ETC, ATP synthesis and oxygen consumption. Mitochondrial 

oxygen consumption and ATP synthesis can be regulated by PDK1 expression 

(Papandreou et al., 2006). It is a direct target of HIF-1, which phosphorylates and 

inactivates the TCA cycle enzyme pyruvate dehydrogenase (PDH) enzyme complex that 

converts pyruvate to acetyl-coenzyme A. Thereby it inhibits pyruvate metabolism via the 

tricarboxylic acid (TCA) cycle (Sugden and Holness, 2002). Since TCA cycle is coupled to 

electron transport, regulation of the PDH complex by PDK-1 is critical for mitochondrial 

respiration and ROS production (Kim et al., 2006). We found an increased PDK-1 

expression in hypoxia and treatment with bilobalide and curcumin restored its expression 

to normal level in the first chapter. So by regulating ∆ψm and PDK-1 expression, 

bilobalide and curcumin maintained ATP synthesis and oxygen consumption rates to 

normal level under hypoxia. 

Many factors including age, obesity, and T2DM could reduce mitochondrial 

content in white adipocytes (Choo et al., 2006; Schöttl and Klingenspor, 2013). Recent 
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studies also reported that transgenic as well as high fat diet obese mice have less 

mitochondrial density compared to lean control. This may be an indication of less 

mitochondrial biogenesis (Rong et al., 2007) in obese. Obesity induced alterations in 

mitochondrial biogenesis substantially impair white adipocyte metabolism. In our study we 

analysed, how hypoxia affects the major factors involved in mitochondrial biogenesis. Of 

several regulatory factors involved in biogenesis, peroxisome proliferator activated 

receptor (PPAR) gamma coactivator-1 (PGC-1α and PGC-1β) and nuclear respiratory 

factors (NRF1 and NRF2) are master regulators (Liu et al., 2009). We found a reduction in 

the expression of PGC-1α in hypoxia treated 3T3-L1 adipocytes. NRF1 and mtTFA are 

two key transcription factors for mitochondrial biogenesis and all targets of PGC-1α. 

NRF1 can stimulate the transcription of many nuclear-encoded mitochondrial genes, such 

as OXPHOS genes and respiratory complexes. mtTFA can also bind to the D loop of the 

mitochondrial genome and promote transcription of mitochondrial genes and replication of 

mitochondrial DNA (Scarpulla et al., 2012). There were significant reductions in NRF1, 

mtTFA expression and mtDNA copy number after hypoxia induction, which was 

consistent with the decreased expression of PGC-1α. Our study also showed that bilobalide 

and curcumin prevented downregulation of mitochondrial biogenesis influencing factors 

under hypoxic condition. Bilobalide and curcumin improved the expression of PGC-1α and 

all other PGC-1α regulated downstream factors of biogenesis. Previous study by Krishnan 

et al. (2012) reported that HIF-1α inactivation promotes mitochondrial biogenesis 

specifically in white adipocytes. We have already found bilobalide and curcumin inhibit 

HIF-1α at mRNA and protein level, and thus protected hypoxic cells from mitochondrial 

biogenesis impairment. 

Another important factor mediating mitochondrial function is mitochondrial 

dynamics. An appropriate balance in mitochondrial fusion and fission is essential for cells 

to maintain metabolic states and homeostasis. Although opposing, the fusion and fission 

processes work in concert to maintain mitochondrial morphology, size, and number (Chan, 

2012). Key mediators of mitochondrial fission/fusion include the DRP1 and FIS which are 

essential for fission, and OPA1, MFN1 and MFN2 which mediate fusion. Recent study by 

Liu et al., (2014) found that proteins controlling mitochondrial fusion MFN1 and MFN 2 

but not OPA1 were decreased and proteins governing mitochondrial fission FIS1 and 

DRP1 were increased in skeletal muscle of HFD-fed mice when compared to normal diet 
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fed mice. Our study has exhibited significantly lower expression of MFN2 and OPA1 in 

hypoxic condition, when compared with normoxic group. Previous report described, PGC-

1α acts as mediator of mitochondrial biogenesis and transcriptional coactivator of MFN-2, 

a protein involved in fusion (Zorzano et al., 2009). Hence this lower expression of MFN-2 

could be attributed to reduced expression of PGC-1α in hypoxic condition. We also 

observed an increased expression of fission proteins DRP1 and Fis1 in hypoxic adipocytes. 

It is already reported in cancer studies that HIF-1α promotes mitochondrial fission by 

upregulation of DRP1 and Fis proteins (Chiang et al., 2009). From this study, we 

concluded that, obesity related hypoxia in adipocytes promotes mitochondrial fission by 

overexpression of proteins DRP-1 and Fis which down regulate mitochondrial biogenesis, 

oxygen consumption, OXPHOS, and ATP synthesis. Bilobalide and curcumin treatment 

restored the expression of proteins DRP-1 and Fis to normal level, and protected the cells 

from enhanced mitochondrial fission by inhibiting HIF-1 activation as well as by 

improving PGC-1α expression. 

 Overall results of this chapter provide a new insight into hypoxia induced 

impairment of mitochondrial function in 3T3-L1 adipocytes and possible recovery with 

bilobalide and curcumin. Hypoxia for 24 hrs substantially increased ROS, and 

mitochondrial superoxide production. Surplus ROS impaired mitochondrial membrane 

potential, finally led to transition pore opening. Hypoxia also reduced mitochondrial 

biogenesis, oxygen consumption, ATP synthesis, and proteins involved in oxidative 

phosphorylation.  Hypoxia also impaired fusion/fission balance in adipocytes. HIF-1α is 

considered as main culprit of all these mitochondrial dysfunctions. Bilobalide and 

curcumin protected the 3T3-L1 adipocytes from adverse effects of hypoxia by enhancing 

mitochondrial biogenesis, mitochondrial functional performance and by controlling 

mitochondrial dynamics, via downregulating HIF-1α expression and scavenging ROS. In 

conclusion hypoxia impaired mitochondria functions in differentiated 3T3-L1 cells. 

However, phytochemical treatment that downregulate the expression of HIF-1α, partially 

recovered the hypoxia mediated mitochondrial dysfunction, suggesting that HIF-1α could 

be used as a therapeutic target for adipocyte hypoxia-mediated mitochondrial dysfunctions 

in obesity. 
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Fig. 3.11 Schematic representation: Summary of chapter 3 – Hypoxia impaired mitochondrial 
functions in 3T3-L1 adipocytes while bilobalide and curcumin protected adipocytes from 
mitochondrial disfunctions by enhancing mitochondrial biogenesis, mitochondrial functional 
performance and by controlling mitochondrial dynamics, via downregulating HIF-1α expression 
and scavenging ROS. 
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CHAPTER 4 

HYPOXIA INDUCED INFLAMMATION AND INSULIN RESISTANCE IN 

3T3-L1 ADIPOCYTES AND POSSIBLE ATTENUATION WITH 

BILOBALIDE AND CURCUMIN 

4.1 Introduction 

Adipose tissue inflammation is a key event in the pathogenesis of obesity related 

metabolic syndrome. However the factors that trigger and sustain the inflammatory state 

remain unclear, but suggestions include involvement of free fatty acid, endoplasmic 

reticulum stress, oxidative stress, and hypoxia (Ye, 2009; Wang et al., 2007). Recent 

studies strongly support, adipose tissue hypoxia contribute to this chronic low grade 

inflammation in obesity (Trayhurn and Wood, 2004; Trayhurn et al., 2008; Wang et al., 

2007). Adipocyte hypoxia modulates the production of several inflammation-related 

adipokines, increasing IL-6, leptin, IL-1β, MCP-1 and decreasing adiponectin secretion 

(Guilherme et al., 2008; Ye et al., 2007). 

HIF-1, the major mediator of the hypoxia response in adipose tissue, is almost 

undetectable in lean mice but significantly increased in obese mice (Jiang et al., 2011). 

Hypoxia also activates nuclear factor-κB (NF-κB) inflammatory signal in an HIF-1 

dependent manner (Tacchini et al., 2008). Furthermore, hypoxic adipocytes release more 

saturated FFAs which can bind to macrophage TLR4 receptors resulting in NF-κB 

activation (Ye, 2009; Schaeffler et al., 2009). NF-κB controls transcription of many pro-

inflammatory cytokines or inflammatory mediators. Of the proinflammatory cytokines, 

TNF-α, IL-6 and IL-1β reduce insulin sensitivity and impair the homeostasis of lipid and 

glucose metabolism (McArdle et al., 2013; Regazzetti et al., 2009; Hammarstedt et al., 

2012). These findings provide strong evidence for a central role for adipose tissue hypoxia 

induced inflammation in the induction of insulin resistance. 

Adiponectin is an adipocyte specific protein, plasma levels of which negatively 

correlate with adiposity, and insulin resistance, in both mice and humans (Jung and Choi, 

2014).  Its expression was reduced by hypoxia, and contributes to insulin resistance in 

obesity (Hammarstedt et al., 2012).  The expansion of white adipose tissue (WAT) 

associated with weight gain requires high rates of angiogenesis to support the expanding 

tissue mass (Christiaens and Lijnen, 2010; Goossens et al., 2011). ATH leads to an 
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induction of leptin and VEGF expression in these adipocytes that stimulate angiogenesis in 

adipose tissue through the HIF-1 pathway (Lolmède et al., 2003). Pharmacological 

manipulation of adipose tissue hypoxia therefore offers a novel therapeutic option for the 

treatment of obesity and related metabolic disorders.  

In this chapter, we mainly focus on the crosstalk between hypoxia induced 

inflammation, and insulin resistance and, and also secretion of proangiogenic factors in 

3T3-L1 adipocytes and possible reversal with bilobalide and curcumin. 

4.2 Materials and methods 

4.2.1 Chemicals and cell culture reagents 

DMEM, bovine serum albumin, insulin, dexamethasone, IBMX, curcumin and 

bilobalide were from Sigma–Aldrich Chemicals (St. Louis, MO, USA). 2-(7-Nitrobenz-2-

oxa-1,3-diazol-4-yl) amino-2-deoxy-D-glucose (2-NBDG) was purchased from Molecular 

Probe (Invitrogen Life Technologies, Carlsbad, CA, USA). All antibodies and HRP 

conjugated secondary antibodies were from Santa Cruz Biotechnology (Texas, USA). All 

other chemicals used were of standard analytical grade. 

4.2.2 Hypoxia induction and treatment 

In order to induce hypoxia, differentiated 3T3-L1 adipocytes at 9th day were 

incubated in a hypoxic chamber (Galaxy 48R, New Brunswick, Eppendorf, Germany) at an 

atmosphere of 1% O2, 94% N2, 5% CO2, and at 37oC for 24 hrs. The control cells were 

incubated in an atmosphere of 21% O2 and 5% CO2 at 37oC. The cells were treated with 

different concentrations (10, 20 & 50 µM) of bilobalide or (5, 10, & 20 µM) of curcumin 

or acriflavine (5 µM; positive control) during hypoxic period (24 hrs). For mRNA 

expression and protein expression studies, only higher doses of test materials were used.  

4.2.3 Estimation of inflammatory cytokines 

 Inflammatory cytokines (TNF-α, IL-6, IL-1β, MCP-1 and IFN-γ) were estimated 

in conditioned media, using ELISA kits (BD Bioscience, USA). For performing these 

assays, 100 μl diluted capture antibody were added to the wells and incubated overnight at 

4°C. The supernatant was then aspirated and the wells were washed with wash buffer for 3 

times. 200 μl blocking buffer were added to each wells and incubated for 1 hr at room 

temperature. After washing, 100 μl of conditioned media from respective treatment, were 
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added to the wells and incubated for 2 hrs at room temperature. After incubation, washing 

steps were repeated.  100 μl working detector were added to all the wells and incubated for 

1 hr at room temperature. After washing, 100 μl of substrate solution was added and 

incubated for 30 mins in dark. The reaction was then stopped by addition of stop solution 

and the absorbance was read at 450 nm. 

4.2.4 Quantification of adiponectin secretion 

Adiponectin was estimated in the conditioned medium using a mouse adiponectin 

enzyme immunoassay (EIA) kit (SPI Bio, Cayman Chemicals, Ann Arbor, USA). This 

EIA is based on a double-antibody sandwich technique. The conditioned media after 

respective treatment were added to wells coated with a monoclonal antibody specific of 

mouse adiponectin. After one-hour incubation, the wells were washed and added biotin-

labelled polyclonal anti-mouse adiponectin antibody and incubated for one hour. After a 

thorough wash, streptavidin-horseradish peroxidase (HRP) tracer was added and incubated 

for 30 mins. The concentrations of the adiponectin were then determined by measuring the 

enzymatic activity of the HRP using the hydrogen peroxide/TMB solution.  

4.2.5 Quantification of leptin secretion 

The secretion of leptin was quantified in conditioned media using leptin ELISA 

kit (Merck Millipore, USA). This assay is a sandwich ELISA based method, sequentially, 

leptin in the sample was bound by a pre-titered antiserum and resulting complexes were 

immobilized in the wells of the microtiter plate. After washing, purified biotinylated 

detection antibody was added to the immobilized leptin. Then horseradish peroxidase 

enzyme solution was added to the immobilized biotinylated antibodies. The concentration 

of leptin was determined by measuring the enzymatic activity of the HRP using the 

hydrogen peroxide/TMB solution. The enzyme activity was measured 

spectrophotometrically at 450 nm and 590 nm within 5 mins. 

4.2.6 NF-κB p65 translocation assay 

 NF-κB p65 transcription factor activity was determined using a kit purchased 

from Cayman Chemicals (Ann Arbor, USA) as per manufacturer’s instructions. The 

method is sensitive for detecting specific transcription factor DNA binding activity in 

nuclear extracts. The method is based on ELISA technique and a specific double stranded 
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DNA sequence containing NF-κB response elements immobilized on the bottom of 

microplate wells. After respective treatment, the cytoplasmic and nuclear extracts were 

added to these coated wells and NF-κB present in the extract specifically bound to the NF-

κB response elements. NF-κB p65 was then detected by the addition of specific primary 

antibody. Secondary antibody conjugated with HRP was added to provide a sensitive 

colorimetric reading at 405 nm. 

4.2.7 Glucose uptake activity using 2-NBDG 

Fully differentiated 3T3-L1 adipocytes were incubated under normoxia or 

hypoxia in serum-free, low-glucose (1 g/L) DMEM with 0.5% BSA.  Following incubation 

with phytochemicals and induction of hypoxia, culture medium was removed from each 

well and replaced with fresh culture medium in the absence or presence of 10 mM 

fluorescent 2-NBDG (Molecular Probes-Invitrogen, USA), and incubated for 30 mins. The 

cells were then washed twice with cold phosphate-buffered saline (PBS) and the 

fluorescence intensity of 2-NBDG in the cells was recorded using a FACS Aria II flow 

cytometer (BD Biosciences, USA).  

4.2.8 Quantification of angiopoietin like protein- 4 (angptl4) 

Angiopoietin like protein-4 was estimated using mouse angiopoietin like protein-4 

ELISA kit (My Biosource, USA). This assay is a sandwich ELISA based method. The 

samples after respective treatment were added to plates coated with purified mouse angptl4 

antibody. After incubation, HRP conjugated secondary antibody was added to each wells. 

The concentration of angptl4 was determined by measuring the enzymatic activity of HRP 

using the hydrogen peroxide/TMB solution. The reaction was terminated by the addition of 

sulphuric acid solution and the colour change was measured spectrophotometrically at a 

wavelength of 450 nm. The concentration of angptl4 in the samples was then determined 

by comparing the OD of the samples to the standard curve.  

4.2.9 Quantitative real-time PCR 

Total RNA from adipocytes was extracted using Trizol reagent (Invitrogen, 

Carlsbad, CA). Two micrograms of total RNA was reverse transcribed using Super Script 

III reverse transcriptase and random hexamers (Life technologies). The gene expression 

levels were analysed by quantitative real-time RT-PCR, conducted using the CFX96 Real 
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Time PCR system (Bio-rad, USA) using the following conditions: an initial denaturation 

for 10 mins at 95ºC, followed by 39 cycles of 15s denaturation at 95ºC, 30s annealing at 

the optimal primer and 10s extension at 72ºC. Each sample was assayed in triplicate in a 20 

µL reaction volume containing 1 µL cDNA, 10 µL SYBR Green master mix (Power 

SYBR® Green PCR Master Mix, life technologies, Invitrogen, USA), 5.81 µL DEPC 

water and 1.6 µL of each primer. Analysis was performed according to the ∆∆Ct method 

using β-actin as the housekeeping gene. Specific primers for `each gene were designed to 

amplify a single product, as confirmed by dissociation curve analysis after the real-time 

PCR run. 

Fold change = 2-∆(∆CT)

where ∆CT = CT, target - CT, β-actin and ∆∆CT = ∆CT, stimulated- ∆CT, control 

CT (threshold cycle) is the intersection between an amplification curve and a threshold 

line. 

Table. 4.1 Nucleotide sequence of qRT-PCR primers 

mRNA    Primer sequence 

Adiponectin Forward 
Reverse 

5’-GTTGCAAGCTCTCCTGTTCC-3’ 
5’-CTTGCCAGTGCTGTTGTCAT-3’ 

Resistin Forward 
Reverse 

5’-TCATTTCCCCTCCTTTTCCTTT-3’ 
5’-TGGGACACAGTGGCATGCT-3’ 

Tlr4 Forward 
Reverse 

5’-CGCCCTTTAAGCTGTGTCTC-3’ 
5’-CAAAGAGCCTGAAGTGGGAG-3’ 

Glut-1 Forward 
Reverse 

5’-AGGCTTGCTTGTAGAGTGAC-3’ 
5’- TAAGGATGCCAACGACGATTC-3’ 

Glut-4 Forward 
Reverse 

5’-CAACGTGGCTGGGTAGGC-3’ 
5’-ACACATCAGCCCAGCCGGT-3’ 

PPAR-γ2 Forward 
Reverse 

5’-GCTGTTATGGGTGAAACTCTG-3’ 
5’-ATAAGGTGGAGATGCAGGTTC-3’ 

β - Actin Forward 
Reverse 

5’-AGTACCCCATTGAACGC-3’ 
5’- TGTCAGCAATGCCTGGGTAC-3’ 

4.2.10 Western blot analysis 

Treated cells were washed with ice-cold PBS and lysed in RIPA buffer containing 

protease inhibitors. The cell suspensions were centrifuged at 12000 rpm for 15 min at 4ºC, 

and the supernatants were collected. Proteins were quantified using the bicinchoninic acid 

protein assay kit (BCA kit; Pierce, Rockford, IL, USA) in accordance with the 
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manufacturer’s instructions. Equal amount of proteins (50 µg) were separated by 10% 

SDS-PAGE and transferred to PVDF membranes using turbo transblot apparatus (BD 

Bioscience). The membranes were blocked with 5% BSA in TBST (50 mM Tris, pH 7.5, 

150 mM NaCl, 0.01% Tween-20) for 1 hr at room temperature. The membrane was 

washed 3 times with TBST for 10 mins each. The membrane was incubated at 4ºC 

overnight in 5% BSA in TBST containing primary antibodies to one of the following: JNK 

1:500, p-JNK 1:500, Ser307p-IRS-1 1:500, IRS-2 1:500, GLUT1 1: 500, GLUT4 1:500, 

PPAR-γ 1: 500 VEGF, 1:500; MMP2 1: 500, MMP9 1: 500 or β-ACTIN 1:1000. After 

washing with TBST, the membrane was incubated with peroxidase-conjugated 

corresponding secondary antibodies for 1hr at room temperature. After washing, 

membranes were developed using 3, 3’-diaminobenzidine tablets (DAB) (Sigma Aldrich, 

St Louis, MO, USA) and H2O2. The immunoblot results were analysed in quantity one 

software using Gel doc (BD Bioscience). 

 
4.2.11 Statistical analysis 

 Results are expressed as means ± standard deviations. Data were subjected to one-

way ANOVA and the significance of differences between means were calculated by 

Duncan’s multiple range tests using SPSS for Windows, standard version 7.5.1 (SPSS), 

and significance was accepted at P≤0.05. 

 
4.3 Results 
 
4.3.1 Hypoxia induces the secretion of cytokines from 3T3-L1 adipocytes 

 To assess how hypoxia affects the secretion of cytokines from 3T3-L1 adipocytes, 

the accumulation of adiponectin, leptin, resistin, TNF-α, IL-6, IL-1β, IFN-γ, and MCP-1 

were measured in supernatant. Hypoxia caused significant (P≤0.05) increase in the level of 

inflammatory cytokines like TNF- α, IL-6, IL-1β, IFN-γ, and MCP-1, compared with 

normoxia. Bilobalide (10, 20, and 50 μM) and curcumin (5, 10, and 20 μM) was found to 

reduce (P≤0.05) the level of inflammatory markers in stressed cells in a dose-dependent 

manner compared with the normoxic group.  
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Table. 4.2 Concentration of inflammatory cytokines in normoxic and hypoxic groups 

IL-6 
(pg/mL) 

TNF-α 
(pg/mL) 

IL-1β 
(pg/mL) 

MCP-1 
(pg/mL) 

IFN-γ 
(pg/mL) 

N 760.4±28.3 51.2±1.6 65.7±1.5 287±2.3 170.8±8.3 

H 1367±26.9* 194±15.6* 169.7±12.1* 1319±4.3* 348.7±41.2* 

B1 1050±70.7# 189.5±.7# 149.7±7.7# 707±3.3# 301±15.5# 

B2 888.5±13.4# 159±12.7# 105.1±6.9# 587±3.8# 219.9±8.6# 

B3 836.5±19.1# 104±8.4# 75.2±3.7# 413.3±5.2# 192.1±11.1# 

C1 978.5±7.8# 141.8±15.5# 114.2±7.7# 673±3.3# 226.7±5.5# 

C2 894.5±21.9# 92.2±5.7# 84.4±6.9# 473.3±4.4# 216.5±3.6# 

C3 790±2.8# 62.3±9.1# 75.3±3.7# 384.3±2.4# 190.2±8.5# 

AF 783±8.4# 36.2±11.7# 74.6±2.7# 376±3.7# 180±2.8# 

N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide & C1-5 µM, C2-10 µM &
C3-20 µM of curcumin and AF-5 µm of acriflavine, treated hypoxic groups. Values are means,
with standard deviations represented by vertical bars (n=6).* Mean value are significantly different
from the control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells
(P≤0.05).

 TNF-α level was increased (P≤0.05; Table. 4.2) significantly in hypoxia (3.8 

fold), but treatment with bilobalide and curcumin significantly reduced (1.03, 1.22, 1.87; 

1.37, 2.1, 3.11 fold respectively; P≤0.05) the TNF-α levels. IL-6 levels were increased 

significantly (P≤0.05) in hypoxia-induced cells (1.79 fold) and bilobalide and curcumin 

treatment caused a significant (P≤0.05) decrease in the cytokine levels (1.30, 1.54, 1.63; 

1.40, 1.53, 1.73 fold, respectively; Table. 4.2). There was a significant increase in IFN-γ 

levels (2.04 fold) during hypoxia, while treatment with bilobalide and curcumin lowered 

the levels significantly (1.16, 1.64, 1.81; 1.54, 1.61, 1.83 fold, respectively). IL-1β was 

elevated significantly (P≤0.05) upon induction of stress (2.58 fold) and was significantly 

reduced (1.13, 1.61, 2.25; 1.49, 2.01, 2.25 fold respectively) on treatment with bilobalide 
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and curcumin respectively. The level of MCP-1 was increased significantly (P≤0.05) 

during hypoxia (4.59 fold), which was significantly reduced by bilobalide and curcumin 

treatment (1.87, 2.25, 3.19; 1.96, 2.79, 3.43 fold, respectively; Table. 4.2). Acriflavine also 

reduced the over secretion all these adipokines in hypoxic adipocytes (Table. 4.2). 

 
 
 

 
 

 
Fig. 4.1 Adiponectin, leptin and resistin levels in normoxic and hypoxic groups: A) Estimation 
of adiponectin level in conditioned media by ELISA B) Relative mRNA level expression of 
adiponectin normalised to β-actin C) Leptin level in conditioned media by ELISA D) Relative 
mRNA level expression of resistin normalised to β-actin. 
N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, 
C3-20 µM of curcumin and AF-5 µM of acriflavine, treated hypoxic groups. Values are means, 
with standard deviations represented by vertical bars (n=6).* Mean value are significantly different 
from the control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells 
(P≤0.05) 
 Next we analysed the level of beneficial adipokine, adiponectin in normoxic and 

hypoxic groups. The results revealed that hypoxia significantly (P≤0.05) lowered (2.93 

fold; Fig. 4.1A) the secretion of adiponectin into the conditioned media compared to 

B 

D C 

A 
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normoxia. The treatment with bilobalide and curcumin significantly (P≤0.05) improved 

adiponectin secretion at protein (1.13, 1.48, 2.10; 1.59, 1.98, 2.39 fold respectively; Fig 

4A) and mRNA level in hypoxic adipocytes (Fig 4B). In addition we monitored the 

expression of resistin and leptin in hypoxic adipocytes. The secretion of leptin was 

significantly (P≤0.05) increased (2.96 fold) in hypoxic group, compared to normoxic 

group. The treatment with bilobalide (10, 20, and 50 μM) and curcumin (5, 10, and 20 μM) 

caused a significant reduction (1.34, 1.60, 2.04; 1.40, 1.68, 2.11 fold respectively; P≤0.05) 

in leptin secretion in hypoxic adipocytes in a dose dependent manner (Fig. 4.1C). 

Acriflavine also lowered leptin secretion in hypoxic adipocytes. The mRNA level of 

resistin was upregulated (P≤0.05) in hypoxic adipocytes and treatment with bilobalide (50 

µM), curcumin (20 µM), and acriflavine (5 µM) significantly restored resistin mRNA level 

to normal control group (Fig. 4.1D). 

4.3.2 Hypoxia induces glycerol release and Tlr 4 expression in adipocytes 

The glycerol release from 3T3-L1 adipocytes during hypoxic and normoxic 

condition were examined. It was significantly (P≤0.05) increased (1.33 fold) in hypoxia 

cell compared with normal cells. Bilobalide (10, 20 and 50 μM), curcumin (5, 10, and 20 

μM) and acriflavine (5 μM) significantly (P≤0.05) prevented the glycerol release (1.14, 

1.19, 1.29; 1.13, 1.14, 1.3 fold respectively; Fig. 4.2A). Increased glycerol release is an 

indication of increased lipolysis and free fatty acid release. 

Hypoxia increased (P≤0.05) mRNA levels (8.8 fold) of TLR4 receptors, the key 

mediator of the activation of NF-κB and JNK pathway. The treatment with bilobalide (50 

μM), curcumin (20 μM) and acriflavine (5 μM) significantly reduced (3.27, 3.4 and 2.8 

fold respectively; P≤0.05) mRNA level expression of TLR4 receptors in hypoxic 

adipocytes (Fig. 4.2B). 
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Fig. 4.2 Glycerol release and Tlr-4 expression in normoxic and hypoxic groups: A) Estimation 
of glycerol release in normoxic and hypoxic groups. B) mRNA expression of Tlr-4 normalised to 
β-Actin. N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 
µM, C3-20 µM of curcumin and AF-5 µM of acriflavine, treated hypoxic groups. Values are 
means, with standard deviations represented by vertical bars (n=6).* Mean value are significantly 
different from the control cells (P≤0.05). # Mean values are significantly different from hypoxia 
treated cells (P≤0.05). 

4.3.3 Hypoxia induces NF-κB p65 translocation in adipocytes 

Fig. 4.3 Activity of NF-κB p65 transcription factor in normoxic and hypoxic groups: N-
normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, C3-
20 µM of curcumin and AF-5 µM of acriflavine, treated hypoxic groups. Values are means, with 
standard deviations represented by vertical bars (n=6).* Mean value are significantly different from 
the control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells 
(P≤0.05). 
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 NF-κB p65 translocation to the nucleus was examined by performing ELISA 

assay of the cytosolic and nuclear fractions of normoxic and hypoxic groups. Hypoxia for 

24 hrs caused significant (P≤0.05) increase (1.9 fold) in nuclear fraction of p65 subunit 

compared to normoxic group (Fig. 4.3). The treatment with bilobalide (5, 10 and 20 μM) 

curcumin (5, 10 and 20 μM),   and acriflavine (5 μM) significantly (P≤0.05) prevented 

(1.19, 1.55, 1.69; 1.32, 1.62, 1.77; 1.76 fold respectively) hypoxia induced nuclear 

translocation of p65 subunit adipocytes (Fig. 4.3). 

4.3.4 Hypoxia induces JNK activation and insulin resistance in adipocytes 

Fig. 4.4 Studies on JNK activation and insulin resistance: A) Immunoblot analysis of p-JNK 
and JNK in normoxic and hypoxic groups B) Quantification of protein level expression of p-JNK 
relative to JNK C) Immunoblot analysis of p-IRS-1 (ser-307) and IRS-2 in normoxic and hypoxic 
groups D) Quantification of protein level expression p-IRS-1 (ser-307) and IRS-2 relative to β-
ACTIN. N-normoxia, H-hypoxia, B3-50 µM of bilobalide, C3-20 µM of curcumin and AF-5 µm of 
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by 
vertical bars (n=3).* Mean value are significantly different from the control cells (P≤0.05). # Mean 
values are significantly different from hypoxia treated cells (P≤0.05). 
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Immunoblot studies showed increased (P≤0.05) phosphorylation and subsequent 

activation of JNK, in hypoxic group compared with normoxia (Fig. 4.4A & B). We further 

investigated the effects of JNK and NF-κB activation on insulin signaling receptors. 

Western blot analysis showed increased (P≤0.05) serine 307 phosphorylation of IRS-1 and 

decreased expression of IRS-2 in hypoxic group showing hypoxia induced impairment in 

insulin signaling (Fig. 4.4C & D). But treatment with bilobalide (50 µM), curcumin (20 

µM) and acriflavine (5 µM) significantly (P≤0.05) lowered phosphorylation of JNK, and 

serine phosphorylation of IRS-1, and also increased the expression of IRS-2 showing 

protection from hypoxia induced impairment in insulin signaling pathway (Fig.4.4C & D). 

4.3.5 Hypoxia induces increased basal glucose uptake and GLUT-1 expression in 

adipocytes 

Fig. 4.5 Flow cytometric analysis of basal glucose uptake using 2-NBDG in normoxic and 
hypoxic groups: The representative histogram shows % cells with fluorescent intensity, which 
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indicates the glucose uptake activity. a-normoxia; b-hypoxia, c-hypoxia + 10 µM bilobalide; d-
hypoxia + 20 µM bilobalide; e-hypoxia + 50 µM bilobalide; f-hypoxia + 5 µM curcumin; g-
hypoxia + 10 µM curcumin; h-hypoxia + 20 µM curcumin; i-hypoxia + 5 µM acriflavine. 
 
 Flow cytometry was performed to examine glucose uptake in normoxic and 

hypoxic adipocytes by detecting the fluorescence of 2-NBDG within the cells. The results 

indicated that hypoxia significantly (P≤0.05) increased basal glucose uptake in adipocytes. 

In the 2-NBDG uptake assay, glucose uptake was found to be 31.3% in hypoxic 

adipocytes, but in normoxic cells only 9.4% of the adipocytes population showed 2-NBDG 

uptake. Treatment with bilobalide, curcumin and acriflavine resulted in a decreased 

(P≤0.05) basal glucose uptake in hypoxic adipocytes (Fig. 4.5). 

 We further analysed the expression of glucose transporters, GLUT1 and GLUT4 

in normoxic and hypoxic groups. GLUT1 expression at mRNA and protein level was 

significantly (P≤0.05) upregulated in hypoxic adipocytes, but there was no significant 

difference in the expression of GLUT4 after 24 hrs of hypoxia compared with normoxia. 

Bilobalide (50 μM), curcumin (10 μM) and acriflavine (5 μM) treatment significantly 

(P≤0.05) restored GLUT1 expression to normal level (Fig. 4.6A & B) 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.6 Expression of GLUT-1 and GLUT-4 in normoxic and hypoxic groups: A) Immunoblot 
analysis of GLUT-1 and GLUT-4 in normoxic and hypoxic groups B) Quantification of mRNA 
level expression of Glut-1 and Glut-4 normalised to β-Actin in normoxic and hypoxic groups. 
N-normoxia, H-hypoxia, B3-50 µM of bilobalide, C3-20 µM of curcumin and AF-5 µm of 
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by 

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N H B3 C3 AF

Glut4 

N H B3 C3 AF 

GLUT-1 
GLUT-4 
β-ACTIN 

0

1

2

3

4

5

6

7

8

N H B3 C3 AF

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

Glut1 * 

# 

# 
# 

A 

B 



Chapter 4 

123  
 

vertical bars (n=3).* Mean value are significantly different from the control cells (P≤0.05). # Mean 
values are significantly different from hypoxia treated cells (P≤0.05). 
 
4.3.6 Hypoxia induces increased expression of PPAR-γ in adipocyte 
 

 

 

 

 

 

 

 

 

 
Fig. 4.7 Expression of PPAR-γ in normoxic and hypoxic groups: A) Immunoblot analysis of 
PPAR-γ. B) mRNA level expression of PPAR-γ normalized to β-Actin in normoxic and hypoxic 
groups. N-normoxia, H-hypoxia, B3-50 µM of bilobalide, C3-20 µM of curcumin and AF-5 µm of 
acriflavine, treated hypoxic groups. Values are means, with standard deviations represented by 
vertical bars (n=3).* Mean value are significantly different from the control cells (P≤0.05). # Mean 
values are significantly different from hypoxia treated cells (P≤0.05). 
 
 Hypoxia significantly (P≤0.05) upregulated PPAR-γ expression at mRNA and 

protein level in adipocytes. Bilobalide, curcumin and acriflavine significantly lowered its 

expression in hypoxic adipocytes (Fig 4.7A & B). 

 
4.3.7 Hypoxia induces the release of proangiogenic factors 

 Hypoxia significantly increased (P≤0.05) the expression of proangiogenic factors 

(VEGF, MMP-2, MMP-9) in 3T3-L1 adipocytes after 24 hrs of hypoxia. Bilobalide and 

curcumin significantly reduced (P≤0.05) the expression of proangiogenic factors in 

hypoxic adipocytes (Fig. 4.8A & B). The secretion of angiopoietin 4 like protein was also 

monitored in conditioned media by ELISA, in normoxic and hypoxic adipocytes. Results 

showed a significantly (P≤0.05) high secretion of angiopoietin like protein 4 (angptl 4) in 

hypoxic adipocytes (2.99 fold) compared to normoxic adipocytes. The treatment with 

bilobalide (5, 10 and 20 μM), curcumin (5, 10 and 20 μM), and acriflavine (5 μM) 
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significantly (1.18, 1.73, 1.90; 1.27, 1.83, 1.26; 1.83 fold respectively; P≤0.05) prevented 

hypoxia induced secretion of angptl4 (Fig. 4.8C). 

Fig. 4.8 Expression of proangiogenic factors in hypoxic and normoxic groups: A) Immunoblot 
analysis of proangiogenic factors in normoxic and hypoxic groups B) Quantification of protein level 
expression of pro-angiogenic factors normalised to β-Actin in normoxic and hypoxic groups C) 
Angiopoietin like protein 4 release in normoxic and hypoxic groups.
N-normoxia, H-hypoxia, B1-10 µM, B2-20 µM, B3-50 µM of bilobalide, C1-5 µM, C2-10 µM, 
C3-20 µM of curcumin and AF-5 µM of acriflavine, treated hypoxic groups. Values are means, 
with standard deviations represented by vertical bars (n=3).* Mean value are significantly different 
from the control cells (P≤0.05). # Mean values are significantly different from hypoxia treated cells 
(P≤0.05).
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4.4 Discussion 

 Obesity leads to inflammation in adipose tissue. A large number of studies have 

shown that an increased body mass index correlates with increased plasma concentrations 

of inflammatory cytokines. This systemic inflammation is associated with insulin 

resistance leading to type 2 diabetes mellitus as well as increased risk of cardiovascular 

disease and certain types of cancer (Greenberg and Obin, 2006; Shoelson et al., 2007). The 

proposed reasons for development of inflammation in obesity include oxidative stress, ER 

stress, FFA and local hypoxia. Of these, adipose tissue hypoxia is considered as key factor 

since it can directly trigger inflammation as well as other factors (ER stress, ROS, FFA) 

that may induce inflammation in adipose tissue (Trayhurn, 2013). In the present study, we 

investigated the link between hypoxia induced inflammation and insulin resistance in 

adipocytes. Our study also demonstrates the protective role of two well-known 

phytochemicals bilobalide and curcumin against hypoxia induced inflammation and other 

complications. 

 Adipokines play major roles in the regulation of food intake, insulin sensitivity, 

energy metabolism, and the vascular microenvironment (Kawada et al., 2008). Among 

adipokines, TNF-α, IL-6, MCP-1, IFN-γ, IL-1β, resistin and adiponectin are strongly 

associated with obesity-induced inflammation, insulin resistance and other obesity-related 

pathologies. Our study showed increased secretion of TNF-α, IL-6, IL -1β, MCP-1 and 

IFN-γ in hypoxia compared with normoxia. TNF-α, which is overexpressed in adipose 

tissue as well as muscle tissues of obese humans, and mice, play significant role in obesity 

induced insulin resistance (Hotamisligil et al., 1993; Hotamisligil et al, 1995). Targeted 

gene deletion of TNFα or its receptors significantly improves insulin sensitivity in rodent 

obesity (Uysal et al., 1997). At cellular level TNF-α has been shown to reduce the 

expression of genes related to insulin signaling including GLUT4, IRS-1 as well as PPARγ 

(Hotamisligil et al., 1995). Like TNF-α, elevated level of IL-6 is closely associated with 

obesity and insulin resistance (Fernández-Real and Ricart, 2003). It impairs insulin 

signaling in part by down-regulation of IRS and up-regulation of SOCS-3 (Rieusset et al., 

2004). IL-1β is also a potent inhibitor of insulin signaling and action, affecting early steps 

in the insulin signaling cascades (Jager et al., 2007).  Hypertrophied adipocytes, observed 

in obesity, secrete MCP-1 and contribute to macrophage infiltration into adipose tissue, 

insulin resistance, and hepatic steatosis (Kanda et al., 2006). IFNγ, a major T-cell 
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inflammatory cytokine, attenuates insulin signaling, lipid storage, and differentiation in 

human adipocytes (Mc Gillicuddy et al., 2009). Hence, these evidences strongly support 

inflammation induced insulin resistance in obese subjects. Bilobalide and curcumin 

treatment significantly reduced the release of these inflammatory markers in a dose-

dependent manner. 

 Adiponectin is an antidiabetic adipokine (Kadowaki et al., 2006), which enhances 

insulin sensitivity via suppression of gluconeogenesis, and regulation of fatty acid 

metabolism (Awazawa et al., 2009; Berg et al., 2002). In obese model mice with insulin 

resistance, hypoadiponectinemia (Yamauchi et al., 2001) often coexists with 

downregulation of insulin signaling. Hypoxia was shown to reduce adiponectin expression 

in adipocytes by several independent labs (Jiang et al., 2013; Yu et al., 2011). We also 

reported reduction in adiponectin level after 24 hrs of hypoxia. This also contributes to 

hypoxia induced insulin resistance in adipocytes. Bilobalide and CCN treatment 

significantly improved adiponectin level in hypoxia treated groups. 

 The stimulation of leptin secretion in differentiated adipocytes, by hypoxia has 

been demonstrated in several studies and this was also observed here (Lolmède et al., 

2003; Hausman and Richardson, 2004; Wang et al., 2007). The leptin level in adipocytes 

and plasma are positively correlated with total adiposity. Leptin levels are also increased 

by feeding and decreased by fasting (Couillard et al., 2000). Leptin impairs insulin 

signaling in adipocytes and contributes to insulin resistance (Denroche et al., 2012). 

Resistin is an important protein which is secreted from adipocytes. Serum resistin levels 

are elevated in rodent models of obesity and diabetes (Kusminski et al., 2005). 

Administration of recombinant resistin to mice worsens glucose tolerance, whereas 

injection of neutralizing antibody into obese mice improved insulin sensitivity, suggesting 

that resistin contributes to the pathogenesis of insulin resistance in obesity (Steppan et al., 

2001). Increased expression of the adipokine gene resistin in hypoxic/ischaemic mouse 

brain is also reported (Wiesner et al., 2006). Chronic intermittent hypoxia induced elevated 

level of resistin is also reported in non-obese rats (Fu et al., 2015). Our results showed an 

increased expression of resistin mRNA level and bilobalide and curcumin restored its 

expression to normal level. These evidences suggest that hypoxia mediated secretion of 

inflammatory cytokines significantly contribute to the progression of insulin resistance in 

obesity. 
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 The potential mechanisms by which hypoxia promote the development insulin 

resistance in adipocytes is not well studied. In this chapter we discuss the possible 

pathways that links hypoxia induced inflammation and insulin resistance in 3T3-L1 

adipocytes. Toll-like receptor (TLR) 4 is a major factor that drives the inflammatory NF-

κB pathway (Yuan et al., 2001) and JNK pathway (Nguyen et al., 2007). Recently, free 

fatty acids have been identified as ligands of TLR4 (Shi et al., 2006; Shoelson et al., 2007), 

linking obesity, TLR4 and inflammation. We observed an increased TLR4 mRNA 

expression in hypoxic adipocytes. This may be due to increased release of free fatty acids 

during hypoxia in adipocytes. In a recent study, hypoxia has been reported to upregulate 

TLR-4 (Toll-like receptor 4) expression via HIF-1 in RAW2647 cells (Kim et al., 2010). 

The basal lipolysis in adipocytes was determined in hypoxic adipocytes by glycerol release 

and an increased release of glycerol was found in this study indicating increased release of 

free fatty acids. Enhanced TLR4 activation in combination with increased free fatty acid 

concentrations is likely to activate inflammatory signaling. In support of this mechanism, 

both NF-κB and JNK signaling were up-regulated in hypoxia.This is in line with previous 

reports that obesity activates inflammatory signaling pathways, mainly NF-κB and JNK 

pathways (Solinas and Karin, 2010). In the absence of activation, NF-κB is associated with 

Iκ-Bα inhibitor and retained in the cytoplasm. When cells are stimulated by extracellular 

signals, activation of IKK2 leads to phosphorylation, ubiquitination and degradation of Iκ-

Bα protein. In the absence of Iκ-Bα, NF-κB will be activated and translocated into the 

nucleus to initiate transcription of target genes. Our study also supports the nuclear 

translocation of NF-κB p65 to nucleus and subsequent activation of inflammatory 

cytokines.  

 Abnormal production of inflammatory adipokines and increased concentrations of 

FFAs are crucial players in obesity-induced insulin resistance. Both inflammatory 

cytokines and FFA activates JNK1 by phosphorylation, which in turn phosphorylates IRS-

1 at serine 307 (Hirosumi et al., 2002). We found an increased phosphorylation of JNK1 

and IRS-1 at Ser 307 in hypoxic adipocytes. Tyrosine (Tyr) phosphorylation of IRS-1 

mediates insulin stimulated responses, while Ser 307 phosphorylation inhibits downstream 

insulin signaling cascade. Hence activation of NF-κB and JNK signaling pathways by 

hypoxia and subsequent higher expression of cytokines impair insulin signaling cascade. 

We also observed a reduction in expression of IRS-2, a signaling intermediate downstream 
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of the insulin, in hypoxic adipocytes. IRS-2 expression is preferentially decreased in the 

livers of obese model mice (Shimomura et al., 2000), and disruption of hepatic IRS-2 leads 

to insulin resistance (Kubota et al., 2000), suggesting that IRS-1 as well as IRS-2 is critical 

for the pathogenesis of systemic insulin resistance. Bilobalide and curcumin ameliorated 

hypoxia-induced inflammation in 3T3-L1 adipocytes. Bilobalide exerts its anti-

inflammatory properties by inhibiting TLR4/NF-κB signaling pathway, thereby lowering 

production of inflammatory cytokines (Goldie and Dolan, 2013). Several in vitro and in 

vivo studies have demonstrated that curcumin inhibits activation of the TLR-4 and NF-κB 

proinflammatory signaling pathways in diverse cell types including macrophages 

(Shakibaei et al., 2007; Bharti et al., 2004; Weisberg et al., 2008) and protects cells from 

inflammation mediated insulin resistance. 

Fig. 4.9 Proposed mechanism of hypoxia induced inflammation and insulin resistance in 3T3-
L1 adipocytes and protection with bilobalide and curcumin: The enhanced TLR4 activation in 
combination with increased FFA release by hypoxia activated inflammatory pathways, NF-κB and 
JNK signaling in 3T3-L1 adipocytes. Activation of NF-κB and JNK signaling pathways and 
subsequent higher expression of cytokines impaired insulin signaling cascade by mediating serine 
phosphorylation of IRS-1. Bilobalide and curcumin ameliorated hypoxia-induced inflammation in 
3T3-L1 adipocytes and improved insulin signaling. 

We observed an increased basal glucose uptake in 3T3-L1 adipocytes after 24 hrs 

of hypoxia. This increased glucose uptake is attributed to a metabolic adaptations to 

reduced O2 environment, with cells switching to anaerobic glycolysis thereby producing 
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less cellular ATP per glucose molecule. Consequently, the demand for glucose rises 

leading to an increase in expression of glucose transporters (Wood et al., 2007). Here, we 

observed increased GLUT1 expression at mRNA and protein levels in 3T3-L1 adipocytes 

after 24 hrs of hypoxia.  This induction of GLUT-1 is mainly responsible for the increased 

glucose uptake. Upregulation of GLUT-1 protein represents a response to chronic hypoxia 

(Zhang et al., 1999), and its expression is directly regulated by HIF-1α (Ebert et al., 1995).  

There were no significant changes in expression of GLUT4 after 24 hrs of hypoxia. But 

prolonged exposure to hypoxia can downregulate GLUT4 expression and compromise 

insulin dependent glucose uptake in adipocytes (Yin et al., 2009). The treatment with 

bilobalide and curcumin reduced GLUT 1 mediated glucose uptake in hypoxic adipocytes 

in an HIF-1α dependent manner. 

 White adipose tissue (WAT) expansion associated with weight gain requires high 

rates of angiogenesis to support the expanding tissue mass (Kim et al., 2013). The main 

objective of the present study is to see the influence of hypoxia on the expression and 

secretion of adipocyte-derived proangiogenic factors. We also assessed the protective role 

of bilobalide and curcumin against hypoxia mediated release of proangiogenic factors. 

Since vascular endothelial growth factor (VEGF), and matrix metalloproteinases, MMP-2, 

MMP-9 are main factors involved in the process of angiogenesis, in this study we analysed 

the expression of these factors in hypoxic adipocytes. The present results clearly 

demonstrate the increased expression of VEGF, and MMPs in hypoxic adipocytes, which 

is in line with the discovery of Lolme`de et al. (2003).  VEGF promotes angiogenesis, a 

process that is required for adipocyte differentiation and adipose tissue growth. Hypoxia is 

a potent inducer of VEGF and secretion of biologically active VEGF during hypoxia is 

mediated by HIF-1 (He et al., 2011). Vascular endothelial growth factor (VEGF) induces 

matrix metalloproteinase expression and enhances the degradation of the basement 

membrane and extracellular matrix allowing endothelial cell migration as well as 

proangiogenic factor release (Pufe et al., 2004). The release of angptl 4, a protein which 

plays important roles in vascular development and angiogenesis (Zhu et al., 2012) also 

increased in hypoxic adipocytes. Bilobalide and curcumin significantly reduced the 

expression of all these proangiogenic factors via reducing inflammation and hypoxic 

upregulation of VEGF. 
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In conclusion, hypoxia activates NFκB and JNK pathway, leading to the secretion 

of inflammatory cytokines and inhibitory phosphorylation of IRS-1 which promotes insulin 

resistance. This provides an important link between hypoxia mediated inflammation and 

insulin resistance in adipocytes. Bilobalide and curcumin protected adipocytes from 

hypoxia induced inflammation and insulin resistance mainly by reducing inflammatory 

adipokine secretion, improving adiponectin secretion, reducing NF-κB/JNK activation, and 

inhibiting serine phosphorylation of IRS-1 receptors of insulin signaling pathway. 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

Obesity is a major public health and economic problem of global significance. It 

increases the risk of coronary heart disease, stroke, high blood pressure, type 2 diabetes, 

and cancer. Obesity is attributed to hypertrophy and hyperplasia of adipocytes. In obesity, 

adipocytes become hypertrophic and their size increases up to 140–180 µm in diameter. 

Adipocytes have a limited capacity for hypertrophy; one reason for this is considered the 

diffusion limit of oxygen, which is at most 100-120 µm. This limits adequate oxygen 

supply and leads to localized hypoxia. Hypoxia modulates the production of proteins 

involved in inflammation, angiogenesis, glucose utilization, and so on.  Hypoxia may 

therefore be an important factor underlying adipose tissue dysfunction in obesity. HIF-1, a 

master signal mediator of hypoxia response, is elevated in obese adipose tissue. Weight 

loss, on the other hand, down-regulates the expression of HIF-1 in obese adipose tissue. 

Since the loss of HIF-1 activity improves metabolic functions, compounds that inhibit HIF-

1 function in adipose tissue might have significant therapeutic potential in reducing obesity 

associated metabolic complications. 

Numerous trials have been conducted to find and develop new anti-obesity drugs 

through herbal sources to minimize adverse reactions associated with the present anti-

obesity drugs. The weight management programmes often include diet control, physical 

activity and herbal remedies. A number of new dietary slimming aids are being marketed 

with an aim to combat obesity. There are numerous investigations on the effectiveness of 

medicinal plants as natural supplement to reduce body weight. Phytochemicals isolated 

from medicinal plants offers an opportunity as lead compounds for the development of 

newer therapeutics. Recent studies have shown the role of adipose tissue hypoxia in 

obesity related metabolic complications. In present study, natural products were used to 

target HIF-1, the master signal mediator of hypoxia for the prevention of obesity related 

complications. Two well-known phytochemicals bilobalide and curcumin were used for 

this study. 

Bilobalide is a sesquiterpene trilactone which is found in extracts of G. biloba. It 

has been shown to protect against cerebral edema, decrease cortical infarct volume, and 

reduce cerebral ischemic damage. The mitochondria are the the main target for the 
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terpenoid constituents of Gingko biloba extract. Bilobalide allows mitochondria to 

maintain their respiratory activity in ischaemic conditions by protecting complex I and 

probably complex III activities. Bilobalide also prevent hypoxia induced decrease in ATP 

in cultured endothelial cells by protecting mitochondria coupling. Curcumin, a polyphenol 

from Curcuma longa possess antioxidant, anti-inflammatory, anticancer, anti-angiogenesis, 

chemopreventive and chemotherapeutic properties. Curcumin is a potent inhibitor of the 

activation of various transcription factors including NF-κB, JNK, HIF-1α, VEGF, PPAR-γ 

etc. These transcription factors regulate the expression of genes that contribute to 

inflammation, cell survival, cell proliferation, invasion, and angiogenesis.  

In the present study we demonstrated the protective effect of bilobalide and 

curcumin against hypoxia induced dysfunctions in 3T3-L1 adipocytes emphasising on 

oxidative stress, ER stress, mitochondrial dysfunctions, inflammation, and insulin 

resistance. Hypoxia was induced in differentiated 3T3-L1 adipocytes on 9th day by 

incubating in a hypoxic chamber at an atmosphere of 1% O2, 94% N2, 5% CO2, and at 

37oC for 24 hrs. The control cells were incubated in an atmosphere of 21% O2 and 5% CO2

at 37oC. The cells were treated with different concentrations of bilobalide (10 µM, 20 µM 

& 50 µM) and curcumin (5 µM, 10 µM & 20 µM) during hypoxic period (24 hrs). 

Acriflavine (5 µM) was used as positive control. 

The induction of hypoxia was confirmed by evaluating the expression of HIF-1α 

expression in hypoxic adipocytes. Hypoxic adipocytes showed a significant expression of 

HIF-1α compared to normoxic control. The treatment with bilobalide and curcumin 

significantly reduced the gene and protein level expression of HIF-1α. By molecular 

docking experiment using Autodock 4.2 and iGEMDOCK v2.1, appropriate binding and 

conformation of bilobalide, curcumin, and acriflavine to the LBD of HIF-1α was found. 

Bilobalide and curcumin exhibited a high binding affinity with LBD of HIF-1α similar to 

positive control acriflavine which is a known HIF-1α inhibitor. Hypoxia showed increased 

PDK-1 expression along with elevated lactate release in 3T3-L1 adipocytes, exhibiting a 

metabolic shift from aerobic to anaerobic respiration. The treatment with bilobalide and 

curcumin significantly reduced lactate release and PDK-1 expression. Next we analysed 

hypoxia induced oxidative stress in 3T3-L1 adipocytes. Hypoxia caused significant ROS 

generation compared with normoxia. Bilobalide and curcumin treatment reduced 

intracellular ROS generation, lipid and protein oxidation in hypoxic adipocytes and 
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enhanced the activities of endogenous antioxidant enzymes, showing protection from 

hypoxia induced oxidative stress. In addition, bilobalide and curcumin augmented Nrf2 

mediated HO-1 expression in order to protect hypoxic adipocytes from oxidative stress. 

Hypoxia induced ROS significantly upregulated ER stress markers (GRP78, ERO1-Lα, 

PDI, PERK, IRE-1α, ATF-6 & CHOP) in 3T3-L1 adipocytes compared to normoxia. 

Bilobalide and curcumin attenuated the expression of ER stress markers and protected 

3T3-L1 adipocytes from hypoxia induced ER stress. 

In hypoxia, mitochondria act as major source of ROS production. Hypoxia elicits 

the release of superoxide from complex III into the cytosol, where it is converted to 

H2O2 to activate oxidant-dependent signaling pathways resulting in the activation of HIF. 

So mitochondria are emerging as one of the important targets in the management adipose 

tissue hypoxia and other associated complications. In this background, we designed further 

studies to evaluate the protective potential of bilobalide and curcumin against 

mitochondrial dysfunction in hypoxic 3T3-L1 adipocytes. Hypoxia for 24 hrs substantially 

increased ROS, and mitochondrial superoxide production. Surplus ROS impaired 

mitochondrial membrane potential and integrity of permeability transition pore. Hypoxia 

also reduced mitochondrial biogenesis, oxygen consumption, ATP synthesis, and proteins 

involved in oxidative phosphorylation.  Hypoxia also impaired fusion/fission balance in 

adipocytes. Bilobalide and curcumin protected the 3T3-L1 adipocytes from adverse effects 

of hypoxia by enhancing mitochondrial biogenesis, mitochondrial functional performance 

and by controlling mitochondrial dynamics. 

In obesity, chronic inflammation and reduced adiponectin in the white adipose 

tissue contribute to pathogenesis of insulin resistance. Hypoxia is considered as a potential 

risk factor for chronic inflammation. In obesity, hypoxic adipocytes produce reactive 

oxygen species and enhance ER stress, which worsen the inflammatory pathways. Here we 

studied the molecular mechanism underlying hypoxia induced inflammation, and insulin 

resistance and, also secretion of proangiogenic factors in 3T3-L1 adipocytes and possible 

reversal with bilobalide and curcumin. Hypoxia significantly increased the release of TNF-

α, IL-6, IL-10, MCP-1 and IFN-γ, leptin, and resistin, the adipokines that induce 

inflammation and insulin resistance in adipocytes. But the secretion of adiponectin, a 

beneficial antidiabetic adipokine was significantly reduced in hypoxic adipocytes. Hypoxia 

also showed an increased mRNA expression of TLR4 receptors. Enhanced TLR4 
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activation in combination with increased glycerol release activated inflammatory 

pathways, NF-κB and JNK signaling in hypoxic groups. Activation of NF-κB and JNK 

signaling pathways by hypoxia and subsequent higher expression of cytokines impaired 

insulin signaling cascade by mediating serine phosphorylation of IRS-1 and by 

downregulating the expression of IRS-2. However, we observed an increased basal glucose 

uptake in hypoxia, in response to increased GLUT1 expression. But there were no 

significant changes in expression of GLUT4 after 24hrs of hypoxia. Bilobalide and 

curcumin ameliorated hypoxia-induced inflammation in 3T3-L1 adipocytes and improved 

insulin signaling. Hypoxia also increased the release proangiogenic factors (MMP-2, 

MMP-9, VEGF, angiopoietin like protein 4) in 3T3-L1 adipocytes. Bilobalide and 

curcumin significantly reduced the expression of proangiogenic factors via reducing 

hypoxia and inflammation. 

From overall results of this study, we concluded that hypoxia altered all vital 

parameters of adipocytes. Hypoxia substantially increased HIF-1α expression, lactate 

release and PDK-1 expression, ROS production, ER stress and unfolded protein response 

inducers. Hypoxia also significantly altered mitochondrial functions in 3T3-L1 adipocytes. 

In addition, hypoxia impaired insulin signaling cascade through increased inflammatory 

response. The treatment with bilobalide and curcumin protected adipocytes from hypoxia 

induced dysfunctions by scavenging free radicals and by inhibiting the expression of HIF-

1α. This study establishes that HIF-1α, as an appropriate target for ameliorating the 

detrimental effects of hypoxia on adipose tissue function and the development of obesity-

associated disorders. 
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