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Preface 
The growing epidemic of metabolic syndrome which includes insulin resistance (IR), 

cardiovascular disease and obesity have made adipose tissue, an important subject of research 

and a target for therapeutic interventions. Adipocytes are one of the major cell types involved 

in the pathogenesis of metabolic syndrome. Recent advances in dissecting the cellular and 

molecular mechanisms involved in the regulation of adipogenesis and lipid metabolism 

indicate that, activation of endoplasmic reticulum (ER) stress plays a central role in 

regulating adipocyte function. Studies have shown that chronic activation of ER stress is 

closely linked to dysregulation of lipid metabolism in several metabolically important cells 

including hepatocytes, macrophages, β-cells, and adipocytes. The role of ER stress is a 

rapidly emerging field of interest in the pathogenesis of metabolic diseases and regulation of 

ER stress response may be a key approach for metabolic syndrome therapy. There is an 

increased demand for detailed studies in natural products, from the traditional knowledge 

database, for the treatment of metabolic syndrome. In the present study (-) hydroxycitric acid 

(HCA), a bioactive compound from Garcinia cambogia has been evaluated against 

chemically induced ER stress in 3T3-L1 adipocytes. 

The work is divided into 7 chapters including summary and conclusion. Chapter 1 

comprise a general introduction on metabolic syndrome, obesity, its ‗prevalence and 

pathophysiology‘, role of adipocytes, linking adipocyte ER stress with oxidative stress, IR, 

inflammation and mitochondrial function. This chapter also shows light into the scope of the 

ER stress response in treating metabolic syndrome. Analytical methods used in the study are 

detailed in chapter 2 with specifications on the materials and techniques used. Chapter 3 deals 

with the induction of ER stress in 3T3-L1 adipocytes using tunicamycin. The effect of HCA 

on ER stress markers GRP78 and CHOP was determined. Effect of different concentrations 

of tunicamycin and HCA on cell viability and ROS production in 3T3-L1 adipocytes was 

evaluated.  

The effect of ER stress on the innate antioxidant defense mechanism is illustrated in 

chapter 4. Protective effect of HCA on unfolded protein response pathway and antioxidant 

enzymes was also studied. The protein level and mRNA expression of UPR proteins, IRE1, 

PERK, ATF6, and the down stream effectors like PDI, ERO1, XBP1, peIF2α were 

determined. Chapter 5 links adipocyte ER stress to mitochondrial function. Since ER and 

mitochondria are connected physically and functionally, any stress on one may reflect on the 

other. The chapter deals with the effect of ER stress on mitochondrial function and the 
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protection by HCA. Various parameters determining mitochondrial function like 

mitochondrial membrane potential, transition pore opening, ETC complex, ATP content, 

oxygen consumption rate etc were studied. 

  In chapter 6 inflammatory responses and insulin sensitivity were studied in relation to 

ER stress. Secretion of inflammatory cytokines like TNF α, IL-6, IL1β, IL-10, and MCP-1 

were quantified. In addition, effect of ER stress on endocrine function of adipocytes as well 

as the influence of HCA treatment was studied with respect to secretion of adiponectin, leptin 

and resistin. Expression of various intermediates of the inflammatory pathway and insulin 

signaling pathway and glucose transporters were quantified. 

Chapter 7 describes the summary and conclusion of the study. The results of the study 

established the link between ER stress, oxidative stress, mitochondrial dysfunction, 

inflammation and IR. HCA ameliorated the deleterious effects of ER stress in 3T3-L1 

adipocyte biology and proves a hopeful candidate molecule in the treatment and management 

of obesity related complications. 
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                                                                                                                         Chapter 1 

Introduction    

1.1 Endoplasmic Reticulum (ER) stress 

Endoplasmic reticulum stress has been implicated in a variety of diseases including 

metabolic disease, neurodegenerative disease, inflammatory disease, and cancer (Hosoi and 

Ozawa, 2010; Ozcan and Tabas, 2012). ER stress response pathways are emerging as 

potential targets for intervention and treatment of human diseases. The ER is a dynamic 

organelle, with complex functions. A number of factors, like availability of oxygen or 

glucose, hyperthermia, acidosis, calcium levels, the redox milieu, energy levels (modulated 

by hypoxia and hypoglycemia), can influence and disturb the normal function of ER 

(Figure1.1)(Malhotra and Kaufman,2007). This impacts protein folding in the lumen of the 

ER and results in stress. Protein folding is a complex process that works by the interaction of 

chaperone proteins, foldases, and glycosylating enzymes, as well as appropriate calcium 

levels and an oxidizing environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Factors involved in the induction of endoplasmic reticulum stress 

 

Newly synthesized peptides from ribosomes attached to the ER membranes are 

released into the ER lumen, where chaperones and foldases aid in the proper posttranslational 

modification and folding of these peptides (Schroder and Kaufman, 2005). The properly

http://www.ncbi.nlm.nih.gov/pubmed/?term=Malhotra%20JD%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaufman%20RJ%5Bauth%5D
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folded proteins then move to the Golgi complex for further modification, from where they are 

transported to their final destination. If the influx of misfolded or unfolded peptides exceeds 

the ER folding and/or processing capacity, ER stress arises. ER stress activates a cellular 

response process called the unfolded protein response (UPR). ER has the ability to sense any 

improper processing or misfolding within the ER lumen, so that any processing error may be 

rectified (Gregor et al, 2009).  

1.1.1 ER structure and function 

 

 

 

 

 

 

 

 

                                Figure 1.2 Endoplasmic reticulum structure (Fawcett et al, 1966). 

 

The ER is a vital organelle present in all eukaryotic cells. It consists of 

interconnected, branching membranous tubules, vesicles and cisternae providing a distinct 

subcellular compartment with numerous functions (Figure 1.2). The rough ER contains 

ribosomes on its outer surface and plays a prominent role in protein synthesis and secretion. 

The smooth ER is deficient in associated ribosomes and is not largely involved in protein 

synthesis, but is central to fatty acids and phospholipids synthesis, lipid bilayer assembly, 

metabolism of carbohydrates and regulation of calcium homeostasis. In the liver, enzymes in 

the smooth ER are involved in the metabolism and detoxification of hydrophobic chemicals, 

such as drugs and carcinogens, and direct them for emission from the body. While some cells 

may have little smooth ER, all eukaryotic cells have conspicuous amounts of rough ER, as 

they are indispensable for the synthesis of plasma membrane proteins and proteins of the 

extracellular matrix. Rough ER is specifically abundant in secretory cells, such as antibody 

producing plasma cells, insulin secreting beta cells, or cells of milk producing glands, where 

ER occupies a large fraction of the cytosol. The sarcoplasmic reticulum is a specialized form 
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of the ER in muscle cells and function to sequester and release large amounts of calcium to 

effect muscle contractions and relaxation. 

1.2 Adipocyte ER stress and obesity 

Adipocytes are flooded with a continuous supply of high level of lipids during 

obesity, which leads to hypertrophy. An added burden is exerted on the metabolic machinery 

of adipocytes so as to meet the increasing demand, which in turn is translated into ER stress 

and oxidative stress in the mitochondria (Figure 1.3). This increased metabolic demand can 

be handled by ER stress up to the chaperones‘ capacity to deal with newly synthesised 

proteins. When this limit is surpassed, misfolded proteins accumulate within the lumen of the 

ER. This accumulation calls on the activation of a rescue response, UPR (Boden et al 2008; 

Gregor and Hotamisligil, 2007; Hotamisligil, 2010; Hummasti and Hotamisligil, 2010, 

Karalis et al, 2009). If ER stress is severe or prolonged, cell death may be induced. In 

general, caspase activation is involved in ER stress associated cell death (Hitomi et al, 2004; 

Nakagawa et al, 2000) but, caspase-independent necrosis and autophagy have also been 

reported (Ullman et al, 2008). 

 

 

                     Figure 1.3 Adipocyte endoplasmic reticulum stress during obesity (Ferranti et al, 2008) 

 

1.2.1 Obesity and metabolic syndrome 

Obesity has been portrayed as a morbidity of epidemic proportions which predisposes 

as well as coexists with many other diseases. During obesity, excess of nutrients or a positive 

energy balance occurs. Adipocytes become hypertrophied which leads to hypoxia and 
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production of reactive oxygen species (ROS) within ―obese‖ adipose tissue. Secretion of pro-

inflammatory adipokines from adipose tissue increases hypertriglyceridemia and ectopic 

adiposity. These factors result in insulin insensitivity in tissues and ultimately insulin 

resistance (IR) leading to type 2 diabetes (T2DM). Proinflammatory adipokines also act as a 

chemo attractant to circulatory immune cells such as macrophages (Sell and Eckel, 2010; 

Suganami and Ogawa, 2010). Thus in obesity, adipose tissue becomes infiltrated with an 

increased number of macrophages and becomes inflamed. Obesity can exist in a person for 

many years and as such, a slow low level mediator of inflammation can arise for many years 

leading to stress on cellular mechanisms (Day, 2006; Nishimura et al, 2009; Wellen and 

Hotamisligil, 2005). Adipose tissue factors that interfere with insulin action and endothelial 

cell function are also identified to be the major contributors for cardiovascular diseases 

(Poirier et al, 2006). 

 

1.2.2 Obesity 

Prevalence of obesity all over the world has increased remarkably. Central obesity 

and IR have been acknowledged as important causative factors in the pathogenesis of 

metabolic syndrome (Anderson et al, 2001; Bonora et al, 1998; Nakamura et al, 1994; Nesto, 

2003; Saad et al, 1991). The definitions of overweight and obesity are based on the body 

mass index (BMI), which is calculated as one‘s weight in kilograms divided by one‘s height 

in meters squared (kg/m2): a BMI of 18.5-24.9 denotes ―normal weight‖, BMI ≥ 25 denotes 

―overweight‖, and BMI ≥ 30 denotes ―obesity‖(Flegal et al, 2007). Changes in lifestyle, like 

increased nutrient uptake and sedentary lifestyle may be the major contributors to the 

increased incidence of obesity and its related complications (Gross et al, 2004; Hu, 2003; 

Malik et al, 2010; Sacks et al, 2009). The worldwide epidemic of obesity has brought 

considerable attention to research aimed at understanding the biology of adipocytes and the 

events occurring in adipose tissue and in the bodies of obese individuals.  

1.3 Adipose tissue/adipocytes 

The main component of adipose tissue is adipocytes. It also contains other cell types, 

such as pre-adipocytes, mature adipocytes, vascular cells, nerves, macrophages and 

fibroblasts (Gesta et al, 2007). There are two types of adipose tissue which are distinct in 

histology as well as function: white adipose tissue (WAT) and brown adipose tissue (BAT) 

(Gesta et al, 2007). WAT is unilobular and are the storage facility for free fatty acids along 

with a number of other important endocrine functions regulating appetite and insulin 
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sensitivity through release of adipokines discovered over recent years. On the contrary, the 

main function of BAT is to generate heat for the organism through non-shivering effects of 

uncoupled oxidative metabolism, utilizing Uncoupling Protein 1 (UCP-1). Histologically, 

BAT is multilobular and contains an abundance of mitochondria, providing its brown 

coloration. 

Obesity is a proinflammatory condition characterized by hypertrophy and hyperplasia 

of adipocytes. The adipocyte is obviously the cell, best studied in adipose biology with much 

work focused on adipocyte differentiation and triglyceride droplet formation (Figure 

1.4). The chronic low-grade systemic inflammation associated with obesity, termed 

―metabolic inflammation,‖ is regarded as a focal point in the pathogenesis of IR and T2D in 

humans and rodent animal models (Gregor and Hotamisligil, 2011; Hotamisligil, 2006; Ouchi 

et al, 2011; Shoelson et al, 2006). Though liver and muscle exhibit obesity-induced mild 

inflammatory responses, WAT is the key site mediating systemic inflammation (Odegaard 

and Chawla, 2013). 

 

 

 

Figure 1.4 Phase contrast images of 3T3-L1 preadipocytes and differentiated lipid filled adipocytes 

1.3.1 Adipose tissue function 

Storage of excess energy in the form of triglycerides had been regarded as the 

function of adipose tissue for many years. During prolonged postprandial fasting, those 

triglycerides are broken down into free fatty acids and metabolised to produce adenosine 

triphosphate (ATP). The free fatty acids are secreted into the bloodstream to be metabolised 

by the liver. Another function of adipose tissue is that it acts as a shock absorber from 

external physical insults and a thermal insulator from cold. Adipose tissue secretes a number 

of proteins called adipokines, which include hormones and signaling molecules (Figure 1.5). 
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They exert their biological roles in an autocrine, paracrine, or systemic manner and influence 

several physiological processes related to energy, glucose metabolism, and immunity (Waki 

and Tontonoz, 2007). Adipokines show either proinflammatory or anti-inflammatory 

properties, thereby contributing to IR. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 The multiple functions of white adipose tissue include the synthesis and secretion of         

adipokines, and the uptake, storage and synthesis of lipids. (Lago et al, 2007) 

 

1.3.2 Adipokines 

Adipokines are the bioactive peptides secreted by adipose tissue, which act locally 

and distally through autocrine, paracrine and endocrine effects. In obesity, alteration in the 

production and secretion of most adipokines affects multiple functions such as appetite and 

energy balance, immunity, insulin sensitivity, angiogenesis, blood pressure, lipid metabolism 

and haemostasis. Adipokines are integrated in a communication network with other tissues 

and organs such as the skeletal muscle, adrenal cortex, brain and sympathetic nervous. 

Dysregulation of adipokine expression is one of the key events in the pathogenesis of 

metabolic diseases. 

 

Adiponectin is a 30 kDa protein produced and secreted exclusively by adipocytes 

(Nakano et al, 1996). It is present in serum as a trimer, hexamer or high molecular weight 
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isoform (Ouchi et al, 2003) and the concentration in human serum is ∼10 μg/ml (Arita et al, 

1999). A strong negative correlation between plasma adiponectin concentration and BMI in 

humans has been reported (Hu et al, 1996). Hypoadiponectinemia is associated with 

cardiovascular disease, hypertension, and metabolic syndrome (Ouchi et al, 2003). A 

decreased expression of the cytokine in obesity may promote IR. ER stress was reported to 

decrease the level of high molecular weight fractions as well as total adiponectin in human 

adipocytes. Adiponectin signaling targets adenosine monophosphate-activated protein kinase 

(AMPK), which is a negative regulator of mTOR. High levels of mTOR induce serine 

phosphorylation of insulin receptor substrate-1(IRS-1). When adiponectin levels are low, the 

IRS-1 is inhibited causing IR. Adiponectin also has direct anti-inflammatory and 

antiatherosclerotic effects (Kershaw et al, 2004; Ronti et al, 2006). 

 

Leptin is a 16-kD adipocyte-derived cytokine, synthesized and secreted by adipocytes 

in response to changes in body fat. The secretion is directly proportional to adipose tissue 

mass and nutritional status, and this secretion is more from subcutaneous relative to visceral 

adipose tissue. Leptin reduces intracellular lipid levels in skeletal muscle, liver and pancreatic 

beta cells, thus promoting insulin sensitivity (Minokoshi and Kim, 2002). Caloric restriction 

and weight loss lowered the leptin levels. Some of the other important endocrine effects of 

leptin are regulation of immune function, hematopoiesis, angiogenesis, and bone 

development. 

 

Resistin is a 10 kDa polypeptide secreted by preadipocytes and has been associated 

with IR. Apart from role in IR and diabetes, it plays regulatory role in a variety of biological 

processes: cardiovascular disease, non-alcoholic fatty liver disease, autoimmune disease, 

malignancy, asthma, inflammatory bowel disease and chronic kidney disease (Jamaluddin et 

al, 2012). ER stress has been found to reduce resistin mRNA expression in 3T3-L1 

adipocytes in a time and dose-dependent manner, indicating that resistin is regulated by ER 

stress (Ronti et al, 2006). 

 

TNF-α is a cytokine that links inflammation in adipocytes with obesity-induced IR. It 

is synthesized as a 26 kDa transmembrane protein, and the biologically active trimer is 

formed after the cleavage of transmembrane precursor by the TNF-α converting enzyme. 

TNF-α is expressed in adipose tissue and, importantly, overexpressed in obese mice. It 

inhibits insulin signaling by stimulating serine-phosphorylation of IRS-1, which reduces 
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tyrosine-phosphorylation of IRS-1 by insulin. Other proposed mechanisms are activation of a 

serine/threonine kinase IKKβ, leading to serine-phosphorylation of IRS-1, increased lipolysis 

leading to higher FFA levels, and suppression of adiponectin expression by TNF-α (Yuan et 

al, 2001). 

  

Interleukin-6 (IL-6), a pleiotropic circulating cytokine, having multiple effects 

ranging from inflammation to host defence and tissue injury, circulates as a glycosylated 

protein and is secreted by many cell types, including immune cells, fibroblasts, endothelial 

cells, skeletal muscle and adipose tissue. Plasma concentrations correlate positively with 

human obesity and IR, and high IL-6 levels are predictive of T2DM and myocardial 

infarction. Weight loss significantly reduces IL-6 levels in adipose tissue and serum (Bastard 

et al, 2000; Mohamed-Ali and Pinkney, 1998).  

 

Plasminogen activator inhibitor-1 (PAI-1) is a member of the serine protease inhibitor 

family that inactivates urokinase-type and tissue-type plasminogen activator and thereby 

inhibits fibrinolysis. PAI-1 is expressed in adipose tissue as well as in endothelial cells, liver, 

and platelets. Elevated cytokine levels increase the risk of atherothrombosis and promote the 

progression of vascular disease. High PAI-1 levels are also strongly associated with visceral 

fat mass. Expression of PAI-1 is induced by interleukin-1 (IL-1), TNF-α, transforming 

growth factor-beta (TGF-β), estrogen, thrombin, and insulin (Kershaw et al, 2004; Vaughan, 

2005). A number of other cytokines like, IL-1, IL-10, MCP-1, IFN-γ visfatin, adipsin, 

angiotensinogen, aromatase and a lot more are also synthesised and secreted by adipocytes 

and plays significant roles in cellular functions 

 

1.4 Unfolded protein response (UPR) 

The UPR in mammalian cells is made up of three signalling branches which are 

initiated by three ER transmembrane sensors, inositol-requiring protein 1 (IRE-1α), double-

stranded RNA-dependent protein kinase-like ER kinase (PERK), and activating transcription 

factor 6 (ATF6). Dissociation of the ER-resident chaperone, glucose-regulated protein of 78 

kDa (GRP78), also known as BiP, from their luminal domains leads to the activation of these 

sensors (Hendershot, 2004). During ER stress conditions, GRP78 is recruited for the folding 

of proteins in the ER and is removed from IRE-1α, PERK, and ATF6, thus activating the 

UPR. Activation of the UPR pathways is usually used as an indicator of ER stress due to the 

technical difficulties in directly measuring compromised ER integrity or protein aggregates in 
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the ER (Lee and Glimcher, 2009). Figure 1.6 depicts an overview of mammalian UPR 

signalling pathways. 

 

 

                               Figure 1.6 Unfolded protein response pathway (Gregor et al, 2007) 

 

The primary objective of the UPR is to adapt to the changing environment, and 

restore normal ER function. When adaptation falls short, ER stress-initiated pathways 

activate NF-κB, a transcription factor that causes expression of genes encoding mediators of 

host defense. This occurs during excessive and/or prolonged ER stress when cell suicide is 

triggered, usually in the form of apoptosis. Apoptosis is a last resort of multicellular 

organisms to get rid of dysfunctional cells. 

 

The activated UPR proteins initiate a cascade of events leading to 

1. Attenuation of overall mRNA translation so the protein load in the ER is reduced 

2. Increased transcription of chaperone proteins to meet the increased demand for 

protein folding 

3. An increase in the induction of the ER associated degradation (ERAD) proteins 

4. Finally, pro-apoptotic pathways are activated if all other mechanisms fail 

Many studies have proposed ER stress as one potential route which links obesity to IR 

and T2DM. This study has ER stress as a focal point of investigation with the UPR as a 
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whole and its constituent components are used as explorative tool to examine the ER stress in 

linkage to IR, inflammation and mitochondrial dysfunction in adipocytes. 

1.4.1 GRP78: the master regulator.  

ER is resident for a number of proteins, of which the chaperone GRP78 stands out 

because of its key role as a master initiator of early ER stress response. In addition, it plays a 

vital component in calcium binding and protein processing function. As the name indicates, 

GRP78 initially has been characterized as a glucose-regulated protein, as limited availability 

of glucose in cell culture medium resulted in marked stimulation of GRP78 transcription and 

translation. And this provided initial clues to its activation during cellular stress conditions 

(Lee et al, 1981; Lee, 2001). Later, it was shown that a number of cellular and 

microenvironmental disturbances, as well as many pharmacological interventions, can 

increase GRP78 expression, along with aggravated ER stress. The significantly increased 

amount of GRP78 protein over baseline expression is an established indicator and marker for 

the presence of cellular ER stress (Healy et al, 2009; Luo and Lee et al, 2013; Zhang and 

Zhang et al, 2010). 

Figure 1.7 Endoplasmic reticulum stress and GRP78. In response to stress, proteins synthesized in the rough 

ER are refolded by resident molecular chaperones GRP78 (Willis et al, 2012) 

 

GRP78 belongs to the heat shock protein 70 (HSP70) family of proteins, where many 

of its members have been identified as chaperones within the ER. It was also found to be 

present in the cytosol (Ni et al, 2009), in mitochondria (Sun et al, 2006), in the nucleus 

(Matsumoto et al, 2000), and at the cell surface of tumor cells (Arap et al, 2004; Liu et al, 

2007; Misra et al, 2006; Shani et al, 2008; Zhang et al,2010). It has thus emerged that 

GRP78, as well as a few other traditional  ER localized chaperones, can function beyond this 

compartment and are involved in processes not directly connected to posttranslational protein 
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processing (Ni et al, 2011; Zhang et al, 2010). In cells, during unstressed condition, GRP78 is 

bound to three different ER transmembrane proteins: (i) IRE-1α (Ron and Hubbard et al, 

2008), (ii) PERK (Fels and Koumenis, 2006), and (iii) ATF6 (Sommer and Jarosch, 2002). 

Binding of GRP78 to the ER-luminal domains of these proteins keeps their activity 

suppressed and maintains them in an inactive state. During ER stress and associated 

accumulation of misfolded and unprocessed proteins, GRP78 is sequestered away from 

PERK, IRE-1α, and ATF6 to facilitate the folding of increased protein load. Consequently, 

dissociation from GRP78 causes the activation of all three of these transmembrane proteins, 

unfolding three distinct branches of the UPR (Figure 1.7) (Malhotra and Kaufman, 2007; 

Parmar and Schroder, 2012, Ron and Walter, 2007). As a result of these signaling events, 

expression of GRP78 is increased, which serves to provide the required additional chaperone 

capacity, and also eventually reassociate with PERK, IRE-1α, and ATF6 so that these 

signaling modules return to their inactive modes when homeostasis has been reestablished. 

 

1.4.2 IRE-1α pathway 

  IRE-1α pathway is the most conserved signaling branch of the ER stress response 

(Kohno, 2010; Patil and Walter, 2001). The IRE-1α protein is a transmembrane protein 

weighing approximately 100 kDa and has two domains, serine/threonine kinase domain and 

an endoribonuclease domain. It is an enzyme with serine/ threonine protein kinase as well as 

endoribonuclease (RNase) activity in its cytosolic domain. On release of GRP78, IRE-1α is 

activated by homodimerization and autophosphorylation (Parmar and Schroder, 2012). 

Activated IRE-1α cleaves a 26-base fragment from the X box binding protein 1 (Xbp1) 

mRNA, resulting in spliced Xbp1s. Translation of transcription factors regulating the 

expression of genes involved in ERAD and protein folding, and the synthesis of 

phospholipids that are required for the ER biogenesis during ER stress are also activated (Ron 

and Hubbard et al, 2008; Shaffer et al, 2004). IRE-1α signaling and Xbp1 splicing play 

significant role in secretory cells where the protein folding machinery is continuously 

engaged with an increased amount of nascent proteins (Iwakoshi et al, 2003). This branch of 

control operates as a key adaptive mechanism to match ER folding capacity with the demands 

of protein folding by increasing the ER chaperone expression (Braakman and Bulleid, 2011; 

Gorman et al, 2012). IRE-1α pathway also functions in activation of a signaling cascade 

required in controlling cell fate with regard to cell death. Activated IRE-1α leads to 

downstream activation of apoptosis signal-regulated kinase 1 (ASK1) and c-Jun N terminal 
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kinase (JNK) (Nishitoh, 2012; Urano et al, 2000). Sustained JNK activity during prolonged 

ER stress inhibits antiapoptotic proteins and activates proapoptotic proteins. Both these 

events together, lead to oligomerization of Bax and Bak, resulting in permeabilization of the 

outer mitochondrial membrane and execution of the intrinsic apoptotic process 

(Dhanasekaran and Reddy, 2008; Gorman et al, 2012; Kim et al, 2006). 

1.4.3 ATF6 pathway 

ATF6 protein regulates the second arm of the UPR. It is localized in ER 

transmembrane and contains a basic leucine zipper (bZIP) motif and transcription factor 

properties. Upon release from BiP in response to ER stress, is translocated to the Golgi 

apparatus for cleavage by resident proteins Site 1 Protease (S1P) and Site 2 Protease (S2P). 

The cleaved ATF6, also called ATF6f is released into the cytosol for entry into the nucleus 

and regulates gene expression. On translocation into the nucleus, ATF6 stimulates the 

expression of a multitude of genes involved in protein folding, secretion, and ERAD, thus 

assisting the cell‘s effort to deal with ER stress and accumulated misfolded/unfolded proteins 

(Healy et al, 2009; Yamamoto et al, 2007). GRP78 and GRP94, protein disulphide isomerase 

(PDI), XBP1, and C/EBP homology protein (CHOP) are some of the ATF6 regulated genes 

(Adachi et al, 2008; Parmar and Schroder, 2012; Yoshida et al, 2001).  

1.4.4 PERK pathway 

Mechanism of activation of PERK is similar to that of IRE-1α, as both possess a 

serine/threonine kinase domain sticking out into the cytoplasm. PERK is activated on 

dissociation of Bip. Activation of PERK involves homodimerization and autophosphorylation 

of the protein, which in turn phosphorylate eukaryotic initiation factor 2 alpha (eIF2𝛼), one of 

its main substrate. Phosphorylation of eIF2𝛼 attenuates the overall protein synthesis; thereby 

protein influx into the ER is reduced. This reduces the protein load for ER chaperones 

(Harding et al, 2000). At the same time, preferential translation of a small number of 

mRNAs, including activating transcription factor 4 (ATF4), a transcription factor that 

stimulates a set of genes involved in recovery and adaptation also occurs (Fels and 

Koumenis, 2006). CHOP, a key transcription factor that is important in initiating the 

apoptotic program during excessive ER stress is regulated by ATF4 (Nishitoh, 2012). Nuclear 

factor-erythroid 2-related factor 2 (Nrf2) is another substrate phosphorylated by PERK. When 

activated, this basic leucine zipper transcription factor translocates to the nucleus where it 

activates genes encoding antioxidant proteins and detoxifying enzymes (Cullinan and Diehl, 
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2004). As ER stress involves perturbations in redox homeostasis due to the increased 

accumulation of ROS, Nrf2 might play critical role in adapting (Cullinan and Diehl, 2006). 

Nrf2 deficient cells were observed to greatly increase the cell death following exposure to ER 

stress. 

1.4.5 Pro-apoptotic pathway 

 

Figure 1.8 Mechanism of endoplasmic reticulum stress mediated apoptosis pathway. ER stress activated PERK, 

IRE and ATF6. These signals are transmitted by XBP-1, ATF4 and p50ATF6, and lead to induction of CHOP. 

IRE also activates JNK. Caspase 12 is activated directly in response to ER stress (Hu et al, 2012) 

 

UPR primarily functions to relieve the ER from its protein overload and consequent 

stress firstly by increasing the expression of the ER chaperone and ER biogenesis proteins 

along with attenuation of the translation of global proteins. If the mission to restore ER 

functional integrity through those adaptive processes becomes unsuccessful, apoptosis is 

induced as a last resort option. All the three UPR pathways play a role in initiating the 

apoptotic process, though some are more prominent than others. PERK pathway is known to 

be the most prominent and direct route which triggers apoptosis. The activation of PERK has 

an inhibitory effect on eIF2α which consequently reduces global protein translation. 

Inactivated eIF2α also results in increased preferential translation of ATF4, which targets 

Chop gene, also called GADD153: growth arrest and DNA damage inducible gene. Chop 

gene promoter has binding sites for both ATF6f and XBP-1s. Hence ATF6 as well as IRE-1α 

can trigger apoptosis through this pathway. IRE-1α has yet another distinct apoptosis-

inducing pathway. The cytoplasmic portion of IRE-1α binds to Tumour necrosis factor 
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receptor-associated factor 2 (TRAF2), an adaptor protein, through its protein kinase activity, 

forming a unit which then binds to form a complex with ASK1. This complex, IRE-1α – 

TRAF2 – ASK1, phosphorylates and activates JNK protein which has a pro-apoptotic 

function (Figure 1.8) (Hummasti and Hotamisligil, 2010; Marciniak and Ron, 2006; Ron and 

Walter, 2007; Yoshida, 2007).  

The expression levels of CHOP are kept very low in unstressed cells. However, during acute 

ER stress, CHOP expression is robustly stimulated through IRE-1α and PERK-mediated 

signaling and the activities of ATF4 and ATF6 transcription factors. The full proapoptotic 

effect of CHOP appears only when ER stress cannot be suppressed by the efforts of the 

prosurvival module of the response system, and the misfolded protein levels remain high. 

CHOP activates a transcriptional pathway that triggers a pro-apoptotic program which 

includes expression of proapoptotic Bim and repression of antiapoptotic Bcl-2 (McCullough 

et al, 2001; Puthalakath et al, 2007). This mechanism is similar to the pro- apoptotic effects 

of JNK (Kim et al, 2006; Malhi and Kaufman, 2011; Nishitoh, 2012). CHOP also induces 

death receptor 5 (DR5), which additionally sensitizes cells to apoptotic stimulation by a 

number of conditions that cause ER stress (Yamaguchi and Wang, 2004). Growth arrest and 

DNA damage inducible protein 34 (GADD34), a regulatory subunit of protein phosphatase 

type 1 (PP1) is yet another target gene of CHOP. Activation of GADD34 expression results 

in PP1 activation and dephosphorylation of eIF2𝛼, leading to the recommencement of general 

translation and normal functioning (Kojima et al, 2013; Novoa et al, 2001). While 

persistently increased CHOP expression triggers strong pro-apoptotic signaling, its initial 

effect on GADD34 might lead to the restoration of homeostasis. The stipulations are that the 

renewed supply of client proteins to the ER, if taking place too early, that is, under conditions 

where ER stress is not yet completely resolved, can trigger the ROS production, with deadly 

consequences for cell survival (Malhi and Kaufman, 2011).  Whatever the case may be, the 

dissolution of ER stress entails mandatory inhibition of CHOP levels as a prerequisite for 

return to homeostasis (Rutkowski et al, 2006). 

1.5 Involvement of oxidative stress in ER stress 

1.5.1 Understanding of ROS 

Cells contain basal level of ROS for signaling and normal physiological functioning. 

On the contrary, ROS levels are elevated significantly on exposure to toxic agents such as 

irradiation and environmental pollutants or during enzymatic reactions (e.g, mitochondrial 
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respiratory chain reactions, arachidonic acid pathway, cytochrome P450 family and those 

involving glucose oxidase, amino acid oxidase, xanthine oxidase, NADP/NADPH oxidase or 

NO synthases) (Malhotra and Kaufman, 2007; Perjes et al, 2012). The mitochondrial inner 

membrane potential determines the rate of electron transport chain, which leads to the 

production of membrane-impermeable superoxide anion. The superoxide produced is 

converted to hydrogen peroxide (H2O2) by mitochondrial dismutase and diffuses out of the 

mitochondria into the cytoplasm. Highly reactive hydroxyl radical (OH
•
) are generated from 

H2O2 through the Fenton reaction in the presence of iron (Murphy, 2009). In addition, the 

superoxide anion radical (O2
−•

) generates other toxic metabolites such as peroxynitrite 

(ONOO
−
), hypochlorous acid (HOCl), and singlet oxygen (

1
O2) (Sanz et al, 2012). Under 

basal physiological conditions, endogenous antioxidant defense mechanisms which consists 

of enzymatic (e.g, superoxide dismutase, glutathione peroxidase, catalase, and thioredoxin 

reductase) and non-enzymatic (e.g, vitamins) antioxidant systems prevent ROS accumulation 

(Murphy, 2009; Sanz et al, 2012). In addition, number of redox systems like NAD+/NADH, 

NADP+/NADPH, and oxidized glutathione/reduced glutathione (GSSG/GSH) are involved in 

regulating redox homeostasis (Malhotra and Kaufman,  2007). 

1.5.2 Oxidative protein folding in ER 

ER is the site for protein synthesis, proper protein folding and formation of disulfide 

bonds. The redox status within the lumen of the ER influences the protein folding and 

disulfide formation. The lumen of the ER has a highly oxidizing environment, in contrast to 

the cytosol with a high ratio of GSSG/GSH. The oxidizing environment in the ER lumen is 

known to facilitate disulfide bond formation. Additionally, the greater oxidizing environment 

of the ER inhibits the aggregation or accumulation of unfolded proteins in the ER lumen 

because of its preferred oxidation state and abundant ER-resident proteins like protein 

disulfide isomerase (Van der Vlies et al, 2003). Before the properly folded proteins are 

secreted from the ER lumen, these proteins undergo compulsory disulfide bond formation for 

stability and maturation. Alterations in the disulfide bond formation or mispairing of cysteine 

residues causes protein misfolding or inability of the protein to attain its proper configuration 

(Lisa et al, 2012; Sideraki and Gilbert, 2000). GSH plays a major role in preventing non-

native disulfide bond formation or the generation of misfolded proteins. There are many other 

pathways that cells use to maintain native protein structure. A number of folding catalysts 

present in the ER lumen, which regulate redox conditions, may facilitate the formation and 

isomerization of disulfide bonds (Sideraki and Gilbert, 2000). Oxidative protein folding is 
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catalyzed by a family of ER oxidoreductases including PDI, endoplasmic reticulum protein 

p72 (ERp72), ERp61, ERp57, ERp44, ERp29, and PDI-P5 (Malhotra and Kaufman, 2007). 

These folding enzymes help proteins form correct disulfide bonds by oxidizing cysteine 

residues of nascent proteins. Reduced folding enzymes are reoxidized by endoplasmic 

reticulum oxidoreductin (ERO1), the enzyme which uses molecular oxygen as a terminal 

electron acceptor (Gross et al, 2004). Research has shown a strong crosstalk between ROS 

production and the ER stress response. 

 

 

 

 

Figure 1.9 The formation of disulphide bonds in proteins in the endoplasmic reticulum is driven by 

the enzymes PDI and ERO1 (Zhang et al, 2008).  

 

Alteration in the functions of PERK and ATF4 causes redox imbalance in cells. But 

these proteins are also responsible for the elimination of ROS through transcriptional 

regulation. Disulfide-bond formation involving ERO1 contributes significantly to the total 

production of ROS in the cell (Cullinan and Diehl, 2004; Harding et al, 2003). 

Overexpression of ERO1 protein alters the redox state of PDI towards the oxidized form, 

which also influences oxidation of PDI substrates. During disulfide bond formation, electrons 

pass several thiol-disulfide exchange reactions, through the thiols of the substrates, PDI and 

ERO1 before reaching the molecular oxygen. Superoxide anion radicals which are formed as 

a result of incomplete reduction of oxygen can be transformed to H2O2 or converted to other 

ROS (Figure 1.9). ER stress-associated oxido/reduction environment show associations with 

ER stress associated ROS. 
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1.5.2.1 ER associated ROS production under ER Stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Protein misfolding and oxidative stress create a vicious cycle along with reactive oxygen species 

production in mitochondria leading to endoplasmic reticulum stress and cell death (Bhandary et al, 2012) 

 

Two mechanisms have been suggested for generation of ROS during disulfide bond 

formation. ROS can be formed as a byproduct during electron transfer from protein thiol to 

molecular oxygen by ERO1 and PDI. Alternatively, ROS is produced during protein 

misfolding due to the depletion of GSH (Santos et al, 2009; Tu and Weissman, 2002). The 

GSH are utilized so that thiols involved in non-native disulfide bonds would return to their 

reduced form and they may again interact with ERO1/PDI to be reoxidized. This would 

create a futile cycle of disulfide bond formation and breakage, in which each cycle would 

generate more ROS and consume GSH. As a result, it is expected that proteins with multiple 

disulfide bonds are more prone to generating oxidative stress. ROS can also be generated by 

accumulated unfolded proteins independent of the formation of disulfide bonds. Accordingly, 

accumulation of unfolded proteins in the ER leads to Ca
2+

 leakage into the cytosol, increasing 

ROS production in the mitochondria (Malhotra and Kaufman, 2007). As protein folding and 

refolding in the ER lumen are highly energy-dependent processes, ATP depletion following 

the protein misfolding may accelerate mitochondrial oxidative phosphorylation to increase 

ATP and ROS production (Figure 1.10). NADPH oxidase 4 (Nox4), one of the NADPH 

oxidase isoforms, is also shown as a possible ROS source during ER stress (Pedruzzi et al, 

2004; Radermacher et al, 2013).  
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1.5.3 Mitochondria-associated ROS production under ER stress 

The mitochondrial oxidative phosphorylation and electron transport system have 

significant participation in mitochondrial ROS generation. Studies have also indicated that 

ER stress events are also associated with the mitochondrial ROS production mechanisms 

within cells. 

1.5.3.1 ER stress induced mitochondrial ROS: role of electron transport chain 

During sustained ER stress the mitochondria contribute significantly to lethal levels of 

ROS production. Though ROS generation is initiated by the ER stress, later affects the 

mitochondrial electron transfer system, and amplifies mitochondrial ROS production 

especially during severe/sustained ER stress. In mitochondria ROS may be originating from 

leaky electrons from the electron transfer system. This ROS may in turn enhance the ER 

stress response further, thus amplifying mitochondrial ROS accumulation by a feedback 

pathway (Yoon et al, 2011). During early phase of ER stress, UPR-induced ROS 

accumulation was significantly decreased by interfering with the mitochondrial respiration 

(Bravo et al, 2011).  

1.5.3.2 Calcium related ROS generation in ER stress 

Alteration in Ca
2+

 regulation is another factor (Malhotra and Kaufman, 2007; Bravo et 

al, 2011) affecting mitochondrial membrane potential (ΔΨM), ATP depletion and ROS 

formation (Radermacher et al, 2012). Enhanced ROS levels set off a Ca
2+

 influx from the 

extracellular environment through membrane-linked channels or from the ER through the 

ER-localized channels, respectively into the cytoplasm. An elevated Ca
2+

 concentration in the 

cytoplasm promotes Ca
2+

 influx into the nuclei and mitochondria (Murphy, 2009). 

Mitochondrial Ca
2+

 loading alters mitochondrial metabolism and subsequently increase ROS 

production. The increased mitochondrial ROS level triggers a series of events by which 

oxidative stress add to the probability of Ca
2+

 release from ER. The very close proximity 

between ER and mitochondria leads to the accumulation of Ca
2+

 in the mitochondria 

(Moserova and Kralova, 2012). 

 

Depletion of GSH also causes ROS to be generated by the mitochondria, leading to 

cell death (Chen et al, 2011; Lee et al, 2011).  Besides GSH, pyroredoxin IV enzymes present 

in the ER lumen can also nullify the H2PO2 formed during disulfide bond formation 

(Tavender and Bulleid, 2010). Similar to GSH, this enzyme also function in regulating 

oxido/reduction. Hence, maintaining the oxido/reduction mechanism may play a regulatory 
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role in the production of ER stress-associated ROS. The specific expression of inducible 

genes, such as Lon protease, and NIX are also involved in ER stress induced mitochondrial 

ROS production. Lon proteases protect mitochondria by interfering with cytochrome c 

oxidase complex assembly/degradation. NIX is a Bcl-2 family protein that regulates ER Ca
2+

 

and ΔΨM and opening of the mitochondrial permeability transition pore (MPTP) (Diwan et 

al, 2009; Chen et al, 2010).  

1.6 Interaction between mitochondria and the endoplasmic reticulum 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Structural and functional interaction between endoplasmic reticulum and mitochondria (Chaudhari 

et al, 2014). 

 

 Mitochondria are cell organelles with vital role in cellular bioenergetics. It 

converts energy from nutrients into ATP via tricarboxylic acid (TCA) cycle and oxidative 

phosphorylation (OXPHOS). 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 nonobese. 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; Rong et al, 2007).  
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1.6.1 Structural communication between mitochondria and the ER 

Mitochondria and the ER are found to have structural communication with each other. 

This was proven by cosedimentation of ER particles with mitochondria, as well as electron 

microscopic observation of a close physical apposition between mitochondria and the ER 

(Pickett et al, 1980; Shore and Tata, 1977). High-resolution three-dimensional images 

showing an interaction between mitochondria and the ER have been obtained (Rizzuto et al, 

1998). A recent study using electron tomography has shown that the outer mitochondrial 

membrane (OMM) and the ER are joined by tethers, enabling ER proteins to associate 

directly with proteins and lipids of the OMM (Csordás et al, 2006). The structural membrane 

that bridges between mitochondria and the ER is called the mitochondria-associated 

membrane (MAM) (Figure 1.11) (Vance, 1990). The MAM have essential roles in several 

physiological functions, like lipid transport, Ca
2+

 signaling, and apoptosis (Hayashi et al, 

2009). Numerous mitochondrial or ER-bound proteins are vital for maintaining structural 

communication between the two organelles at the MAM (Hayashi et al, 2009; Simmen et al, 

2010). Communication between the organelles is specifically modulated by a family of 

chaperone proteins. The molecular chaperone GRP75 connects the voltage-dependent anion 

channel (VDAC) to the inositol 1,4,5-triphosphate receptor (IP3R) (Szabadkai et al, 2006). 

Another protein that regulates interaction between mitochondria and the ER is phospho furin 

acidic cluster sorting protein 2 (PACS-2), which integrates ER-mitochondrial communication 

and apoptosis signaling (Simmen et al, 2005). More recently, Sigma-1 receptors have been 

shown to be present at the MAM of the ER, where they form complexes with Bip (Hayashi 

and Su, 2007). Sigma-1 receptors dissociate from Bip and bind to type-3 IP3Rs during ER 

Ca
2+   

depletion so that, type-3 IP3Rs are not degraded by proteasomes. This Ca
2+   

depletion 

induces a prolonged Ca
2+

 signaling event from the ER to the mitochondria, via IP3Rs. 

Together, the data indicate that Sigma-1 receptors are involved in maintaining normal 

Ca
2+ 

signaling from the ER to mitochondria. 

1.6.1.1 Mitochondrial biogenesis 

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

This process involves the coordinated action of both nuclear and mitochondrial encoded 

genomes.  Peroxisome proliferator-activated receptor-gamma coactivator (PGC) - 1α is a 

central regulator of mitochondrial biogenesis. PGC-1α acts as co-transcriptional regulatory 

factor activating different transcription factors, including Nuclear respiratory factor 1(Nrf1) 

and nuclear factor erythroid 2-related factor-2 (Nrf2), which promote the expression of 
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transcription factor a, mitochondrial (TFAM). Nrf1 and Nrf2 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 the transcription and replication 

of mtDNA (Figure 1.12) (Virbasius and Carpulla, 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). 

 

 

 

 

       

 

 

 

 

                                  Figure 1.12 Regulation of mitochondrial biogenesis (Dillon et al, 2012) 

               

1.6.1.2 Mitochondrial dynamics 

Structural communication between mitochondria and the ER is also regulated by 

fission and fusion of mitochondria. Fission and fusion are modulated by a family of 

mitochondrion-shaping proteins including dynamin-related protein 1 (Drp1), Optic atrophy 1 

(OPA1), mitofusin 1(Mfn-1), and mitofusin 2(Mfn-2) (Westermann, 2010). Mfn-2 is a 

mitochondrial transmembrane GTPase that regulates mitochondrial fusion and this protein is 

abundant at MAMs (de Brito and Scorrano, 2008). Mfn-2 tethers the ER to mitochondria via 

formation of both homotypic and heterotypic complexes. The tethering effect of Mfn-2 

appears to play a role in the control of Ca
2+

 flow between mitochondria and the ER (de Brito 

and Scorrano, 2008; Mozdy and Shaw, 2003). OPA1 is a dynamin related GTPase associated 

with the mitochondrial inner membrane or intermembrane space. Outer membrane fusion 

depends on the mitofusins Mfn1 and Mfn2. Inner membrane fusion depends on the OPA1 

depletion. The central player appears to be Drp1. Drp1 assembles on mitochondrial tubules 

and mediates constriction and scission. Much of Drp1 resides in the cytosol, and therefore a 

second class of mitochondria residing proteins which includes fission 1 (Fis1), which 

efficiently recruits DRP1 for fission (Figure 1.13). Mitochondrial fusion and fission result in 
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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). 

 

 

 

 

 

 

 

 

Figure 1.13 Possible  relationship between mitochondrial fusion, fission, biogenesis and degradation (Chiong et 

al, 2014, Zeo et al, 2010). 

 

1.6.2 Functional communication between mitochondria and the ER 

1.6.2.1 Role of ER stress in induction of mitochondrial dysfunction 

Mitochondrial dysfunction and ER stress have each been recognized to play crucial 

roles in the pathogenesis of metabolic syndrome. Accumulating evidence has shown that ER 

stress induces mitochondrial dysfunction, thereby leading to disturbances in various 

physiological responses within cells (Csordás and Hajnóczky, 2009; Giorgi et al, 2009). 

Regulation of Ca
2+

 signaling and Ca
2+

-dependent cellular processes such as apoptosis are 

facilitated through the interactions between mitochondria and the ER (Pinton et al, 2008; 

Szabadkai and Duchen, 2008). Severe or prolonged ER stress leads to release of Ca
2+

 from 

the ER lumen at the MAM. On the contrary, such stress causes increased Ca
2+

 uptake into the 

mitochondrial matrix. An imbalance between mitochondrial Ca
2+

 load and the buffering 

capacity of the matrix is generated by elevated Ca
2+ 

uptake, and such imbalance ultimately 

leads to a prolonged episode of massive mitochondrial Ca
2+

 accumulation. Persistent 

Ca
2+

 accumulation triggers opening of the MPTP resulting in swelling of the organelle, 

rupture of the OMM, and release of proapoptotic proteins into the cytosol (Figure 

1.14)(Deniaud et al, 2008). 



                                                                                                                                                                   Chapter 1 
 

23 
 

ROS have been identified as local messengers between the ER and mitochondria 

(Csordás and Hajnóczky, 2009). ER and mitochondria form the sites for many ROS sources 

as well as targets (Feissner et al, 2009; Malhotra and Kaufman, 2007). ROS are produced by 

ERO1 during disulfide bond formation and previous studies have shown that ER stress can 

activate ERO1 (Harding et al, 2003; Marciniak et al, 2004). Therefore, conditions that trigger 

such stress may lead to excessive production of ROS in the ER. High ROS levels can 

inactivate the sarco-endoplasmic reticulum Ca
2+

ATPase (SERCA) and activate IP3R via 

oxidation (Adachi et al, 2004; Li et al, 2009). Modulation of Ca
2+

 channel activity by ROS 

increases the level of Ca
2+

 on the cytosolic face of the ER and also promotes Ca
2+

 uptake into 

the mitochondrial matrix. Hence, ROS production mediated by ERO1 presents an additional 

mechanism by which ER stress can induce mitochondrial dysfunction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14 Ca
2+

 signaling between mitochondria and the endoplasmic reticulum regulates Ca
2+

-dependent 

cellular processes such as apoptosis (Sharaf et al, 2008). 

1.6.2.2 Correlation between ER stress induced Ca
2+

 and ROS at mitochondria 

Both ER stress and oxidative stress increase the release of Ca
2+

 from the ER lumen 

through ROS production (Malhotra and Kaufman, 2007). Ca
2+ 

can be both a physiological 

and a pathological effecter of the mitochondria, so that increases of Ca
2+

 in the mitochondria 

may alter mitochondrial functions (Gorlach et al, 2006). The elevated Ca
2+

 stimulates the 

tricarboxylic acid cycle and mitochondrial oxidative phosphorylation, increasing ROS output 

by stimulating the mitochondria to work faster thus consuming more O2 in the process. In 

addition, nitric oxide synthase is stimulated by Ca
2+ 

to generate NO, inhibiting complex IV 
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activity, which then enhances ROS generation at Qo site in complex III (Meares et al, 2011; 

Murphy, 2009, Xu et al, 2004). This signaling axis operates within a physiological 

concentration of NO. NO, together with high Ca
2+

, can inhibit mitochondrial complex I, 

resulting in the release of cytochrome c. This is by inducing the opening of MPTP and 

blocking the respiratory chain at complex III, thereby increasing the production of ROS 

(Jekabsone et al, 2003). On the other hand, Ca
2+ 

may perturb the mitochondrial antioxidant 

status. Mitochondrial GSH is released very early in Ca
2+   

induced MPTP opening, suggesting 

that a higher amount of Ca
2+

 exposed mitochondria may generate more ROS because of 

diminished GSH levels.  

1.7 ER Stress and inflammation 

Obesity is associated with inflammation of adipose tissue playing a key role in the 

development of IR. This is evident by the increased levels of inflammatory markers such as 

TNF-α, IL-6, MCP-1, and IL-8, altered levels of adipokines including adiponectin and leptin 

and increased C reactive protein and osteopontin. 

1.7.1 The UPR and inflammation 

ER stress and UPR pathways are found to be linked to many major inflammatory and 

stress signaling networks, including the activation of the JNK-AP1 and NF-κB-IKK 

pathways (Deng et al, 2004; Hu et al, 2006), as well as production of ROS and nitric oxide 

(Cullinan and Diehl, 2006; Gotoh and Mori, 2006). The activation of these pathways leads to 

production of pro-inflammatory adipokines, creating an additional burden on ER internally 

and externally. Internally, ER has to deal with an increasing demand for synthesis of pro-

inflammatory adipokines. Externally, the proinflammatory adipokines successfully 

synthesised and secreted would exert their pro-inflammatory effects at autocrine and 

paracrine level, thus creating a feedback cycle. All the three ER stress related transmembrane 

proteins contribute in this process. IRE-1α activates JNK and NF-κB through TRAF2 and 

ASK1 (Urano et al, 2000). PERK phosphorylates eiF2α and activates both JNK and IKK 

(Deng et al, 2004, Hu et al, 2006, Shoelson et al, 2006) while ATF6 also activates nuclear 

factor κB (NF-kB) (Yamazaki et al, 2009). Finally, ER stress activates cAMP responsive 

element-binding protein, hepatocyte specific (CREBH), which together with NF-kB augment 

transcription of genes taking part in inflammation (Vecchi et al, 2009). Another 

immunomodulator transcription factor upregulated by the UPR is AP-1, which activates the 

tumor necrosis factor-alpha (TNFα), keratinocyte growth factor (KGF), interleukin (IL)-8, 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R20
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R52
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R17
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R17
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R17
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R129
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R20
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R52
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R115
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R141
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R131
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granulocyte macrophage colony-stimulating factor (GM-CSF) and also some cytokine 

receptors. AP-1 is activated by IRE-1α (Figure 1.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Figure 1.15 Unfolded protein response mediated inflammation (Zhong et al, 2014) 

PERK plays a unique role in linking nutrients and ER stress to inflammation and 

metabolic regulation (Nakamura et al, 2010). It is strikingly activated by lipids and during 

obesity and plays a critical role in the activation of JNK and the inflammatory response. 

PERK also directly interferes with insulin action by interacting with IRS-1 and thus help in 

the assembly of a metabolically activated inflammatory complex called the metabolic 

inflammasome or metaflammasome, which integrates insulin action, pathogen responses, and 

translational control with nutrient sensing and ER stress. Formation of a metaflammasome 

and its activation by nutrients and ER stress explains the functional overlap between multiple 

signaling pathways, such as JNK, IKK, and others, in modulating metabolism. 

The relationship between ER stress and inflammation is possibly not one-sided. 

Inflammatory mediators and activation of cellular stress pathways, such as the JNK and IKK 

pathways, may have a negative impact on ER function too. Studies provide evidence that 

both ER stress and inflammation can activate each other and inhibit normal cellular 

metabolism (Zhang et al, 2008).  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R81
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887297/#R151
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1.7.1.1 NF-κB and JNK pathway 

The IKKβ/NF-κB pathway is one of the principal inflammation signaling pathways. 

The IkB families of protein regulate the activation of NF-kB whose entry into nucleus can 

initiate inflammation. IkB controls NF- kB by sequestering NF-kB in the cytoplasm. IkB in 

turn can be degraded by IkB Kinase (IKK) which then causes the NF-kB dimers to enter 

nucleus and trigger inflammation. Therefore a decreased level of IkB (due to increased IKK 

activity) provides a pathway by which ER stress induce inflammation.  The serine kinase 

IKK has three major isoforms including IKKα (IKK1), IKKβ (IKK2) and IKKγ, of which 

IKKβ is involved in NF-kB activation. During obesity, a number of intracellular signals, like 

ROS, ER stress, DAG, and ceramide activate IKKβ. IKKβ is also activated by the 

extracellular stimuli such as TNF-α, IL-1, fatty acids, and hypoxia (Ye and Keller, 2010). In 

the classical pathway, NFκB activation is mediated by IKKβ induced phosphorylation and 

proteasome-mediated degradation of IkBα (Karin and Ben-Neriah, 2010). It leads to 

transcription of inflammatory cytokines TNFα, IL-1β, IL-6, MCP-1, etc. In the alternative 

pathway, activation of NFκB involves IKKα (Ye, 2009). This type of NFκB activation in 

adipocytes and macrophages contributes to chronic inflammation in the adipose tissue of 

obese individuals. 

The 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 located ubiquitously, and Jnk3 is expressed primarily in heart, 

testis, and brain (Maeda, 2010). JNK- AP1 pathways are activated during metabolic 

dysregulation by TNF-α, IL-1, TLR, or free fatty acids, intracellular stresses including ROS 

and ER stress, ceramides, and various PKC isoforms.  

1.8 ER stress and insulin resistance(IR) 

Ozcan and colleagues first showed that ER stress in adipose tissue of obese mice and 

proposed it as a risk factor for IR (Ozcan et al, 2004). Since then, studies have shown that any 

stress inducing conditions like obesity is clearly associated with ER stress and apoptosis of 

beta-cells, hepatocytes and adipocytes which eventually leads to metabolic derangements, 

especially with IR (Boden et al, 2008; Gregor and Hotamisligil, 2007; Hotamisligil, 2010; 

Hummasti and Hotamisligil, 2010; Karalis et al, 2009; Nakatani et al, 2005; Ozcan et al, 

2006).  
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1.8.1 IR 

IR is denoted as the impaired sensitivity of target organs, like adipose tissue, the liver 

and muscle, to insulin. Insulin regulates glucose uptake in the liver and muscle. Insulin is also 

the key regulator of circulating FFA concentrations. In adipose tissue, insulin lowers lipolysis 

and thereby reduces FFA efflux from adipocytes, in skeletal muscle, insulin mainly induces 

glucose uptake by stimulating the translocation of glucose transporter type 4 (GLUT4) to the 

plasma membrane. In the liver, insulin inhibits gluconeogenesis by reducing the activity of 

key enzymes. Consequently IR increases the circulating FFA concentrations, leading to 

ectopic fat deposition that slow down insulin mediated glucose uptake in skeletal muscle and 

increases glucose generation in the liver (Samuel and Shulman, 2012). A combination of IR 

and abnormalities in insulin secretion is the cause of T2DM. 

1.8.2 IR at the molecular level 

In normal conditions, insulin works through a set of complex signaling cascades. 

Insulin receptor mediated tyrosine phosphorylation of insulin receptor substrates (IRSs) 

induces the activation of at least two major pathways: The phosphatidylinositol 3-kinase 

(PI3K)-AKT and MAPK pathways. The PI3K-AKT pathway primarily influences the effect 

of insulin on glucose uptake and the suppression of gluconeogenesis, whereas the MAPK 

pathway modulates gene expression and interacts with the PI3K-AKT pathway to regulate 

cell growth and differentiation. Serine phosphorylation of IRSs at specific serine residues 

inhibits insulin signaling. IκB kinase-β (IKK-β), JNK 1 and MAPKs are some of the serine 

kinases that phosphorylate IRS-1, inactivating its insulin signaling activity.  

These serine kinases are also mediators of inflammatory signaling pathways, 

indicating that an inhibitory crosstalk exists between inflammatory and insulin signaling at a 

molecular level. The association between cytokine signaling and the inhibition of insulin 

signaling is also demonstrated by the presence of molecular mediators, including suppressor 

of cytokine signaling (SOCS) 1 and 3 and nitric oxide (NO). IL-6 induces the activation of 

SOCS proteins during inflammation, causing the ubiquitinylation and degradation of IRS 

proteins. Endogenous NO production by inducible NO synthase (iNOS), under the action of 

numerous inflammatory cytokines, can limit IRS-1 and iNOS activity, resulting in reduced 

AKT activity, which is a key mediator of IRS signaling (Zeyda and Stulnig, 2009). 
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1.8.3 Impact of IRE-1α-JNK-IRS-1 signaling pathway in IR 

ER stress in adipocytes is linked to insulin signaling through the activation of IRE-1α. 

ER stress increases serine (Ser) phosphorylation and decrease of tyrosine (Tyr) 

phosphorylation of IRS-1, which causes inactivation of signal transduction thus leading to IR. 

Both IRE-1α and PERK can activate JNK and activated JNK phosphorylates IRS-1 at 

Ser307. PERK can also inhibit insulin signaling by directly phosphorylating IRS-1 on serine 

307(Spiegelman, 1998). The inflammatory cytokines secreted from adipocytes and 

macrophages during inflammation can also stimulate JNK pathways (Samuel and Shulman, 

2012). In addition, inflammatory cytokines hampers insulin signaling by interfering with 

IRS-1 insulin receptor interaction and promoting IRS-1 degradation (Figure 1.16) (Zeyda and 

Stulnig, 2009). 

 

                       

                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 1.16 Role of endoplasmic reticulum stress in obesity related insulin resistnce (van der Kallen, 2009) 

1.8.4 Adipokines in IR 

Several studies have shown that insulin resistant states are not only associated with 

increased lipolysis and adipose ER stress but also altered adipokines production. In obesity, 

there is derangement in leptin and adiponectin secretion and an increase of IL-6 secretion 

(Kars et al, 2010). Decreased expression of adiponectin favors IR in obesity (Gual et al, 2005; 

Itani et al, 2002; Yuan et al, 2001). ER stress caused decreased levels of adiponectin in human 

adipocytes and was shown to alter insulin sensitivity and other metabolic syndromes (Arkan et 

al, 2005; Hirosumi et al, 2002). Adiponectin signaling targets AMPK, which is a negative 

regulator of mTOR and high level of mTOR causes serine phosphorylation of IRS-1. Resistin 



                                                                                                                                                                   Chapter 1 
 

29 
 

(Zhang and Kaufman, 2008) also has been found to be associated with IR. The role of resistin 

in the IR needs further clarification as it showed positive correlation with the IR in some 

studies (Nakamura et al, 2010), while other studies showed no correlation (Boden and Merali, 

2011; Kyriakis and Avruch, 2001; Shoelson et al, 2006). TNF-α also activates several IR-related 

pathways, including IKK-β and SOCS3, in cultured murine adipocytes (Hotamisligil et al, 

1996; Shi et al, 2004). TNF-α interferes with insulin sensitivity by modifying the expression 

of IRS-1, GLUT4, adiponectin and PPAR-α (Jager et al, 2007; Ruan et al, 2003). 

1.9 Targeting ER stress in metabolic disease 

Given that, ER stress contributes significantly to the pathogenesis of multiple 

metabolic diseases, protein folding and UPR signaling have been targeted as a therapeutic 

approach for pharmacological intervention. A number of strategies have been tested in cell 

culture, animal models and clinical studies. Chemical chaperones are small molecules that 

prevent protein misfolding by stabilizing folding intermediates and preventing aggregation in 

the cell. Such compounds usually functions nonspecific to the folding substrate. Certainly, 

there are some chaperones which are protein specific. A second type of small molecules 

increase ER protein folding capacity and inhibit proapoptotic ER stress signaling by targeting 

specific UPR components, including ER stress sensors and transcription factors. The third 

type reinforces the function of the proteostasis network by improving the microenvironment 

for ER protein folding, for example, orchestrating ER Ca
2+

 flux and signaling.  The last type 

of compounds alleviates ER stress and boosts protein folding capacity by aiming ER stress 

associated intracellular signaling pathways involved, like oxidative stress, inflammation and 

autophagy.  

The emergence of compounds that target specific UPR signaling components, such as 

ATF6, IRE-1α, spliced XBP1 and the proteasomes, might provide promising therapeutics for 

the treatment of human metabolic diseases (Engin and Hotamisligil, 2010; Minamino et al, 

2010). Chemical chaperones such as sodium phenylbutyrate (PBA), reduce ER stress and 

restore glucose homeostasis in a mouse model of T2DM (Ozcan et al, 2006). The ER 

modifications by chemical chaperones in macrophages and adipocytes have therapeutic 

efficacy against atherosclerosis in mouse models (Erbay et al, 2009). Some clinically 

approved pharmacological agents used in clinical settings affect the UPR pathways. The 

lipid-lowering compound provastatin ameliorates ER stress in cultured neonatal rat 

cardiomyocytes and in pressure overloaded hearts, and the antidiabetic agent pioglitazone 

represses hepatic ER stress and reduce IR (Zhao et al, 2008; Yoshiuchi et al, 2009).  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Minamino1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Minamino1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Minamino1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Ozcan1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Ozcan1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Ozcan1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Erbay1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Erbay1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Erbay1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Yoshiuchi1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Yoshiuchi1
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1.10 ER stress and phytochemicals 

The use of herbal medicines is on continuous rise for management of lifestyle related 

metabolic disorders. These preparations are being used both as medicine and also as food 

supplements. Most of these preparations possess antioxidant and anti-inflammatory property, 

due to the high polyphenolic content. So it would be logical to explore plant extracts and also 

pure phytochemicals on management of ER stress. This part has not been fully exploited for 

novel drug development, but it has a great potential. During the past few years many studies 

have tried to identify natural compounds which are able to interfere with or inhibit the UPR. 

ER stress induces the upregulation of Tumor necrosis factor-related apoptosis inducing ligand 

(TRAIL) receptor and opening new horizons for cancer therapeutic research. Hence, a large 

number of phytochemicals have been identified to be promoting ER stress and inducing cell 

death. Potential benefits of phytochemicals and polyphenols in reducing the elevated 

oxidative and lipid-mediated ER stress has also been studied (Chuang and McIntosh, 2011; 

Zingg et al, 2013). Vaticanol B, a resveratrol derivative, inhibits inflammation and improves 

the ER environment by reducing the ER protein load and by maintaining the ER membrane 

integrity (Tabata et al, 2007). Grape seed proanthocyanidin extracts were found to alleviate 

oxidative stress and ER stress in the skeletal muscle during T2DM (Ding et al, 2013). The 

phytoalexins glyceollins enhances insulinotropic actions in enteroendocrine cells and 

normalizes glucose homeostasis by reducing ER stress (Park et al, 2010). Quercetin protects 

macrophages from oxidized low-density lipoprotein (LDL)-induced apoptosis by interfering 

with the ER stress-CHOP signaling pathway (Yao et al, 2012). In the present study we 

analysed the protective effect of (-) hydroxycitric acid (HCA), against ER stress induced 

dysfunctions. 

1.11 (-)-Hydroxycitric Acid 

HCA is an organic acid derivative from the fruit rinds of certain species of Garcinia, 

which include G. cambogia, G. indica, and G. atroviridis. G. cambogia is a medium or large 

-sized tree with a rounded crown and horizontal or drooping branches, its leaves are dark 

green and shiny, elliptic obovate, 2-5 inch long and 1-3 inch broad, its fruits are ovoid, 2 inch 

diameter, yellow when ripe with six to eight grooves, and the fruits have six to eight seeds 

surrounded by a succulent aril (Figure 1.17A). The tree is found commonly in the evergreen 

forests of Western Ghats, from Konkan southward to Travancore, and in the Shola forests of 

Nilgiris up to an altitude of 6000 ft. It flowers during the hot season, and fruits ripen during 

the rainy season. 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Chuang1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Chuang1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Tabata1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Tabata1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Tabata1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Ding1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Park1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0110581#pone.0110581-Yao1
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                        Figure 1.17 A. Structure of HCA   B. Fruits of Garcinia cambogia  

 

The fruits of G. cambogia are too acidic to be eaten raw. They are valued for their 

dried rinds, which are used as a condiment for flavoring curries in place of tamarind or 

lemon. The dried fruit rinds of G. cambogia are used along with salt in the curing of fish 

(Jena et al, 2002). A myriad of health effects have been attributed to G. cambogia, like 

antiobesity (Ohia et al, 2002; Preuss et al, 2004; Roy et al, 2003), antiulcerogenic 

(Mahendran et al, 2002), antioxidative (Asghar et al, 2007), antidiabetes (Wielinga et al, 

2005), antimicrobial (Negi and Jayaprakasha, 2004), antifungal (Mackeen et al, 2002), anti-

inflammatory (Reis et al, 2009), and anticancer effects (Prasad et al, 2009). In particular, the 

antiobesity effects of Garcinia or more specifically of its HCA content have been elucidated 

with clarity over the last few decades. Besides its efficacy in the reduction of body weight 

and food intake, HCA has been proven to be beneficial in ameliorating obesity-related 

complications such as inflammation, oxidative stress, and IR (Wielinga et al, 2005). The 

results obtained from several studies supported the positive effects of HCA administration 

alone or in combination with other ingredients on body weight loss, reduced food intake, 

increased fat oxidation, or energy expenditure (Ohia et al, 2002; Preuss et al, 2004; Roy et al, 

2003) while some studies did not (Heymsfield et al, 1998; Kovacs et al, 2001; Kriketo et al, 

1999).  

  A 
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        HCA is a derivative of citric acid (Figure 1.17A) present in the pericarp of the fruits 

of Garcinia cambogia up to 30% by weight. Commercially available Garcinia cambogia 

extracts are prepared from the fruit rinds and contain 50% HCA (Jena et al, 2002; Mattes and 

Bormann, 2000). Among the components of the Garcinia cambogia extract, HCA exists as a 

free acid and as hydroxycitric acid lactone forms which are more stable. The free acid form is 

considered to be biologically active. For consumer products, the free acid is often stabilized 

by forming salts of HCA (Majeed et al, 1998). 

Anti- obesity property of HCA is attributed to its effect of being a potent inhibitor of 

ATP citrate lyase, which catalyzes the extramitochondrial cleavage of citrate to oxaloacetate 

and acetyl-CoA, limiting the availability of acetyl CoA units required for fatty acid synthesis. 

Supplementation with HCA constitutes a novel means of reducing inflammation and is useful 

for preventing, treating and ameliorating conditions involving inflammation (US patent No   

WO2005002565 A1, 2005)      

1.12 Scope of the study 

Recent findings in biochemistry, cell biology and animal physiology demonstrate that 

protein misfolding in the ER and UPR signaling plays critical roles in the pathogenesis of 

metabolic diseases, including obesity, T2DM, nonalcoholic fatty liver disease (NAFLD) and 

atherosclerosis. The physiological significance demonstrated for ER protein folding 

homeostasis in metabolic disorders provides unique opportunities for scientists and 

physicians to intervene towards treating these diseases. To date, preclinical and clinical 

studies demonstrate the therapeutic potential of a wide range of small molecular modulators 

and regulators of ER stress and the UPR for treatment of metabolic syndrome. Among these 

compounds, chemical chaperones have shown efficacy in animal and clinical studies, while 

other molecules, including the regulators of IRE-1αa and BiP, still need extensive preclinical 

investigation. The emergence of small molecules that target specific UPR pathways will 

provide more options toward this goal. Despite all the recent progress, it is still necessary to 

elucidate the diverse biological functions of UPR components in different cells/ tissues in 

response to various metabolic stresses, and to understand how the UPR interacts with other 

cell signaling pathways, including oxidative stress, inflammation, autophagy and 

mitochondrial function under pathophysiological conditions. As UPR signaling may be 

preferentially activated in ER-stressed cells, targeting selective UPR components might 

provide some specificity toward those ER-stressed cells. Given the multifunctional nature of 

UPR signaling in different cell types, rational design and dosing of drugs will be critical for 
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success. More mechanistic and physiological studies are still needed to elucidate the efficacy 

and safety of these pharmacological interventions. 

1.13 Objectives of the study 

● To investigate the effect of ER stress on the physiological functions of 3T3-L1 

adipocytes, emphasizing on, oxidative stress and ER stress and also evaluate the 

protective effect of (-) hydroxycitric acid on ER stress induced alterations. 

● To evaluate the effect of ER stress on adipocyte mitochondrial function, biogenesis and 

structural dynamics, and possible protection with (-) hydroxycitric acid. 

● To study the crosstalk between ER stress induced inflammation and IR, and, also the 

secretion of adipokines in 3T3-L1 adipocytes and possible reversal with (-) 

hydroxycitric acid. 
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  Chapter 2 

Materials and methods 

2.1 Materials 

2.1.1 Chemicals 

(-) Hydroxycitric acid calcium salt (HCA) was purchased from Natural Remedies 

(Bangalore, India). 3- isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), insulin, 2, 

7- dichlorodihydrofluorescein diacetate (DCFH-DA), ethylene diamine tetraacetic acid 

(EDTA), 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium bromide (MTT), dimethyl 

sulfoxide (DMSO), bovine serum albumin (BSA), γ,γ‘ diaminobenzidine (DAB), sodium 

azide (NaN3), sodium citrate, Tween- 20, phenyl methyl sulphonyl fluoride (PMSF), glucose-

6-phosphate dehydrogenase, biliverdin reductase, hemin, radioimmunoprecipitation (RIPA) 

buffer, TRIzol and protease inhibitor cocktail, Hank‘s balanced salt solution (HBSS) were 

purchased from Sigma Aldrich (St. Louis, Mo, USA). 4-phenylbutyrate (PBA), 

trichloroacetic acid (TCA), dipotassium hydrogen phosphate (K2HPO4), potassium 

dihydrogen phosphate (KH2PO4), potassium phosphate (K2PO4), sodium pyrophosphate, 

methanol, hydrogen peroxide (H2O2), phenazine methosulphate (PMS), nitroblue tetrazolium 

(NBT), 5,5‘-dithiobis-2-nitrobenzoic acid (DTNB), glacial acetic acid, n-butanol, 

nicotinamide adenine dinucleotide phosphate (NADPH), sucrose, glycine, methanol, 

hydrogen peroxide (H2O2) and triton-x 100 were purchased from Merck specialities Pvt. Ltd. 

USA. Fetal bovine serum (FBS), fetal calf serum (FCS), penicillin streptomycin antibiotics, 

Dulbecco‘s modified Eagle‘s medium (DMEM), Krebs‘ ringer phosphate buffer and trypsin-

EDTA were purchased from Himedia Pvt Ltd (Himedia Pvt. Ltd, India). 2-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl) amino-2-deoxy-D-glucose (2-NBDG) was from Invitrogen (Carlsbad, 

CA, USA). Tris hydroxymethyl aminomethane hydrochloride (Tris HCl) and 

paraformaldehyde was purchased from Sisco research laboratory, Mumbai, India. Fura 2 AM, 

Mitotracker Deep Red FM, calcein AM and MitoSOX™ red were purchased from Molecular 

probes, Life technologies, USA. TRIzol was from Biochem Life Science, India. All other 

chemicals used were of analytical grade. 
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2.1.2 Assay kits  

Protein carbonyl, total antioxidant, reduced glutathione (GSH), aconitase, O2 

consumption, Ca
2+

 content, triglyceride (TG), nuclear extraction kit and nuclear factor-κβ 

(NF-κβ) expression cell based assay kits, Nrf2 transcription factor assay kit, glycerol cell 

based assay kit were from Cayman Chemicals, USA. JC-1 mitochondria staining kit was 

from Sigma-Aldrich, (St. Louis, MO, USA). 2-deoxy glucose (2-DG) uptake colorimetric 

assay and mitochondrial biogenesis assay kit were from Abcam (Abcam, Cambridge, MA, 

USA). Adiponectin enzyme immunoassay (EIA) kit was from SPI Bio (SPI Bio, Bertin 

Pharma, France). Leptin ELISA kit was from Merck (Merck Millipore, USA). BCA protein 

assay kit was from Pierce (Rockford, IL USA). Cytochrome oxidase kit, lactate assay kits 

were from Sigma Aldrich chemicals (USA). ATP determination kit was from Molecular 

Probes Inc, Eugene, USA. Interleukin-6 (IL-6), interleukin-2 (IL-2), interleukin-10 (IL-10), 

monocyte chemattractant protein (MCP-1), interferon-gamma (IFN-γ) and IL-1β assay kits 

were from BD Biosciences, USA. Primers for PCR were from Hysel India Pvt Ltd, India. 

Superscript III 1st strand synthesis system kit was from Life technologies, Bangalore, India. 

Primary antibodies for western blotting, horseradish peroxidase (HRP) conjugated secondary 

antibodies and fluorescein-isothiocyanate (FITC) conjugated secondary antibodies were from 

Santa Cruz, USA. 

2.2 Cell culture  

3T3-L1 preadipocytes (ATCC, VA, USA) were cultured in complete growth medium 

[high-glucose (4.5g/l) DMEM supplemented with 10% FBS and 100 units/ml penicillin 

streptomycin] in a humidified incubator with 5% CO2 at 37°C. Cells were passaged regularly 

and subcultured at 70% confluence before the experiments.  

2.2.1 Differentiation of 3T3-L1 pre-adipocytes and ER stress induction 

3T3-L1 preadipocytes were seeded in cell culture plates. Two days post confluence; 

the cells were differentiated with standard cocktail consisting of growth medium with 0.5 

mM dexamethasone, 1 μg/ml bovine insulin, and 0.25 mM isobutyl-1-methylxanthine 

(Sigma, St Louis, MO, USA,). After 48 hours, differentiation medium was replaced with 

complete growth medium, containing 1 μg/ml bovine insulin. The cells were further 

maintained in insulin containing growth medium till used for experiments on day 9, after 

induction of differentiation. Mature adipocytes were incubated with tunicamycin (2 μg/ml) 

for 18 hours to induce ER stress. ER stress was induced in presence or absence of HCA at 5, 

https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiD4tO165TLAhXFjo4KHcVuChEQFgggMAA&url=https%3A%2F%2Fwww.caymanchem.com%2Fcatalog%2F600590&usg=AFQjCNHnbhqdMQTMu4Mk2EmOydzaFQ4gtA&sig2=yvrEwwjlOENeVv0bKlBv2w
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10, 20 μM concentrations to study the protective effect. PBA (1 mM) was used as a positive 

control. 

2.3 Evaluation of cell viability  

Cell viability was determined by MTT assay. Cells in exponential growth phase were 

plated at 5×10
4
 cells per well in 24-well plate. Then, cells were exposed to various 

concentrations (5, 10, 20, 50 and 100 µM) of HCA, for 24 hours and were subjected to MTT 

assay. MTT solution (0.5 mg/ml) was added to each well and incubated for 4 hours at 37 
o
C. 

MTT was reduced to insoluble formazan crystals by mitochondrial succinate dehydrogenase. 

The formazan crystals thus formed were dissolved in DMSO and the absorbance was read 

after 45 minutes in a microplate reader (Biotek Synergy 4, US) at 570 nm and percentage of 

viable cells were calculated. 

2.4 Determination of intracellular ROS generation  

Intracellular ROS generation was assessed using H2-DCFDA, as described previously 

(Wang et al, 1999). Cells were washed twice in Kreb‘s Ringer buffer (KRB) and incubated in 

prewarmed KRB containing 5 μM DCFDA at 37
◦
C. After 20 minutes, the cells were washed 

twice with KRB, and fluorescence was immediately measured in a plate reader, and the 

images were captured using spinning disk fluorescent microscope (BD Pathway, BD 

Biosciences, USA). The fluorescence intensity was reflected as intracellular ROS level.  

2.5 Estimation of glutathione level  

GSH activity was assayed spectrophotometrically according to manufacturer's 

instruction (Cayman, USA). Sulfhydryl group of GSH reacts with DTNB and produces a 

yellow coloured 5-thio-2-nitrobenzoic acid (TNB). The mixed disulfide that is concomitantly 

produced during this reaction is reduced by glutathione reductase to recycle the GSH and 

produce more TNB. The rate of TNB production is directly proportional to this recycling 

reaction which in turn is directly proportional to the concentration of GSH in the sample. The 

absorbance of TNB was noted at 407 nm. For assay, the cells after treatments were collected 

and centrifuged (2,000×g) for 10 minutes at 4 °C. The cell pellets were homogenised in 2 ml 

of cold buffer and was centrifuged at 10,000×g for 15 minutes at 4 °C. The supernatant was 

deproteinized. 50 µl of standard and sample were added to the designated wells and covered 

with the plate cover. 150 µl of the assay cocktail mixture containing PBS, reconstituted 

cofactor mixture, reconstituted enzyme mixture, water and reconstituted DTNB was added to 
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each well containing sample and standard and incubated in dark on a shaker. The absorbance 

was measured at 407 nm at 5 minute intervals for 30 minutes. 

2.6 Preparation of cell lysate for antioxidant enzymes 

The cells were washed in ice cold PBS and harvested in PBS. The harvested cells 

were homogenised in 20 mM Tris/ HCl buffer (pH 7.5) containing 0.2% triton-X 100 and 0.5 

mM PMSF and sonicated for 30 seconds in ice. Cell lysate was centrifuged at 3000 rpm for 

15 minutes at 4
o
C. Supernatant was collected, aliquoted for storage 

2.7 Estimation of glutathione reductase activity  

The assay system contained 0.1 M phosphate buffer, 15 mM 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 minutes and 0.1 ml of 9.6 mM NADPH was 

added. The absorbance was read at 340 nm in a spectrophotometer (Tecan, Switzerland). 

Controls were set up that contained water instead of oxidized glutathione. The enzyme 

activity was expressed as mmoles of NADPH oxidized/mg protein (David and Richard, 1983).  

2.8 Estimation of glutathione peroxidase (GPx) activity  

Glutathione peroxidase activity was quantified as follows: 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 minutes by adding 0.5 ml of 10% TCA. The obtained product 

was centrifuged and the supernatant was read at 412 nm (Gunzler et al, 1974). 

2.9 Estimation of total antioxidant level  

Total antioxidant activity of the samples was assayed as per Cayman kit protocol. 

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. For performing the assay, treated cells were collected by 

centrifugation (2000×g) for 10 minutes at 4°C. The pellets were sonicated and centrifuged at 

10,000×g for 15 minutes at 4 °C. 10 µl of the sample was added into plate wells. 10 µl of 

metmyoglobin and 150 µl of chromogen were added and the reaction was initiated by adding 
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H2O2. The plate was incubated for 5 minutes at room temperature and then absorbance was 

read at 405 nm. 

2.10 Estimation of catalase activity  

Catalase activity was assayed according to the method of Cohen et al. (Cohen et al, 

1970) and expressed as µM of H2O2 decomposed per minute at 25 °C. The protein 

concentration was measured using BCA kit from Pierce. The sample was added into a 3 ml of 

reaction mixture containing 50 mM potassium phosphate and 0.036% (w/w) H2O2. It was 

mixed well immediately by inversion. The decrease in absorbance for ~180 seconds was 

recorded. The disappearance of H2O2 activity was spectrophotometrically assayed at 240 nm.  

2.11 Estimation of total SOD, Mn- SOD, Cu-Zn SOD activity  

SOD was assayed by the method of Kakkar et al (Kakkar et al, 1984). The assay 

mixture contained 1.2 ml of sodium pyrophosphate buffer (pH 8.3, 0.52 M), 0.1 ml of 186 

µM PMS, 0.3 ml of 300 µM NBT, and 0.2 ml of 780 µM NADH and finally made up into a 

volume of 3 ml with addition of distilled water. The reaction was started by the addition of 

NADH. After incubation at 30 °C for 90 seconds the reaction was stopped by the addition of 

glacial acetic acid. The reaction mixture was stirred vigorously and shaken with 4 ml of n- 

butanol. The mixture was allowed to stand for 10 minutes and then centrifuged and the 

butanol layer was removed. The colour intensity of the chromogen NBT diformazan in 

butanol was measured at 560 nm using a multimode plate reader. Cu-Zn SODs (Hodgson and 

Fridovich, 1975) were inhibited by adding 5 mM H2O2 to quantify Mn SOD activity. The 

difference between the total activity and Mn SOD activity gave CuZn SOD activity (Nandi 

and Chatterjee, 1988). 

2.12 Estimation of protein carbonyl content 

The protein carbonyl content in cell lysate was estimated using assay kit from 

Cayman Chemical Company as per the manufacturer‘s instructions. The kit utilizes the 

reaction between 2,4-dinitrophenylhydrazine (DNPH) and protein carbonyls in the cell lysate. 

DNPH reacts with protein carbonyls, to form a schiff base producing the corresponding 

hydrazone, which can be analyzed spectrophotometrically. 200 µl of cell lysate was mixed 

with 800 µl of DNPH, mixed and kept at room temperature in dark for 1 hour, vortexing the 

tube every 15 minutes. Then, 1 ml of 20% TCA was added to each tube vortexed and 

incubated in ice for 5 minutes. The tubes were centrifuged at 10,000 x g for 10 minutes at 
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4
0
C, the supernatant was discarded and the pellet was washed two times in 1 ml of 1:1 

mixture of ethanol/ethyl acetate mixture. The tubes were centrifuged at 10,000 x g for 10 

minutes at 4
0 

C. After final wash, the pellet was dissolved in 500 µl of guanidine 

hydrochloride by vortexing and the supernatant was read at 385 nm.  

2.13 Estimation of lipid peroxidation 

The estimation of thiobarbituric acid reactive substances (TBARS) method was used 

to determine lipid peroxidation products as described previously (Choi et al, 2007). After 

treatments, cells were washed twice with PBS and lysed in SDS solution. To the 200 μl of 

cell lysates, 50 μl of BHT were added to prevent sporadic lipid peroxidation during heating. 

1.5 ml of 0.5M HCl, 1.5 ml of 20 mM TBA solution and 250 μl of distilled water were added. 

The reaction mixture was mixed well and heated for 30 minutes in a boiling water bath. After 

cooling for 20 minutes, 2 ml of n-butanol was added. The mixture was mixed vigorously and 

centrifuged at 3000 rpm for 15 minutes. The fluorescence of the organic layer was measured 

at excitation 515 nm and emission 555 nm and the TBARS were calculated using 1, 1, 3, 3- 

tetramethoxypropane as standard. 

2.14 Nrf2 transcription factor translocation assay  

Nrf2 transcription factor assay and nuclear extraction was done using Nrf2 assay kit 

and nuclear extraction kit from Cayman. Nrf2 contained in nuclear extract and cytosolic 

fraction samples were bound specifically to the double stranded DNA (dsDNA) sequence 

containing the Nrf2 response element immobilized in 96 well plate. Specific Nrf2 antibody 

and a secondary antibody conjugated to HRP were used for the detection of protein content. 

The absorbance was read at 450 nm. 

2.15 Indirect immunofluorescence  

3T3-L1 cells were seeded in clear bottom black well plates and treated as described 

earlier. Cells were washed twice with PBS, and then fixed and permeabilized with 4% 

formaldehyde and 0.05% triton X-100 in PBS for 10 minutes. After washing with PBS, cells 

were blocked with 1% bovine serum albumin and incubated with anti-CHOP or anti-GRP78 

(Bip) antibodies as primary antibody for 1 hour. Following incubation, cells were washed 

three times with PBS, and then incubated for an additional hour with secondary antibody 

(1:200) conjugated with FITC. Cells were washed three times with PBS and imaged using 

spinning disc microscope (Irie et al, 2000). 
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2.16 Estimation of heme oxygenase-1(HO-1) activity  

The HO-1 activity assay was carried out according to the method reported by Foresti 

et al. with slight modifications (Foresti et al, 1997). Briefly, cells were washed and gently 

scraped in cold PBS. The cell pellet obtained was homogenised and centrifuged. The 

supernatant was added to a reaction mixture containing biliverdin reductase (0.2 U), 100 mM 

potassium phosphate buffer (pH 7.4), containing 2 mM MgCl2, 10 μM hemin, 2 mM glucose-

6-phosphate, 0.2 unit of glucose-6-phosphate dehydrogenase, and 0.8 mM NADPH. The 

reaction mixture was incubated in the dark at 37°C for 1 hour and terminated by the addition 

of 1 ml of chloroform. After vigorous vortexing and centrifugation, the extracted bilirubin in 

the chloroform layer was measured by the difference in absorbance between 464 and 530 nm 

(ϵ = 40 mM
-1

 cm
-1

).  

2.17 Detection of mitochondrial superoxide generation  

Mitochondrial superoxide production in the cells was determined using fluorescent 

dye, mitoSOX™. This dye selectively detects O2
•−

 in the mitochondria of live cells. The cells 

were seeded in 96-well black clear bottom plates at a density of 5×10
3
 cells per well. The 

cells were incubated with 5 mM mitoSOX™ in HBSS. After incubation for 20 minutes, the 

cells were imaged by exciting the dye at 514 nm as described earlier (Mukhopadhyay et al, 

2007). 

2.18 Determination of aconitase activity  

Activity of aconitase was assayed in the cell lysate using kits from Cayman 

chemicals. This assay utilizes the coupled enzymatic reactions of citrate to isocitrate by 

aconitase and isocitrate to α-ketoglutarate by isocitrate dehydrogenase. The assay is based on 

the measurement of formation of NADPH from NADP
+
. NADPH reacts with the fluorescent 

substrate to yield a highly fluorescent product. The fluorescent product was sensed with an 

excitation wavelength of 535 nm and an emission wavelength of 590 nm. The rate of 

NADPH was proportional to aconitase activity. 10 µl of 1X assay buffer, 50 µl of NADP
+
 

reagent, 50 µl of isocitric dehydrogenase, 10 µl of reconstituted enzyme mixture and 10 µl of 

reconstituted fluorometric detector were added to 50 µl of sample. The reaction was initiated 

by adding 50 µl of diluted substrate solution and the fluorescence was read once every minute 

for 30 minutes at 37 °C. 
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2.19 Determination of mitochondrial mass  

Relative mitochondrial mass was assessed using MitoTracker Deep Red FM 

(Molecular Probes, Invitrogen). MitoTracker is a fluorescent dye that enters into the 

mitochondrial matrix independent of the membrane potential and forms covalent bonds with 

free thiol groups of cysteine residues of mitochondrial proteins. Fluorescence intensity was 

related to mitochondrial number. MitoTracker (5 µM) was added to each well and incubated 

for 30 minutes, after which cells were rinsed using PBS and imaged using confocal 

microscope. Fluorescence intensity was also measured in a multiplate reader using excitation 

and emission wavelengths of 644 nm and 665 nm, respectively (Sharon et al, 2007). 

2.20 Detection of alteration in mitochondrial membrane potential  

The cells were seeded in 96-well black clear bottom plate in 200 µl of culture medium 

and subjected to treatments. The experiment was done as per the manufacturer‘s protocol 

(JC-1 mitochondria staining kit, Sigma). The cells were stained with JC-1 stain for 20 

minutes at 37 °C and washed with growth medium. The shift of fluorescence was visualized 

under spinning disk microscope and fluorescence intensity was measured in multiwell plate 

reader. In normal cells, the JC-1 dye concentrates in the mitochondrial matrix, where it forms 

red fluorescent aggregates because of the electrochemical potential gradient. Dissipation of 

ΔΨM prevents the accumulation of JC-1 in the mitochondria, leading to a shift from red (J-

aggregates) to green fluorescence (JC-1 monomers) (Javadov et al, 2006). 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 for the measurement of 

dissipation of mitochondrial membrane potential. 

2.21 Determination of mitochondrial permeability transition pore integrity  

Integrity of MPTP was detected by treating the cells with 0.25 µM calcein-AM in the 

presence of 8 mM cobalt chloride for 30 minutes to quench cytosolic and nuclear calcein 

loading. The calcein fluorescence is compartmentalized within mitochondria until MPTP 

opening permits the entry of cobalt into mitochondria, which results in the quenching of 

calcein fluorescence in the mitochondrial matrix (Petronilli et al, 1999). Cells were imaged 

using spinning disc facility at 488 nm excitation and 525 nm emission. 
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2.22 Detection of intracellular calcium overload  

Calcium overload was detected by staining the cells with Fura-2AM (Robinson et al, 

2004). The cells were seeded in 96-well black clear bottom plate in 200 µl of culture medium 

and subjected to experimental treatments. After treatments, cells were stained with Fura-2AM 

(5 µM) and incubated at 37°C for 30 minutes. After incubation, cells were washed three times 

with HBSS and the images were visualized using BD PathwayTM Bioimager System (BD 

Biosciences). The dye was excited at 340/380 nm and the emission range was 510 nm. 

2.23 Quantification of intracellular calcium  

The total calcium content in the cell lysate was quantified as per the Cayman kit 

protocol. Cells were seeded at 5 X10
6
 cells per well. The assay utilizes an optimized o-

cresolphthalein-calcium reaction in which a vivid purple complex is formed in the presence 

of calcium that absorbs between 560 nm and 590 nm. The intensity of the colour is directly 

proportional to the concentration of calcium in the sample. In brief, supernatant from cell 

lysate was prepared by homogenization and centrifugation in ice cold buffer (10000xg for 15 

minutes at 4
o
C). 200 µl of working detection reagent was added to 10 µl of sample, gently 

shaken and incubated for 5 minutes. The resulting color was read spectrophotometrically. 

2.24 Determination of oxygen consumption rate  

Oxygen consumption rate was assayed using Cayman‘s cell based oxygen 

consumption rate assay kit. Antimycin A was used as standard inhibitor. Cayman‘s oxygen 

consumption rate assay kit utilizes a phosphorescent oxygen probe to measure oxygen 

consumption rate. The phosphorescence of MitoXpress-Xtra, the phosphorescent oxygen 

probe, is quenched by oxygen and the phosphorescent signal is inversely proportional to the 

amount of oxygen present. After respective treatments, the culture medium was removed and 

replaced with fresh medium. 10 µl MitoXpress® -Xtra solution was added to all the wells 

except blank wells and then 100 µl of HS mineral oil over each well. The fluorescence was 

read at excitation, 380 nm and emission, 650 nm kinetically for 150 minutes.  

2.25 Estimation of ATP content  

ATP in cell lysates was quantified using ATP determination kit (Molecular Probes®, 

Life Technologies, USA). It is a bioluminescence assay for quantitative determination of 

ATP with recombinant firefly luciferase and its substrate D-luciferin. The assay is based on 

requirement of ATP for luciferase to produce light (emission maximum 560 nm at pH 7.8). 



                                                                                                                                                                   Chapter 2 
 

43 
 

The reaction mixture consisting of 8.9 ml of distilled water, 0.5 ml of 20X reaction buffer, 

0.1 ml of 0.1 M DTT, 0.5 ml of 10 mM D-luciferin, 2.5 μl of firefly luciferase (5 mg/ml stock 

solution) and 100 µl of sample was mixed gently and the luminescence was read at 560 nm.  

2.26 Detection of activities of mitochondrial enzyme complexes  

Complex I-mediated electron transfer (NADH dehydrogenase) was studied using NADH as 

the substrate and menadione as electron acceptor. The reaction mixture containing 200 mM 

menadione and 150 mM NADH was prepared in phosphate buffer (0.1 M, pH 8.0). 100 µg 

mitochondria was added, mixed immediately and observed quickly for change in the 

absorbance (∆OD) at 340 nm for 8 minutes (Paul et al, 2008).  

Complex II mediated activity (succinate dehydrogenase) was measured 

spectrophotometrically at 600 nm using DCPIP as an artificial electron acceptor and 

succinate as substrate. The extent of decrease of absorbance (∆OD) 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 mM 

DCPIP, 20 mM succinate and mitochondria (50 µg). The change in absorbance was read 

immediately for 8 minutes at 30 °C. 

Complex III (decylubiquinol cytochrome c oxidoreductase) activity was assessed in assay 

buffer containing 50 mM Tris-HCl, 4 mM NaN3, 0.1 mg/ml of BSA, and 0.05% (vol/vol) 

Tween 20. The reaction was started by addition of 0.25 mM decylubiquinol and 0.0625 mM 

cytochrome c. Reduction of cytochrome c with decylubiquinol was determined at 550 nm. 

Antimycin was used as a negative control (Luo et al, 2008). 

Complex IV activity of mitochondria was assayed using cytochrome oxidase kits 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 nm per minute. The activity of the sample was expressed as U/ml. 

2.27 Determination of mitochondrial biogenesis  

Mitochondrial biogenesis was analysed with MitoBiogenesis™ In-Cell ELISA Kit 

(ABCAM, MA, USA) according to manufacturer‘s protocol. In brief, the cells after treatment 

were fixed with 4% paraformaldehyde. Cells were then washed with PBS and followed by 
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the addition of 100 μl of freshly prepared 0.5% acetic acid for 5 minutes to block endogenous 

alkaline phosphatase activity. Cells were washed again with PBS and permeabilized with 

0.1% triton X-100 for 30 minutes and followed by the addition of 200 μl of 1X Blocking 

Solution for 2 hours. 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 alkaline 

phosphatase (AP) for SDH-A and HRP for COX-I secondary antibodies for 1 hour. 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 HRP substrate. The colour developed 

was measured at 600 nm for COX-I. COX-I signal and SDH-A signal were then plotted 

independently for analysing the data. 

2.28 Estimation of adiponectin secretion   

Adiponectin was estimated in the conditioned medium using a mouse adiponectin 

enzyme immunoassay (EIA) kit (SPI Bio, Bertin Pharma, France). Conditioned media was 

collected and added to wells coated with a monoclonal antibody specific of mouse 

adiponectin. After 1 hour incubation, the wells were washed and polyclonal anti-mouse 

adiponectin antibody conjugated with biotin was added and incubated for 1 hour. After 

washing, streptavidin-horseradish peroxidase tracer was added and incubated for 30 minutes. 

The concentration of the adiponectin was then determined by measuring the enzymatic 

activity of the HRP using the hydrogen peroxide/TMB solution. The absorbance was 

measured at a wavelength of 450 nm using a multimode reader (Biotek Synergy 4, USA). 

2.29 Estimation of leptin secretion 

The amount of leptin in the conditioned media was quantified using leptin ELISA kit 

(Merck Millipore, USA). This assay is a sandwich ELISA based method. Leptin in the 

conditioned media was bound by a pre-titered antiserum and the resulting complexes were 

immobilized in the wells of the microtiter plate. After washing, purified biotinylated 

detection antibody was added to the immobilized leptin. HRP 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 H2O2/TMB solution. Absorbance was 

read at 450 nm and 590 nm within 5 minutess. 
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2.30 Quantification of inflammatory cytokines  

Inflammatory cytokines TNF-α, IL-6, IL-2, IL-1β, IL-10, MCP-1 and IFN-γ in culture 

media were quantified using ELISA kits from BD Biosciences. For performing these assays, 

100 µl of diluted capture antibody was added to the wells and incubated overnight at 4 °C. 

After incubation the supernatant was aspirated and the wells were washed 3 times with 300 µl 

of wash buffer. 200 µl of blocking buffer were added to all wells and were incubated for 1 

hour at room temperature. After incubation the wells were washed 3 times. 100 µl of samples 

were added to the wells and incubated for 2 hours at room temperature and the washing step 

was repeated. 100 µl of working detector were added to all the wells and incubated for 1 hour 

at room temperature and repeated the washing step with wash buffer. 100 µl of substrate 

solution was added and incubated for 30 minutes in dark. 50 µl of stop solution was added 

and the absorbance was read at 450 nm. This procedure was common for MCP-1, IL-6, IL-2, 

IL-10, IL-1β and IFN-γ. For TNF-α ELISA, the wells were washed with 300 µl of wash 

buffer and after that 50 µl of samples were added to the wells. The plates were incubated for 

2 hours at room temperature with shaking at 200 rpm. The contents of the plate were 

discarded and the plates were washed with 1X wash buffer. 100 µl of TNF-α detection 

antibody was added to the wells and incubated the plates for 1 hour at room temperature. 

Again the plates were washed with wash buffer. After washing 100 µl of avidin-HRP A 

solution was added and incubated for 30 minutes at room temperature. The contents of the 

plate were discarded and again washing step was repeated. 100 µl of substrate solutions were 

added to the wells and incubated in dark for 15 minutes. 100 µl of stop solution was added 

and the absorbance was read at 450 nm. 

2.31 Detection of NF-kB (p65) translocation 

NF-kB (p65) transcription factor assay is a non-radioactive sensitive method for 

detecting specific transcription factor DNA binding activity in nuclear extracts. NF-kB 

contained in the nuclear extract, binds specifically to the NF-kB response element. After 

respective treatments the cells were collected by centrifugation and using Cayman‘s nuclear 

extraction kit, nuclear proteins were isolated. NF-kB (p65) level in the cytosolic and nuclear 

extract were detected. 10 µl of samples containing NF-kB were added to the wells and 

incubated overnight at 4 °C. All the wells were washed with 200 µl 1X wash buffer. 100 µl of 

NF-kB (p65) primary antibody was added to all the wells except blank and incubated for 1 

hour at room temperature. The washing step was repeated with 1X wash buffer and to all the 
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wells except blank 100 µl of diluted goat anti-rabbit secondary antibody was added and 

incubated for 1 hour at room temperature. After incubation it was again washed with 1X 

wash buffer. 100 µl of developing solution was added and incubated for 30 minutes with 

gentle agitation. 100 µl of stop solution was added to all the wells and the absorbance was 

read at 450 nm. 

2.32 Estimation of nitrite levels 

After treatment, 100μl of Griess reagent was immediately added per 100μl of sample 

volume.  The sample/reagent mixture and blank was allowed to develop in the dark for 30 

minutes. The absorbance was measured at 548 nm using multiwell plate spectrophotometer. 

2.33 Estimation of glucose uptake   

Fully differentiated 3T3-L1 adipocytes were treated as earlier. Cells were stimulated 

with 1 μg/ml of insulin for 10 minutes. Culture medium was removed from each well and 

replaced with fresh culture medium containing 10 µM fluorescent 2-NBDG (Molecular 

Probes-Invitrogen, USA), and incubated for 30 minutes. The cells were then washed twice 

with cold PBS and the fluorescence intensity of 2-NBDG in the cells was recorded using a 

FACS Aria II flow cytometer (BD Biosciences, USA) 

2.34 Estimation of lactate  

The concentration of lactate in the conditioned media was quantified using lactate 

assay kit (Sigma Aldrich, USA) according to the manufacturer‘s protocol. In this assay, 

lactate concentration is determined by an enzymatic reaction, which results in a colored 

product, proportional to the amount of lactate present. 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 was then analysed with an excitation wavelength of 530-540 nm and 

an emission wavelength of 585-595 nm. 

2.35 Estimation of triglyceride content 

Triglyceride content in the samples was quantified using Cayman‘s triglyceride assay 

kit. The reaction was initiated by adding 150 µl of the enzyme buffer solution to the sample 

and shaken. The plate was incubated for 15 minutes and absorbance was read at 530 -550 nm. 

The kit utilizes the action of the enzyme, lipases, which cause the enzymatic hydrolysis of 

triglyceride to glycerol and fatty acid. The glycerol formed is phosphorylated by glycerol 
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kinase to form glycerol-3-phosphate, which is then oxidized to dihydroxy acetone phosphate 

and hydrogen peroxide by glycerol phosphate oxidase. The H2O2 formed is coupled with 4-

aminoantipyrine and N-ethyl- N-(3-sulfopropyl)-m-anisidine (ESPA), in a redox coupled 

reaction by peroxidase, producing a brilliant purple colour, whose intensity is proportional to 

the amount of triglyceride in the sample. The intensity of the colour formed was measured at 

540 nm on a multimode reader (Biotek Synergy 4, USA). 

2.36 Determination of lipid droplet content  

3T3-L1 cells were seeded in clear bottom black well plates and treated as described 

earlier. The supernatant was removed and washed with 200 μl of PBS. 0.5 ml of Nile red was 

added and incubated for 10 minutes at room temperature. Cells were imaged using spinning 

disc microscope. 

2.37 Estimation of glycerol release 

 Glycerol release was quantified using glycerol cell based assay kit from Cayman. 100 

μl of free glycerol assay reagent was added to 25 µl of cell culture supernatant and incubated 

for 15 minutes at room temperature. The assay employs a coupled enzymatic reaction system 

that yields a brilliant purple product with an absorbance of maximum at 540 nm 

2.38 Quantitative real time-PCR 

Cellular mRNA expression of the genes was quantified using RT-PCR. Total RNA 

was isolated from cells using TRIzol (Biochem Life Science, India). Subsequently, 

superscript III 1st strand synthesis system (Life technologies, Bangalore, India) kit was 

utilised for the reverse transcription (RT) of the samples. The samples were incubated in a 

Bio-rad CFX96™ Real-Time system at 25 °C for 10 minutes, 50 °C for 50 minutes, 85 °C for 

5 minutes and then at 4 °C for 5 minutes. The specific PCR primers were synthesized based 

on nucleotides. β Actin mRNA was used as an internal reference. The amplification included 

the following reaction stages: stage I (initial denaturation), which involved an incubation at 

95 °C for 10 minutes, stage II (39 cycles of PCR amplification), which involved 39 cycles of 

incubation at 95 °C for 15 s, 30 s annealing at appropriate primer temperature, and 72 °C for 

10 s, and stage III (melting curve analysis), which involved an incubation at 72 °C for 5 

minutes followed by an incubation at 16 °C for 10 minutes. The primers for various genes 

were designed using the Primer 3, a free online tool to design and analyze primers for PCR 

and real time PCR experiments and synthesised by Hysel India Pvt Ltd. In particular, the 

following specific primers were synthesized (table 2.1). Based on the amplification results, 
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the comparative CT method (∆∆CT) was used to calculate the relative multiple of the starting 

copy number that existed in the template from each experimental group. The normalized gene 

expression was calculated. 

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. 

Grp78 Forward 5‘-CCACTTCATCTTACCATTTA-3‘ 

 Reverse 5‘-ATCTGCATCTGAGTTTAATC-3‘ 

Chop Forward 5‘-GTCCAGCTGGGAGCTGGAAG-3‘ 

 Reverse 3‘-GTCCAGCTGGGAGCTGGAAG-3‘ 

Tfam Forward 5‘-GGAATGTGGAGCGTCCTAAAA-3‘ 

 Reverse 5‘-TGCTGGAAAAACACTTCGGAATA-3‘ 

Pgc1a Forward 5‘-CGGAAATCATATCCAACCAG-3‘ 

 Reverse 5‘-TGAGGACCGCTAGCAAGTTTG-3‘ 

Nrf1 Forward 5‘-TGGTCCAGAGAGTGCTTGTG-3‘ 

 Reverse 5‘-TTCCTGGGAAGGGAGAAGAT-3‘ 

Mt dna Forward 5‘-CCACTTCATCTTACCATTTA-3‘ 

 Reverse 5‘-ATCTGCATCTGAGTTTAATC-3‘ 

Cyt B Forward 5‘-TTTTATCTGCATCTGAGTTTAATCCTG-3‘ 

 Reverse 5‘-CCACTTCATCTTACCATTTATTATCGC-3‘ 

Adiponectin Forward 5‘-GTTGCAAGCTCTCCTGTTCC-3‘ 

 Reverse 5‘-CTTGCCAGTGCTGTTGTCAT-3‘ 

Resistin Forward 5‘-TCATTTCCCCTCCTTTTCCTTT-3‘ 

 Reverse 5‘-TGGGACACAGTGGCATGCT-3‘ 

Tlr4 Forward 5‘-CGCCCTTTAAGCTGTGTCTC-3‘ 

 Reverse 5‘-CAAAGAGCCTGAAGTGGGAG-3‘ 

Glut-1 Forward 5‘-AGGCTTGCTTGTAGAGTGAC-3‘ 

 Reverse 5‘- TAAGGATGCCAACGACGATTC-3‘ 

Glut-4 Forward 5‘-CAACGTGGCTGGGTAGGC-3‘ 

 Reverse 5‘-ACACATCAGCCCAGCCGGT-3‘ 

Ppar-γ2 Forward 5‘-GCTGTTATGGGTGAAACTCTG-3‘ 
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 Reverse 5‘-ATAAGGTGGAGATGCAGGTTC-3‘ 

β Actin Forward 5‘-AGTACCCCATTGAACGC-3‘ 

 Reverse 5‘- TGTCAGCAATGCCTGGGTAC-3‘ 

Xbp1 Forward 5‘-ACACGCTTGGGAATGGACAC-3‘ 

 Reverse 5‘-CCATGGGAAGATGTTCTGGG-3‘ 

Pdi    Forward        5‘-CAAGATCAAGCCCCACCTGAT-3‘ 

 Reverse 5‘-AGTTCGCCCCAACCAGTACTT-3‘ 

IRS-1    Forward 5‘-CTTCTGTCAGGTGTCCATCC-3‘ 

 Reverse 5‘-CTCTGCAGCAATGCCTGTTC-3‘ 

Irs2    Forward 5‘-GGCCTCTGTGGAAAATGTCTC-3‘ 

 Reverse 5‘-CTGTGGCTTCCTTCAAGTGAT-3‘ 

                    Table 2.1 List of primers 

2.39 Western blotting 

Cells were seeded in a T25 flask containing 5 ml of DMEM medium and treatments 

were carried out. At the end of the treatments, the cells were harvested and lysed with ice-

cold cell lysis solution (RIPA buffer containing a protease inhibitor cocktail) and the 

homogenate was centrifuged at 10,000×g for 15 minutes at 4 °C. Total protein in the 

supernatant was quantified using a BCA protein assay kit (Pierce, Rockford, IL USA). Total 

protein (40 μg) from each sample was separated by 10% SDS-PAGE at 55 V. The protein in 

the gel was transferred into polyvinylidene difluoride (PVDF) membrane using Trans-Blot 

Turbo™ (Bio-Rad). The membrane was blocked with BSA in TBST (Tris buffered saline-

tween 20) for 1 hour at room temperature, and then incubated with the specific primary 

antibodies with gentle agitation at 4 °C overnight. The incubation was followed by 3 times 

wash with TBST for 10 minutes in a shaker, followed by HRP-conjugated secondary 

antibodies (1:1000) in 0.25% BSA in TBST for 60 minutes at room temperature with 

continuous shaking. After three washes with TBST, the membranes were developed using 

DAB tablets (Sigma Aldrich, St Louis, MO, USA) and the relative intensity of bands were 

quantified using Bio-Rad Quantity One version 4.5 software in a Bio-Rad gel doc. The 

quantity of protein in cell lysate was normalized with the content of β Actin. 
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Primary antibodies used were: 

GRP78, CHOP, PERK, IRE1α, ATF6, p eIF2A, PDI, ERO1α, HO-1, OPA-1, MFN2, DRP-1, 

FIS-1, Adiponectin, GLUT-1, GLUT4, JNK, pJNK, pIRS-1(SER-307), IRS2, PPARγ, P13K, 

PTP1B, p AKT 

2.40 Statistical data analysis  

Results are expressed as means ± standard deviations (n = 6). Data were analyzed 

using one-way ANOVA and the significance of differences between means was calculated by 

Duncan‘s multiple range tests using SPSS for Windows standard version 7.5.1 (SPSS, Inc.). 

P ≤ 0.05 was considered significant. 
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Chapter 3 

Induction of ER stress in 3T3-L1 adipocytes and possible 

protection with HCA 

3.1 Introduction 

In obese individuals, adipose tissue undergoes several types of stress, like 

inflammation, hypoxia, oxidative stress, ER stress, metabolic stress etc. This is caused by the 

excess of nutrients, and mechanical stress from hypertrophy which ensues during obesity 

(Gregor and Hotamisligil, 2007; Ozcan et al, 2004; Rudich et al, 2007). ER stress in obese 

adipose tissue may be resulting from the nutrient overload, increased demand for protein 

synthesis, or local glucose deprivation in the setting of IR and decreased adipose tissue 

vascularization (Gregor and Hotamisligil, 2007). Unresolved ER stress may be a key factor in 

the dysregulated adipose tissue function, where insulin sensitivity is diminished and irregular 

adipokine secretion occurs (Gregor and Hotamisligil, 2007). 

Numerous genetic and environmental factors lead to the accumulation of unfolded 

proteins in the ER lumen, triggering ER stress. Excessive or prolonged ER stress ultimately 

leads to apoptotic cell death. Cells try to alleviate ER stress, by an innate system known as 

the UPR (Kaufman, 2002; Ron, 2002; Schröder and Kaufman, 2005). The UPR acts through 

three major pathways, PERK, IRE1 and ATF6. These proteins 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 (Harding et al, 2000), ii) induction of genes 

encoding ER molecular chaperones to facilitate protein folding, (Li  et al, 2000; Yoshida et 

al, 1998), and iii) activation of ER-associated degradation to reduce unfolded protein 

accumulation in the ER (Ng et al, 2000; Travers et al, 2000). When all these strategies fail 

and the cells are unable to maintain ER homeostasis, the cells are directed to apoptosis 

(Nakagawa et al, 2000; Urano et al, 2000). 

BiP and CHOP are two of the best studied genes transcriptionally induced by ER 

stress, and robust protocols are available to quantify their mRNA levels (Hiramatsu et al, 

2011). BiP is an ER-localized HSP70-class chaperone that participates in protein folding in 

the ER and bind to misfolded ER proteins for further quality control(Bukau et al, 2006; 

Chang et al, 2007; Mayer and Bukau et al, 2005). CHOP is a transcription factor that 
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promotes apoptosis in response to uncontrolled ER stress (Tabas and Ron, 2011; Zinszner, 

1998).
 
Upon heterodimerization, CHOP is transported to the nucleus and induces ER stress 

mediated apoptosis. Elevated Chop mRNA levels have been identified in diseases associated 

with ER stress.  

Recent preclinical and clinical studies show that pharmacological modulators of ER 

stress have therapeutic potential as novel treatments of metabolic disorders, including 

obesity, fatty liver disease and atherosclerosis (Cao and Kaufman, 2013; Pagliassotti, 2012). 

The present study attempted to investigate whether HCA inhibited the induction of UPR 

signaling components in the ER stressor, tunicamycin exposed 3T3-L1 adipocytes. This study 

examined ER stress markers and HCA cytoprotection from ER stress in lipid-laden 

adipocytes.  

HCA is a derivative of citric acid and is found in plant species such as Garcinia 

cambogia, Garcinia indica, and Garcinia atroviridis (Roongpisuthipong et al, 2007). It is 

commonly marketed as a weight loss supplement either alone or in combination with other 

supplements (Downs et al, 2005; Roongpisuthipong et al, 2007, ) and is reported with 

multiple health benefits.  

3.2 Methods 

Cell culture and treatments were same as described in Chapter 2. Experimental groups 

were 

 B -   Control 

 T -   Tunicamycin treated groups 

H1 - Tunicamycin + HCA 5 µM  

H2 - Tunicamycin + HCA 10 µM  

H3 - Tunicamycin + HCA 20 µM 

 P   - Tunicamycin + PBA 1 mM 

Initially experiments were conducted to rule out the cytotoxicity of HCA by incubating 

cell with various concentrations of HCA. Following experiments were conducted to assess the 

cytotoxicity and confirm the induction of ER stress through western blot, RT PCR and ROS 

generation.  Detailed procedures of all the experiments are given in Chapter 2 

 

● MTT assay for HCA and tunicamycin 

● ROS generation by HCA and tunicamycin using DCFDA  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Pagliassotti1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Pagliassotti1
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● Immunofluorescence imaging of GRP78 and CHOP 

● Western blot analysis of GRP78 and CHOP 

● mRNA quantification of Grp78 and Chop 

3.3 Results 

3.3.1 Cytotoxicity of HCA  

Cytotoxic effect of HCA was evaluated using MTT assay. 3T3-L1 adipocytes were 

treated with different concentrations of HCA for 24 hours. The compound did not cause any 

toxicity to 3T3-L1 cells up to 100 µM (Figure 3.1).  

 

 

 

 

 

 

 

 

 

 

Figure 3.1 MTT assay of 3T3-L1 adipocytes with different concentrations of (-) hydroxycitric acid. (B) control 

(H1) 5 µM (-) hydroxycitric acid, (H2) 10 µM (-) hydroxycitric acid, (H3) 20 µM (-) hydroxycitric acid, (H4) 50 

µM (-) hydroxycitric acid , (H5) 100 µM (-) hydroxycitric acid. Values are means ± SD (n = 6) represented by 

vertical bars.  

 

3.3.2 Effect of HCA on ROS production  

Oxidative stress, if any with HCA was checked to confirm the safety of HCA (5, 10, 

20, 50, 100 µM). HCA treatment at concentrations up to 50 µM showed no ROS production 

at all. But 100 µM of HCA produced significant amount of ROS compared to the control 

(Figure 3.2).  
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Figure 3.2 Reactive oxygen species production by (-) hydroxycitric acid at various concentrations in 3T3-L1 

adipocytes. A. The representative images of reactive oygen species generation in 3T3-L1 cells stained with 

DCFDA. (a) control (b) 5 µM (-) hydroxycitric acid, (c) 10 µM (-) hydroxycitric acid, (d) 20 µM (-) 

hydroxycitric acid, (e) 50 µM (-) hydroxycitric acid, (f) 100 µM (-) hydroxycitric acid. Scale bar corresponds to 

100 µm. B. ROS production as shown by fluorimetric analysis. (C) control (H1) 5 µM (-) hydroxycitric acid, 

(H2) 10 µM (-) hydroxycitric acid, (H3) 20 µM (-) hydroxycitric acid, (H4) 50 µM (-) hydroxycitric acid, (H5) 

100 µM (-) hydroxycitric acid. Values are means, with standard deviations represented by vertical bars (n = 6).* 

Mean values are significantly different from the control cells P ≤ 0.05.  
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3.3.3 Effect of tunicamycin on ROS production   

ROS generation by different concentrations of tunicamycin (1, 2, 3, 4, and 5 µM for 

18 hours) was studied using DCFDA. The control cells showed very low fluorescence, while 

treatment with tunicamycin for 18 hours increased ROS production in the cultured adipocytes 

in a dose dependent manner (Figure 3.3). Fluorimetric analysis also showed significant 

increase (3.63, 6.84, 9.50, 11.28, 12.73 fold respectively) in ROS production during 

tunicamycin treatment. Based on this result 2 µM of tunicamycin was used to induce ER 

stress in all the experients in the thesis. 

Figure 3.3 Reactive oxygen species production by different concentrations of tunicamycin in 3T3-L1 

adipocytes. A. The representative images of ROS induced fluorescence in 3T3-L1 adipocytes treated with 

different concentrations of tunicamycin for 18 hours, (a) control, (b) 1 µM tunicamycin, (c) 2 µM tunicamycin, 

(d) 3 µM tunicamycin, (e) 4 µM tunicamycin, (f) 5 µM tunicamycin. Scale bar corresponds to 100 µm. B. ROS 

production according to fluorometric analysis, (C) control, (T1) 1 µM tunicamycin, (T2) 2 µM tunicamycin, 

(T3) 3 µM tunicamycin, (T4) 4 µM tunicamycin, (T5) 5 µM tunicamycin. Values expressed as means ± SD (n = 

6), represented by vertical bars.* indicates values are significantly different from the control cells and 

significance accepted at P ≤ 0.05.  
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3.3.4 Effect of tunicamycin treatment on the morphology of 3T3-L1 adipocytes 

Changes in the morphology of 3T3-L1 adipocytes during treatment with tunicamycin 

were monitored by imaging with phase contrast microscopy. Mature adipocytes were 

characterized by the presence of lipid droplets inside the cells. Treatment with tunicamycin at 

1, 2 and 3 µM concentrations for 18 hours reduced the lipid content in the cells. 3 µM 

concentration of tunicamycin induced cell death in adipocytes while at 5 µM, almost all the 

cells were dead indicating severe toxicity (Figure 3.4). 

 

Figure 3.4 Changes in the morphology of 3T3-L1 adipocytes on treatment with tunicamycin at different 

concentrations. The representative images of 3T3-L1 adipocytes treated with different concentrations of 

tunicamycin for 18 hours. (a) control, (b) 1 µM tunicamycin, (c) 2 µM tunicamycin, (d) 3 µM tunicamycin, (e) 5 

µM tunicamycin. Scale bar corresponds to 100μm.  

 

3.3.5 Cytoprotective effect of HCA in tunicamycin treated cells 

 The effect of HCA on tunicamycin-induced cell death was also determined. 3T3-

L1 adipocytes were treated with 2 µM of tunicamycin for 18 hours along with different 

concentrations of HCA (5, 10, 20 µM). There was a decrease of 5.22% in cell viability on 

treatment with tunicamycin alone, but co treatment with HCA reduced the cell death due to 

tunicamycin significantly (Figure 3.5). PBA (1 mM) also reduced the cell death induced by 

tunicamycin. 
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Figure 3.5 MTT assay of 3T3-L1 cells treated with tunicamycin and tunicamycin along with different 

concentrations of (-) hydroxycitric acid. (B) Control, (T) tunicamycin, (T+H1) tunicamycin + 5 µM (-) 

hydroxycitric acid, (T+H2) tunicamycin + 10 µM (-) hydroxycitric acid, (T+H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (T+P) tunicamycin + 1 mM sodium phenyl butyrate. Values expressed as means with 

standard deviation (n = 6), represented by vertical bars.* indicates values are significantly different from the 

control cells and significance accepted at P ≤ 0.05.  

 

3.3.6 Effect of HCA on expression of GRP78 

To determine the activation of ER stress protein response in 3T3-L1 adipocytes on 

treatment with 2 µM of tunicamycin for 18 hours, we assessed protein levels and mRNA 

levels of the ER stress response marker, GRP78/BiP in the cells (Figure 3.6). BiP levels were 

significantly increased (7.1 fold) in the tunicamycin treated group compared with the control 

group (P < 0.05). mRNA expression was also significantly increased (3.37 fold) in 

tunicamycin treated group. This study also investigated whether HCA was able to inhibit the 

induction of UPR response and thus alleviate adipocyte ER stress. HCA at concentrations 5, 

10, 20 µM and 1 mM PBA suppressed the induction of GRP78 at protein level (1.11, 1.25, 

2.95 and 4.55 fold respectively) and mRNA (1.12, 1.15, 1.72 and 2.83 fold respectively) 

level.  

 

 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2990.2007.00866.x/full#f1
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Figure 3.6 Protein and mRNA level expression of GRP78 in 3T3-L1 adipocytes treated with tunicamycin alone 

and tunicamycin with (-) hydroxycitric acid. A. Representative western blot of GRP78. B. Densitometric 

quantification of GRP78 protein level normalised to β Actin. C. Relative mRNA expression normalised to β 

Actin. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM 

(-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium 

phenyl butyrate. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are 

significantly different from the control cells and + indicates values are significantly different from 

theendoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

 

To confirm our findings obtained by immunoblotting we performed 

immunofluorescent confocal microscopy for GRP78. The results supported the earlier 

findings (Figure 3. 7).  
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Figure 3.7 Expression of GRP78 in 3T3-L1 adipocytes on treatment with tunicamycin alone and tunicamycin 

along with (-) hydroxycitric acid. A. Representative images of GRP78 immunofluorescence in 3T3-L1 cells 

treated with tunicamycin and different concentrations of (-) hydroxycitric acid for 18 hours. (a) control, (b) 

tunicamycin treated, (c) tunicamycin + 5 µM (-) hydroxycitric acid, (d) tunicamycin + 10 µM (-) hydroxycitric 

acid, (e) tunicamycin + 20 µM (-) hydroxycitric acid, (f) tunicamycin + 1 mM sodium phenyl butyrate. Scale bar 

corresponds to 100 µm. B. Relative fluorescence shown by fluorimetric analysis. (B) control, (T) tunicamycin, 

(H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) 

tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl butyrate. Values expressed 

as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from the control 

cells and + indicates values are significantly different from theendoplasmic reticulum stressed group, 

significance accepted at P ≤ 0.05.  
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3.3.7 Effect of HCA on expression of CHOP 

In order to verify and confirm the induction of chronic/prolonged ER stress, we 

examined the effect of tunicamycin administration on CHOP expression by using 

immunofluorescence microscopy. Treatment with 2 µM tunicamycin resulted in increased 

(7.34 fold) fluorescence signals, indicating that CHOP expression was induced by ER stress 

(Figure. 3.8). Furthermore, we analyzed ER stress marker protein by immunoblotting. We 

also analysed  theeffect of HCA. HCA treatment with different concentrations (5, 10, 20 µM) 

significantly reduced the expression of CHOP in ER stressed cells. PBA (1 mM) was used as 

a positive control in this study. Immunofluorescence signals were reduced by 1.47, 1.92, 3.68 

and 5.30 fold respectively. Western blot analysis showed 8.4 fold increase in protein 

expression in ER stress, while HCA treatment made a significant lowering in expression 

(1.39, 1.64, 2.67, 4.15 fold respectively). These results paralleled the findings from the 

mRNA analysis, i.e; chronic ER stress was induced by tunicamycin treatment and 

amelioration with HCA in a dose dependent manner.  PBA was effective against ER stress 

induced by tunicamycin (Figure 3.9).  
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Figure 3.8 Expression of CHOP in 3T3-L1 adipocytes on treatment with tunicamycin alone and tunicamycin 

along with (-) hydroxycitric acid. A. Representative images of CHOP immunofluorescence in 3T3-L1 cells 

treated with tunicamycin and different concentrations of (-) hydroxycitric acid for 18 hours. (a) control, (b) 

tunicamycin treated, (c) tunicamycin + 5 µM (-) hydroxycitric acid, (d) tunicamycin + 10 µM (-) hydroxycitric 

acid, (e) tunicamycin + 20 µM (-) hydroxycitric acid, (f) tunicamycin + 1 mM sodium phenyl butyrate. Scale bar 

corresponds to 100 µm. B. Relative fluorescence shown by fluorimetric analysis. (B) control, (T) tunicamycin, 

(H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) 

tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl butyrate. Values expressed 

as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from the control 

cells and + indicates values are significantly different from the endoplasmic reticulum stressed group, 

significance accepted at P ≤ 0.05.  
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Figure 3.9 Protein and mRNA level expression of CHOP in 3T3-L1 adipocytes treated with tunicamycin alone 

and tunicamycin with (-) hydroxycitric acid. A. Representative western blot of CHOP. B. Densitometric 

quantification of CHOP protein level normalised to β Actin. C. Relative mRNA expression normalised to β 

Actin. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM 

(-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium 

phenyl butyrate. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are 

significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  
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3.4 Discussion 

Obesity is a major risk factor in the development of metabolic diseases which include 

IR and T2DM as well as lipid metabolism disorders, hypertension, arteriosclerosis, and 

ischemic heart disease. Although the worldwide prevalence of obesity has amplified, current 

pharmacotherapeutic options for treating obesity and metabolic diseases remains inadequate 

and in vain. Therefore, understanding the molecular mechanisms in the development of 

obesity related complications is necessary. ER stress and its stress responses in adipose tissue 

have been recognized as a key factor in aggravating obesity related problems. Hence, ER 

stress is a potential therapeutic target for the treatment for obesity.  

In the present study, the effect of tunicamycin and hydroxycitric acid on the viability 

of 3T3-L1 adipocytes was determined. It was shown that tunicamycin induced ER stress in 

3T3-L1 adipocytes and treatment with HCA reduced the level of ER stress markers Bip and 

CHOP. We used DCFDA to quantify the oxidative stress produced by tunicamycin and HCA 

to confirm the concentration of both that can be used for the study. Oxidative stress is a 

marker for any toxic effects produced in the cells. Tunicamycin is reported to induce ROS 

production in cells leading to apoptosis and cell death (Lim et al, 2015; Lee et al, 2007) 

            Increasing number of evidences support the fact that targeting ER stress could be an 

attractive strategy for the treatment of metabolic diseases. Here we show that tunicamycin 

induced ER stress in 3T3-L1 adipocytes with 2 µM for 18 hours of exposure and HCA 

reduced the level of ER stress markers like Bip and CHOP significantly. BiP mRNA levels 

were rapidly upregulated in mammalian cells when confronted with ER stress (Kozutsumi et 

al, 1988; Yoshida et al, 1998).  Elevated BiP mRNA levels are a sensitive indicator of ER 

stress and have been reported in diseases linked to ER stress (Lindholm et al, 2006; Mulhern 

et al, 2006; Tsang et al, 2007). BiP facilitates cells to deal with ER stress, partly, by lowering 

the levels of misfolded intermediates in the ER (Pincus et al, 2010). The expression levels of 

CHOP (Fornace Jr, 1989; Price and Calderwood, 1992) are kept very low in normal cells. 

During acute ER stress condition, CHOP expression is upregulated through IRE1-α and 

PERK-mediated signaling and the activities of ATF4 and ATF6 transcription factors. The full 

proapoptotic effect of CHOP emerges only when ER stress cannot be suppressed by the 

efforts of the survival mechanism, and the levels of misfolded proteins remain high. CHOP 

activates a transcriptional profile that facilitates a pro-apoptotic program. It includes 

expression of proapoptotic Bim and repression of antiapoptotic Bcl-2 (McCullough et al, 
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2001; Puthalakath et al, 2007). In fact, the presence of conspicuous amounts of CHOP protein 

represents a marker for the acute phase of the activated ER stress response. Prolonged, high-

level expression of CHOP denotes that the ER stress response system has exceeded the limits 

of its protective capacity and that it has switched to its pro-apoptotic module in spite of the 

continued presence of elevated GRP78 (Nishitoh, 2012; Rutkowski et al, 2006). During 

moderately intense short-term stress, or while the cell is adapting to longer-lasting chronic 

stress, pro-survival module leads to suppression of CHOP expression. This is by reassociation 

of GRP78 with the primary UPR sensors, PERK, IRE1, and ATF6 and inactivation of the 

downstream ER transmembrane signaling components (Boyce and Yuan, 2006; Rutkowski et 

al, 2006; Suzuki et al, 2007). 

Tunicamycin is an inhibitor of the UDP-N-acetylglucosamine-dolichol phosphate N-

acetylglucosamine-1-phosphate transferase (GPT), which catalyses the initial step of 

glycoprotein biosynthesis in the ER. Thus, treatment with tunicamycin causes accumulation 

of unfolded glycoproteins in the ER, leading to ER stress. A number of chemicals have been 

identified to induce ER stress and activate the UPR in tissue culture system including 

tunicamycin, thapsigargin, brefeldin A, dithiothreitol (DTT), and MG132. The concentration 

and duration of treatment in which ER stress is induced by these compounds should be 

determined for each particular system. Typically only a few hours are needed to induce ER 

stress and long exposures often induce ER stress-mediated cell death.  

Within cells, tunicamycin inhibits N-linked glycosylation of proteins and lipids by 

binding to the enzyme N-acetylglucosamine-1-phosphate transferase and prevents the 

incorporation of N-acetylglucosamine into lipids and proteins (Keller et al, 1979; Takatsuki 

and Tamura, 1971).  When cells take up glucose, a small fraction (2–3%) is metabolized in 

the hexosamine biosynthesis pathway and N-acetylglucosamine is formed which act as 

precursors for glycosylation of proteins and lipids (Marshall et al, 1991). Ong and Kern 

reported that, in adipose tissue, glucose deprivation inhibited glycosylation and GRP78 was 

up-regulated (Ong and Kern, 1989). This is comparable with the effect produced by 

tunicamycin.  

HCA is a citric acid derivative and is the principal compound found in Garcinia fruit. 

Numerous in vitro and in vivo studies have reported that HCA suppresses the de novo fatty 

acid synthesis and lipogenesis.  Some authors have suggested that weight loss may be by 

competitive inhibition of the enzyme adenosine triphosphatase-citrate-lyase (Hayamizu et al, 
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2003; Mattes and Borman, 2000; Preuss et al, 2004; Roongpisuthipong et al, 2007). HCA has 

also been reported to increase the release or availability of serotonin in the brain, thereby 

leading to appetite suppression (Toromanyan et al, 2007). Other postulated weight loss 

mechanisms include inhibition of pancreatic alpha amylase and intestinal alpha glucosidase, 

thereby leading to a reduction in carbohydrate metabolism (Yamada et al, 2007). 

Pharmaceutical compositions containing HCA are found useful for reducing inflammation 

and regulating inflammatory responses and processes. In our study HCA was observed to 

reduce the level of ER stress markers GRP78 and CHOP. Under tunicamycin induced ER 

stress condition, GRP78 levels were reduced by phytochemicals like genistein, 

epigallocatechin gallate, and salicylic acid (Deng et al, 2001; Ermakova et al, 2006; Zhou and 

Lee, 1998). Alleviation of ER stress has been reported to improve the symptoms of obesity 

(Kawasaki et al, 2012). A number of phytochemicals were found to reduce ER stress and 

reduce the protein load, though by different mechanisms (Ding et al, 2013;  Park et al, 2010; 

Tabata et al, 2007;  Yao et al, 2012). 

ER stress and its stress response (UPR) offer novel drug targets for obesity. However, 

ER stress has various physiologic roles, including escape from apoptosis in cells with 

unfolded protein in the ER (Nakagawa et al, 2000, Urano et al, 2000), regulation of secretory 

cell differentiation or maturation (Asada  et al, 2012; Basseri et al, 2009; Kondo et al, 2011; 

Murakami et al, 2009) and maintenance of cellular homeostasis (Rutkowski et al, 2010). 

Consequently, complete elimination of ER stress by agents that prevent ER stress could cause 

disadvantage for living cells and biological regulation. To develop the agents targeting ER 

stress in clinical, further studies are needed to characterize the functional changes in cells 

dependent on ER stress. 

In brief, tunicamycin induced ER stress in 3T3-L1 adipocytes as indicated by 

increased expression of GRP78 and CHOP. The presence of CHOP indicated a severe or 

prolonged ER stress. HCA when co-treated with tunicamycin reduced the severity of the ER 

stress. The present study shows light to the possibility that inhibition of ER stress may be an 

effective approach to reduce the risk of obesity and its complications. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kawasaki%20N%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Tabata1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Tabata1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Park1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Tabata1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Yao1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198214/#pone.0110581-Yao1
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   Chapter 4 

HCA improves the alterations in UPR and antioxidant 

status in 3T3-L1 adipocytes during ER stress 
 

4.1 Introduction 

The endoplasmic reticulum plays a central role in multiple cellular processes, 

including the folding of membrane and secretory proteins (Pagliassotti, 2012). Various 

cellular stresses can disturb ER homeostasis and lead to the accumulation of unfolded 

proteins within the ER lumen. This activates an adaptive pathway called UPR that aims to 

restore ER function (Kaufman, 2002). The UPR is initiated by activation of three ER 

transmembrane proteins: PERK, ATF6, and IRE1. On activation, these proteins communicate 

to the nucleus to control the transcription of genes involved in protein folding and processing, 

to increase the ER protein folding capacity, ERAD and autophagy components to reduce the 

ER workload, and cell survival and death factors. The fate of the cell is determined 

depending on the ER stress condition (Zhang and Kaufman, 2006). UPR activation levels 

could ideally be established by measuring IRE1α and PERK phosphorylation, and ATF6α 

cleavage.  

All the 3 pathways of UPR, IRE1α, PERK and ATF6α are engaged in regulating 

transcription during ER stress. IRE1α directly modulates the splicing of XBP1 mRNA which 

regulates chaperones, folding catalysts and ERAD components. PERK phosphorylates eIF2α 

to reduce mRNA translation, though, preferentially favors translation of some mRNAs such 

as the transcription factor ATF4. Translational attenuation is an early UPR response to reduce 

the ER protein workload. ATF4 are involved in the regulation of genes related to 

antioxidative stress, amino acid biosynthesis, protein folding and degradation, and apoptosis. 

CHOP is a bZIP transcription factor, regulating apoptosis related genes.  Upon ER activation, 

ATF6α transits to the Golgi where it is cleaved by site 1 (S1) and site 2 (S2) proteases, 

generating an activated b-ZIP factor (Ye et al, 2000). This processed form of ATF6α 

translocates to the nucleus and activates genes involved in protein folding, processing, and 

degradation (Haze et al, 1999; Yoshida et al, 2001). 
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Oxidative stress and ROS generation are not just consequences of ER stress induction 

but they are vital components of ER stress. Cellular events such as protein oxidation and 

protein folding are closely connected with the production of ROS (Higa and Chevet, 2012). 

PDI, ERO1, the protein folding enzymes and NADPH oxidase complexes (especially the 

Nox4) are the major enzymes involved in ER ROS production. In addition, ROS is generated 

by mitochondrial electron transport enzymes (Santos et al, 2009). In this study, we discuss 

the activation of UPR signaling proteins, ER stress-associated ROS and related alterations in 

the innate antioxidant status in the 3T3-L1 adipocytes. 

4.2 Methods 

Cell culture and treatments were same as described in Chapter 2. Experimental groups 

were 

 B -  Control 

 T -  Tunicamycin treated groups 

H1 - Tunicamycin + HCA 5 µM  

H2 - Tunicamycin + HCA 10 µM  

H3 - Tunicamycin + HCA 20 µM 

 P   - Tunicamycin + PBA 1 mM 

Following parameters were assessed to determine the effect of HCA on alterations in 

UPR signaling proteins in 3T3-L1 adipocytes during tunicamycin induced ER stress. 

Antioxidant status was also studied, with respect to antioxidant enzymes and oxidation 

products. Detailed procedures of all the experiments are given in Chapter 2. 

 

● Effect of HCA on protein level and mRNA level expression UPR master sensors, 

PERK, IRE1α, ATF6 

● Effect  of HCA on expression  and response of UPR downstream markers 

● Intracellular ROS generation determined by DCFDA incorporation  

● Effect of HCA on HO-1 enzyme activity and protein expression in ER stress  

● Effect of HCA on Nrf2 translocation during ER stress 

● Effect of HCA on endogenous antioxidant status during ER stress 
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4.3 Results  

4.3.1 Effect of HCA on UPR master sensors PERK, IRE1α, ATF6 

Expression of the proximal UPR stress sensors and the effect of HCA on their 

expression are shown in Figure 4.1. Expression of IRE1 was significantly greater (6.67 fold, 

P ≤ 0.05) in ER stress compared to normal adipocytes, while treatment with HCA at different 

concentrations, and PBA lowered the level significantly (1.07, 1.39, 2.07, 2.29 fold 

respectively, P ≤ 0.05). ER stressed cells, also showed greater activation of PERK, as 

indicated by the increased (8.43 fold) expression of the protein (P ≤ 0.05). HCA reduced 

(1.15, 1.85, 3.79 fold respectively) the PERK levels significantly in dose dependent manner 

(P ≤ 0.05). PBA reduced PERK levels by 2.70 fold (P ≤ 0.05). ATF6 was also increased (3.67 

fold) in ER stressed adipocytes compared with control (P ≤ 0.05). There was significant 

lowering of ATF6 expression in 3T3-L1 adipocytes treated with different concentrations of 

HCA and PBA (1.17, 1.38, 2.49 and 2.95 fold respectively, P ≤ 0.05). 
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Figure 4.1 Effect of (-) hydroxycitric acid on unfolded protein response master sensors in 3T3-L1 

adipocytes during endoplasmic reticulum stress. A. Representative immunoblots of PERK, IRE1α, ATF6. B. 

Densitometric quantification of protein level normalised to β Actin. (B) control, (T) tunicamycin, (H1) 

tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid (H3) tunicamycin 

+ 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl butyrate.  Values expressed as means ± 

SD (n = 6), represented by vertical bars.* indicates values are significantly different from the control cells and + 

indicates values are significantly different from the endoplasmic reticulum stressed group, significance accepted 

at P ≤ 0.05.  
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4.3.2 Study of UPR downstream markers and response 

4.3.2.1 Effect of HCA on expression of p-eIF2α during ER stress 

Measuring eIF2α phosphorylation levels by immunoblot method using anti-phopho-

eIF2α specific antibody (Cell Signaling, Danvers, MA) indirectly reflects PERK 

activation. Increased phosphorylation of eIF2α was detected (5.62 fold, P ≤ 0.05) in ER stress 

induced cells, but various concentrations of HCA as well as PBA (1 mM) treatment 

significantly reduced (1.24, 1.65, 2.40 and 2.65 fold respectively, P ≤ 0.05) the 

phosphorylation. The effect of HCA was dose dependent (Figure 4.2).  

Figure 4.2 Effect of (-) hydroxycitric acid on phosphorylation of eIF2α in 3T3-L1 adipocytes during 

endoplasmic reticulum stress. A. Representative immunoblot of peIF2α. B. Densitometric quantification of 

protein level normalised to β Actin. (B) control, (T) tunicamycin, (H1) tunicamycin +  5 µM (-) hydroxycitric 

acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) 

tunicamycin + 1 mM sodium phenyl butyrate.  Values expressed as means ± SD (n = 6), represented by vertical 

bars.* indicates values are significantly different from the control cells and + indicates values are significantly 

different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

 

4.3.2.2 Effect of HCA on relative mRNA expression of Xbp-1  

Xbp1 mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress, 

resulting in production of a highly active transcription factor that can activate the mammalian 

UPR (Yoshida et al, 2001).  mRNA expression of Xbp1 was significantly increased by 
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induction of ER stress in 3T3-L1 adipocytes. HCA at concentrations of 5, 10, 20 µM and 

PBA (1 mM) reduced the mRNA expression of Xbp1 significantly (Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.3 Effect of (-) hydroxycitric acid on expression of Xbp1 in 3T3-L1 adipocytes during 

endoplasmic reticulum stress. Quantification of mRNA level normalised to β Actin. (B) control, (T) 

tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid 

(H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl butyrate.  Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

4.3.2.3 Effect of HCA on expression of ERO 1α and PDI  

The expression levels of PDI and ERO 1α were quantified using immunoblot analysis 

(Figure 4.4 A). The level of PDI was found to be increased significantly (7.89 fold, P≤0.05) 

in correlation with the increased ROS production. HCA treatment at 5, 10 and 20 µM 

concentrations reduced significantly (1.26, 1.54, 2.83 fold, P≤0.05) the PDI expression 

compared to ER group. The reduction was comparable with that of the positive control, PBA 

(3.22 fold) (Figure 4.4B). The mRNA expression of Pdi was also analysed (Figure 4.4C) and 

found increased during ER stress. Here also both HCA and PBA significantly reduced the 

level of Pdi. ERO 1α expression was also seen by western blotting.  The protein levels were 

elevated significantly (5.21 fold, P ≤0.05) by ER stress while treatment with HCA and PBA 

lowered the expression by 1.19, 1.48, 2.17 and 2.33 fold respectively (P ≤0.05, Figure 4.4B). 
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Figure 4.4 Effect of (-) hydroxycitric acid on expression of PDI and ERO1α in 3T3-L1 adipocytes 

during endoplasmic reticulum stress. A. Representative images of immunoblot analysis. B. Densitometric 

quantification of ERO1 and PDI protein level normalised to β Actin. C. Quantification of Pdi mRNA level 

normalised to β Actin. (B) control, (T) tunicamycin, (H1) tunicamycin +  5 µM (-) hydroxycitric acid, (H2) 

tunicamycin + 10 µM (-) hydroxycitric acid (H3) tunicamycin +  20 µM (-) hydroxycitric acid, (P) tunicamycin 

+ 1 mM sodium phenyl butyrate.  Values expressed as means ± SD (n = 6), represented by vertical bars.* 

indicates values are significantly different from the control cells and + indicates values are significantly 

different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

4.3.3 Intracellular ROS generation determined by DCFDA incorporation 

ER stress caused significant ROS generation in 3T3-L1 adipocytes compared to the 

control cells. The different concentrations of HCA dose dependently reduced the ROS 
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generation during ER stress. PBA, which was used as positive control also reduced ROS 

production. The amount of ROS was quantified using DCFDA with bioimaging (Figure 4.5) 

and cytometry (Figure 4.6). There was 7.2 fold increases in the ROS during ER stress (P ≤ 

0.05). Addition of HCA along with tunicamycin reduced the level of ROS significantly (P ≤ 

0.05) by about 1.4, 1.8 and 3.2 fold respectively.  

A 
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Figure 4.5 Reactive oxygen species generation in 3T3-L1 adipocytes on treatment with tunicamycin. 

A. Representative images of DCFDA fluorescence in 3T3-L1 cells treated with tunicamycin and different 

concentrations of hydroxycitric acid for 18 hours. (a) control, (b) tunicamycin treated, (c)  tunicamycin + 5 µM 

(-) hydroxycitric acid, (d)  tunicamycin + 10 µM (-) hydroxycitric acid, (e)  tunicamycin + 20 µM (-) 

hydroxycitric acid, (f) tunicamycin +  1 mM sodium phenyl butyrate. Scale bar corresponds to 100 µm. B. 

Relative fluorescence shown by fluorimetric analysis. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-

) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl butyrate. Values expressed as means ± SD (n = 6), 

represented by vertical bars.* indicates values are significantly different from the control cells and + indicates 

values are significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 

0.05.  
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Figure 4.6 Intracellular reactive oxygen species generation determined by flow cytometry. A.The representative 

histograms of reactive oxygen species induced fluorescence by flow cytometry (a) control, (b) tunicamycin 

treated, (c)  tunicamycin + 5 µM (-) hydroxycitric acid, (d)  tunicamycin + 10 µM (-) hydroxycitric acid, (e)  

tunicamycin + 20 µM (-) hydroxycitric acid, (f) tunicamycin + 1 mM sodium phenyl butyrate. B. Relative 

fluorescence shown by fluorimetric analysis. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) 

hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl butyrate. Values expressed as means ± SD (n = 6), 

represented by vertical bars.* indicates values are significantly different from the control cells and + indicates 

values are significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 

0.05.  
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4.3.4 Effect of HCA on HO-1 enzyme activity and protein expression in ER stress  

Enzyme activity of HO-1, which is a downstream molecule of Nrf2, was analysed 

(Figure 4.7). Activity of HO-1 were significantly (P ≤ 0.05) increased (8.16 fold) in ER stress 

induced group, indicating increased oxidative stress. The treatment with HCA (5, 10 and 20 

µM) and PBA (1 mM) reduced the HO-1 activity to significant levels (2.10, 2.98, 5.05 and 

5.40 fold respectively). The results were supported by protein level expression studies. 

       A 
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Figure 4.7 Hemeoxygenase-1 enzyme activity and protein expression in 3T3-L1 adipocytes during 

endoplasmic reticulum stress. A. HO-1 enzyme activity.  B. Representative immunoblot of HO-1. C. 

Densitometric quantification of HO-1. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric 

acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) 

tunicamycin + 1 mM sodium phenyl butyrate. Values expressed as means ± SD (n = 6), represented by vertical 

bars.* indicates values are significantly different from the control cells and + indicates values are significantly 

different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  
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4.3.5 Effect of HCA on Nrf2 translocation 

In response to oxidative stress, Nrf2 is 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 ER stress on expression of Nrf2 (Figure 4.8). The analysis 

of Nrf2 in nuclear and cytosolic fraction of ER stress induced cells, showed an increased 

protein level expression of Nrf2 in nuclear fraction (2.21 fold, P ≤ 0.05) compared to control. 

But, in normal cells cytosolic expression of Nrf2 was significantly higher, relative to nuclear 

fraction. This clearly shows the nuclear translocation of Nrf2 during ER stress. HCA (5, 10 

and 20 µM) and PBA (1 mM) treated cells showed reduced (1.10, 1.23, 1.69 and 1.80 fold 

respectively) levels of Nrf2 in the nuclear extracts indicating a reduced stress generation in 

these groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Nuclear translocation of Nrf2 in 3T3-L1 adipocytes during endoplasmic reticulum stress. (B) 

control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) 

hydroxycitric acid (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM sodium phenyl 

butyrate. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are 

significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

4.3.6 Effect of HCA on endogenous antioxidant status  

Evaluation of endogenous antioxidant status during ER stress provides an indication 

of oxidative damage. For this, we measured the activities of various innate antioxidant 

enzymes like catalase, SOD, GPx, GR, and total antioxidant activity in all experimental 

groups. Concentrations of TBARS, protein carbonyls and GSH were also quantified. ER 

* 
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stress was found to inhibit both SOD (1.38 fold) and catalase activity (2.11 fold) significantly 

(P ≤ 0.05, Table 4.1) in 3T3-L1 adipocytes compared to normal cells. Treatment with 

different concentrations (5, 10, and 20 µM) of HCA restored (P ≤ 0.05) SOD (1.06, 1.13, 

1.28 fold respectively) and catalase activity (1.20, 1.39, 1.94 fold respectively, Table 4.1). 

Similarly the activities of antioxidant enzymes GPx and GR were reduced in tunicamycin 

treated cell (2.38, 1.27 fold respectively, P ≤ 0.05) when compared with normal cells. The 

treatment with different doses of HCA significantly improved (P ≤ 0.05) GPx (1.47, 2.16, 

2.39 fold) and GR (1.02, 1.11, 1.20 fold) activities in a dose dependant manner (Table 4.1). 

PBA treatment also improved enzyme activities. There was a significant (P ≤ 0.05) depletion 

of total antioxidant activity (4.78) fold in ER stress group compared with normal cells and the 

activity were restored to almost normal level by treatment with HCA  in a dose dependent 

manner(1.79, 2.71, 4.08 fold) and PBA (3.97 fold,P ≤ 0.05, Table 4.1). ER stress aggravated 

lipid peroxidation (8.78 fold) and protein oxidation (6.67 fold) significantly (P ≤ 0.05) 

compared with normal cells. While different doses of HCA (5, 10, and 20 µM) treatment 

reduced lipid peroxidation (1.62, 2.32, 4.34 fold respectively) and protein oxidation (1.26, 

1.62, 2.76 fold) in dose dependent manner in ER stressed cells significantly (P ≤ 0.05, Table 

4.1). PBA-treated cells showed less oxidation of lipids (3.17 fold) and proteins (1.93 fold) 

compared to ER stress. GSH levels were lowered (3.40 fold) during ER stress and 

significantly elevated compared to stressed cells by HCA (1.26, 1.97, 3.03 fold) as well as 

PBA (2.94 fold). These results validate the potential effect of HCA on oxidative stress 

induced by ER stress.  
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Table 4.1 Alterations in antioxidant status during endoplasmic reticulum stress in 3T3-L1 adipocytes. Values expressed as means ± SD (n = 6), represented by vertical bars.* 

indicates values are significantly different from the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed group, significance 

accepted at P ≤ 0.05.

 Control 
Tunicamycin 

treated 

Tunicamycin + 5 µM  

(-) hydroxycitric acid 
Tunicamycin + 10 µM  

(-) hydroxycitric acid 

Tunicamycin + 20 µM 

(-) hydroxycitric acid 

Tunicamycin + 1mM    

sodium phenyl 

butyrate 

Catalase (nM of 

H2O2 decomposed 

/min/mg protein) 

 

6.07 ± 0.09 

 

2.87 ± 0.22
*
 

 

3.45 ± 0.03
+
 

 

4.015 ± 0.08+ 

 

5.605 ± 0.10
+
 

 

4.94 ± 0.07
+
 

Total SOD (Unit/mg 

protein) 
7.92 ± 0.28 3.89 ± 0.62

*
 4.83 ± 0.21+ 5.65 ± 0.30+ 6.53 ± 0.04

+
 6.15 ± 0.23+ 

GPx(Unit/mg 

protein) 
35.2 ± 0.65 14.80 ± 0.26

*
 21.77 ± 0.63+ 32.10 ± 1.2+ 35.40 ± 0.24

+
 32.00 ± 0.77+ 

GR 

(Unit/mg protein) 
7.55 ± 0.19 5.90 ± 0.50

*
 6.03 ± 0.12+ 6.55 ± 0.28+ 7.10 ± 0.21

+
 6.47 ± 0.28+ 

GSH 

(nM/mg protein) 
10.00 ± 0.55 2.94 ± 0.16

*
 3.72 ± 0.03+ 5.81 ± 0.39

+
 8.93 ± 0.06

+
 8.67 ± 0.17

+
 

TBARs(nM 

MDA/mg protein) 
2.57 ± 0.26 22.57 ± 1.05

*
 13.90 ± 1.14

+
 9.71 ± 0.62

+
 5.19 ± 0.21

+
 7.10 ± 0.40

+
 

Protein carbonyls 

(nM/ml) 
3.52 ± 0.11 23.52 ± 1.70

*
 18.52 ± 0.34

+
 14.43 ± 0.79

+
 8.52 ± 0.56

+
 12.15 ± 0.34

+
 

Total antioxidant(nM 

of trolox equivalents) 
0.22 ± 0.01 0.04 ± 0.00

*
 0.08 ± 0.00

+
 0.12 ± 0.00

+
 0.18 ± 0.00

+
 0.18 ± 0.00

+
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4.4 Discussion  

Endoplasmic reticulum is a dynamic organelle orchestrating several crucial pathways 

that decide cellular fate. It senses alterations in ER homeostasis and triggers UPR pathways 

with an aim to restore homeostasis by activating genes involved in protein folding and 

degrading machinery transcribed by factors like ATF6, XBP1, and ATF4. If unresolved, it 

initiates cell death pathways. Under such situations, UPR pathways trigger, affect, and 

integrate with multiple cellular signaling pathways. Neurodegenerative diseases, 

inflammatory diseases, cardiovascular diseases, diabetes mellitus, cancer, and several 

metabolic diseases have perturbed ER functions, which contribute to their pathogenesis.  The 

existence of other complications like inflammation or oxidative stress is also to be 

considered. Recent findings have revealed interconnections between ER stress, inflammation, 

and oxidative stress pathways under pathological conditions. 

In this chapter, the induction of UPR master regulators, as well as the downstream 

proteins was analyzed in context of ER stress in 3T3-L1 adipocytes. The results showed that, 

relative to the normal cells, ER stressed adipocytes exhibited increased activation of the UPR 

as indicated by increased expression of PERK, IRE1α and ATF6. These results are consistent 

with, and extend to the previously published data regarding obesity-associated UPR 

activation in tissues involved in the regulation of metabolism (Puri et al, 2008; Sharma et al, 

2008). In the present study, we found evidence for the up-regulation of all 3 UPR-initiating 

pathways in the adipocytes during ER stress. Some earlier studies have reported less uniform 

activation of the 3 UPR branches in metabolically active tissues (Puri et al, 2008; Sharma et 

al, 2008). GRP78 normally binds to the N-termini of IRE1α, PERK, and ATF6, preventing 

their activation. Unfolded proteins in the ER cause GRP78 to release the UPR sensors. When 

GRP78 is released, IRE1α and PERK oligomerize in ER membranes. Oligomerized IRE1 

binds TRAF2, leading to signaling of downstream kinases that activate NF-κB and c-Jun 

(AP-1), causing expression of genes linked with host defense. The intrinsic ribonuclease 

activity of IRE1 also results in production of XBP-1, a transcription factor that induces 

expression of genes involved in restoring protein folding or degrading unfolded proteins. 

Oligomerization of PERK activates its intrinsic kinase activity, resulting in phosphorylation 

of eIF2α and suppression of mRNA translation. Under these conditions, only selected 

mRNAs, including ATF4, are translated. ATF4 induces expression of genes involved in 

restoring ER homeostasis. Release of GRP78 from ATF6 allows this protein to translocate to 
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the Golgi apparatus for proteolytic processing to release active ATF6, which controls 

expression of UPR genes. The expression of PERK, IRE 1α, ATF6, XBP-1 and peIF2α which 

were found to be elevated in our study was significantly lowered by HCA treatment. 

In our study nuclear translocation of phosphorylated Nrf2 was found to be increased. 

It is a substrate of PERK and it acts on antioxidant response genes including HO-1 and 

glutathioneS-transferase (Cullinan et al, 2003).  Under unstressed conditions, Nrf2 is 

constantly degraded via the ubiquitin–proteasome pathway in a Keap1-dependent manner. 

When oxidative stress inactivates Keap1, Nrf2 is stabilized and translocated into nuclei, 

where it heterodimerizes with small Maf proteins that 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). In response to 

elevation of intracellular ROS above a critical threshold, Nrf2 stimulates expression of 

transcription Kruppel-like factor 9 (Klf9), resulting in further Klf9-dependent increases in 

ROS and subsequent cell death (Zucker et al, 2014). HO-1 is a stress-inducible enzyme that 

catalyses the degradation of heme to biliverdin, iron, and carbon monoxide (Foresti et al, 

1997). HO-1 gene expression is also regulated by 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). HCA was found to reduce the Nrf2 translocation and 

the HO-1 activity, indicating a reduction in the ER stress response. 

ROS generation is important in many physiological processes; meanwhile excessive 

ROS production indicates cellular stress. Present study showed an increased ROS generation 

as well as expression of ERO 1α and PDI. Reactive oxygen species are allied with obesity 

related chronic inflammation, adiponectin reduction, and other metabolic dysfunctions 

(Furukawa et al, 2004). In our study HCA could effectively reduce the oxidative stress 

generated during ER stress. The link between ER stress and ROS generation (Malhotra and 

Kaufman, 2007; Ozgur et al, 2014; Rutkowski and Kaufman, 2007), and the molecular 

mechanisms by which ROS are produced during UPR have been reported by many 

researchers (Santos et al, 2009).  ER presents, an oxidative environment that helps the 

oxidation of cysteines and thereby, the formation of disulfide bonds through ER-resident 

oxidoreductases (Tu and Weissman, 2004). It has been shown that ERO1 is a major source 

of ROS in the ER and the cell (Haynes et al, 2004; Tu and Weissman, 2004). Oxidative 

protein folding in the ER takes place, in part, by the formation of disulfide bonds by PDI. To 

http://jcb.rupress.org/content/197/7/857.full#ref-23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#def3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#def9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#bib31
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#bib31
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#bib38
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#bib46
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#def9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#def11
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introduce disulfides into the proteins, PDIs is maintained in an oxidized state, and ERO1 

keeps PDI oxidized and active in the ER (Frand and Kaiser, 1999). ERO1 uses molecular 

oxygen as the final electron acceptor and thus, forms one molecule of H2O2 for every 

disulfide that it introduces (Tu and Weissman, 2004). Accumulation of unfolded proteins in 

the ER elicits Ca
2+

 leakage into the cytosol, increasing ROS production in the mitochondria 

(Malhotra and Kaufman, 2007). As protein folding and refolding in the ER are highly energy 

dependent processes, ATP depletion as a result of protein misfolding may also stimulate 

mitochondrial oxidative phosphorylation to increase ROS production. 

Increased quantities of reactive oxygen species triggers lipid peroxidation in the 

cellular, mitochondrial and nuclear membranes along with protein oxidation (Dinu et al, 

2011). Degree of lipid peroxidation in the cells or tissues can be estimated by quantifying 

TBARS level and it is the most commonly used method for measuring lipid peroxidation 

(Devasagayam et al, 2003). Protein carbonyls are used as a marker of protein oxidation as 

well as oxidative stress (Dalle-Donne et al, 2003; Halliwell, 1996). Increased level of TBARS 

and protein carbonyls along with reduced concentration of GSH in ER stress induced cells 

shows the oxidative damage during ER stress. In addition to this, ER stressed cells showed 

reduced activities of antioxidant enzymes. Intracellular antioxidant enzymes act as first line 

of defense against oxidative stress in the cell. Among the various antioxidant enzymes, SOD 

catalyzes the dismutation of superoxide anion to H2O2 and molecular oxygen. H2O2 is 

decomposed to H2O by catalase and glutathione peroxidase. In the reaction catalyzed by GPx, 

GSH is oxidized to oxidized glutathione (GSSG), which can be subsequently reduced back to 

GSH by GR (Peng and Li, 2002). Decreased activities of GSH dependent enzymes like Gpx 

and GR in hypertrophied cells may be due to either free radical dependent inactivation of 

enzyme or depletion of GSH. GSH is one of the major non enzymatic antioxidant and a 

powerful nucleophile critical for cellular protection activities like detoxification of ROS and 

control of inflammatory cytokine cascade (Abhilash et al, 2012). Depletion of GSH leads to 

impairment of the cellular defense against reactive oxygen species and may lead to oxidative 

injury (Kent et al, 2003). GSH can also act as a cofactor for glutathione S Transferase. 

 

The overall results show that HCA treatment reduced the activation of unfolded 

protein response, thereby reducing the expression of UPR sensors, as well as the downstream 

signaling molecules. The cells were protected from oxidative stress also. As the activation of 

UPR is a cell – life death decision, regulation of UPR activation and consequential 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#def7
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4213124/#def7
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maintenance of redox status may prove beneficial for cell survival. 
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                                                                                                                         Chapter 5 

Crosstalk between ER stress and mitochondrial function 

in 3T3-L1 adipocytes and possible amelioration with HCA 

5.1 Introduction 

Endoplasmic reticulum and mitochondria are vital organelles with significant role 

in cellular homeostasis, and dysfunction at either site has been linked to 

pathophysiological states, like metabolic diseases. Although the ER and mitochondria play 

distinct cellular functions, these organelles also physically communicates with each other 

at sites called mitochondria-associated ER membranes (MAMs). These interactions are 

essential for calcium, lipid and metabolite exchange. ER has been found linked with 

almost every cellular organelle in dynamic ways. Among all of the ER partners, 

mitochondria might be the most prominent with regard to its role in regulating metabolism 

and cell survival (Vance, 1990). 

           ER stress response in cells is mediated by three proximal sensors of the UPR: 

PERK, ATF6 and the IRE1 (Prell et al, 2013). When UPR fails to adapt to the stress, the 

prolonged UPR initiates apoptosis by the caspase pathways (Nakagawa et al, 2000). ER 

and mitochondria are functionally and morphologically connected by several pathways, 

hence ER stress can affect mitochondrial function (Vannuvel et al, 2013). The contact 

between ER and mitochondria is particularly crucial for co-ordination of the 

calcium transfer (Rowland and Voeltz, 2012). 

         The main function of mitochondria is the synthesis of ATP via oxidative 

phosphorylation. In this process ROS is generated in normal physiological condition. The 

morphology of mitochondria undergoes dynamic changes regulated by fusion and fission 

processes. Mitochondrial dynamics play a significant role on the management of 

mitochondrial activity and cell metabolism (Lee et al, 2004; Liesa et al, 2009; Zorzano, 

2009). Mitochondrial fusion is the assembly of individual mitochondria that combine their 

membranes to form larger mitochondria. This process is controlled by MFN 1 and 2 and 

OPA1, a member of the dynamin family of mechanoenzymes. Mitochondrial fission 

involves the fragmentation of tubular interconnected mitochondria into several smaller 

individual organelles. The outer mitochondrial membrane protein FIS1 and the GTPase,  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4118286/#R28
http://journal.frontiersin.org/article/10.3389/fncel.2014.00147/full#B152
http://journal.frontiersin.org/article/10.3389/fncel.2014.00147/full#B138
http://journal.frontiersin.org/article/10.3389/fncel.2014.00147/full#B189
http://journal.frontiersin.org/article/10.3389/fncel.2014.00147/full#B161
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DRP-1 are the main elements of the mitochondrial fission machinery (Parra et al, 2011).  

        In this chapter, we evaluated the effect of ER stress on adipocyte mitochondria 

emphasising on, mitochondrial function and structural dynamics. The protective effect of 

HCA on mitochondria during tunicamycin induced ER stress was also analysed. 

5.2 Methods 

Cell culture and treatments were same as described in Chapter 2. Experimental groups 

are 

  B -   Control 

  T -   Tunicamycin treated groups 

 H1 - Tunicamycin + HCA 5 µM  

 H2 - Tunicamycin + HCA 10 µM  

 H3 - Tunicamycin + HCA 20 µM 

 P   -  Tunicamycin + PBA 1 mM 

Following parameters were analysed to investigate the alterations in mitochondrial 

function during ER stress in 3T3-L1 adipocytes. Detailed procedures of all the experiments 

are given in Chapter 2 

 

● Mitochondrial superoxide generation  

● Alteration in mitochondrial transmembrane potential (ΔΨM) 

● Integrity of mitochondrial permeability transition pore (MPTP)  

● Mitochondrial mass  

● Activity of aconitase, Mn SOD and Cu Zn SOD 

● Activities of mitochondrial respiratory complexes  

 NADH dehydrogenase(Complex I)  

 

 Succinate dehydrogenate(Complex II)  

 

 decylubiquinol cytochrome c oxidoreductase(Complex III )  

 

 Cytochrome oxidase(Complex IV)  

 Oxygen consumption  rate and ATP content  

● Intracellular calcium overload  

● Mitochondrial biogenesis markers 

● Mitochondrial dynamics 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4266092/#B70
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5.3 Results 

5.3.1 Superoxide radical production in mitochondria 

The mitochondrial superoxide production was monitored in 3T3-L1 cells and 

significant increase was detected in superoxide production (4.91 fold) compared to normal 

cells. HCA (5, 10, 20 µM) treated group showed less fluorescence (1.29, 1.47, 1.81 fold 

respectively), suggesting protective effect of the same, against superoxide production in ER 

stressed cells. PBA also limited the superoxide production by 2.26 fold (Figure 5.1) 

A 

 

 

 

 

 

 

 

B  

 

 

 

 

 

Figure 5.1 Mitochondrial superoxide production determined by mitoSOX
TM

: A. Representative images of 

Mitosox fluorescence in 3T3-L1 cells (a) control, (b) tunicamycin treated, (c) tunicamycin + 5 µM (-) 

hydroxycitric acid, (d)  tunicamycin + 10 µM (-) hydroxycitric acid, (e) tunicamycin + 20 µM (-) hydroxycitric 

acid, (f) tunicamycin + 1 mM PBA. Scale bar corresponds to 100 µm. B. Relative fluorescence shown by 

fluorimetric analysis. (B) control (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) 

tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin 

+ 1 mM PBA. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are 

significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  
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5.3.2 Effect of HCA on activities of aconitase, Mn SOD, CuZn SOD 

The activity of aconitase enzyme is sensitive to oxidative stress and superoxide 

radicals (Gardner et al, 1994; Gardner et al, 1995). Aconitase activity was significantly (P ≤ 

0.05) reduced in ER stressed cells (3.94 fold) when compared with control cells. HCA (5, 

10, 20 µM) treatment dose dependently improved (1.49, 1.73, 2.59 fold) the activity 

significantly (P ≤ 0.05) and brought back the activity near to normal. PBA also improved 

aconitase activity (2.39 fold, Table 5.1). Thus, inhibition of aconitase activity in ER stress 

indicates elevated level of mitochondria generated ROS. 

MnSOD activity was reduced by 1.86 fold (P ≤ 0.05) and Cu-ZnSOD by 2.18 fold, 

compared to controls. The activity of MnSOD was increased by 1.41, 1.53, 1.69 fold (P ≤ 

0.05) compared to tunicamycin treated cells on treatment with 5, 10 and 20 µM of HCA 

respectively(Table 5.2). Treatment with HCA (5, 10, 20 µM) increased Cu-ZnSOD activity 

by 1.11, 1.38 and 1.56 fold respectively relative to tunicamycin treatment (Table 5.1). 

 Control Tunicamycin 

Tunicamycin 

+ 5 µM (-) 

hydroxycitric 

acid 

Tunicamycin 

+ 10 µM (-) 

hydroxycitric 

acid 

Tunicamycin 

+ 20 µM (-)  

hydroxycitric 

acid 

Tunicamycin + 

1 mM PBA. 

Aconitase 
(U/mg 

protein) 
1.04 ± 0.05 0.26 ± 0.00

* 0.39 ± 0.00
+ 0.45 ± 0.02

+ 0.68 ± 0.50
+ 0.63 ± 0.05

+ 

MnSOD 
(U/mg 

protein) 
3.12 ± 0.09 1.67 ± 0.02

* 2.36 ± 0.20
+ 2.57 ± 0.01

+ 2.83 ± 0.02
+ 2.67 ± 0.03

+ 

CuZnSOD 
(U/mg 

protein) 
4.8 ± 0.30 2.22 ± 0.24

* 2.47 ± 0.31
+ 3.08 ± 0.14

+ 3.70 ± 0.3
+ 3.48 ± 0.11

+ 

 

Table 5.1 Activities of aconitase, MnSOD, CuZnSOD. Values expressed as means ± SD (n = 6).* indicates 

values are significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

5.3.3 Effect of HCA on mitochondrial content 

Effect of HCA on mitochondrial content was determined using mitotracker red by 

fluorescence imaging. MitoTracker is a fluorescent dye that localizes to the mitochondrial 

matrix independent of the mitochondrial membrane potential and covalently binds to 

mitochondrial proteins by reacting with free thiol groups of cysteine residues. Fluorescence 

was considered relative to mitochondrial number. The decrease (2.95 fold) in the red 

fluorescence of mitotracker relative to control cells strongly suggests a substantial decrease in 
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total mitochondrial mass during ER stress (Figure 5.2). When the cells were co-treated with 

HCA and tunicamycin, mitochondrial mass was restored as shown by the increase in 

fluorescence compared to the stress induced cells. This indicates the protection of 

mitochondrial content by HCA during ER stress. HCA (5, 10, 20 μM) increased (1.43, 1.88, 

2.74 fold) the mitochondrial mass in a dose dependent manner (Figure 5.2). PBA protected the 

cells from mitochondrial loss (2.72 fold). 

A 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

Figure 5.2 Effect of (-) hydroxycitric acid on mitochondrial mass in endoplasmic reticulum stress 

induced 3T3-L1 adipocytes. A. Representative images of 3T3-L1 stained with mitotracker. (a) control, (b) 

tunicamycin treated, (c) tunicamycin + 5 µM (-) hydroxycitric acid, (d)  tunicamycin + 10 µM (-) hydroxycitric 

acid, (e)  tunicamycin + 20 µM (-) hydroxycitric acid, (f) tunicamycin + 1 mM PBA. Scale bar corresponds to 

100 µm. B. Relative fluorescence shown by fluorimetric analysis. (B) control, (T) tunicamycin, (H1) 

tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin 

+ 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), 

represented by vertical bars.* indicates values are significantly different from the control cells and + indicates 

values are significantly different from the ER stressed group, significance accepted at P ≤ 0.05.  
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5.3.4 Effect of HCA on ΔΨM 

 

To understand the mechanisms involved in the ability of HCA to protect 

mitochondrial function in ER stressed cells, we analyzed the change in ΔΨM. Alteration in 

ΔΨM prevents the accumulation of JC-1 in mitochondria leading to a shift from red (JC-1 

aggregates) to green fluorescence (JC-1 monomers) in ER stress induced cells. Tunicamycin 

decreased (P ≤ 0.05) the red fluorescence by 4.84 fold indicative of ΔΨM dissipation, 

compared with vehicle treated cells (control). Treatment with 5, 10 or 20 μM of HCA 

resulted in a significant (P ≤ 0.05) increase of relative red fluorescence of cells in a dose 

dependent manner (1.21, 2.08, 3.34 fold) compared to cells treated with tunicamycin alone, 

indicating that HCA prevents tunicamycin induced alteration of ΔΨM (Figure 5.3).  
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B 

 

 

 

 

 

 

 

Figure 5.3 Effect of (-) hydroycitric acid on mitochondrial membrane potential in 3T3-L1 adipocytes during 

endoplasmic reticulum stress. A. Representative fluorescent images of 3T3-L1 adipocytes stained with JC-1, (a) 

control, (b) valinomycin treated (c) tunicamycin treated, (d) tunicamycin + 5 µM (-) hydroxycitric acid, (e)  

tunicamycin + 10 µM (-) hydroxycitric acid, (f) tunicamycin + 20 µM (-) hydroxycitric acid, (g) tunicamycin + 

1 mM PBA . Scale bar corresponds to 100 µm. B. Relative red fluorescence shown by fluorimetric analysis. (B) 

control, (T) tunicamycin, (V) valinomycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 

10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1mM PBA. 

Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly 

different from the control cells and + indicates values are significantly different from the endoplasmic reticulum 

stressed group, significance accepted at P ≤ 0.05.   
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5.3.5 Effect of HCA on mitochondria permeability transition pore opening  

The fluorescence from cytosolic calcein is quenched by the addition of CoCl2, while 

the fluorescence from the mitochondrial calcein is maintained. This reveals a punctate 

pattern of mitochondrial calcein fluorescence in control cells. During ER stress, entry of 

excess calcium into the cells triggers mitochondrial pore activation and subsequent loss of 

mitochondrial calcein fluorescence. This was observed as a change in the fluorescence 

pattern from a mitochondrial punctuate pattern in control cells to a decreased and diffused 

fluorescence in stress induced cells. Treatment with HCA prevented the MPTP opening and 

maintained the integrity of MPTP (Figure.5.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Effect of (-) hydroxycitric acid on mitochondrial permeability transition pore opening. Representative 

fluorescent images of 3T3-L1 stained with Calcein-CoCl2. (a) control, (b) tunicamycin treated, (c) tunicamycin 

+ 5 µM (-) hydroxycitric acid  (d)  tunicamycin + 10 µM (-) hydroxycitric acid, (e)  tunicamycin + 20 µM (-) 

hydroxycitric acid, (f) tunicamycin + 1 mM PBA. Scale bar corresponds to 100 µm.   

 

 



                                                                                                                                                                                                                                                                                                
 Chapter 5 

 

91 
 

0

0.5

1

1.5

2

2.5

3

3.5

4

B T H1 H2 H3 P

ca
lc

iu
m

 c
o

n
c(

 m
g
/d

l)
 

* 

+ 
+ + + 

HCA on cytosolic calcium level 

Calcium levels were quantified using calcium assay kit. ER stress significantly 

increased the cytoplasmic calcium (1.77 fold) while the cells treated with HCA (5, 10, 20 

µM) showed a decrease (1.35, 1.51, 1.52 fold respectively) in calcium levels. PBA also 

reduced the calcium
 
overload by 1.58 fold. These results were supported by confocal imaging 

data using Fura-2AM fluorescence (Figure 5.5)    
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Figure 5.5 Effect of (-) hydroxycitric acid on calcium release in 3T3-L1 adipocytes during endoplasmic 

reticulum stress. A. Representative fluorescent images of 3T3-L1 cells stained with Fura-2 AM. (a) control, (b) 

tunicamycin treated, (c) tunicamycin + 5 µM (-) hydroxycitric acid  (d)  tunicamycin + 10 µM (-) hydroxycitric 

acid, (e)  tunicamycin + 20 µM (-) hydroxycitric acid, (f) tunicamycin + 1 mM PBA. Scale bar corresponds to 

100 µm. B. Quantification of calcium concentration. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) 

hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by 

vertical bars.* indicates values are significantly different from the control cells and + indicates values are 

significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

 

5.3.7 Effect of HCA on mitochondrial biogenesis 

The mitobiogenesis in cell ELISA assay measures the specific activities of two 
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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. The specific activity of mtDNA encoded COX-

1 was significantly (P ≤ 0.05) depleted (1.42 fold) in ER stress group compared with 

control indicating, loss of mitochondrial biogenesis. The treatment with HCA (5, 10, 20 

µM) significantly (P ≤ 0.05) restored COX-1 activity (1.11, 1.21, 1.30 fold, Figure. 5.6) in 

a dose dependent manner, showing protection from loss of mitochondrial biogenesis. PBA 

restored the mitochondrial biogenesis by 1.38 fold. But there was no significant change in 

the activity of SDH-A, the nuclear DNA encoded protein. These results strongly support 

ER stress induced mitochondrial dysfunctions in adipocytes. 

                 

 

Figure 5.6 Effect of (-) hydroxycitric acid on mitochondrial biogenesis in 3T3-L1 adipocytes indicated by the 

expression of SDH-A and COX-1. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric 

acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) 

tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates 

values are significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

 5.3.8 Effect of HCA on mitochondrial biogenesis marker genes and mtDNA 

We examined the mRNA level expression of the mitochondrial biogenesis related 

factors, Pgc1a, Nrf1, mtTFA and Cyt b in normal and ER stressed adipocytes. The results 

showed that the gene level expression of Pgc1a, Nrf1, mtTFA and Cyt b were lowered 

significantly (P ≤ 0.05) in ER stress with respect to control (Figure. 5.7). Similarly qRT PCR 

analysis of mtDNA copy number also was found to be significantly decreased in ER stress 

(Figure 5.7). The treatment with HCA (5, 10, 20 μM) and PBA (1 mM) significantly (P ≤ 

0.05) restored mitochondrial biogenesis related proteins and mtDNA copy number almost 
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into normal level in ER stressed groups. 
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Figure 5.7 Effect of (-) hydroxycitric acid on genes involved in mitochondrial biogenesis in 3T3-L1 adipocytes 

during endoplasmic reticulum stress. A. mRNA expression of Cytc, Pgc1α, mtTFA, and Nrf1. B Mitochondrial 

DNA copy number quantified by RT PCR. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) 

hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by 

vertical bars.* indicates values are significantly different from the control cells and + indicates values are 

significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

5.3.9 Effect of HCA on expression of proteins involved in mitochondrial fission 

and fusion 

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 the expression of the fusion proteins, MFN2 and 
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OPA1, and fission proteins, DRP1 and FIS1 in ER stress and control cells by immunoblot 

analysis. The results showed a significant (P ≤ 0.05) decrease in MFN2 and OPA1 (fusion 

proteins) expression and significant increase in DRP1 and FIS1 (fission proteins) in ER 

stressed adipocytes indicating impaired mitochondrial function. The treatment with HCA (5, 

10, 20 µM) and PBA (1 mM) restored the fusion and fission proteins in normal range (Figure 

5.8). 

  A 

 

 

 

 

 

 

 

 

           

 

 B      C 

 

 

 

 

 

 

 

 

 Figure 5.8 Effect of (-) hydroxycitric acid on mitochondrial dynamics in 3T3-L1 adipocytes during 

endoplasmic reticulum stress. A. Representative immunoblots of MFN2, OPA1, DRP1 and FIS1. B. 

Densitometric quantification of MFN2 and OPA1 normalised to β Actin. C. Densitometric quantification of 

DRP1 and FIS1 normalised to β Actin. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric 

acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) 

tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates 

values are significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

5.3.10 Effect of HCA on oxygen consumption rate 

The oxygen consumption rate (OCR) of cells is an important indicator of normal 

cellular function. Adipocytes under ER stress showed a decreased oxygen consumption rate 
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(2.9 fold) compared to the control cells (Figure 5.9). However, co-treatment of HCA dose 

dependently promoted oxygen consumption in cells under ER stress. In details, 5, 10, and 20 

μM of HCA accelerated oxygen consumption by 1.49, 1.88, and 2.66 fold compared to the 

stress induced cells indicating significant (P ≤ 0.05) protection against the defect in oxygen 

consumption. PBA was used as a positive control and it exhibited 3.19 fold more 

consumption compared to the stressed cells. Antimycin was used as a negative control. 

            A  

 

 

 

 

 

 

        B  

 

 

 

 

 

 

Figure 5.9 Effect of (-) hydroxycitric acid on oxygen consumption rate in 3T3-L1 adipocytes during 

endoplasmic reticulum stress A. Phosphorescence signal plotted against time. B. Rate of oxygen consumption 

calculated from the change in phosphorescence signal. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM 

(-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by 

vertical bars.* indicates values are significantly different from the control cells and + indicates values are 

significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  
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5.3.11 Effect of HCA on ATP production     

ATP production was significantly lowered by 3.64 fold during ER stress when 

compared to the normal adipocytes. On treatment with HCA (5, 10, 20 µM) ATP content was 

increased by 1.52, 2.6, 3.51 fold indicating significantly increased mitochondrial function. 

PBA also improved ATP production by 3.34 fold (Figure 5.10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Effect of (-) hydroxycitric acid on ATP content in 3T3-L1 adipocytes during endoplasmic reticulum 

stress. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM 

(-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

5.3.12 Effect of HCA on electron transport chain complexes 

Table.5.1 shows the activities of mitochondrial respiratory complexes in control and 

ER stress groups. The activities of respiratory chain complexes such as NADH 

dehydrogenase (Complex I), Succinate dehydrogenate (Complex II), decylubiquinol 

cytochrome oxidoreductase (Complex III), Cytochrome oxidase (Complex IV) were 

significantly decreased (1.34, 1.13, 2.42, 1.95 fold respectively) during ER stress in 

adipocytes (P ≤ 0.05) compared to normal cells. PBA (1 mM) treatment prevented the 

reduction (1.08, 1.29, 2.10, 1.82 fold respectively) of respiratory chain complexes activities 

in ER stressed 3T3-L1 adipocytes (P ≤ 0.05). HCA (5, 10, 20 µM) increased complex I 

activity by 1.09, 1.22, 1.24 fold, complex II activity by 1.07, 1.11, 1.12 fold, increased 

complex III activity by  1.21, 1.46,and 1.96 fold and complex IV  activity was elevated by  

1.23, 1.41, 1.76 fold. 

 

* 
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Table 5.2 Activities of mitochondrial complex enzymes. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM 

(-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by 

vertical bars.* indicates values are significantly different from the control cells and + indicates values are 

significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

5.4 Discussion 

ER and mitochondria are closely associated and play a major role in the energy 

homeostasis as well as critical biological functions. (Hock and Kralli, 2009). TCA cycle and 

β-oxidation take place in the mitochondria and chemical energy is converted into ATP and 

hence mitochondria are considered as ―powerhouse‖ of the cell (Goldenthal and Marin-

Garcia, 2004). 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. They also play indispensable role in many different pathways in the adipocyte 

physiology, 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).  Mitochondrial dysfunction is rising as a causative factor to pathogenesis 

of obesity.  

 

 Complex I  

(NADH:ubiquinone 

oxidoreductase) 

(nm of NADH 

oidised/min/mg protein) 

Complex II 

(Succinate-CoQ 

reductase) 

(nm of succinate 

reduced/min/mg 

protein) 

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) 

 

B 71.11 ± 2.10 6.46 ± 0.84 6.43 ± 0.34 7.61 ± 0.18 

T 53.06 ± 2.89
*
 5.70 ± 1.2

*
 2.65 ± 0.57

*
 3.90 ± 0.25

*
 

H1 57.91 ± 1.98
+
 6.14 ± 0.4

+
 3.22 ± 0.42

+
 4.81 ± 0.29

+
 

H2 64.87 ± 4.32
+
 6.21 ± 1.01

+
 3.89 ± 0.18

+
 5.52 ± 0.61

+
 

H3 66.11 ± 1.45
+
 6.36 ± 0.59

+
 5.2 ± 0.46

+
 6.88 ± 0.41

+
 

P 68.52 ± 5.1
+
     6.44 ± 0.66

+
 5.59 ± 0.22

+
     7.1 ± 0.67

+
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The major contributors of mitochondrial dysfunction in obesity are ROS, ER stress, 

inflammation and hypoxia. The ER stress in adipocytes, is significant due to its importance in 

the etiology of metabolic syndrome (Vannuvel et al, 2013). The alterations in mitochondrial 

parameters have far-reaching consequences in the physiology of cell and this may amplify the 

pathologies due to ER stress (Vannuvel et al, 2013). During severe dysfunction, electron 

transport chain is disrupted, leading to complete depletion of ATP, resulting in cellular 

necrosis. Hence cell survival is highly dependent on the normal functioning of mitochondria 

(Bouchier-Hayes et al, 2005). In this study, the mitochondrial function parameters like 

mitochondrial mass, mitochondrial membrane potential, transition pore opening, oxygen 

consumption rate, and biogenesis markers have been evaluated during tunicamycin induced 

ER stress. As expected, there were significant alterations in various parameters of 

mitochondria. There are similar reports of altered mitochondrial functions in various cells and 

disease models from other laboratories (Koh et al, 2007; McInnes, 2013; Nicolson,2007) but 

a detailed study on mitochondria in ER stress induced  3T3-L1 adipocytes is very limited.  

                                                                                                                                                                                                                                                                                                                                                                                                                                          

ER stress leads to an increased generation of ROS. As mitochondria represents the most 

important intracellular source of ROS, the generation of ROS during ER stress may be due to 

the mitochondrial dysfunction that follows. In both mitochondria and cytosol, enzymatic and 

non-enzymatic systems are available which serve to decrease the ROS steady state 

concentration. Mitochondrial superoxide levels were found to be elevated in our study. There 

was also a decrease in the activity of MnSOD and aconitase enzymes. Mitochondria contribute 

to many physiological and pathological responses by its increased superoxide production. 

In the mitochondria, oxidative phosphorylation by proton translocation occurs from 

complexes I to II, III and IV across the inner membrane to the intermembrane space 

(Duchen et al, 2003). This proton gradient which drives the production of ATP by complex 

V (ATP synthetase) is expressed as mitochondrial membrane potential (Chen, 1988). The 

transfer of electrons from ubisemiquinone through the mitochondrial respiratory chain is 

more than 98% efficient, however, 1.5 to 2 % of electrons leak out to form superoxide anion 

(O2
·−

) mainly at complex I (NADH coenzymeQ reductase) and III (ubiquinol 

cytochrome c reductase) (Forman, 1999). The superoxide anion is converted to H2O2 in 

mitochondria by superoxide dismutase. MnSOD is localized in the mitochondrial matrix 

(Weisiger and Fridovich, 1973) and CuZnSOD is found primarily in the cytosol (McCord 

and Fridovich, 1969). Overexpression of MnSOD protects the cells from mitochondrial 

http://www.ncbi.nlm.nih.gov/pubmed?term=Kershaw%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=15181022
http://www.ncbi.nlm.nih.gov/pubmed?term=Kershaw%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=15181022
http://www.ncbi.nlm.nih.gov/pubmed?term=Rathmell%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=21241252
http://www.ncbi.nlm.nih.gov/pubmed?term=Kershaw%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=15181022
http://www.ncbi.nlm.nih.gov/pubmed?term=Kershaw%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=15181022
http://www.ncbi.nlm.nih.gov/pubmed?term=Rathmell%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=21241252
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21241252
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R14
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R17
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dysfunction, permeability transition and apoptosis induced by oxidative stress during various 

disease conditions (Kanwar et al, 2007; Klivenyi et al, 1998; Kowluru et al, 2006; Silva et 

al, 2005).  

Metabolic homeostasis is highly depended on mitochondrial function (Nisoli et al, 

2007). Although knowledge of the exact mechanism is absent, changes in ΔΨM are highly 

elemental to cell life-death transition. In normal cells mitochondria have a highly negative 

ΔΨM, approximately, -180 mV, due to the chemiosmotic gradient of protons across the 

mitochondrial membrane. The energy of this proton pump is used for ATP synthesis, in the 

respiratory chain. ΔΨM is an important measure of mitochondrial energetic state and cell 

viability (Chen, 1988). ΔΨM is coupled with oxidative phosphorylation to drive ATP 

synthesis (Liberman et al, 1969; Senior, 1988). In our study the alteration in ΔΨM was 

reported and HCA was shown to improve the ΔΨM. In stress conditions, an imbalance 

between mitochondrial calcium load and the buffer concentration of the matrix is induced. 

Such an imbalance causes prolonged mitochondrial calcium accumulation and opening of 

MPTP (Halestrap et al, 2004). Induction of ER stress in 3T3-L1 adipocytes lead to MPTP 

opening as shown by our results. HCA treatment showed a protective effect on the MPTP 

opening. During myocardial reperfusion injury, opening of the MPTP collapses ΔΨM and 

uncouples oxidative phosphorylation, resulting in ATP depletion and apoptosis (Beltran et al, 

2000; Hausenloy and Yellon, 2003). The formation of mitochondrial ROS is dependent on 

ΔΨM (Korshunov et al, 1997), and increases exponentially as ΔΨM is increased or 

hyperpolarized above -140 mV (Lee et al, 2002).  

Taking into account, the structural communication between mitochondria and ER, 

cellular homeostasis depends upon the functional relationship between them. In addition, 

ATP is required for ER to function properly, which may make it susceptible to metabolic 

stress. Dissemination of calcium signaling from ER to mitochondria occurs during ATP 

production as well as cell death (Szabadkai and Duchen, 2008). A number of studies have 

shown that ER stress induces mitochondrial dysfunction, thus direct to disruption of various 

physiological responses in the cells (Park et al, 2011). The presence of cytoplasmic calcium 

was increased in the ER stress condition and HCA reduced the calcium overload.  Prolonged 

ER stress leads to release of calcium from the ER lumen, which then, causes mitochondria to 

uptake increased calcium into the mitochondrial matrix. Elevated calcium uptake induces an 

imbalance between mitochondrial calcium load and the buffering capacity of the matrix, by 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R43
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R43
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R36
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R36
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R47
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R33
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R33
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205925/#R33
http://journal.frontiersin.org/article/10.3389/fimmu.2012.00240/full#B65
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which a prolonged episode of massive mitochondrial calcium accumulation occurs. Chronic 

calcium accumulation triggers opening of the mitochondrial permeability transition pore, 

resulting in swelling of the organelle, rupture of the outer mitochondrial membrane, and 

release of proapoptotic proteins into the cytosol (Deniaud et al, 2008). ROS are also thought 

to act as local messengers between the ER and mitochondria (Csordás and Hajnóczky, 

2009). Many ROS sources and targets are localized to the ER and mitochondria. Elevated 

ROS levels inactivate the sarco-endoplasmic reticulum calcium ATPase (SERCA) and 

activate IP3R via oxidation. Modulation of calcium channel activity by ROS increases the 

level of calcium on the cytosolic face of the ER and also promotes calcium uptake into the 

mitochondrial matrix. Therefore, ROS production in ER provides an additional mechanism 

by which ER stress can induce mitochondrial dysfunction. 

A reduction in mitochondrial oxygen consumption rate as well as intracellular ATP 

content after ER stress induction in 3T3-L1 adipocytes had been observed. ER stress is 

known to be associated with disturbances of ATP synthesis resulting from depressed 

functions of electron transport and oxidative phosphorylation in the respiratory chain 

(Malhotra and Kaufman, 2007). The mitochondrial membrane potential provides the driving 

force for ATP synthesis. In this study we found a dissipation of ΔΨM which ultimately 

might lead to disruption of ETC, ATP synthesis and oxygen consumption.  

ER stress initiated mitochondrial depolarization and MPTP opening and these were 

followed by the loss of mitochondrial mass (Lin et al, 2012; Wang et al, 2011). 

Mitochondrial mass was observed to be reduced in our study also. And HCA had a 

protective effect on the loss of mitochondria. Decreased mitochondrial mass, activity and 

mtDNA copy number have been reported in murine ob/ob, db/db, and diet induced obesity 

models (Choo et al, 2006;  Rong et al, 2007). Negative correlation between degree/severity 

of obesity and expression and activity of mitochondrial oxidative phosphorylation 

components have also been observed in human subjects (Kaaman et al, 2007). Studies have 

shown that improvement in mitochondrial function can protect mice against diet induced 

obesity (Vernochet  et al, 2012).  

Defect in mitochondrial function and biogenesis in subcutaneous adipose tissue have 

been reported in type 2 diabetes (Bogacka et al, 2005), obesity (Semple et al, 2004) and IR 

(Hammarstedt et al, 2003). In our study we analysed, how ER stress affects the major factors 

involved in mitochondrial biogenesis. Adipose mitochondrial biogenesis was significantly 

http://www.ncbi.nlm.nih.gov/pubmed?term=Malhotra%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=17979528
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20CJ%5Bauth%5D
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Choo1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Choo1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Choo1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Choo1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Kaaman1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Kaaman1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Vernochet1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Vernochet1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114799#pone.0114799-Vernochet1
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lowered in both mouse models of diabetes/obesity and globally induced by 

rosiglitazone. (Rong et al, 2007). Our results demonstrated that ER stress reduced the level of 

biogenesis markers and HCA enhanced the expression of Pgc-1a, a master regulator of the 

transcriptional network that regulates mitochondrial biogenesis, its downstream molecules 

Nrf1, tfam, and mtDNA, in 3T3-L1 adipocytes. Pgc-1a activates the transcription of genes 

involved in oxidative phosphorylation and mtDNA replication. Pgc-1a also activates Nrf-1 

and Nrf-2, which are transcription factors acting on nuclear genes coding for proteins 

necessary for the mitochondrial respiratory chain or for mtDNA transcription and replication. 

Pgc-1a and Nrfs coactivate the expression of Tfam, which is vital for regulation and 

maintenance of mtDNA copy number (Hock et al, 2009; Lagouge et al, 2006; Scarpulla, 

2008). 

Mitochondria constantly fuse and divide, by processes known as fusion and fission, 

leading to dynamic networks of mitochondria. The occurrence of fusion and fission events is 

balanced to maintain the overall morphology of the mitochondrial population (Chan, 2006; 

Suen, 2008). A high fusion-to-fission ratio leads to elongated, tubular, interconnected 

mitochondrial networks, whereas a low ratio results in fragmented, discontinuous 

mitochondria. These two opposing processes are finely regulated by the mitochondrial 

fusion proteins MFN 1 and 2 and OPA 1 and by the mitochondrial fission proteins DRP1 

and FIS1. Recent work has highlighted the importance of mitochondrial fusion and fission in 

cellular function and animal physiology (Detmer and Chan, 2007; Suen, 2008). During ER 

stress the fusion proteins decreased while fission proteins were increased.  

Mitochondria are vital for cell function and survival, thus, it is not surprising that the 

loss of integrity of these organelles is associated with several pathological conditions. To 

date, great advances have been made to improve the knowledge of the link between 

mitochondrial dysfunction and metabolic diseases and different therapeutic approaches have 

been developed to reestablish normal function of the organelles and restore cellular 

homeostasis. Overall results of this chapter provide a new insight into ER stress induced 

impairment of mitochondrial function in 3T3-L1 adipocytes and possible recovery with HCA. 

Induction of ER stress significantly increased mitochondrial superoxide production. 

Excessive ROS production impaired mitochondrial membrane potential, led to transition pore 

opening, ER stress also reduced mitochondrial biogenesis, oxygen consumption, ATP 

synthesis, and proteins involved in oxidative phosphorylation. Mitochondrial fusion/fission 

http://diabetes.diabetesjournals.org/search?author1=James+X.+Rong&sortspec=date&submit=Submit
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balance in adipocytes was also impaired during ER stress. Calcium signalling as well as ROS 

production connects mitochondria and ER function. HCA protected the 3T3-L1 adipocytes 

from the unfavourable effects of ER stress by enhancing mitochondrial biogenesis, 

mitochondrial functional performance and by controlling mitochondrial dynamics. In 

conclusion, ER stress impaired mitochondria functions in differentiated 3T3-L1 cells. 

Phytochemical treatment partially recovered the ER stress mediated mitochondrial 

dysfunction, suggesting that ER is an important cell organelle in the normal energy 

metabolism due to its strong link with mitochondrial function and natural products with 

potent property might be useful for treating metabolic syndrome.   
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   Chapter 6 

ER Stress induced inflammation and IR in 3T3-L1 and 

possible attenuation with HCA 

6.1 Introduction 

Obesity is associated with chronic, low grade, inflammatory responses in 

metabolically active sites, most notably, adipose tissue (Hotamisligil, 2006). This, increased 

chronic inflammatory status triggered by metabolic signals, which differs from the classic 

inflammation, is a critical link between obesity and other associated pathologies, such as IR 

and T2DM (Wellen et al, 2005; Wellen et al, 2007).
 
The inflammatory role of adipocytes is 

related to its expansion, ie, hyperplasia and hypertrophy. This involves a variety of cellular 

stresses like ER stress, mitochondrial dysfunction, oxidative stress etc.  

ER stress induced inflammation exacerbates conditions such as diabetes, obesity, 

atherosclerosis, and cancer. When activated, all three sensors of the UPR, PERK, IRE1, and 

ATF6, participate in upregulating inflammatory processes by activating NFkb. Furthermore, 

activation of the JNK–AP-1 and NFkB–Ik-B pathways plays a central role in obesity induced 

inflammation and metabolic abnormalities, including abnormal insulin action. Ozcan et al 

demonstrated that obesity causes ER stress leading to suppression of insulin receptor 

signaling through hyperactivation of JNK and subsequent serine phosphorylation of IRS-

1(Ozcan et al, 2004). 

Adipokines act locally as well as systemically regulating carbohydrate and lipid 

metabolism, immune function etc. Leptin, adiponectin, and resistin, are among the common 

adipokines but in fat-overloading, adipocytes secrete additional inflammatory cytokines and 

free fatty acids (Kershaw and Flier, 2004). They attract more macrophages (Weisberg et al, 

2003), which get embedded into adipose tissues. Thus, cluster of macrophages with 

adipocytes form crown-like structures (CLSs) which are more inflammatory. The adipocyte 

hypertrophy behaves as source and target of inflammatory signals. It induces expression of 

TNF-α, IL-6, IL-1β, PG-E2, etc (Apovian et al, 2008).  

In this chapter, we mainly discuss on the crosstalk between ER stress induced 

inflammation, and IR in 3T3-L1 adipocytes and possible reversal with HCA. 

http://journal.frontiersin.org/article/10.3389/fimmu.2012.00240/full#B37
http://journal.frontiersin.org/article/10.3389/fimmu.2012.00240/full#B74
http://journal.frontiersin.org/article/10.3389/fimmu.2012.00240/full#B74
http://journal.frontiersin.org/article/10.3389/fimmu.2012.00240/full#B3
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6.2 Methods 

Cell culture and treatments were same as described in Chapter 2.  Experimental 

groups are 

  B - Control 

 T - Tunicamycin treated groups 

H1 - Tunicamycin + HCA 5µM  

H2 - Tunicamycin + HCA 10µM,  

H3 - Tunicamycin + HCA 20µM, 

  P - Tunicamycin + PBA 1mM. 

Following parameters were analysed to investigate the effect of HCA on ER stress induced 

inflammation and IR in 3T3-L1 adipocytes. Detailed procedures of all the experiments are 

given in Chapter 2 

 

 Secretion of adiponectin, leptin 

 Expression of resistin 

 Secretion of inflammatory cytokines 

 Glucose uptake 

 Intermediates of inflammatory and insulin signaling pathways 

 TG content 

 Lipolysis 

 

6.3 Results 

6.3.1 Effect of HCA on secretion and expression of adiponectin  

Adipocytes behave as a rich source of adipokines, which may be the link between 

obesity and its complications. Endoplasmic reticulum stress in adipocytes can modulate 

adipokines secretion. Adiponectin, leptin, resistin etc are some of the important adipokines 

with significant physiological functions. Adiponectin levels in the culture medium were 

quantified using ELISA method. ER stress reduced the secretion of adiponectin by about 2.5 

fold (P ≤ 0.05) compared to control. HCA (5, 10, 20 μM) increased the adiponectin secretion 

by 1.89, 2.10, 2.24 fold respectively (P ≤ 0.05) relative to stress induced cells in a dose 

dependent manner (Figure 6.1A). The protein level (Figure 6.1B) and mRNA (Figure 6.1C) 

expression studies also gave confirming results. 
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Figure 6.1 Adiponectin secretion and expression in 3T3-L1 adipocytes during endoplasmic reticulum stress. A. 

Quantification of adiponectin secretion by ELISA. B. Representative immunoblot of adiponectin. C. mRNA 

quantification normalised to β Actin. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric 

acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) 

tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates 

values are significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

 * 

Adiponectin 

β Actin 
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6.3.2 Effect of HCA on expression of leptin and resistin  

The amount of leptin secreted into the medium was increased (3.1 fold) significantly 

(P ≤ 0.05) under ER stress relative to the control. Treatment with HCA (5, 10, 20 μM) 

lowered the leptin levels by 1.29, 2.3, 2.8 fold respectively in a dose dependent manner (P ≤ 

0.05) (Figure 6.2A) when compared with tunicamycin treated cells. mRNA expression of 

resistin was also assessed. ER stress caused a significant increase in resistin levels while 

HCA treatment reduced the mRNA expression in a significant manner (Figure 6.2B). 

A  

                

 

 

 

 

 

          B 

 

 

 

 

 

 

 

 

Figure 6.2 secretion of leptin and mRNA expression of resistin during endoplasmic reticulum stress in 3T3-L1 

adipocytes. A. Quantification of leptin secretion by ELISA. B. mRNA expression of resistin normalised to β 

Actin (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM 

(-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  
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6.3.3 Effect of HCA on inflammatory response during ER stress 

Adipocytes over secrete inflammatory cytokines in response to stress conditions. ER 

stress caused significant increase in the level of inflammatory cytokines TNF-α, MCP-1, IL-

10, IFNγ, IL-1 β, and IL-6 (Table 6.1) when compared with control cells. HCA (5, 10, 20 

μM) was found to reduce the inflammatory markers in the stressed cells in a dose dependent 

manner compared to the stress induced cells (Table 6.1). TNF-α was increased significantly 

(P ≤ 0.05) by 6.55 fold and reduced by 1.94, 4.02 and 6.25 fold respectively on treatment 

with HCA. The level of MCP-1 was increased significantly (P ≤ 0.05) by 2.86 fold, which 

was reduced by 1.33, 1.91 and 2.13 fold respectively (Table 6.1). The secretion of IL-10 was 

increased by 1.87 fold (P ≤ 0.05) and was decreased by 1.02, 1.10, and 1.25 fold on treatment 

with various concentration of HCA (Table 6.1). There was 4.18 fold increase in IFNγ while 

treatment with HCA (5, 10, 20μM) lowered the levels significantly (P ≤ 0.05) by 2.08, 2.64, 

2.76 fold respectively (Table 6.1). IL-1 β was elevated significantly (P ≤ 0.05) by 2.033 fold 

and was reduced by 1.5, 1.81 and 1.92 fold on treatment with HCA (5, 10, 20 μM, Table 6.1). 

IL-6 was increased by 2.97 fold in stress induced cells and HCA treatment caused a 

significant (P ≤ 0.05) decrease by 1.86, 2.11, 2.22 fold with 5, 10, 20 μM doses respectively 

(Table 6.1). 
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Table 6.1 Quantification of inflammatory cytokines secreted by 3T3-L1 adipocytes during endoplasmic reticulum stress. Values expressed as means ± SD (n 

= 6), represented by vertical bars.* indicates values are significantly different from the control cells and # indicates values are significantly different from the 

ER stressed group, significance accepted at P ≤ 0.05.  

 
Control Tunicamycin 

Tunicamycin + 5 µM 

(-) hydroxycitric acid, 
Tunicamycin + 10 µM 

(-) hydroxycitric acid, 
Tunicamycin + 20 µM 

(-) hydroxycitric acid, 
Tunicamycin+1mM 

PBA. 

TNFα 

(pg/100μl) 
33.46 ± 0.56 219.40 ± 0.59

*
 112.54 ± 1.06

+
 54.46 ± 0.49

+
 35.06 ± 0.07

+
 36.07 ± 0.55

+
 

MCP-1 

(pg/100μl) 
396.54 ± 1.16 1134.63 ± 2.8

*
 852.45 ± 02.5

+
 591.15 ± 1.3

+
 530.54 ± 1.7

+
 565 ± 0.33

+
 

IL-10 

(pg/100μl) 
19.28 ± 0.177 36.12 ± 0.93

*
 35.40 ± 1.6

+
 32.57 ± 0.33

+
 28.79 ± 0.85

+
 22.46 ± 0.63

+
 

IFN-γ 

(pg/100μl) 
24.46 ± 0.212 102.32 ± 0.56

*
 49.10 ± 1.38

+
 38.75 ± 0.50

+
 36.96 ± 0.48

+
 32.67 ± 1.41

+
 

IL-1β 

(pg/100μl) 
753.50 ± 1.16 1582.50 ± 2.82

*
 1024.00 ± 2.54

+
 840.9 ± 1.37

+
 795.95 ± 1.7

+
 927 ± 0.63

+
 

IL-6 

(pg/100μl) 
312.12 ± 1.5 928.37 ± 1.96

*
 498.37 ± 0.49

+
 439.62 ± 1.11

+
 417.12 ± 0.69

+
 322.15 ± 0.63

+
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6.3.4 Effect of HCA on nitrite levels 

Nitrite levels were significantly increased (2.79 fold, P ≤ 0.05) in ER stressed cells 

compared to the control cells. HCA treatment effectively reduced the nitrite levels by 1.54, 

2.07 and 4.16 fold respectively with 5, 10, 20 µM concentrations. PBA also reduced the 

nitrite levels by 3.2 fold (Figure 6.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Quantification of nitrite levels secreted by 3T3-L1 adipocytes during endoplasmic reticulum stress. 

(B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) 

hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

6.3.5 Effect of HCA on nuclear translocation of NF kB-p65  

 NF κB p65- translocation to the nucleus was examined by performing ELISA assay of the 

cytosolic and nuclear fractions of normal and ER stress induced cells. Induction of ER stress caused 

significant (P ≤ 0.05) increase (1.5 fold) in nuclear fraction of p65 subunit compared to control group 

(Fig.6.4). The treatment with HCA (5, 10 and 20 μM)) significantly (P ≤ 0.05) prevented (1.03, 1.12, 

1.29 fold respectively) the ER stress induced nuclear translocation of p65 subunit in adipocytes 

(Figure. 6.4). PBA also reduced the nuclear translocation by 1.53 fold (Figure 6.4). 
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Figure 6.4 Nuclear translocation of NF kB p65 in 3T3-L1 adipocytes during endoplasmic reticulum stress. (B) 

control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) 

hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

6.3.6 Effect of HCA on glucose uptake in ER stress 

Flow cytometry was performed to examine glucose uptake in ER stress and control 

adipocytes by detecting the fluorescence of 2-NBDG within the cells. The results indicated 

that ER stress significantly (P ≤ 0.05) decreased insulin dependent glucose uptake in 

adipocytes (Figure 6.5). In the 2-NBDG uptake assay, glucose uptake was found to be 

reduced by 1.54 fold in ER stressed adipocytes. Treatment with HCA and PBA resulted in an 

increased insulin dependent glucose uptake in ER stressed adipocytes. 20 µM of HCA and 

PBA elevated the glucose uptake by 1.21 fold and 1.28 fold respectively (P ≤ 0.05, Figure. 

6.5B). 
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Figure 6.5 Glucose uptake in 3T3-L1 adipocytes during endoplasmic reticulum stress quantified using NBDG 

by flow cytometry. A. Representative histograms of glucose uptake quantified using flow cytometry (a) control, 

(b) tunicamycin treated, (c) tunicamycin + 5 µM (-) hydroxycitric acid, (d)  tunicamycin + 10 µM (-) 

hydroxycitric acid, (e)  tunicamycin + 20 µM (-) hydroxycitric acid, (f) tunicamycin + 1 mM PBA.  B. 

Percentage population of cells showing NBDG fluorescence (B) control, (T) tunicamycin, (H1) tunicamycin + 5 

µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) 

hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by 

vertical bars.* indicates values are significantly different from the control cells and + indicates values are 

significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  
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6.3.7 Effect of HCA on lactate release 

Lactate levels in the culture media were quantified. Induction of ER stress 

significantly reduced the amount of lactate released into the media (3.05 fold, P ≤ 0.05). On 

treatment with HCA (5, 10, 20 µM) the lactate levels were increased by 1.33, 1.74 and 2.99 

fold respectively (P ≤ 0.05). PBA, which was used as a positive control also showed a lactate 

lowering effect by 2.22 fold (Figure 6.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Lactate release by adipocytes during endoplasmic reticulum stress. (B) control, (T) tunicamycin, (H1) 

tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin 

+ 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), 

represented by vertical bars.* indicates values are significantly different from the control cells and + indicates 

values are significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 

0.05.  

6.3.8 Effect of HCA on expression of glucose transporters  

We further analysed the expression of glucose transporters, GLUT1 and GLUT4 in 

control and ER stressed groups. GLUT4 and GLUT1 expression at protein level (Figure. 

6.7A) and mRNA level (Figure. 6.7B) was significantly (P ≤ 0.05) downregulated in ER 

stressed adipocytes compared with normal cells. HCA treatment significantly (P ≤ 0.05) 

increased the expression (Figure. 6.7A and 6.7B) 
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Figure 6.7 Protein and mRNA expression of GLUT 1 and GLUT4 during endoplasmic reticulum stress in 3T3-

L1 adipocytes. A. Representative immunoblots of GLUT1 and GLUT4. B. Quantification of Glut1 and Glut 4 

mRNA normalised to β Actin. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, 

(H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) 

tunicamycin + 1 mM PBA. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates 

values are significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  

6.3.9 Effect of HCA on JNK activation and insulin receptors 

Immunoblot studies showed increased (P ≤ 0.05) phosphorylation and subsequent 

activation of JNK, in ER stressed group compared with normal cells (Fig. 6.8A and 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 
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decreased expression of IRS-2 in ER stressed group showing ER stress induced impairment 

in insulin signaling (Figure 6.8). But treatment with HCA (5,10, 20 µM) and PBA (1 mM) 

significantly (P ≤ 0.05) lowered phosphorylation of JNK, and serine phosphorylation of IRS-

1, and also increased the expression of IRS2 showing protection from ER stress induced 

impairment in insulin signaling pathway (Fig.6.8). mRNA expression of IRS-1 and Irs2 were 

also increased by HCA treatment. 
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Figure 6.8 JNK activation and insulin receptors during endoplasmic reticulum stress. A. Representative 

immunoblots of JNK and insulin receptors. B. Densitometric quantification of the protein expression normalised 

to β Actin. C. mRNA expression of IRS-1 and Irs2 normalised to control (B) control, (T) tunicamycin, (H1) 

tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin 

+ 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1mM PBA. Values expressed as means ± SD (n = 6), 

represented by vertical bars.* indicates values are significantly different from the control cells and + indicates 

values are significantly different from the endoplasmic reticulum stressed group, significance accepted at P ≤ 

0.05.  
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6.3.10 Effect of HCA on PPARγ expression 

ER stress significantly (P ≤ 0.05) downregulated PPARγ expression at mRNA and 

protein level in adipocytes. HCA and PBA significantly increased its expression in ER 

stressed adipocytes (Figure 6.9). 
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Figure 6.9 Expression of PPARγ in 3T3-L1 adipocytes during endoplasmic reticulum stress. A. Representative 

immunoblot of PPARγ. B. Quantification of mRNA levels of Ppar g normalised to β Actin. (B) control, (T) 

tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) hydroxycitric acid, 

(H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values expressed as means ± 

SD (n = 6), represented by vertical bars.* indicates values are significantly different from the control cells and + 

indicates values are significantly different from the endoplasmic reticulum stressed group, significance accepted 

at P ≤ 0.05.  

6.3.11 Effect of HCA on expression of PI3K, pAKT, PTP1B 

Immunoblot studies showed decreased (P ≤ 0.05) expression of PI3K and 

phosphorylation of AKT, in ER stressed group compared with normal cells (Figure. 6.10). 

Treatment with HCA (5, 10, 20 µM) and PBA (1 mM) significantly (P ≤ 0.05) increased the 

phosphorylation of AKT, and expression of PI3K. Expression of PTP1B was also assessed, 

expression of which was found to be elevated and HCA significantly reduced its levels. PBA 

also had a similar effect on PBA (Figure 6.10).  
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Figure 6.10 Expression of PI3K, pAKT and PTP1B in 3T3-L1 adipocytes during endoplasmic reticulum stress. 

A. Representative immunoblots of PI3K, pAKT and PTP1B. B. Densitometric quantification of protein levels 

normalised to β Actin. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM(-) hydroxycitric acid, (H2) 

tunicamycin + 10 µM (-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin 

+ 1 mM PBA. Values expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are 

significantly different from the control cells and + indicates values are significantly different from the 

endoplasmic reticulum stressed group, significance accepted at P ≤ 0.05.  
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6.3.12 Effect of HCA on triglyceride content 

The lipid droplets within the adipocytes were examined by confocal microscopy. In 

control cells, the average size of the lipid droplets was much bigger than from the group of 

ER stress. After induction of ER stress with tunicamycin the size of the lipid droplets 

decreased (Figure 6.11). HCA as well as PBA treatment showed bigger and more lipid 

droplets compared to the stressed cells. A representative image of lipid droplets within 3T3-

L1 adipocytes is shown in Figure 6.11. This result was confirmed by the quantification of 

triglyceride content. Triglyceride content was found to be significantly lowered during ER 

stress (2.39 fold). HCA treatment increased the lipid contents by 1.26, 1.48 and 2.18 fold 

respectively. PBA induced a reduction of 2.28 fold in the triglyceride content. 
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Figure 6.11 Triglyceride content in 3T3-L1 adipocytes during endoplasmic reticulum stress. A. Representative 

images of lipid droplets stained by Nile red. (a) control, (b) tunicamycin treated, (c) tunicamycin + 5 µM (-) 

hydroxycitric acid, (d) tunicamycin + 10 µM (-) hydroxycitric acid, (e) tunicamycin + 20 µM (-) hydroxycitric 

acid, (f) tunicamycin + 1 mM PBA. Scale bar corresponds to 100 µm. B. Quantification of triglyceride content. 

(B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) 

hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 
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the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

6.3.13 Effect of HCA on lipolysis  

The glycerol release from 3T3-L1 adipocytes during ER stress and normal condition 

were examined. It was significantly increased (1.61 fold) in stressed cell compared with 

normal cells. HCA (5, 10, and 20 μM) and PBA (1 mM) significantly (P ≤ 0.05) prevented 

the glycerol release (1.01, 1.37, 1.61fold respectively, Figure. 6.12). PBA reduced the 

glycerol release by 1.46 fold. Increased glycerol release is an indication of increased lipolysis 

and free fatty acid release. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12 Quantification of glycerol released by 3T3-L1 adipocytes during endoplasmic reticulum stress. (B) 

control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM (-) 

hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

6.3.14 Effect of HCA on expression of Tlr4 receptor 

ER stress 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 HCA 

(5, 10, 20 μM) and PBA (1 mM) significantly reduced (3.27, 3.4, 2.8 and 3.29 fold 

respectively, P ≤0.05) mRNA level expression of Tlr4 receptors in ER stressed 

adipocytes (Figure 6.13). 
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Figure 6.13 Quantification of mRNA expression of Tlr4 in 3T3-L1 adipocytes during endoplasmic reticulum 

stress. (B) control, (T) tunicamycin, (H1) tunicamycin + 5 µM (-) hydroxycitric acid, (H2) tunicamycin + 10 µM 

(-) hydroxycitric acid, (H3) tunicamycin + 20 µM (-) hydroxycitric acid, (P) tunicamycin + 1 mM PBA. Values 

expressed as means ± SD (n = 6), represented by vertical bars.* indicates values are significantly different from 

the control cells and + indicates values are significantly different from the endoplasmic reticulum stressed 

group, significance accepted at P ≤ 0.05.  

 

6.4 Discussion 

ER stress and inflammation are linked so clos10ely that ER function and metabolic 

homeostasis are integrated. Inflammation plays a critical role in the development and 

progression of obesity, IR, T2DM, and many other clustering metabolic disorders 

(Hotamisligil, 2006). Particularly, chronic inflammation of adipose tissue (and recruitment of 

professional immune cells to this site) (Alexaki et al, 2009; Feuerer et al, 2009; Liu et al, 

2009; Nishimura et al, 2009; Winer et al, 2009), whether triggered metabolically or through 

injury or death of adipocytes, can trigger a diverse set of stress responses emerging from the 

ER. In the present study, we investigated the link between ER stress induced inflammation 

and IR in adipocytes. Our study also demonstrates the protective role of HCA against ER 

stress induced inflammation and other complications. 

Adipocytes showed severe inflammation characterized by increased expression of 

inflammatory cytokines. TNF-α, IL-6, MCP-1, IFN-γ, IL-1β, leptin, resistin and adiponectin 

are some of the adipokines strongly associated with obesity-induced inflammation, IR and 

other obesity-related pathologies. TNFα is involved in lipid metabolism, insulin signaling, 

and secretion of inflammatory cytokines like IL-6, TNF-α and adiponectin. It also promotes 

IR and apoptosis in adipocytes. IL-6 plays a major role in whole body energy homeostasis by 

controlling food intake and appetite, and suppressing the lipoprotein lipase activity 
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(Emanuela et al, 2012). IL-10 is reported to increase insulin sensitivity, protects skeletal 

muscle from obesity-associated macrophage infiltration, increase in inflammatory cytokines, 

and their effects on insulin signaling and glucose metabolism (Hong et al, 2009). Elevated 

level of IL-1β leads to impaired insulin secretion, decreased cell proliferation, and apoptosis 

(Emanuela et al, 2012). IFNγ have differential effects on the metabolism of lipoprotein 

immune complexes (Morganelli et al, 2000) 

 All the three canonical UPR signaling pathways mediated by PERK, IRE1, and 

ATF6 that are activated by ER stress are identified to stimulate the expression of 

inflammatory cytokines in several cell types (Hotamisligil, 2010). NF-κB, a transcriptional 

regulator that plays a central role in mediating the inflammatory responses is activated by 

PERK signaling. The PERK arm mediates inhibition of protein translation via 

phosphorylation of eIF2α. Phosphorylation of eIF2α is reported to inhibit the translation of 

IκBα, the main negative regulator of NF-κB (Deng et al, 2004). Decreased translation of 

IκBα causes removal of inhibition of NF-κB activity and promotes the nuclear translocation 

of NF-κB from the cytoplasm. Down-regulation of this inhibitory control leads to induction 

of its downstream inflammatory genes. ATF6 also regulates the NF-κB pathway 

(Yamazaki et al, 2009). Precise mechanism by which ATF6 signaling pathway activates NF-

κB is not known. ATF6 might be up-regulating the transcription of genes, which activate the 

NF-κB pathway. The third arm of the UPR is the IRE1 signaling pathway. IRE1 signaling 

pathway is reported to directly activate the JNK (Hu et al, 2006; Urano et al, 2000). JNK is 

an important inflammatory signaling mediator which up-regulates the expression of 

inflammatory cytokines by activating the AP-1 transcription factor complex. In the present 

study, we demonstrated that, induction of ER stress markedly up-regulated the inflammatory 

response and was successfully suppressed by HCA treatment in 3T3-L1 adipocytes. 

Inflammation in adipose tissue of high-fat diet-induced obese mice was reported to be caused 

by the activation of UPR signaling pathways via ER stress. 

Numerous studies in rodents and humans have found a link between IR and ER stress 

in adipose tissue, as well as increased lipolysis and altered adipokine production (Boden et al, 

2008; Gregor et al, 2009; Ozcan, 2004; Sharma et al, 2008; Xu et al, 2010). Xu et al reported 

a decrease in leptin and adiponectin secretion and an increase in IL-6 secretion in ER stress-

associated conditions, including obesity (Xu et al, 2010). Studies have shown that 

adiponectin folding and multimerization are impaired in obese states due to a decreased 

http://www.hindawi.com/67454625/
http://www.hindawi.com/67454625/
http://www.jlr.org/search?author1=Peter+M.+Morganelli&sortspec=date&submit=Submit
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expression of ER disulfide-bond A oxidoreductase-like protein (DsbA-L), which leads to ER 

stress (Liu et al, 2008; Zhou et al, 2010). Resistin transcription and secretion in adipocytes is 

impaired by CHOP which is upregulated under ER stress (Lefterova et al, 2009). ER stress 

has been reported to decrease high-molecular-weight fractions as well as total adiponectin in 

human adipocytes, which may have role in insulin sensitivity and metabolic syndrome (Kern 

et al, 2003; Lara-Castro et al, 2006). Decreased levels of adiponectin are observed in 

conditions associated with excessive nutrient intake, including obesity. A decreased 

expression of the cytokine adiponectin may promote IR in obesity (Berg et al, 2002; Hu et al, 

1996; Menzaghi et al, 2002). Adiponectin signaling affects AMPK, which is a negative 

regulator of mTOR. High levels of mTOR in turn cause serine phosphorylation of IRS-1. 

Hence low adiponectin levels leads to inhibition of IRS-1 causing IR through the activation 

of the mTOR signaling pathway. A study in which tunicamycin and thapsigargin was used to 

induce ER stress in human adipocytes showed that ER stress decreased adiponectin, 

increased TNF-α mRNA expression, lowered IκB protein (Mondal et al, 2012). 

Couillard et al reported an increased leptin levels on feeding and decreased by fasting. 

A positive correlation exists between leptin levels and adiposity (Couillard et al, 2000). 

Insulin signaling was impaired by leptin in adipocytes and IR was triggered (Denroche et al, 

2012). Resistin is an adipokine secreted by preadipocytes of human adipose tissue (Kaser et 

al, 2003) and has been associated with IR in obese individuals with a positive correlation 

(Silha et al, 2003). In a study, ER stress has been found to reduce resistin mRNA expression 

in 3T3-L1 adipocytes in a time and dose dependent manner (Lefterova et al, 2009).  

               IR is one of the most common physiological consequences of obesity. Cellular 

glucose uptake was found to be lowered during ER stress in correlation with the low 

expression of GLUT1 and GLUT4 in our study. We found an increased phosphorylation of 

JNK1 and IRS-1 at Ser307 in ER stressed adipocytes. A reduction in the expression of IRS2 

was also noted. IRS2 expression is lowered in the livers of obese model mice (Shimomura et 

al, 2000), and disruption of hepatic IRS2 leads to IR (Kubota et al, 2000), suggesting that 

IRS-1 as well as IRS2 are critical for the pathogenesis of systemic IR.  

Ozcan et al showed that the IRE1–JNK signaling pathway directly inhibits 

cytoplasmic insulin signaling in ob/ob mice by activating phosphorylation of IRS-1 at Ser307 

by JNK (Ozcan et al, 2004). It is possible that activation of IRE1 during ER stress in 

adipocytes could disrupt insulin signaling. Our findings showed that alleviation of ER stress 
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improved insulin signaling via down-regulation of phosphorylation of IRS-1 at Ser307 in 

adipocytes. JNK pathways can be activated by the inflammatory cytokines secreted from 

adipocytes and macrophages in obese adipose tissue (Kyriakis, 2001). Inflammatory 

cytokines can disrupt insulin signaling by interfering directly with IRS-1 insulin receptor 

binding and promoting IRS-1 degradation (Shoelson, 2006). The link between ER stress and 

insulin signaling require further studies to elucidate the detailed mechanisms underlying the 

development of IR in obese adipose tissue. ROS is reported as another factor promoting IR 

and inflammation. ER stress is a major source of reactive oxygen species produced by the 

activation of PDI (Schroder and Kaufman, 2005; Zhang et al, 2008). 

Treatment with TUDCA, a conjugated bile acid derivative that inhibits ER stress-

induced apoptosis, increased insulin sensitivity in patients with IR (Kars et al, 2010). In 

addition, treatment with chaperones, like PBA, trimethylamine N-oxide dihydrate, dimethyl 

sulfoxide and 150 kDa oxygen-regulated protein, which protect cells from ER stress by 

stabilizing protein conformation and improving ER folding capacity, increased insulin 

sensitivity in obese diabetic mice (Nakatani et al, 2005; Ozcan, 2006). These data show that 

ER stress in adipocytes, hepatocytes and β-cells may initiate IR, as well as intensify pre-

existing IR, particularly in the context of obesity. ER stress interferes with insulin receptor 

signaling through multiple ways.  

Activation of insulin receptor phosphorylates the downstream docking protein IRS, 

which then activates the PI3K and AKT pathway leads to the translocation of GLUT4 

vesicles to the cell surface resulting in cellular glucose uptake (Herman et al, 2006). PTP1B, 

a hydrolase that targets the tyrosine-phosphorylated insulin receptor β and IRS-1, has been 

reported as a negative regulator of insulin signalling (Dadke et al, 2000; Kenner et al, 1996). 

Deletion of PTP1B resulted in improved insulin sensitivity and glucose tolerance (Bence, 

2010; Elchebly et al, 1999; Klaman et al, 2000). Several PTP1B inhibitors have been 

projected for the management of diabetes mellitus (Thareja et al, 2012). In mammalian cells, 

PTP1B is tethered to the ER via its C-terminal targeting sequence (Frangioni et al, 1992). 

PTP1B appears to be closely associated with the ER, in terms of both cellular localisation and 

function. In the present study we examined the effect of the ER stress inducer tunicamycin on 

PTP1B levels and insulin sensitivity in adipocytes. Studies have confirmed the negative 

effect of ER stress on PI-3K/AKT signaling followed by inhibition of glucose uptake and 

bioenergetic responses (Lin et al, 2011; Pfaffenbach et al, 2010; Qin et al, 2010).  
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The basal lipolysis in adipocytes was determined in ER stressed adipocytes by 

glycerol release and triglyceride content. An increased release of glycerol and reduced 

triglyceride content was found in this study indicating increased release of free fatty acids. 

Augmented lipolysis could be due to the close relationship between the ER and lipid droplet 

(Brasaemle et al, 2012; Gregor et al, 2007). The final steps of triglyceride synthesis occur at 

the ER and it has been suggested that the lipid droplet formation also takes place at the ER 

(Fujimoto et al, 2011; Ohsaki et al, 2014). White adipocytes contain a massive lipid droplet 

that occupies >90% of the adipocyte cell volume (Cushman et al, 1970). As the primary 

function of adipocytes is lipid storage and the ER and lipid droplet are closely associated, it is 

possible that ER stress or disturbances in ER function would cause alterations in 

lipolysis/lipogenesis. Deng et al. demonstrated that the ER stress inducer thapsigargin 

stimulated lipolysis via activation of the PKA signalling pathway and increased 

phosphorylation of HSL in cultured rat adipocytes, (Deng et al, 2012). Zhou et al showed that 

chronic ER stress in 3T3-L1 adipocytes led to decreases in perilipin levels (Zhou et al, 2009). 

Given the complex interaction between the ER and lipid droplet it is difficult to identify a 

precise mechanism of how ER stress or ER dysfunction would lead to augmented lipolysis. 

Overall results showed that ER stress induced inflammation and IR in adipocytes as 

indicated by increased levels of inflammatory cytokines and alterations in the insulin 

signaling pathway. HCA ameliorated the inflammation and IR induced by ER stress revealing 

its potential as nutraceutical against metabolic syndrome. 
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                             Chapter 7 

Summary and conclusion 

ER stress is stimulated by multiple pathological factors like metabolic disorders, 

reactive oxygen species, altered ER Ca
2+

, insufficient ER chaperones and foldases, 

xenobiotics, as well as increased demand for protein folding. Among these, metabolic 

syndrome is a state with increased protein folding demand, ROS accumulation and altered ER 

Ca 
2+

 flux. Obesity is one of the major risk factors leading to metabolic syndrome which 

includes lipid metabolism disorders, hypertension, arteriosclerosis, and ischemic heart 

disease, IR and T2DM. The worldwide prevalence of obesity has increased to epidemic 

proportions. Even after lots of studies, current pharmacotherapeutic options for treating 

obesity and metabolic syndrome remains inadequate. Hence, understanding the molecular 

mechanisms involved during the onset and progression of obesity and related complications 

is crucial. Our results coincide with the earlier studies that ER stress and its stress responses 

in adipose tissue is a key factor in the aggravation of obesity related problems. This poses ER 

stress as a future therapeutic target for the treatment of metabolic syndrome. The etiology of 

ER stress in adipose tissue may be attributed to nutrient over-load, along with increased 

demand for protein synthesis for its metabolism, local glucose deprivation due to IR, and 

decreased vascularization. There occurs accumulation of unfolded or misfolded proteins, 

eliciting a cellular response known as the UPR. The UPR operates through three ER stress 

sensors which are activated, namely PERK, IRE1α, and ATF6, along with their downstream 

effecter molecules. Recent preclinical and clinical evidence supports the notion that 

pharmacological modulators of ER stress have therapeutic potential as novel treatments of 

metabolic disorders. Small molecule chemical chaperones have already demonstrated 

therapeutic efficacy in animal and human studies. The emergence of compounds that target 

specific UPR signaling pathways will provide more options for this purpose. Although the 

findings are promising, more studies are needed to elucidate the efficacy and side effects of 

these small molecules for future use in humans. 

The ER is a vital eukaryotic organelle that is the site for protein synthesis, folding and 

trafficking, calcium homoeostasis and lipid and steroid synthesis. Secretory as well as, 

plasma membrane and organelle proteins are synthesized and folded in the ER. Disturbances 

in the ER homeostasis such as the accumulation of unfolded or misfolded proteins lead to ER 



                                                                                                                                                                                                                                                                                                
 Chapter 7 
 

125 
 

stress. ER stress triggers an evolutionarily conserved signaling cascade called UPR to 

alleviate this stress. As an initial response, the UPR aims at adapting and restoring ER 

function by translational attenuation, upregulation of ER chaperones and degradation of 

unfolded proteins. But, excessive or prolonged exposure to ER stress activates the cellular 

signals leading to cell death. ER stress negatively affects the metabolic homeostasis by 

triggering the inflammatory network. One of the most common physiological consequences 

of obesity is the development of IR. All the 3 branches of the UPR, namely PERK, IRE-1 and 

ATF6 activate JNK and/or NF-κB signaling pathways. This leads to subsequent inhibition of 

insulin action via IRS-1 phosphorylation, although other mechanisms are also possible. 

Moreover, increased JNK and NF-κB signaling is expected to induce other inflammatory 

mediators that are associated with metabolic disease.  . 

Mitochondria and the ER are structurally and functionally connected with each other 

through several pathways, hence any defect in one translates into other. Structural 

communication between mitochondria and the ER is also modulated by fission and fusion of 

mitochondria. Mitochondria are well known to be the power stations within cells, as one of 

their major functions is production of ATP. Mitochondria also play essential roles in 

intracellular ROS production, regulation of apoptosis, and Ca
2+

 storage. Disturbances in 

mitochondrial Ca
2+

 homeostasis causes apoptotic cell death during ER stress. 

The prevalence of obesity and associated metabolic disorders has increased over the 

last decade, and current measures have not been able to stop this. A wide variety of weight 

management strategies are presently available, and some involve the use of dietary 

supplements marketed as slimming aids. One such slimming aid is Garcinia extract, 

containing HCA. HCA is a derivative of citric acid, found in plants like Garcinia cambogia, 

Garcinia indica, and Garcinia atroviridis. HCA causes weight loss by competitively 

inhibiting the enzyme adenosine triphosphatase-citrate-lyase. HCA also increases the release 

or availability of serotonin in the brain, thereby leading to appetite suppression. Other 

postulated weight loss mechanisms include inhibition of pancreatic alpha amylase and 

intestinal alpha glucosidase, thereby leading to a reduction in carbohydrate 

metabolism.  HCA supplementation in obese Zucker rats reduced food-intake, body weight 

gain, and also attenuated the increases in inflammation, oxidative stress, and IR observed in 

untreated animals. Therefore, HCA may be used as an intervention to overcome obesity 

related complications, including inflammation, oxidative stress, and IR. Animal studies have 
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suggested that HCA causes weight loss, and human trials involving the use of HCA as a 

weight loss supplement have been carried out. 

The present study uncovers the possibility that inhibition of ER stress may be an 

effective approach to reduce the risk of obesity and its metabolic complications. In other 

words, ER stress and its stress response (UPR) offer novel drug targets for obesity. ER stress 

is known to have various physiologic roles, including escape from apoptosis in cells with 

unfolded protein in the ER, regulation of secretory cell differentiation or maturation, and 

maintenance of cellular homeostasis. Complete elimination of ER stress by agents that 

prevent ER stress could be of disadvantage for living cells and biological regulation. To 

develop the agents targeting ER stress in clinical, more studies are needed to characterize the 

functional changes in cells during ER stress. 

In the present study we established the protective effect of HCA against ER stress 

induced dysfunctions in 3T3-L1 adipocytes emphasizing on oxidative stress, mitochondrial 

dysfunctions, inflammation, and IR. ER stress was induced in differentiated 3T3-L1 

adipocytes on 9th day by incubating with 2 µM of tunicamycin for 18 hours.  The cells were 

treated with different concentrations of HCA (5, 10 and 20 µM) during ER stress induction. 

Sodium phenyl butyrate (1 mM), a chemical chaperone was used as positive control. 

 The induction of ER stress was confirmed by evaluating the expression of ER stress 

markers like GRP78 and CHOP.  Beforehand, cytotoxicity of HCA and tunicamycin and 

ROS production was determined to fix the safe and effective concentrations.The treatment 

with HCA significantly reduced the gene and protein level expression of GRP78 and CHOP. 

Among the various parameters we studied the ER stress induced oxidative stress in 

3T3-L1 adipocytes. ER stress caused significant increase in oxidative stress compared with 

normal cells. HCA treatment reduced the intracellular ROS generation, lipid and protein 

oxidation in ER stressed adipocytes.  The activities of endogenous antioxidant enzymes were 

elevated; showing protection from ER stress induced oxidative stress. In addition, HCA 

treatment showed a lowered Nrf2 mediated HO-1 expression indicating protection of 

adipocytes from oxidative stress. ER stress activated the UPR, up regulating the master 

sensors, as well as the downstream signaling molecules (ERO1-α, PDI, PERK, IRE-1α, ATF-

6, Xbp1, peIF2α) in 3T3-L1 adipocytes compared to normal cells. HCA reduced the UPR and 

protected 3T3-L1 adipocytes from ER stress induced cell death. 
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Mitochondria act as major source of ROS production. So mitochondria are emerging 

as one of the important targets in the management adipose tissue ER stress and other 

associated complications. In this background, we designed further studies to evaluate the 

protective potential of HCA against mitochondrial dysfunction during ER stress in 3T3-L1 

adipocytes. ER stress substantially increased mitochondrial superoxide production. Surplus 

ROS impaired mitochondrial membrane potential and integrity of permeability transition 

pore. ER stress also reduced mitochondrial biogenesis, oxygen consumption, ATP synthesis, 

and proteins involved in oxidative phosphorylation. ER stress also impaired fusion/fission 

balance in adipocytes. HCA protected the 3T3-L1 adipocytes from adverse effects of ER 

stress by enhancing mitochondrial biogenesis, mitochondrial functional performance and by 

controlling mitochondrial dynamics. 

Chronic inflammation and reduced adiponectin in the white adipose tissue contribute 

to pathogenesis of IR. ER stress is considered as a potential risk factor for chronic 

inflammation. In obesity, oxygen species enhance ER stress, which worsen the inflammatory 

pathways. Here we studied the molecular mechanism underlying ER stress induced 

inflammation, and IR in 3T3-L1 adipocytes and possible reversal with HCA. ER stress 

significantly increased the release of TNF- α, IL-6, IL-10, MCP-1 and IFNγ. Leptin and 

resistin are the adipokines that induce inflammation and IR in adipocytes.  But the secretion 

of adiponectin, a beneficial antidiabetic adipokine was significantly reduced in ER stressed 

adipocytes. ER stress also showed an increased mRNA expression of TLR4 receptors. 

Enhanced TLR4 with increased glycerol release activated inflammatory pathways, NFkB and 

JNK signaling in ER stress group.  Activation of NFkB and JNK signaling pathways by ER 

stress and subsequent higher expression of cytokines impaired insulin signaling cascade by 

mediating serine phosphorylation of IRS-1 and by down regulating the expression of IRS-2. 

We observed a reduced glucose uptake in ER stress in response to reduced GLUT1, GLUT 4 

expression. HCA ameliorated ER stress induced inflammation in 3T3-L1 adipocytes and 

improved insulin signaling.  

From overall results of this study, we concluded that ER stress altered all vital 

parameters of adipocytes. ER stress lead to oxidative stress and mitochondrial dysfunction in 

adipocytes, insulin signaling cascade was impaired by the inflammatory response triggered 

by ER stress. The treatment with HCA protected adipocytes from ER stress induced 

dysfunctions. This establishes ER stress as an emerging area for extensive research on 
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metabolic syndromes and associated complications.Thus; further understanding of the 

molecular mechanisms in these interconnecting pathways occurring in numerous diseases 

may lead to discovery of novel therapeutic targets. However, comprehensive research is 

demanded to aim UPR in diseases, wherein side effects, efficacy, and safety are major 

concerns. Focused research and in depth investigations on ER stress are needed for a new 

therapeutic strategy. 
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