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PREFACE

Insulin resistance is the major underlying pathophysiology of metabolic
syndrome. The role of adipocytes in insulin resistance in metabolic syndrome is well
known. The two main approaches for the management of insulin resistance include life
style modifications and pharmacological interventions. The pharmacological means to
improve insulin resistance utilizes drugs that are antihyperglycaemic agents which
enhances insulin sensitivity. Peroxisome proliferator-activated receptor gamma
(PPARY) agonists are an important class of insulin sensitizers, the thiazolidinediones
group of drugs, which belong to the nuclear receptor super family. Example of this
class of drug is pioglitazone. But these synthetic and full PPARy agonists have many
adverse effects including cardiac failure. So there is an increasing requirement for
natural partial PPARy agonist with fewer side effects. In the present study, punicic
acid (PA), a naturally occurring PPARYy agonist, which is found in pomegranate seed
oil, was tested for its efficiency to improve insulin sensitivity in 3T3-L1 adipocytes.

The entire thesis is divided into six chapters including summary and
conclusion. Chapter 1 comprises a general introduction on metabolic syndrome, insulin
resistance, its prevalence and pathophysiology, the cross talk between insulin
resistance, inflammation, mitochondrial and endoplasmic reticulum (ER) dysfunctions
in adipose tissue. The chapter also describes various pharmacological interventions
including PPARY agonists for the management of insulin resistance and the importance
of naturally occurring PPARy agonists as treatment option for insulin resistance.
Chapter 2 describes materials and methods used in the study.

Chapter 3 characterises PA as a partial PPARY agonist, using various in vitro
methods like adipocyte differentiation, triglyceride estimation and determination of
GPDH activity. The chapter also describes the effect of PA on various adipocyte
differentiation markers like C/EBPa, CD36 etc.and various insulin sensitivity markers
like IRS2, PI3K and pAkt. Effect of PA on the translocation of GLUT4 in 3T3-L1
adipocyte was also studied. PA was characterized as a partial PPARy agonist by TR-
FRET assay and molecular docking study.



Chapter 4 describes the crosstalk betweenTNF-a induced insulin resistance and
inflammation in 3T3-L1 adipocytes. TNF-a induced insulin resistance in 3T3-L1
adipocytes was found to be associated with an increase in the expression of SOCS3,
PTP1B and serine phosphorylated IRS1. TNF-a also increased JNK phosphorylation,
NFkB translocation to the nucleus and secretion of various inflammatory cytokines in
3T3-L1 adipocytes. TNF-a induced insulin resistance was also found to be associated
with a decrease in the expression of insulin responsive genes like GLUT4 and PPARY.
PA was found to ameliorate TNF-a induced inflammation and insulin resistance in
3T3-L1 adipocytes.

Chapter 5 describes oxidative stress, mitochondrial dysfunction and ER stress
associated with TNF-a induced insulin resistance in 3T3-L1 adipocytes. In addition,
the chapter explains how PA improved mitochondrial dysfunction and associated ER
stress in insulin resistance by studying various parameters like ROS production,
mitochondrial membrane potential, mitochondrial superoxide production, ATP content,
oxygen consumption, mitochondrial dynamics (fission and fusion), mitochondrial
biogenesis etc. ER stress associated with TNF-a induced insulin resistance was
monitored by studying the expression of various ER stress markers (GRP78, EROI1-q,
PERK, IRE-1qa, ATF-6 & CHOP) and intracellular Ca** homeostasis.

Chapter 6 is the overall summary and conclusion. The study established that PA
is a partial PPARy agonist with insulin sensitizing property. Since PA behaves as a
partial PPARy agonist and ameliorates insulin resistance and associated complications,
it can be considered as an effective lead for the management of metabolic syndrome

and insulin resistance.



List of Tables Page No

Table 1.1. Plant species with PPARY agonist property, their traditional use and

ACTIVE COMPOUNGS ...ttt ettt 29
Table 2.1. Primer sequences for qRT-PCR ...........cooiiiiiiiiiiiiiieceeee, 49
Table 3.1. Binding energy of PA and RG to the LBD of PPARY obtained by

IGEMDOCK ...ttt 60

Table 4.1. Concentration of inflammatory cytokines in various experimental
Lo (101 01 79

Table 5.1. Endogenous antioxidant status in various experimental groups...... ...... 92



List of Figures Page No

Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 1.5.
Figure 1.6.

Figure 1.7.

Figure 1.8.
Figure 1.9

Figurel.10.
Figure 1.11.
Figure 1.12.
Figure 1.13.
Figure 1.14.

Figure 3.1.

Figure 3.2.
Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.
Figure 3.7.

The pathophysiology of metabolic syndrome. ..........cccoceeevveeinieeinieennen. 2
Metabolic staging of insulin resistance and type 2 diabetes mellitus ........ 4
Schematic view of insulin signalling pathway in adipose tissue .............. 6
Transcriptional regulation of adipOgenesis: ........ccevvuveeriuieenieernieeenieennee. 8

Secretion of adipokines from adipose tissue in normal and obese state. 11
Adipose tissue hypertrophy leading to insulin resistance in peripheral
TISSUES 1N ODESILY ..eeeuirieeiiieeiiee ettt ettt esieee e 11

Mitochondrial dysfunction and insulin resistance in white adipose

Possible relationship between mitochondrial fusion, fission,

degradation and MitOPhaY .......c.ceeviiiieriiiiiiiiiieiie e 17
The role of endoplasmic reticulum stress in obesity related insulin

TESISTATICE ..ttt ettt et ettt ettt e ettt e et e et e e e be e e esbbeesaabeesabeeesanees 18
The unfolded protein response pathway ........ccccocceeviiiniiniiiniiniienen. 19
Mechanism of action of PPARS .........cocoiiiiiiiiii 23
Physiologial importance of PPARY .....ccoovviiiiiiiiiiieee 25
Structure of punicic acid..........cooiiiiiiii 31

Cytotoxicity evaluation of different concentrations of punicic acid

in undifferentiated and differentiated adipocytes..................ooveeeee. 53
Adipocyte differentiation assay and Oil red O staining.........ccc.cceceeeueeen 54
Triglyceride content and glycerol-3-phosphate dehydrogenase

activity in 3T3-L1 adipOCYLeS......ceeviuiiiriiiieiiieeiie ettt 55
mRNA expressions of CD36 and C/EBPa in different

EXPErimMENtal ZrOUPS ...cocveeruiiiiiiriiieieerie ettt 56
mRNA and protein expression of PPARY in different experimental
ETOUPS .envveeenereeeueeeeuteestteesaseeesseeessaeasnseeessseeansseeessseeensseesssseeanssesnsseeennns 57
Secretion of adiponectin in Various ZroUPS.........ceecveeerveerrveeerveesnveennnns 58

Lanthascreen TR-FRET PPARYy competitive binding assay of



punicic acid, rosiglitazone and GW9662.. ..........ccccoovveirviiiinieeinieeeen. 59

Figure 3.8. Docking of punicic acid and rosiglitazone to the LBD of PPARy ......... 60
Figure 3.9. mRNA and protein expression of IRS2 in different experimental
ETOUPS ..eentieittette et e it e eab e e bt e et e e bt e e st e e sbeesabeeabeeeabeeebaeeabeeeabeenbeessbeeabeenaeean 61
Figure 3.10. Protein expression of pAkt and PI3K in different experimental
GEOUDS .eutteeeitteeeitteeeiteeeeteeesatteesateeesateeesbeesasteesaaseeesbeeensbeessseesnnaeesaseeens 62
Figure 3.11. mRNA and protein expression of GLUT4 in different
EXPEriMENtal SrOUPS. ..eovieiiiiiiiiiiiieiie ettt 63
Figure 3.12. Immunofluorescence imaging of GLUT4 translocation in control
and treated CeIIS ......oouiiiiniiiiii e 64
Figure 3.13. Glucose uptake activity in 3T3-L1 adipoCytes .......ccccceeevveerniiennieeennnen. 65
Figure 4.1. Punicic acid reversed TNF-a induced decrease in insulin stimulated
glucose uptake in 3T3-L1 adipoCYLes ....c.ceevvuveeruieeniieeniieerieeeeiee e 72
Figure 4.2. Adiponectin and leptin secretion in various experimental groups........... 73
Figure 4.3. NF-kB p65 translocation in various experimental groups ...........c...c...... 74
Figure 4.4. Level of pJNK in various experimental groups ..........ccceevveeerveenreveennnen. 75
Figure 4.5. Level of pIRS1(ser 307) in various experimental groups...................... 76
Figure 4.6. SOCS3 mRNA expression in various experimental groups .................... 77
Figure 4.7. PTP1B protein expression in various experimental groups..................... 77
Figure 4.8. mRNA and protein levels of PPARY in various experimental
GTOUPS .eeuvteeeuiteeetteesteeesteeesteeesnseeessteesssseeasseeansseeensseessseesnsseessssessnsseennns 80
Figure 4.9 mRNA and protein levels of GLUT4 in various experimental
BTOUPS. ¢ttt ettt ettt e st e et e e s b e e e b e e s ba e e e ba e e sba e e s aaeesaaeeeeane 81
Figure 5.1. Intracellular ROS generation in various experimental groups................. 88
Figure 5.2. Mitochondrial superoxide generation in various experimental groups
determined using MItOSOX .....c.cooiiiiiiiiiiriiiieeee e 89
Figure 5.3. Aconitase activity in various experimental groups.........cc.cccecveeeueenee. 90
Figure 5.4. Mitochondrial transmembrane potential changes in control and
TNF-a treated groups determined by JC-1 staining..........ccccceeeeveeennnennns 93
Figure 5.5. Mitochondrial content in control and treated groups..........cccccceeveeueeneee. 94



Figure 5.6.
Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.
Figure 5.11.

Figure 5.12.

Figure 5.13.

ATP production and O, consumption in various groups ...........cceeeeenn... 96

Expression of mitochondrial biogenesis markers in various experimental

BTOUDS .ottt ettt st s et ra e s o 98
Effect of PA on TNF-a induced alterations in mitochondrial dynamics

1N 3T3-L1 QdiPOCYLES...ceiuviiiiiiieiiieeiieeeiiee ettt et e e e 99
The expression of Grp78/BiP in control and treated groups............... 100
The expression of ERO-1a in control and treated groups ................... 101

Immunoblot analysis of unfolded protein response markers in

control and TNF-a treated CellsS.........coovrieniriiniineiniiieneeieieeee 102
Protein and mRNA level expression of CHOP in control and

treated CeIIS.....uiiiiiiiiiiie e 103

Intracellular Ca** overload in different experimental groups............104

Vi



LIST OF ABBREVIATIONS

2-NBDG
ap2
ADDI1
AMPK

ATCC
ATF-6
ATP
BCA
BMI
cAMP
CAT
CHOP
CRP
DAB
DMEM
DRP1
DTT
EDTA
elF2a
ELISA
FAT
FATP
FBS
FDA
FFA
FIS 1
GLPI1
GLUT4
GPx
GR

: 2-(N-(7-Nitrlo,b3e-dniza-z20-lo-x4a-y- 1) Amino)-2-Deoxyglucose
: Adipocyte protein 2

: Adipocyte determination and differentiation factor-1
: Adenosine monophosphate-activated protein kinase
: American Type Culture Collection

: Activating transcription factor-6

: Adinosine triphosphate

: Bicinchoninic acid

: Body mass index

: Cyclic AMP

: Catalase

: CCAT enhance-binding protein homologous protein
: C-reactive protein

: 3, 3’-diaminobenzidine

: Dulbecco’s modified eagle medium

: Dynamin related protein 1

: Dithiothreitol

: Ethylene diamine tetraacetic acid

: Eukaryotic Initiation Factor 2 alpha

: Enzyme-linked immunosorbent assay

: Fatty acid translocase

: Fatty acid transport protein

: Foetal bovine serum

: Food and Drug Administration

: Free fatty acid

: Fission protein 1

: Glucagon-like peptide-1

: Glucose transporter-4

: Glutathione peroxidase

: Glutathione reductase

vii



GRP78 : Glucose-regulated protein 78

GSH : Glutathione

HEPES : 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IGT : Impaired glucose tolerance

IFN-y : Interferon-gamma

IL-1B : Interleukin-1beta

IL-6 : Interleuki- 6

IRE-1a : Inositol-requiring enzyme lalpha

IR : Insulin resistance

IRS1 : Insulin receptor substrate-1

JNK : c-Jun N-terminal kinase

LPL : Lipoprotein lipase

MCP1 : Monocyte chemotactic protein-1

MFN1 : Mitofusin-1

MFN2 : Mitofusin-2

MS : Metabolic syndrome

mtDNA : Mitochondrial DNA

MTT : 3-(4, 5-dimethylthiazol- 2-yl)-2,5-diphenyl tetrazolium bromide
NAFLD : Non-alcoholic fatty liver disease

NBT : Nitro blue tetrazolium

NCEP-ATP III: National cholesterol education program adult treatment programme I1I

NF-«B : Nuclear factor kappa-light-chain-enhancer of activated B
NHANES : National health and nutrition examination survey
NRF1 : Nuclear respiratory factor 1

OPA1 : Optic atrophy 1

PA : Punicic acid

PBS : Phosphate buffered saline

PDI : Protein disulfide isomerise

PEPCK : Phosphoenolpyruvate carboxykinase

PERK : Protein kinase RNA-like endoplasmic reticulum kinase
PGJ2 : Prostaglandin J2

PI3K : Phosphatidylinositide 3-kinases

viii



PKB
PKC
PPARa
PPARP/S
PPARy
PVDF
qRT-PCR
RIPA buffer
ROS
RXR
SCD1
SDS
SOD
SPPARYM
SREBP1
STAT
T2DM
TG
TBST
TCA
Tfam
TMB
TNF-a
TZDs
UCP1
UPR
VLDL
WAT
WHO
XBP1
Aym

: Protein kinase B
: Protein kinase C
: Peroxisome proliferator-activated receptor alpha
: Peroxisome proliferator-activated receptor beta/delta
: Peroxisome proliferator-activated receptor gamma
: Polyvinylidene difluoride
: quantitative real time polymerase chain reaction
: Radioimmunoprecipitation buffer
: Reactive oxygen species
: Retinoid X receptor
: Stearoyl-CoA desaturase-1
: Sodium dodecyl sulphate
: Superoxide dismutase
: Selective PPARY modulator
: Sterol regulatory element binding protein-1
: Signal transducer and activator of transcription
: Type 2 diabetes mellitus
: Triglyceride
: Tris buffered saline-tween 20
: Tricarboxylic acid
: Transcription factor A, mitochondrial
: 3,3’ -5, 5 Tetramethylbenzidine
: Tumor necrosis factor alpha
: Thiazolidinediones
: Uncoupling protein-1
: Unfolded protein response
: Very low density lipoprotein
: White adipose tissue
: World Health Organization
: X-box binding protein-1

: Mitochondrial membrane potential



Chapter 1

Introduction

1.1. Metabolic syndrome
Metabolic syndrome (MS) is now being considered as a major worldwide

epidemic. MS represents a cluster of abnormalities including abdominal obesity,
insulin resistance (IR), hyperlipidemia, type 2 diabetes mellitus (T2DM) and
cardiovascular diseases. MS was variously named in time; the X syndrome, the
cardiovascular metabolic syndrome, the IR-dyslipidemia syndrome, the atherogenic
metabolic syndrome etc. (Huang, 2009). World health organization (WHO), in 1999
defined MS as impaired glucose tolerance (IGT) or diabetes mellitus, and/or IR,
together with two or more of the components listed below (Parikh and Mohan, 2012):
1. Raised arterial pressure, i.e., >140/90 mm of Hg
2. Raised plasma triglyceride (> 150 mg/dl) and/or low HDL-C (<35 mg/dl in men
and <39 mg/dl in women)
3. Central obesity, i.e., waist/hip ratio (WHR) >0.9 in men and >0.85 in women
and/or body mass index (BMI) >30 kg/m2
4. Microalbuminuria, i.e., urinary albumin excretion rate > 20 pg/minute or
albumin/creatinine ratio > 30 pg/mg.

The risk of development of MS increases with increase in the occurrence of
number of factors contributing to its development (Andreadis et al., 2007). The co-
occurrence of many of these factors increases the risk of development of
cardiovascular abnormalities in MS (Reilly and Rader, 2003). People affected by MS
are reported to have greater risk of developing T2DM and cardiovascular diseases
which are the major pathologies from non-communicable diseases contributing to
mortality and morbidity worldwide (Buttar et al., 2005; Wilborn et al., 2005). Also,
MS is associated with chronic low grade tissue inflammation leading to fatty liver,
polycystic ovary syndrome, asthma and even some types of cancer (Buttar et al., 2005;

Ouchi et al., 2011).
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1.1.1. Pathophysiology of MS

MS is a complex disorder affected by genetic and environmental factors (Kaur,
2014). The predominant risk factors for the development of metabolic syndrome are
visceral obesity and IR. MS is characterized by an accumulation of several interrelated
abnormalities including, IR, visceral obesity, atherogenic dyslipidemia, thrombophilia,
hyperuricaemia, hypertension etc. (Bonora and Targher, 2012). Obesity, especially
visceral obesity, in MS is associated with hypertrophy and hyperplasia in adipose
tissue (Halberg et al., 2008). Since adipose tissue is composed of different cell types
like adipocytes, stromal pre-adipocytes, immune cells, and endothelium, a hypertrophy
of adipose tissue can cause an infiltration of macrophages into the adipose tissue
leading to the overproduction of various proinflammatory cytokines like tumor
necrosis factor alpha (TNF-a), interleukin 6 (IL-6), plasminogen activator inhibitor 1
(PAI-1) and C-reactive protein (CRP) (Lau et al., 2005). Hypertrophy and hyperplasia
of adipose tissue also causes an increased release of free fatty acids into the circulation,
leading to an increased production of very low density lipoprotein (VLDL) into the
circulation, causing metabolic dyslipidemia (Bamba and Rader, 2007). The
dyslipidemia and increased concentrations of VLDL and triglyceride (TG) in the
circulation cause the development of hypertension (Laaksonen et al., 2008). MS is also
associated with oxidative stress, hyperuricemia, thrombophilia and non-alcoholic fatty
liver diseases (NAFLD). The pathophysiological conditions associated with MS are

represented diagrammatically in Figure 1.1.

Metabolic syndrome
Visceral obesity
_Insulin resistance

pose tissu
isregulatio

Figure 1.1. Pathophysiology of metabolic syndrome: Insulin resistance and visceral obesity are the
predominant risk factors associated with MS (Bonora and Targher, 2012). NAFLD- non alcoholic fatty
liver disease.
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1.1.2. Prevalence of MS

The prevalence of MS is increasing worldwide due to sedentary lifestyle and
consumption of high calories (Kaur, 2014). According to International Diabetic
Federation (IDF), around one-quarter of the world’s adult population is affected with
MS (The IDF consensus worldwide definition of the MS, 2006). Depending upon the
region, environment (rural or urban), sex and age of the population, MS ranges from
<10% to about 84% (Desroches and Lamarche, 2007). The prevalence of MS is
affected by various factors including diet, genetic background, physical activity and
family history of diabetes (Cameron et al., 2004). According to National Health and
Nutrition Examination Survey (NHANES), the prevalence of MS was found to be 5%
among the subjects of normal weight and 22% among the overweight. For obese
subjects, the prevalence was found to be 60% (Park et al., 2003).The prevalence of MS
also increases with age. In individuals in the age group of 20-29, it increases to 10%,
20% in individuals aged of 40-49, and 45% in individuals aged 60—-69 (Ford et al.,
2002). According to National Cholesterol Education Program- Adult Treatment
Programme III (NCEP-ATP III) 2001 criteria, the prevalence of MS varied from 8% to
43% in men and from 7% to 56% in women around the world (Cameron et al., 2004).

In India, the prevalence of MS was found to be higher in urban area as
compared with rural area, and increases further with increase in the socio-economic
status (Mohan et al., 2001; Mohan et al., 2005; Ramachandran et al., 1998).
Epidemiological studies showed that the prevalence of MS is significantly lower in
rural subjects and varies from 9% to 12%, and in urban South Asians, it ranges from
30-50% (Gupta et al., 2004; Enas et al., 2007). South Asians have a distinct obesity
phenotype, which is characterised by abdominal obesity, excess body fat, fat deposition
in ectopic sites, including liver which contribute to the increased prevalence of MS

(Misra and Khurana, 2009).

1.2. Insulin resistance (IR)

IR is the major underlying pathophysiology of MS (Guo, 2014). IR is a
condition where a normal or elevated level of insulin produces an attenuated biological
response (Cefalu, 2001). In IR, there is an impairment in insulin- mediated glucose

disposal and the cells are not able to respond to the normal circulating levels of insulin.
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The major metabolic consequence of IR is hyperglycemia, which results from the
failure of insulin to decrease hepatic glucose output and also glucose disposal by other
peripheral tissues like skeletal muscles (Wilcox, 2005). So the pancreatic B-cells
secrete more insulin to maintain the normal plasma level of glucose and
hyperinsulinemia results. So, over time, when IR progresses, pancreatic -cells are no
longer able to secrete the adequate amount of insulin, leading to the development of
T2DM (Reaven, 1995). The metabolic staging of IR and T2DM is represented in
Figure 1.2.

Obesity associated expansion of the adipocyte, as well as the deficiency of
adipocyte (lipodystrophy) are associated with the development of IR. Both the
conditions cause an increased influx of TG into the circulation, leading to the
accumulation of excess fat in other insulin responsive tissues, leading to systemic IR.

Thus, adipose tissue plays an important role in the development of IR (Frayn, 2001).

Insulin

resistance B cell defect

hyperinsulinemia

Impaired
glucose ) )
tolerance decreased insulin secretion

Early diabetes
B cell failure

Late diabetes

Figure 1.2. Metabolic staging of insulin resistance and type 2 diabetes mellitus: Hyperglycemia and
hyperinsulinemia causes pancreatic B-cell dysfunction leading to T2DM (Saltiel, 2000).

1.3. White adipose tissue -Physiological importance

There are mainly three types of adipose tissue, white, brown and beige (brite)
(Giralt and Villarroya, 2013). White adipose tissue (WAT) is a loose connective tissue.
It is mainly of two types, subcutaneous WAT, which is located under the skin and
visceral WAT, which is found around the internal organs (Gil et al., 2011). The
primary functions of white adipose include heat insulation, mechanical cushion and

most importantly, it act as a source of energy. WAT helps to store excess energy in the
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form of TG. Brown adipose tissue (BAT) is mainly found in newborn infants and
foetuses and helps in thermogenesis through mitochondrial uncoupling protein 1
(UCPI) (Fonseca-Alaniz et al., 2007). Beige adipose tissues are BAT appearing in the
region of WAT. Like WAT, they have low basal level expression of UCP1, but like the
BAT, on stimulation with cyclic AMP (cAMP), there is a high expression of UCP1 and
respiration rate (Wu et al., 2012).

WAT is a metabolically active organ that affects a number of functions
including glucose and lipid metabolism, thermogenesis, immunity, cardiovascular
function and neuroendocrine function (Trujillo and Scherer, 2006). In early 1987,
adipose tissue was identified as the site of production of adipsin, an endocrine factor,
which is remarkably down-regulated in obesity (Flier et al., 1987). In 1994, another
hormone called leptin was identified, which confirms the role of adipose tissue as an
endocrine organ (Zhang et al., 1994). Adipose tissue is now being considered as a
major endocrine organ which secretes a number of bioactive peptides known as
adipokines. Adipose tissue also expresses a number of receptors for hormones from
traditional hormone system and central nervous system (Kershaw and Flier, 2004).
Besides adipocytes, adipose tissue contains connective tissue, stromovascular cells,
nerve tissues and immune cells (Frayn et al., 2003). These components function as an
integral unit and make adipose tissue an endocrine organ.

The major cytokines secreted by adipocytes include adiponectin, leptin, TNF-a,
MCP-1, IL-6, MCP-1, PAI-1 etc. These adipokines can affect adipocyte function in an
autocrine or paracrine way or can be released into the circulation and affect one more

metabolic pathways in an endocrine way (Ronti et al., 2006; Chaldakov et al., 2003).

1.3.1. Insulin signaling in WAT

Insulin signaling cascade in adipocytes is initiated by the binding of insulin to
its receptor. The binding of insulin to the receptor causes autophosphorylation of the
receptor, causing the activation of receptor tyrosine kinases leading to the tyrosine
phosphorylation of the insulin receptor substrates (IRSs). Phosphorylation of IRS
promotes the activation of various serine/threonine kinases, phosphatidylinositol 3-
kinase (PI3K) and Akt/protein kinase B (PKB) and protein kinase C (PKC) (Sale and
Sale 2008; Scott et al., 1998). Phosphorylated/activated Akt initiates the translocation
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of glucose transporter-4 (GLUT4) from the cytoplasm to the surface of the cell
allowing glucose to enter down its concentration gradient (Olson, 2012). A Schematic

representation of insulin signaling pathways in adipocytes is given in Figure 1.3.
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Figure 1.3. Schematic view of insulin signaling pathway in adipose tissue: PI3/Akt pathway leads to
the regulation of glucose and lipid metabolism. The Ras-mitogen-activated protein kinase pathway leads
to the activation of genes which are involved in the regulation of cell growth, proliferation,
differentiation and survival (Jung and Choi, 2014). IRS1, insulin receptor substrate 1; MAPK, mitogen-
activated protein kinase; PDK, phosphoinositide-dependent protein kinase 1; PI3K, phosphatidylinositol
3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate;
PKB, protein kinase B.

1.3.2. Adipocyte differentiation

Adipocyte differentiation or adipogenesis is the process which is a highly
coordinated signaling pathway, by which, pre-adipocytes are converted into
adipocytes. It is accompanied by morphological changes and changes in gene
expression. Peroxisome proliferator activated receptor gamma (PPARy) and
CCAAT/Enhancer binding protein a (C/EBPa) are the key transcription factors which
are involved in the process of adipocyte differentiation, which act synergistically
leading to the development of insulin responsive fully differentiated adipocytes (Camp
et al., 2002).

The stages of adipocyte differentiation include a determination and terminal
differentiation phase. In the determination phase, stem cells are converted into

preadipocytes, which though morphologically indistinguishable, have lost the potential
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to differentiate to other cell types (Otto and Lane, 2005). Initially, there occurs a
growth arrest phase of pre-adipocytes, which is normally achieved by contact
inhibition, followed by a clonal expansion of pre-adipocytes. Initially there is a
transient increase in the expression of transcriptional factors, C/EBPB and C/EBPo
followed by PPARy and C/EBPa, which enhances the expression of proteins, which
contribute to the characteristic adipocyte phenotype. In terminal differentiation phase,
pre-adipocytes take the characteristics features of adipocytes and adipocytes increases
in size. During the terminal phase, there is increased synthesis of proteins required for
lipid transport and synthesis, insulin sensitivity and adipocyte specific proteins (Rosen

and MacDougald, 2006).

1.3.2.1. Transcriptional regulation of adipocyte differentiation

Adipocyte differentiation includes a coordinated regulation of adipocyte
specific genes. PPAR and C/EBP family of transcription factors function cooperatively
to transactivate adipocyte genes leading to the differentiation process.

PPARYy is the key regulator of adipogenesis. It is important for promotion of
differentiation to the mature adipocyte and for maintenance of the differentiated state
(Rosen and MacDougald, 2006). Among the three isoforms of PPARy, PPARyl and
PPARY2, which are mainly expressed in adipose tissue is considered as the important
type required for adipogenesis (Otto and Lane, 2005). It is responsible for activation of
adipogenic genes such as adipocyte-selective fatty acid binding protein (aP2),
lipoprotein lipase (LPL), acyl CoA synthase and phosphoenolpyruvate carboxykinase
(PEPCK). These genes are involved in fatty acid transport, uptake and storage in
adipocytes (Rosen and MacDougald, 2006; Tontonoz et al., 1995).

C/EBP class of transcription factor is the other important transcription factor
involved in adipocyte development. It has six isoforms, a, B, v, 0, { and €. All except
the ¢ form is involved in adipogenesis (Otto and Lane, 2005). During adipogenesis,
C/EBPf and C/EBPS are detected first, followed by PPARy, which in turn activates
C/EBPa (Rosen et al., 2000). C/EPB-a can activate the expression of adipocyte
differentiation genes like aP2, stearoyl CoA desaturase-1 (SCD1), GLUT4, PEPCK,
leptin, and the insulin receptor (Hwang et al., 1996). Both C/EBPPB and C/EBPo
directly induce expression of PPARy and C/EBPa, the key transcriptional regulators of
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adipocyte differentiation. C/EBP isoforms like C/EBPy and C/EBP( are considered as
anti-adipogenic (Rosen and MacDougald, 2006).

Adipocyte determination and differentiation factor 1/ sterol regulatory element
binding protein-1 (ADD1/SREBP1) is another important transcription factor involved
in adipogenesis. It can activate PPARy by inducing its expression as well as by
promoting the production of an endogenous PPARy ligand (Rosen et al., 2000). In
addition to these, several other transcription factors are also found to be involved in the
process of adipocyte differentiation, including PPARSJ, the orphan nuclear receptors
RORYy, various signal transducer and activator of transcription (STAT) proteins etc.
(Amri et al., 1995; Austin et al., 1998; Stephens et al., 1999). A representation of

transcriptional regulation of adipogenesis is given in Figure 1.4
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Figure 1.4. Transcriptional regulation of adipogenesis: Adipocyte differentiation is a highly
coordinated pathway which is regulated by numerous transcription factors like C/EBPa, 3, 6, PPARy and
ADD1/SREBPI1C (Rosen et al., 2000).

1.3.2.2. Cell culture models to study adipocyte differentiation

Both primary culture and cell lines can be used as models to study the process
of adipocyte differentiation (Hwang et al., 1997). Primary cultures are isolated from
vascular stroma of adipose tissue from animal models. They are expensive, difficult to
isolate and are heterogeneous, which limit their use (Ntambi and Kim, 2000). The cell
line models mainly used are multipotent fibroblastic cell lines or established

preadipocyte cell lines. The multipotent fibroblastic cells are not committed, but are
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capable of differentiating. Examples include NIH-3T3, Balb/c3T3, C3H 10T1/2 etc.
Preadipocyte cell lines include 3T3-L1, Ob1771, 3T3F442A, TA1, Obl7 etc., which
has the same morphological and biochemical properties of in vivo adipocytes and are

more homogeneous and easy to maintain in culture (Hwang et al., 1997).

1.3.2.2.1. 3T3-L1 preadipocytes

The murine 3T3-L1 preadipocyte cell line is a widely used model to investigate
the adipocyte differentiation process. They are derived from cloned subline of Swiss
3T3 mouse embryo fibroblasts (Todaro and Green, 1963). They can undergo
differentiation in culture and exhibit morphology and biochemical properties similar to
adipocytes. In culture, 3T3-L1 preadipocytes can grow at high rate and reach growth
arrest and steady stage (Todaro and Green, 1963). The post confluent 3T3-L1
preadipocytes when treated to a hormonal cocktail of differentiation inducers
consisting of dexamethasone (Dex), 3-isobutyl-1-methylxanthine (IBMX) and insulin,
there is an increase in cAMP level, which can differentiate preadipocytes to mature

adipocytes in 6 to 8 days (Pantoja et al., 2008).

1.4. Adipose tissue inflammation in obesity and IR

Obesity related MS was found to be associated with chronic low-grade
inflammation in adipose tissue and the accumulating evidences suggest the role of
adipocytes in the development of IR in MS (Frayn 2001; Guilherme et al., 2008;
Romeo et al., 2012). Adipose tissue has an important role in buffering the daily influx
of fat in our body (Goossens, 2008). In obesity, this buffering is disturbed and causes
an increase in the secretion of various pro-inflammatory cytokines and free fatty acids
into the circulation, leading to a state of inflammation in adipocytes (Guilherme et al.,
2008). Since there is increased concentration of free fatty acids in the circulation
during obesity, it leads to the accumulation of fat in non-adipose tissue including
skeletal muscle, liver and pancreatic islets, which cause a local IR in these sites
(Boden, 1997; Eckel et al., 2005). Increased accumulation of fat in liver causes
increased glucose output and reduced glucose clearance by liver, leading to systemic

IR (Fanelli et al., 1993; Ferrannini et al., 1983).
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Obesity associated chronic, low-grade inflammation in adipocyte is considered
as an important factor in the pathogenesis of IR (Cawthorn and Sethi, 2008; Makki et
al., 2013; Shoelson et al., 2006). As the size and mass of adipocytes are increased in
obesity, macrophage content in adipose tissue is also increased (Weisberg et al., 2003),
and there is a phenotypic switch of these macrophages from antiinflammatory M2
polarization to proinflammatory M1 phenotype causing increased secretion of pro-
inflammatory cytokines including TNF-o (Lumeng et al., 2007). In addition to M1
macrophages, levels of multiple pro-inflammatory immune cells, such as interferon
(IFN)-y+ T helper type 1 cells and CD8+ T cells, are increased in adipose tissue in
obesity (Schipper et al., 2012) and on the other hand, in obesity, the secretion of
insulin-sensitizing adipocytes with anti-inflammatory activity such as adiponectin is
decreased contributing further to IR and inflammation (Figure. 1.5). The inflammatory
pathways are also developed in other insulin sensitive tissues like liver and skeletal
muscles, suggesting a close connection between inflammation and IR in MS (Figure.
1.6). The two important inflammatory pathways activated in adipocytes during
inflammation are c-Jun N-terminal kinase (JNK) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) (Hirosumi et al., 2002; Yuan et al., 2001).
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Figure 1.5. Secretion of adipokines from adipose tissue in normal and obese state: Enlargement of
adipose tissue as in the case of obesity causes increased secretion of various proinflammatory cytokines
and decreased secretion of anti-inflammatory cytokines leading to the development of inflammation and
insulin resistance (Jung and Choi, 2014). NAFLD-non-alcoholic fatty liver disease
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Figure 1.6. Adipose tissue hypertrophy leading to IR in peripheral tissues in obesity: In
obesity, the level of pro-inflammatory cytokines like TNFa, IL-6, MCP-1 are increased,
leading to IR in liver and muscles (Tateya et al., 2013)

1.4.1. IKKpB/NF-kB Pathway

IKKB/NF-kB pathway is the most dominant inflammatory pathway. NF-«B is
involved in a series of pathological processes including inflammation and immune
responses (Rahman and McFadden, 2011). NF-xB is a transcription factor, found in
the cytoplasm in association with IkB-a protein in normal conditions. On activation
with several intracellular signals including ROS and inflammatory cytokines, the two
subunits of IkB kinase (IKK) complex get activated, leading to the phosphorylation of
IxBo on Serine 32 and 36, causing the degradation of IkBa and translocation of NF-
kB to the nucleus (Han et al., 2009). The translocation of NF-kB to the nucleus causes
the upregulation of various target genes and increased the expression of various

inflammatory mediators including TNF-a, IL-1p, and IL-6 (Chen et al., 2015).

1.4.2. c-Jun N-terminal kinase (JNK) Pathway

JNK belongs to p38 mitogen-activated protein kinases (MAPK) family and
there are mainly three different isoforms of JNK (JNK 1, 2 and 3). JNK activation can
lead to the production of proinflammatory cytokines leading to inflammation and IR
(Han et al., 2013). Endoplasmic reticulum (ER) stress can cause an activation of JNK,
leading to serine phosphorylation of IRS1 and IR. Activated JNK can inhibit the

secretion of insulin from pancreatic B-cells, thereby enhancing IR (Lanuza-Masdeu et

11
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al., 2013). Suppression of JNK pathway is reported to improve IR and inhibition of
JNK is reported to reduce the release of proinflammatory cytokines such as TNF-a and
MCP-1 and improves insulin sensitivity (Hsu et al., 2012; Jin et al., 2011; Nakatani et
al., 2004).

1.4.3. Adipokines and insulin resistance

TNF-a is an important cytokine that can regulate many physiological processes
including inflammation, differentiation, apoptosis and energy metabolism (Cawthorn
and Sethi, 2008). It can affect glucose homeostasis in adipocytes and can promote
lipolysis in cultured adipocytes (Stephens and Pekala, 1991). TNF-a is found to be
elevated in obese diabetic rodents and acts as a mediator in obesity related IR and
T2DM (Hotamisligil et al., 1993). It has been shown that it causes IR by increasing the
serine phosphorylation of IRS1 (Shoelson et al., 2006) via activation of JNK1/2 (Chen
et al., 2015). The levels of TNF-a was found to be higher in obese people compared to
lean subjects, indicating that obese people are more prone to the development of IR and
other associated complications (El-Haggar and Mostafa, 2015). In addition, TNF-a
down-regulates the expression of many insulin sensitive proteins like GLUT4 and
PPARYy (Cawthorn and Sethi, 2008). It can also downregulate the expression of PPARYy
target gene C/EBPa (Jain et al., 1999). On the other hand TNF-a can activate NFkB
and NF-xB target gene expression, accelerating inflammation and associated
complications (Cawthorn and Sethi, 2008). TNF-a inhibits tyrosine phosphorylation of
IRS1 via suppressor of cytokine signaling 3 (SOCS3) gene and promote its serine
phosphorylation (Emanuelli et al., 2001; Hotamisligil et al., 1996).

In hyperglycemia and T2DM , the level of the proinflammatory cytokine,
interleukin-1p (IL-1P) is found to be increased. IL-1B plays an important role in the
development of inflammation induced organ dysfunction in T2DM (Grant and Dicxit,
2013). IL-1B impairs insulin signaling in peripheral insulin sensitive tissues and
macrophages, and reduced insulin sensitivity in pancreatic -cells, leading to impaired
insulin production (Chen et al., 2015).

IL-6 is another important proinflammatory cytokine secreted by adipocytes and
it causes IR by decreasing the expression of GLUT4 and IRSI1, by increasing the

expression of SOCS3 and activating Janus kinase-signal transducer and activator of
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transcription (JAK-STAT) signaling pathway (Serrano-Marco et al., 2012). IL-6 can
also block PI3K pathway, contributing further to the development of IR (Chen et al.,
2015).

Leptin is another important adipokines secreted by adipose tissue, which is
involved in the suppression of appetite and energy homeostasis. The leptin-signaling
pathway can activate SOCS3 pathway which in turn inhibit insulin signaling (Howard
and Flier, 2006). A condition called leptin resistance, which is characterized by
increased plasma leptin concentration, is found in obese conditions (Chen et al., 2015).
Increased plasma leptin concentration is associated with hyperinsulinemia and IR
(Martin et al., 2008). Increased leptin concentration can induce IR by decreasing
insulin secretion from pancreatic 3 cells through direct action on leptin receptors on
pancreatic 3 cells (Seufert et al., 1999).

Resistin is another important cytokine produced by adipocytes. The
concentrations of resistin is found to be increased with increase in the levels of
inflammatory markers and its concentrations increase concurrently with the levels of
inflammatory mediators (Reilly et al., 2005). The levels of leptin were found to be
elevated during obesity and IR (Szulinska et al., 2014). Resistin can increase the
expression of various proinflammatory cytokines like TNF-a and IL-6, through NF-kB
pathway, and also by activating toll like receptor-4 (TLR4) (Benomar et al., 2013).

MCP-1 is a proinflammatory chemokine produced by adipocytes, macrophages,
and endothelial cells, which recruits the immune cells to the site of inflammation
(Kanda et al., 2006). In obesity, there is an increase in the expression of MCP-1,
contributing to the pathogenesis of IR (Kanda et al., 2006). It plays a role in the
pathogenesis of IR by regulating the inflammatory response, macrophage polarization
and infiltration, and the phosphorylation of extracellular signal-regulated kinase-1/2
(ERK-1/2) and p38 MAPK (Nio et al., 2012).

Adiponectin is an important adipokines produced by WAT, the amount of
which is found to be reduced in obesity, IR and T2DM. There are three major isoforms
of adiponectin; low molecular weight (LMW), formed from three adiponectin
monomers, middle-molecular weight (MMW) which is an octomer, and high-
molecular weight (HMW) consisting of 12 or more monomers (Magkos and Sidossis,

2007). The adiponectin receptor 1 (Adipo R1) is involved in the amelioration of IR by
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reducing the expression of genes involved in hepatic gluconeogenesis, and by
activating adenosine monophosphate-activated protein kinase (AMPK). Adiponectin
receptor 2 (AdipoR?2) increases glucose consumption by activating PPARa signaling in

the liver (Crimmins and Martin, 2007; Yamauchi et al., 2007).

1.5. Insulin resistance and oxidative stress in adipocytes

Cellular redox homeostasis is maintained by innate antioxidant system which
includes enzymatic and non-enzymatic antioxidants. The major enzymatic
antioxidants include superoxide dismutase (SOD), catalase (CAT), glutathione
reductase (GR) and glutathione peroxidase (GPx) and the non-enzymatic antioxidants
include B-carotene, reduced glutathione (GSH), vitamins E, C etc. (Gomes et al.,
2012). Decreases in the activity of these antioxidant enzymes are reported in high fat
fed diabetic mice models (Furukawa et al., 2004; Lee et al., 2006).

Oxidative stress in adipose tissue is considered as an early event in the
development of MS. Excess nutrient intake and expansion of visceral adipose tissue
causes an increased generation of ROS, leading to increased production of
inflammatory cytokines from adipose tissue, leading to the development of IR in
adipose tissue as well as in peripheral tissues (Aroor and DeMarco, 2014). Also, the
increased production of pro-inflammatory cytokines in obesity can lead to the
development of oxidative stress in adipocytes. The increased production of ROS and
decreased activity of antioxidant enzymes causes oxidative stress in adipocytes and this
pro-oxidant state may impair insulin signaling and leading to the development of IR

and T2DM (Roberts and Sindhu, 2009).

1.6. Insulin resistance and mitochondrial dysfunctions in adipocytes

Since glucose and lipid metabolism is the main energy sources of the
cell, there is a pivotal role for mitochondria in these biochemical processes.
Accordingly mitochondrial dysfunction has been reported in the genesis of IR and
associated complications (Kim et al., 2008). Mitochondria has been considered as a
global regulator of energy homeostasis and factors like nutrient excess, inflammation,
oxidative stress etc. contribute to mitochondrial dysfunction and lead to the

development of IR (Kusminski and Scherer, 2012). Impairment in mitochondrial ATP
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production, respiration rate, membrane potential and increased mitochondrial ROS
production are the hallmarks of mitochondrial dysfunction (Brand and Nicholls, 2011).

Mitochondrial biogenesis involves the coordinated action of both nuclear and
mitochondrial encoded genomes. Mitochondrial biogenesis is regulated by various
factors like PPARYy coactivator-1a (PGC-1a), nuclear respiratory factors (NRFs) and
mitochondrial transcription factor A (Tfam) (Liu et al., 2009). The key regulatory
molecules modulating mitochondrial biogenesis like PGC-1a, NRFs and Tfam are
decreased in IR (Hao et al., 2010; Heilbronn et al., 2007). Role of WAT in

mitochondrial dysfunction is illustrated in Figure 1.7.
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Figure 1.7 Mitochondrial dysfunction and IR in WAT: Metabolic challenges like hyperglycemia
increases the development of ROS leading mitochondrial dysfunction and insulin resistance (Kusminski
and Scherer, 2012). FFA, free fatty acid; TZDs, thiazolidinediones

In addition, IR is found to be associated with altered mitochondrial dynamics
(Hahn et al., 2014; Chen et al., 2010; Jheng et al., 2012). Mitochondria are dynamic
organelle that undergo continuous fission and fusion in a balanced way to maintain
mitochondrial morphology and function. The rates of mitochondrial fission and fusion
are finely regulated by mitochondrial fission proteins and fusion proteins. An altered
mitochondrial dynamics can lead to mitophagy leading to a reduction in the number of
functional mitochondria (Seo et al., 2010). Mitochondrial fusion proteins include

mitofusins 1 and 2 (MFN1 and MFN2), which are involved in the fusion of outer
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mitochondrial membrane, and optic atrophy 1 (OPA1), which is involved in the fusion
of inner mitochondrial membrane (Escobar-Henriques and Anton, 2013). The
mitochondrial fission proteins are dynamin-related protein 1 (DRP1) and fission
protein 1 (FIS1). The fission protein DRP1 is mostly found in the cytoplasm, and it is
translocated into the mitochondrial surface for the process of fission with the help of
proteins called FIS1, mitochondrial fission factor (Mff) and mitochondrial dynamics
proteins of 49 and 51 (MiD49 and MiD51) (Archer, 2013; Lee et al., 2004). An

illustration of mitochondrial fission and fusion is given in Figure 1.8.

A Fission B Fusion

i/ DRP1 M/itofusin 1 Mitofusin 2

FIS1

Figure 1.8. Proteins associated with mitochondrial fission and fusion: Mitochondrial fission is
controlled by mitochondrial fission protein 1(FIS1) and dynamin-related protein 1 (DRP1).
Mitochondrial fusion is mainly controlled by fusion proteins mitofusins 1 and 2 (MFN1 and MFN2) and
optic atrophy 1 (OPA1) (Hagberg et al., 2014).

A balance between mitochondrial fission and fusion is required for the normal
functioning of the mitochondria. A high mitochondrial fission rate can lead to the
development of highly fragmented mitochondria which are nonfunctional and get
engulfed by a phagophore. A possible relationship between mitochondrial fission,
fusion, degradation and mitophagy are represented in Figure 1.9. IR is found to be

associated with an altered mitochondrial dynamics in cultured adipocytes as well as in

muscle cells (Chen et al., 2010; Jheng et al., 2012)
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Figure 1.9. Possible relationship between mitochondrial fusion, fission, degradation and
mitophagy: A high rate of mitochondrial fission leads to the formation of highly fragmented
mitochondria, which are removed by mitophagy (Seo et al., 2010).

1.7. Insulin resistance and endoplasmic reticulum (ER) stress

ER stress is developed as an early consequence of over/excess nutrient intake
and act as a cause for the development of IR and inflammation (Boden, 2008). Excess
nutrient intake seems to be an important factor contributing to the development of ER
stress in obesity. Adipose tissue is the site, where excess energy is stored in the form of
fat, and, so it needs to synthesize many proteins to cope up with this situation. Also, the
expansion of adipose tissue requires an increased synthesis of many structural proteins
and can lead to the development of ER stress. It has been shown recently that in obese
human subjects, ER stress is increased in the subcutaneous fat (Boden et al., 2008).
Over expression of some chaperone genes or administration of chaperones has been
found to ameliorate ER stress, inflammation and IR (Gregor and Hotamisligil, 2007).
In obesity and overnutrition, the amount of free fatty acids in the circulation is
increased and this circulating fatty acid can cause ER stress in pancreatic B-cells and
cultured hepatocytes (Lai et al., 2008).

ER stress can contribute to the development of IR by triggering the activation
of different serine/threonine kinases like JNK and IKK. ER stress interferes with
insulin signaling by the activation of JNK leading to serine phosphorylation of IRS1
and 2 (van der Kallen et al., 2009). Considering these facts, it can be said that
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ameliorating ER stress in obesity has an important role in maintaining the pathogenesis

of IR. The association between ER stress and IR is illustrated in Figure 1.10.
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Figure 1.10. The role of ER stress in obesity related IR: ER stress causes the phosphorylation of JNK
leading to serine phosphorylation of IRS-1 and IR (van der Kallen et al., 2009).

1.7.1. Endoplasmic reticulum stress and unfolded protein response (UPR)

ER is a major site for protein synthesis and folding. The newly synthesised
proteins from ribosomes are trafficked to the ER lumen and the molecular chaperons
and foldases found in the ER lumen help in the post translational modifications and
proper folding of these nascent peptides (Schroder and Kaufman, 2005). The properly
folded proteins are then transported to the Golgi apparatus, where they are further
modified and then trafficked to their destinations. If there is an increased influx of
unfolded or misfolded proteins to the ER membrane, which is beyond the capacity of
ER, ER stress is implicated, activating signaling network called the unfolded protein
response (UPR) (Figure 1.11).

UPR mainly respond via three transducers, namely, inositol-requiring enzyme-1
(IRE-1), PKR-like ER-regulating kinase (PERK), and activating transcription factor-6
(ATF-6). The UPR sensors transmit signals of ER stress from the ER to the cytoplasm
or nucleus, and activate three pathways: i) suppression of protein translation to avoid
the generation of more unfolded proteins; ii) induction of genes encoding ER
molecular chaperones to facilitate protein folding; and iii) activation of ER-associated

degradation (ERAD) to reduce unfolded protein accumulation in the ER. In normal
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conditions, PERK binds to the molecular chaperon, GRP78 in normal conditions.
When the load of unfolded proteins increases, GRP78 get dissociated, allowing PERK
to get oligomerize and autophosphorylate (Xu et al., 2005). Activation of PERK causes
the phosphorylation of the a-subunit of eukaryotic translation initiation factor-

2 (elF2a), leading to decreased rate of translation initiation in the cell (Harding et al.,

1999).
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Figure 1.11. The unfolded protein response (UPR) pathway: Increased protein misfolding lead to the
activation of 3 transducers of the UPR pathway: activation of IREI leads to spliced XBP-1 leading to
ERAD and ATF6 which leads to transcriptional up-regulation of chaperone proteins. The third arm
involves PERK, which oversees the attenuation of nascent protein translation via phosphorylation of
eukaryotic initiation factor 2 alpha (eIF2a) (Wouters and Koritzinsky, 2008).

IRE1 is another transmembrane protein, which get activated and oligomerized
by the unfolded proteins (Ron and Walter, 2007). IRE1 has a serine/threonine kinase
domain and as well as an endoribonuclease domain (Calfon et al., 2002). The kinase
domain activates JNK and NFkB, leading to the release of inflammatory cytokines (Xu
et al., 2005). The endoribonuclease causes IRE1-mediated splicing of X box protein-1
(XBP1) mRNA (Calfon et al., 2002). The newly spliced XBP1 acts as a potent

transcription factor, up-regulating the expression of UPR target genes (Yoshida et al.,

2001).
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ER stress causes the translocation of ATF6 to the Golgi apparatus, where it is
proteolytically processed and the processed ATF6 is translocated to the nucleus and
upregulates the expression of UPR target genes (Lai et al., 2007). ATF6 is also an
inducer of XBP1 mRNA production (Yoshida et al., 2001).

The UPR sensors then activate the pathways that can ameliorate ER stress by
increasing the production of molecular chaperons or by degrading the unfolded
proteins by activating the apoptosis pathway. During ER stress, there is an up-
regulation of genes involved in ER protein folding, including chaperones such as
glucose-regulated protein 78 (BiP/GRP78), enzymes mediating folding such as protein
disulfide isomerase (PDI), ER structural components, and components of the ER-
associated degradation pathway (ERAD) (Oslowski and Urano, 2011). CHOP, which is
also known as growth-arrest and DNA-damage- inducible gene 153 (GADD153) is the
first identified protein that mediates ER stress-induced apoptosis. All the three UPR
transducers can induce the transcription rate of CHOP. CHOP induces the expression
of ER oxidoreductase enzyme, ER oxidoreductin-lalpha (EROla), which under
normal conditions can regenerate PDI at the expense of molecular oxygen. The
induction of CHOP is accompanied by an increased oxidative stress and apoptosis of

the cell (Wang et al., 1996).

1.8. Perspectives in the management of insulin resistance

Understanding the mechanisms behind insulin signaling and IR will provide an
insight into the development of therapeutic interventions for the prevention of IR and
T2DM. Two main approaches for the management of IR include pharmacological
interventions and non pharmacological means. The non-pharmacological means
include lifestyle modifications which include reduction of excess body weight,
modification of dietary habits, increased energy expenditure by physical activity etc.
The pharmacological means to improve IR utilize drugs that are anti-hyperglycaemic
agents which enhances insulin sensitivity by ameliorating the ‘“glucose toxicity”
(Matthaei et al., 2000). The currently available insulin sensitizers have different mode
of actions and include biguanides, dipeptidylpeptidase-IV (DPP-IV) inhibitors,
thiazolidinediones (agonists of PPARY) etc.
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1.8.1. Biguanides

Metformin is the important biguanide available and is the most important drug
of choice in obese diabetic patients (Bailey, 1992; Bailey and Turner, 1996).
Metformin through the activation of liver AMPK, reduces hepatic glucose output and
thus hyperglycemia (Viollet et al., 2012). In T2DM patients, metformin is found to
inhibit gluconeogenesis (Madiraju et al., 2014). Also, metformin was found to increase

glucose uptake in skeletal muscles (Sarabia et al., 1992).

1.8.2. DPP-1V inhibitors

DPP-1V inhibitors are a class of promising medication for the treatment of
diabetes. They are reported to control blood glucose level without causing severe
hypoglycaemia (Richter et al., 2008). Inhibition of DPP-IV improves blood glucose
level by the suppression of action of glucagon and enhancement of insulin secretion.
DPP-1V is a cell surface peptidase and can cleave a large number of peptide hormones
including glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP1), and inactivation or inhibition of DPP-IV is found to improve blood
glucose level (Lamont and Drucker, 2008). Sitagliptin was the first gliptin approved
by the Food and Drug Administration (FDA) of the United States in October 2006 and
is now available worldwide and DPP-1V inhibitors are generally considered as well
tolerated medicines. In addition to DPP-IV inhibitors, GLP-1 analogues are also used
as antidiabetic agents. GLP-1 is secreted by the L cells of the small intestine and can
enhance insulin biosynthesis and suppress glucagon release (Kim and Egan, 2008).
The first GLP-1 agonist introduced in the market is exenatide, which is more resistant
to digestion by DPP-IV and and has a longer plasma half life. Like DPP-1V inhibitors,
GLP-1 analogues are also associated with less risk of hypoglycaemia (Nielsen et al.,

2004).

1.8.3. Thiazolidinediones (TZDs)

TZDs or glitazones are a class of orally active drugs which are designed to
enhance insulin sensitivity. These can increase insulin dependent glucose disposal and
also reduce hepatic glucose output. In 1982, ciglitazone, a TZD was discovered,

followed by a number of other compounds like pioglitazone, troglitazone, englitazone,
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and others (Saltiel and Olefsky, 1996). TZDs mediate their action by binding with the
transcription factor PPARy. All TZDs share a thiazolidine-2-4-dione structure with

some chemical modifications to improve their efficiency.

1.9. The PPAR family
PPARs are transcription factors that belong to the superfamily of nuclear
receptors (Laudet et al., 1992). They are ligand activated transcription factors and are
involved in cellular differentiation, energy metabolism, glucose homeostasis and fatty
acid metabolism (Brown and Plutzky, 2007). The family of PPARs is represented by
the following three members: PPAR alpha (PPARa), PPAR beta/delta (PPARP/3), and
PPARYy, each isoform has its own specific tissue distribution. PPARa is highly
expressed in tissues with a high oxidative capacity such as liver, heart and skeletal
muscle, also present in kidney, intestinal mucosa and brown adipose tissue. PPARP/S is
ubiquitously expressed in whole body, mainly found in skeletal muscle, kidney and
intestine, PPARY is mainly expressed in adipose tissue and it is also found in skeletal
muscles, heart, kidney etc. (Grygiel-Gorniak, 2014; Gilde et al., 2006). It is further
subdivided into four isoforms (Evans et al., 2004).
e vl - expressed in virtually all tissues, including heart, muscle, colon, kidney,
pancreas, and spleen.
e 72 - expressed mainly in adipose tissue.
e 73 - expressed in macrophages, large intestine, and white adipose tissue.

e v4 - expressed in endothelial cells

1.9.1 Structural features of PPARs

All the three different isoforms of PPARs have similar structural features. The
PPARs possess the canonical domain structure, including the amino-terminal activation
function-1 (AF-1) transactivation domain, which is ligand independent domain. The
ligand independent AF-1 domain offers constitutive activity of the receptor, which is
negatively regulated by phosphorylation. The AF-1 region is followed by a DNA-
binding domain (DBD), or C domain which is involved in the direct binding of the
receptor to the PPAR response element (PPRE) in the promoter region of the target

genes. The dimerization region or the D region or the hinge region act as the docking
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site for various co-repressors (Pawlak et al., 2012). PPARs act on DNA response
elements as heterodimers with the retinoid X receptor (RXR). Their natural activating
ligands are lipid-derived substrates (Issemann et al., 1993; Shulman and Mangelsdorf,
2005). The ligand-dependent transactivation domain AF-2 is located at the carboxy-
binding domain (Grygiel-Gorniak, 2014; Tyagi et al., 2011). The ligand binding
domain (LBD) or the E/F region is responsible for the specificity of various ligands.
When a ligand gets bind with the LBD of the E/F domain, the receptor get stabilized,
and causes the recruitment of various transcriptional co-activators like cAMP response
element-binding protein and release of corepressors like silencing mediator of retinoid
and thyroid hormone receptors (SMRT) resulting in the transcription of genes (Brown
and Plutzky, 2007). The mechanism of action of PPARs is diagrammatically

represented in Figure 1.12.
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Figure 1.12. Mechanism of action of PPARs: Following ligand binding, PPAR forms a heterodimer
with RXR, which binds to the PPRE of target genes and regulates the transcription of these genes (Lee et
al., 2012). PPRE, PPAR response element; RXR, retinoid X receptor

1.9.2. PPARa

PPARa is mainly involved in lipid and lipoprotein metabolism, and is the first
to be identified as a PPAR. It is mainly expressed in liver, kidney, heart muscle,
digestive tract, vascular and immune cell types, endothelial cells, lymphocytes and
microglia (Braissant et al., 1996; Chinetti et al., 1998; Diep et al., 2000; Inoue et al.,
1998). PPARa acts as a master regulator of lipid metabolism by altering the expression

of numerous genes involved in different aspects of lipid metabolism like fatty acid
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uptake, oxidation, ketogenesis, lipoprotein and bile metabolism etc. Some of the genes
which are activated by PPARa include peroxisomal acyl-coenzyme A (CoA) oxidase
gene, fatty acid transport protein (FATP), fatty acid translocase (FAT/CD36),
lipoprotein lipase (LPL), apolipoprotein A-I, A-II etc. (Grygiel-Gorniak, 2014;
Mandard et al., 2004). The endogenous agonists of PPAR-a include arachidonic acid,
linoleic acid, leukotriene B4 etc (Krey et al., 1997; Willson et al., 2000). The synthetic
agonists of PPARa include various drugs used in the treatment of dyslipidemia like
fenofibrate, bezafibrate, gemfibrozil etc. (Forman etal., 1996; Staels and Fruchart,

2005).

1.9.3. PPARP/d

PPARP/s is ubiquitously expressed in our body and it is reported to have anti-
inflammatory activity by suppressing macrophage derived inflammation (Tenenbaum
et al., 2005). It can promote fatty acid oxidation also. It can attenuate atherogenesis by
reducing the expression of inflammatory mediators and adhesion molecules, thereby
reducing atherogenesis (Graham et al., 2005). PPAROS ligands can inhibit NFkB
activation, and thereby it can reduce cardiac hypertrophy (Tyagi et al., 2011). The
endogenous ligands of PPARP/d include docosahexaenoic acid, linoleic acid,
prostacyclins etc. The synthetic ligands include GW0742, GW501516 and L165041

etc.

1.9.4. PPARYy

PPARYy is one of the best characterized nuclear receptor and TZDs are the most
widely studied and clinically relevant PPARy ligands. PPARy can control the
expression of a large number of genes involved in glucose and lipid metabolism. In
adipocytes, PPARy can improve IR by ameliorating the effect of the proinflammatory
cytokine TNF-a (Kubota et al., 2006). In adipocyte, PPARy can modulate adipocyte
differentiation, glucose metabolism and fatty acid storage through the activation of
genes like FATP, ap2, CD36 etc. (Grygiel-Gorniak, 2014). PPARy also has an
important role in the management of inflammation (Tyagi et al., 2011). The
endogenous ligands of PPARy include 15-deoxy-A'*'*-prostaglandin J2 (15d-PGJ2),
oxidized fatty acids such as 5-o0x0-6E,8Z,11Z,14Z-eicosatetraenoate or (5-0xo-ETE),
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9-oxo-octadecadienoic acid (9-0xoODE), docahexanoid acid, arachidonic acid,
prostaglandin PGJ, etc. (Itoh et al., 2008; Soares et al., 2005; Shiraki et al., 2005).
The physiological importance of PPARY agonists is represented in Figure 1.13
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Figure 1.13. Physiologial importance of PPARy: PPARy can cause beneficial effects (indicated by
green arrow) as well as adverse effects (indicated by red arrow) (Ahmadian et al., 2013).

The synthetic ligands include various antidiabetic drugs like troglitazone, RG,
pioglitazone etc. Troglitazone was the first thiazolidinediones approved for IR and
T2DM, which is followed by RG and pioglitazone. In 1997, troglitazone was
withdrawn from the market due to its increased risk of drug induced hepatitis
(Kohlroser et al., 2000; Watkins and Whitcomb, 1998). RG is another important insulin
sensitizer which is marked in the name of Avanda; but its use is also restricted due to
increased risk of myocardial infarction and fluid retention. The TZD, which is still
available in the market is pioglitazone. It is also reported to have some side effects like

occurrence of urinary bladder cancer (Wang et al., 2014).
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1.9.5. Various strategies for the development of safer PPARYy agonists

Since PPARY agonists are reported with several side effects, new strategies
have been investigated for the development of PPARY agonists with fewer side effects;
like PPARa/y dual agonists, selective PPARy modulators (SPPARyMs), pan PPAR
agonists etc. (Higgins and Depaoli, 2010; Wang et al., 2014). These combination
agonist therapies utilize a combination of agonists, and can activate each receptor
subtype involved. The combination concept can provide more beneficial effects and
have less undesirable side effects (Cho et al., 2008). The partial or selective PPARy
agonist will have selective gene regulating properties, thereby decreasing the adverse

effects (Gilde et al., 2006).

1.9.5.1. PPARw/y dual agonists

PPARo/y dual agonists can activate both PPARy and PPARa; thus have
positive influence on both lipid and glucose metabolism. They can be used for the
treatment of T2DM with co-existing dyslipidemia (Munigoti and Harinarayan, 2014).
Considering the benefits of these dual agonists, numerous compounds with dual action
on PPARa and PPARy have been developed, named as glitazars. Faglitazar was the
first glitazar to be studied, and it was discontinued as it is reported to cause edema
(Henke et al., 1998). Ragaglitazar was another glitazar and it was found to reduce
fasting plasma glucose levels and triglyceride levels. Further plasma HDL was elevated
and the total LDL and free fatty acids were decreased (Gilde et al., 2006). But it is
reported with certain side effects like weight gain, anaemia and edema, and bladder
cancer (Egerod et al., 2005; Gilde et al., 2006). Muraglitazar was proved to improve
insulin sensitivity and diabetic dyslipidemia, but was withdrawn in 2006 due to adverse
effects on cardiovascular system (Kendall et al., 2006). Tesaglitazar is reported with
bone marrow and renal dysfunction (Fagerberg et al., 2005). Another important
compound with dual PPARo/y agonist activity is saroglitazar (trade name, Lipaglyn). It
has antihyperglycemic and antidyslipidemic effects and it is not reported with any
adverse effects as that of the other PPARa/y dual agonists. But its long-term

cardiovascular safety has yet to be established (Munigoti and Harinarayan, 2014).
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1.9.5.2. Pan PPAR agonists

The compounds which can activate the three isoforms of PPARs are termed as
pan PPAR modulators, so they can potentially exert their metabolic effects on IR,
dyslipidemia and hypertension (Cho et al., 2008). The first clinically tested pan PPAR
agonist is bezafibrate. Bezafibrate can reduce plasma glucose, TG and increase plasma
HDL level and insulin sensitivity (Tenenbaum et al., 2005). Clinical studies with
bezafibrate did not report any side effects like edema or weight grain and compounds

with pan PPAR activity can be considered as promising strategies for the management

of MS.

1.9.5.3. Selective PPARY agonists

Another strategy to reduce the side effects of PPARy agonists is the use of
partial PPARYy agonists or selective PPARy modulators (SPPARyMs). SPPARyMs can
enhance insulin sensitivity but have lower adipogenic potential compared with the full
PPARy agonists (Cho et al., 2008). SPPARyMs bind with the ligand binding domain
(LBD) of PPARY in a manner which is different from that of the full PPARY agonists,
and causes differential displacement and recruitment of various co-factors, leading to
differential gene expression (Zhang et al., 2007). SPPARyMs like halofenate (HA) and
PA-082 are recently reported. Halofenate can selectively regulate the expression of
PPARy responsive gene with the differential recruitment of co-factors (Allen et al.,
2006). PA-082 is a non TZD group of compound and an isoquinoline derivative. It can
decrease lipid accumulation compared with the full PPARy agonist RG. At the same
time it can increase the expression of insulin sensitive genes (Burgermeister et al.,
2006). The detailed study of SPPARyMs will give more information about antidiabetic
agents with PPARy agonist property with reduced side effects.

1.9.6. Impact of nutraceutical in the management of IR

Nutraceuticals are emerging as an alternative to modern medicines for the
management of diabetes and MS. Though insulin and other pharmacological
interventions can control some aspects of diabetes, they are inadequate to prevent
secondary complications arising from diabetes (Bastaki, 2005; Dalle Grave et al.,

2010). So the demand for nutraceutical compounds that might have potential efficacy
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in the management of T2DM and MS is increasing these days (Davi et al., 2010). They
have been shown to target the pathogenesis of diabetes, MS and their complications

and to favourably modulate a number of biochemical and clinical endpoints (Ramaa et

al., 20006).

1.9.7. PPARYy activation by natural products

Medicinal plants have been used for the treatment of various diseases including
MS since ancient times. Since 19™ century, many pure compounds isolated from
medicinal plants are reported with significant biological activity. (Balunas and
Kinghorn, 2005). Plant based compounds are attaining more attention these years
because of their increased tolerance and less toxicity. Natural products serve as an
important source for the discovery of new therapeutic options (Cragg and Newman,
2013). Significant research is going on to discover plant based PPARy modulators
which will have selective agonist property towards PPARy. PPARy ligands were
reported from plants that are common food sources, including the tea plant (Camellia
sinensis), soybeans (Glycine max), palm oil (Elaeis guineensis) and ginger (Zingiber
officinale) (Table 1.1). Comparing with their synthetic counterparts, PPARy agonists
from natural sources are safer and can act at multiple targets, offering a synergistic

effect (Bassaganya-Riera et al., 2011).
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Table 1.1. Plant species with PPARy agonist property, their traditional use and active

compounds (Wang et al., 2014)

Plant species

Common
name

Traditional use

Active compound
with PPARy
agonist property

Amorpha
fruticosa

Bixa orellana

Camellia
sinensis

Cornus
alternifolia

Echinacea
purpurea

Elaeis
guineensis

Glycine max

Momordica
charantia

Pueraria
thomsonii
Benth.

Rosmarinus
officinalis

Desert false
indigo

Lipstick tree,
Annatto

Tea plant

Green osier

Purple
coneflower

Oil Palm

Soybean

Bitter melon

Kudzu

Rosemary

Used to treat hypertension

Used as diuretic, laxative,
antibilious, antiemetic and
astringent agent

Used as stimulant, diuretic
and astringent

Used as tonic, analgesic,
and diuretic

Used for throat infection,
cough etc.

Used as laxative and
diuretic, as a poison
antidote, as a cure for
gonorrhea and bronchitis
etc.

The beans of the plant are
used as a food worldwide

Used to relieve diabetes, as
stomachic,laxative,
antibilious, emetic, and
anthelmintic agent

Traditionally used for the
treatment of fever,
diarrhea, diabetes, and
cardiovascular diseases

The essential oil from
flowers and leaves is used
as anti-inflammatory and
antiseptic agent

Amorfrutins

Bixin, norbixin

(-)-Catechin

Kaempferol-3-O
B-glucopyranoside

Alkamides

Tocotrienols

Genistein

Cucurbitane-type
triterpene
glycosides

Daidzein

Carnosic acid and
carnosol

29



Chapter 1

Table 1.1. continues

Plant species = Common Traditional use Active compound

name with PPARy
agonist property
Sambucus Elderberry Used for the treatmentof a-Linolenic acid,
nigra common cold, influenza, and linoleic acid, and
sinusitis
Terminalia Bahera Used to treat asthma, Gallotannins
bellerica diarrhea, hypertension,

inflammation etc.

Thymus Thyme Used in traditional medicine Carvacrol
vulgaris as antiseptic, antibacterial
and antifungal agent

Trifolium Red Clover Used as antiinflammatory, Isoflavones
pratense expectorant, sedative, and
anti-dermatosis agent

Zingiber Ginger Widely used as a spice 6-Shogaol
officinale worldwide. Fresh rhizomes

are used to eliminate cold

and arrest vomiting; dried

rhizomes are used to dispel

cold from the spleen and the

stomach

1.9.7.1. Punicic acid

Punicic acid, also known as trichosanic acid, is an omega-5 long chain
polyunsaturated fatty acid found in high concentrations in the seed of Punica granatum
and Trichosanthes kirilowii (Joh et al., 1995; Sassano et al., 2009). About 64-83% of
the pomegranate seed oil is constituted by PA (Ahlers et al., 1954; Kaufman and
Wiesman, 2007). PA can activate PPARa and PPARYy in vitro and also can bind to
PPARy and 6 ligand binding domain (Hontecillas et al., 2009). Also, oral
administration of PA can ameliorate fasting plasma glucose concentration and can
normalize glucose concentration in db/db mice, indicating that PA can ameliorate
T2DM. PA can make increase in the expression of PPARa responsive genes in skeletal
muscles and PPARa and PPARY responsive genes in WAT (Hontecillas et al., 2009).
PA can suppress the expression of inflammatory cytokines like TNF-a and also can

decrease NF-kB activation. PA can also upregulate the expression of PPARS in
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pancreatic tissue (Bassaganya-Riera et al., 2011). The structure of PA is given in

Figure 1.14.

A O

OH

Figure 1.14. Structure of Punicic acid: The compound in the present study-punicic acid, is mainly
found in the seed oil of pomegranate fruit. A) structure of punicic acid B) Pomegranate fruit
1.10. Societal impact of the study

The prevalence of obesity and MS is increasing at an alarming rate worldwide.
The high cost, dose and regular use of currently available drugs for the management of
IR and T2DM is associated with financial burden and some adverse effects. PPARYy
agonists like TZDs used in the treatment of IR are reported with many side effects and
these adverse effects are a result of full PPARy activation, compared with the weak
agonistic property of endogeneous ligands like fatty acids. Therefore, there is a high
demand of PPARy modulators from natural sources with partial activity, which can
improve glucose homeostasis and can be considered as a better alternative for the
treatment for IR and T2DM. The present study suggested that PA, as a partial PPARYy
agonist, can be considered as an alternative to TZDs for the treatment of IR. Since it is
present in large amount in pomegranate seed oil, it can be considered as an ideal
nutraceutical for the development of health care products for the management of IR

and MS.
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1.11. Aims and objectives of the study
A range of PPARYy activating natural compounds is recently described with
immense potential in the management of IR and T2DM. Since the prevalence of MS
and IR are increasing worldwide, the demand for pharmacological interventions that
can improve the abnormalities associated with MS is also increasing. The adverse
effects associated with the full PPARY agonists like TZDs had focused the attention of
current research more on the naturally occurring PPARY agonists. In the present study,
we have characterized PA as a partial PPARY agonist and evaluated the potential of PA
in improving IR and associated dysfunctions in 3T3-L1 adipocytes.
The main objectives of the study include
e To evaluate the activity of PA as a partial PPARy agonist by employing in
vitro and in silico methods
e To study the effect of PA on insulin signaling pathway in 3T3-L1 adipocytes
e To study the effect of PA on TNF-a induced IR in 3T3-L1 adipocytes
e To study the crosstalk between inflammation, mitochondrial dysfunction and
ER stress in insulin resistant model of 3T3-L1 adipocytes and possible

amelioration with PA

32



Chapter 2

Materials and methods

2.1. Materials

2.1.1. Chemicals

Punicic acid (PA) was purchased from Larodan fine chemicals (Sweden). 3-
isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), insulin, GW9662, 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), JC-1 mitochondria staining kit, bovine serum albumin
(BSA), 3,3’ diaminobenzidine (DAB), sodium azide (NaN3), sodium citrate, Tween-
20, oligomycin, phenyl methyl sulphonyl fluoride (PMSF), radioimmunoprecipitation
(RIPA) buffer, TRIzol and protease inhibitor cocktail were purchased from Sigma
Aldrich (St. Louis, Mo, USA). Trichloroacetic acid (TCA), dipotassium phosphate
(K;HPO,), potassium dihydrogen phosphate (KH,PO,), disodium hydrogen phosphate
(Na;HPO,), sodium dihydrogen phosphate (NaH,PO,), potassium phosphate (K,POy),
sodium pyrophospahte, methanol, hydrogen peroxide (H,0,), phenazine methosulphate
(PMS), nitroblue tetrazolium (NBT), 5,5’-dithio-bis-2-(nitrobenzoic acid) (DTNB-
Ellman’s reagent), glacial acetic acid, n-butanol, nicotinamide adenine dinucleotide
phosphate (NADPH), sucrose, glycine, methanol, hydrogen peroxide (H,O,) and
Triton-x100 were purchased from Merck specialities Pvt. Ltd. USA. Fetal bovine
serum (FBS), 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 HCI) and paraformaldehyde was
purchased from Sisco research laboratory, Mumbai, India. Rosiglitazone (RG) was
from Cayman chemicals (Cayman Chemicals, MI, USA). Fura 2 AM, Mitotracker
Deep Red FM and MitoSOX™ red were purchased from Molecular probes, Life

technologies, USA. All other chemicals used were of analytical grade.
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2.1.2. Assay Kkits and antibodies

Protein carbonyl, total antioxidant, reduced glutathione (GSH), aconitase, O,
consumption, Ca* content, triglyceride (TG), nuclear extraction kit and nuclear factor-
kB (NF-kB) expression cell based assay kits were used (Cayman Chemicals, MI, 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). Oil red EZStain adipocyte staining kit was from Himedia
(Hi-media Pvt Ltd, Mumbai, India). ATP determination kit was from Molecular Probes
Inc., Eugene, USA. Interleukin-6 (IL-6), interleukin-2 (IL-2), interleukin-10 (IL-10),
MCP-1 and interferon-gamma (IFN-y) assay kits were from BD Biosciences, USA.
Time resolved-fluorescence resonance energy transfer (TR-FRET) assay kit was from
Life Technologies (Life technologies, Invitrogen,USA). Primers for PCR were from
Hysel India Pvt Ltd, India. Superscript III 1st strand synthesis system kit and SYBR
Green master mix were from Life technologies, Bangalore, India. Primary antibodies
for western blotting, horse radish peroxidase (HRP) conjugated secondary antibodies
and fluorescein-isothiocyanate (FITC) conjugated secondary antibody were from

Santacruz, USA.

2.2. Methods

2.2.1. Cell culture

3T3-L1 cells derived from mouse embryonic fibroblasts were obtained from
American Type Culture Collection (ATCC), USA. Cells were cultured in DMEM
containing 4.5 g/L. glucose, 1.5 g/L. sodium bicarbonate and 110 mg/L sodium
pyruvate, supplemented with 10% FBS, and penicillin (100 units/ml) and streptomycin
(100 pg/ml) in a humidified incubator with 5% CO, at 37°C. Cells were passaged

regularly and subcultured in 70% confluence before the experiments.
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2.2.1.1. Differentiation of 3T3-L1 pre-adipocytes

3T3-L1 preadipocytes cells were seeded at a density of 4 X 10* cells/well in 24
well plate and maintained in DMEM supplemented with 10% FBS, antibiotic (100 U
penicillin/ml and 100 pg streptomycin/ml) till confluency. To induce differentiation, 2-
days post confluent 3T3-L1 preadipocytes were stimulated with 0.5 mM IBMX, 0.25
mM DEX, and 1 pg/ml insulin in DMEM with 10% FBS and antibiotics for 48 hours.
The cells were then maintained in DMEM containing 1 pg/ml insulin (maintenance
medium). The medium was replaced with fresh maintenance medium every 2 days.

Adipocytes were used for experiments on ot day of initiation of differentiation.

2.2.2 MTT assay

Cytotoxicity of different concentration of PA (10, 20, 30, 50 and 75 pM) on
3T3-L1 preadipocytes and adipocytes was checked by MTT assay. It is based on the
ability of viable cells to reduce the MTT to insoluble formazan crystals by
mitochondrial dehydrogenase. The method was carried out as per previously described
protocol (Wilson, 2000). PA was dissolved in DMSO, and the final concentration of
DMSO was 0.1% (v/v) for every group and treatment. Cells treated with 0.1% DMSO
in DMEM was selected as the control group. 3T3-L1 preadipocytes and adipocytes
were treated with indicated concentrations of PA for 48 hours in 37°C, 5% CO,
incubator. Then, media was removed and replaced with MTT (final concentration 0.5
mg/ml) in DMEM without FBS and incubated for 4 hours. After incubation, DMSO
was added to dissolve insoluble crystals and the absorbance was read at 570 nm using a
multimode reader (Biotek Synergy 4, USA). The absorbance is directly proportional to

the number of viable cells.

2.2.3. Adipogenic studies of PA

For evaluating the adipogenic potential of PA, cells were treated with
differentiation medium along with indicated concentrations of PA (5, 10 and 30 pM)
throughout the process of adipocyte differentiation. To study the effect of GW9662, an
antagonist of PPARY, cells were treated with GW9662 (10 uM) along with the higher
concentration of PA (30 uM) throughout the process of differentiation. Rosiglitazone

(RG; 100 nM) was used as the positive control for adipogenesis studies.
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2.2.4. Oil red O staining

Oil red staining was done with Himedia EZStain adipocyte staining kit (Hi-
media Pvt Ltd, Mumbai, India). The cells were treated as described in section 2.2.3.
After treatment, the cells were washed with wash buffer and fixed for 1 hour at room
temperature with the standard fixing solution provided with the kit. After fixing, the
solution was aspirated off and cells were washed with distilled water, and appropriate
volume of permeabilization solution was added and incubated for 5 minutes. Working
solution of oil red O was prepared by mixing 3 parts of oil red O staining solution with
2 parts of distilled water. The working solution was incubated for 10 minutes at room
temperature and filtered through Whatmann No.1 filter paper. The permeabilization
solution was removed and appropriate volume of filtered staining solution was added
and incubated at room temperature for 5 minutes. After staining, the cells were washed
with distilled water and photographed under a microscope. Oil red was extracted using
100% isopropanol and absorbance was measured at 500 nm using isopropyl alcohol as

blank on multimode reader.

2.2.5. Triglyceride (TG) accumulation

Cells treated as above with the peak stage of adipogenesis with maximum
clusters of lipid droplets were washed with PBS and collected by centrifugation.
Triglyceride was estimated by Cayman triglyceride estimation kit (Cayman chemicals,
MI, USA). For this cells were lysed by sonication in the diluted standard diluent
provided in the kit and 10 pl of cell lysate was mixed with 150 ul of enzyme buffer
solution, incubated at room temperature for 15 minutes and read at 540 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 kinase to form glycerol-3-phosphate, which is then oxidized to dihydroxy
acetone phosphate and hydrogen peroxide by glycerol phosphate oxidase. The H,O,
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 an optical density of 540 nm on

multimode reader.
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2.2.6. Glycerol-3-phosphate dehydrogenase (GPDH) estimation

GPDH estimation was carried out in cells treated as described above according
to the method of Wise & Green, 1978. Cells treated as described in section 2.2.2 were
washed and lysed in standard lysis buffer (RIPA buffer). The standard reaction mixture
was prepared which contain 100 mM tris-HCI (pH 7.5), 2.5 mM EDTA, 0.12 mM
NADH, 0.2 mM dihydroxyacetone phosphate (DHAP), 0.1 mM B-mercaptoethanol and
cell extract containing defined protein concentration all in a final volume of 1 ml. The
change in absorbance at 340 nm was measured by multiplate reader and one unit of

enzyme activity corresponds to the oxidation of 1 nM of NADH per minute.

2.2.7. Adiponectin estimation

Adiponectin was estimated in the conditioned medium using a mouse
adiponectin enzyme immunoassay (EIA) kit (SPI Bio, Bertin Pharma, France). Fully
differentiated 3T3-L1 adipocytes were treated with different concentrations of PA (5,
10 and 30 uM) or RG for 24 hours. After respective treatments, conditioned media
were collected and added to wells coated with a monoclonal antibody specific of
mouse adiponectin. After one-hour incubation, the wells were washed and polyclonal
anti-mouse adiponectin antibody conjugated to biotin was added and incubated for one
hour. After washing, streptavidin-horseradish peroxidase (HRP) tracer was added and
incubated for 30 minutes. The concentrations of the adiponectin were then determined
by measuring the enzymatic activity of the HRP using the hydrogen peroxide/3 ,3' -5,
5’ tetramethylbenzidine (TMB) solution by measuring the OD at a wavelength of 450

nm using a multimode reader .

2.2.8. 2-deoxy glucose uptake assay

2-deoxy glucose (2-DG) uptake assay was carried with Abcam glucose uptake
colorimetric assay kit (Abcam,Cambridge, MA, USA) according to the manufacturer’s
instructions using RG (100 nM) as the positive control. Briefly, cells were seeded in a
96 well plate and differentiated to mature adipocytes. Differentiated 3T3-L1 adipocytes
were treated with indicated concentrations of PA (5, 10 and 30 uM) or RG for 24
hours. Then the cells were starved for glucose by preincubating in Krebs-Ringer-

Phosphate-Hepes (KRPH) buffer containing 2 % BSA for 40 minutes. Cells were
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stimulated with insulin (10 pg/ml) for 20 minutes and treated with 2-DG, mixed and
incubated for 20 minutes. In principle 2-DG can be taken up by glucose transporters
and metabolized to 2-DG-6-phosphate (2-DG6P) and cannot be further metabolized,
and thus accumulates in the cells. The NADPH generated from oxidised 2-DG6P can
be determined by an enzymatic recycling amplification reaction, which was measured

at 412 nm and is directly proportional to 2-DG uptake by the cells.

2.2.9. Glucose uptake activity using 2-NBDG

Glucose uptake in 3T3-L1 adipocytes was also measured using fluorescent
glucose analogue 2-NBDG using RG (100 nM) as the positive control. Differentiated
3T3-L1 adipocytes were treated with indicated concentrations of PA (5, 10 and 30 uM)
or RG for 24 hours. Cells were then incubated in low glucose medium again in the
presence of different concentrations of PA and RG for 3 hours. Cells were stimulated
with insulin (10 pg/ml) for 10 minutes and then treated with 100uM NBDG for 1 hour.
The fluorescence intensity of 2-NBDG in the cells were recorded using a FACS Aria 11
flow cytometer (BD Biosciences, USA) at FITC range (excitation 490 nm, emission
525 nm band pass filter). The mean fluorescence intensities of different groups were
analyzed by BD FACS Diva software and corrected for auto fluorescence from
unlabelled cells. For each measurement, data from 5000 single cell events were

collected using the flow cytometer.

2.2.10. Immunofluorescence imaging of GLUT4

Immunofluoresence imaging of GLUT4 was done according to the method of
Emoto et al., 2001 with some modifications. Fully differentiated 3T3-L1 cells treated
with indicated concentrations of PA (5, 10 and 30 uM) or RG (100 nM) for 24 hours
were sensitized with insulin (10 pg/ml) for 10 minutes, fixed in 3.7% formaldehyde
and permeabilized in 0.5% triton X-100. The permeabilized cells were incubated at
room temperature for 1 hour with monoclonal GLUT4 primary antibody followed by
incubation for 1 hour with FITC-conjugated secondary IgG antibody. Then the cells
were washed and imaged using spinning disk fluorescent microscope (BD Biosciences,

USA).
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2.2.11. Molecular docking

Docking experiment of PA and RG into the PPAR y was done using the
software Autodock 4.2 and iGEMDOCK v2.1 using default docking parameters. These
docking softwares were used to find the appropriate binding and conformations of the
ligand to the receptor. The 3D model of PPAR y was retrieved from the Brookhaven
Protein Data Bank (PDB) (http:/ www.rcsb.org/pdb/) (PDB 1D 2QS5S).
PA (ChemSpider ID: 4444570) and RG (ChemSpider ID: 70383) structures were
downloaded from ChemSpider (http://www.chemspider.com) and converted to PDB
file using Chem3D Prol0. The docking fitness of the ligand molecules to PPARy and
the amino acids of receptor (PPARY) involved in interaction were predicted using
1IGEMDOCK. The interaction table and the binding energy of compounds to the LBD
of PPARYy were analysed by using iGEMDOCK.

2.2.12. Lanthascreen TR-FRET PPARY competitive binding assay

The binding of PA on PPARy ligand binding domain was studied using
Lanthascreen TR-FRET PPARy competitive binding assay kit from Invitrogen
according to the kit protocol. A mixture of 5nM of GST (glutathione S-transferase)
tagged PPARy ligand binding domain (GST-PPARy-LBD), 5nM Tb ant-GST-
antibody, 5 nM Fluormone Pan-PPAR Green, and serial dilutions of PA, GW9662 or
RG were mixed and incubated in dark for 2 hours. The TR-FRET signals were
measured by excitation at 340 nm and emission at 520nm for fluorescein and
excitation at 340 nm and emission at 490 nm for terbium in Tecan multiplate reader
(Tecan Infinite 200PRO, Mannedorf, Switzerland). The ratiometric emission 520/490
was plotted against the concentrations of the compound to determine the ICsy value of
the compounds for the displacement of pan PPAR-green. DMSO was used as the no

ligand control.

2.2.13. Induction of insulin resistance and treatment

Insulin resistance was induced in 3T3-L1 adipocytes as previously described
with some modifications (Houstis et al., 2006). Fully differentiated 3T3-L1 adipocytes
were treated with 10ng/ml recombinant recombinant human TNF-a (Gold

biotechnology, USA) for 24 hours. Cultured 3T3-L1 adipocytes exposed to TNF-a
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become insulin resistant as assessed by the ability of insulin to stimulate glucose
uptake. To see the effect of PA and RG on TNF-a induced insulin resistance, 3T3-L1
adipocytes were treated with indicated concentrations of PA or RG for 24 hours along

with TNF-a.

2.2.14. Quantification of leptin secretion

The secretion of leptin was quantified in conditioned media using leptin ELISA
kit (Merck Millipore, USA). This assay is a sandwich ELISA based method.
Conditioned media after respective treatment (as described in section 2.2.13) were
collected and leptin in the conditioned media was bound by a pre-titered antiserum and
resulting complexes were immobilized in the wells of the microtiter plate. After
washing, purified biotinylated detection antibody was added to the immobilized leptin.
Then 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 H;0,/TMB solution. The enzyme activity was measured

spectrophotometrically at 450 nm and 590 nm within 5 minutes.

2.2.15. Estimation of inflammatory cytokines

Inflammatory cytokines (IL-6, IL-1B, MCP-1 and IFN-y) were estimated in
conditioned media, using ELISA kits (BD Bioscience, USA). For performing these
assays, 100 pl diluted capture antibody were added to the wells and incubated
overnight at 4°C. The solution was then discarded and the wells were washed 3 times.
200 pl blocking buffer was added to each wells and incubated for 1 hour at room
temperature. After washing, 100 pl of conditioned media from respective treatment (as
described in section 2.2.13), were added to the wells and incubated for 2 hours at room
temperature. The wells were then washed and 100 pl working detector were added and
incubated for 1 hour at room temperature. After washing, 100 pl of substrate solution
was added and incubated for 30 minutes in dark. The reaction was then stopped by

addition of stop solution and the absorbance was read at 450 nm.
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2.2.16. NF-kB p65 translocation assay

NF-kB p65 transcription factor activity was determined using Cayman NF-«B
p65 translocation assay kit Chemicals (Cayman Chemical Company, USA) as per
manufacturer’s instructions. The method is based on ELISA technique and a specific
double stranded DNA sequence containing NF-kB response element is immobilized on
the bottom of microplate wells. NF-«kB contained in the cytoplasmic and nuclear
extract binds specifically to the NF-«kB response element and NF-xB p65 is detected by
the addition of specific primary antibody.

The cells are treated as described in section 2.2.13 and are collected by
centrifugation. The cytoplasmic and nuclear fractions were isolated using nuclear
extraction kit (Cayman Chemical Company, USA). 10 pl samples containing NF-kB
was added to the wells and incubated overnight at 4 °C. After that all the wells were
washed with 200 pl 1x wash buffer. Then to the all wells except blank, 100 pl NF-«xB
(p65) primary antibody was added and incubated for 1 h at room temperature. The
wells were washed with wash buffer and to all the wells except blank, 100 pl diluted
HRP conjugated goat anti-rabbit secondary antibody was added and incubated for 1 h
at room temperature. The wells were again washed with wash buffer. Then, to all wells
100 pl developing solution was added and incubated for 30 minutes with gentle
agitation. After that 100 pl of stop solution was added to all the wells and the
absorbance was read at 450 nm in a multiplate reader. The absorbances obtained is an

indication of NF-xB p65 concentration in the nuclear and cytoplasmic extracts.

2.2.17. Indirect enzyme-linked immunosorbent assay (ELISA)

Indirect ELISA was carried out by the method of Engvall and Perlman, 1971,
with slight modification. Cell lysate precoated to ELISA plates (96 well, NUNC)
served as antigen. After blocking (5% non-fat dry milk) and washing (50 mM Tris, pH
7.5, 150 mM NaCl, 0.01% Tween-20), the plates were incubated with specific primary
antibody (1:500 dilution) for 2 hours at room temperature. The plates were washed and
then treated with HRP-conjugated secondary antibody (1:1000 dilution). The colour
developed using TMB substrate solution (BD bioscience) was measured

spectrophotometrically at 450 nm in a multimode reader.
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2.2.18. Inhibition of reactive oxygen species (ROS)

Intracellular ROS content was determined by oxidative conversion of cell-
permeable DCFH-DA to fluorescent 2°, 7°dichlorofluorescein (DCF). For this, 3T3-L1
adipocytes were seeded in 96-well plate and subjected to differentiation. The cells were
treated as described above. After respective treatments DCFHDA stain in serum-free
medium was added to the cells and incubated at 37°C for 20 minutes. After three
washes, images were collected using high-content spinning disk facility (BD Pathway
855; BD Biosciences, USA) and fluorescence intensity was measured at excitation and

emission wavelengths of 490 nm and 525 nm, respectively in a multiplate reader .

2.2.19. Detection of mitochondrial superoxide radical production

Mitochondrial superoxide productions was assayed using a fluorescent dye,
mitoSOX . Briefly after respective treatments, cells were washed with PBS (pH 7.4)
and loaded with mitoSOX (5 uM) in the medium and incubated for 20 minutes at 37°C
in CO; incubator. Images of the cells were collected using spinning disk microscope
(BD PathwayTM Bioimager System, BD Biosciences) and fluorescence intensity was
measured using multimode reader (Biotek Synergy 4 USA) at excitation and emission

wavelengths of 510 nm and 580 nm, respectively.

2.2.20. Mitochondrial content measurement

Mitochondrial content was determined using mitotracker red (Mitotracker Deep
Red FM, Invitrogen). Briefly, the cells after treatment as described above were
incubated with 5 uM stain in serum free media for 30 minutes at 37°C. The stain was
washed off with PBS and examined under spinning disk microscope and images were
collected (BD PathwayTM Bioimager System, BD Biosciences). Fluorescence
intensity was measured at excitation and emission wavelengths of 644 nm and 665 nm,

respectively in a multimode reader.

2.2.21. Mitochondrial biogenesis assay
Mitochondrial biogenesis was analysed with MitoBiogenesis™ In-Cell ELISA
Kit (Abcam, MA, USA) in control and treated groups according to manufacturer’s

instruction. In brief, the cells after treatment were fixed with 4% paraformaldehyde.
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Cells were then washed with PBS followed by the addition of 100 pl of freshly
prepared 0.5% acetic acid for 5 minutess to block endogenous alkaline phosphatise
(AP) activity. Cells were washed again with PBS and permeabilized with 0.1% Triton
X-100 for 30 mins and followed by the addition of 200 pl of 1X Blocking Solution for
2 ours. 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 4°C. Cells were washed with a washing buffer and incubated with
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 in a multimode reader for COX-I. COX-I signal and SDH-A

signal were then plotted independently for analysing the data.

2.2.22. Assay for mitochondrial membrane potential

Mitochondrial membrane potential was measured using mitochondrial staining
kit, JC1. The experiment was done as per the protocol provided with the kit (JC1 kit,
Sigma). The kit uses the cationic, lipophilic dye, JC-1 . In normal cells, due to the
electrochemical potential gradient, the dye concentrates in the mitochondrial matrix,
where it forms red fluorescent aggregates (JC-1 aggregates). Any event that dissipates
the mitochondrial membrane potential prevents the accumulation of the JC-1 dye in the
mitochondria and thus, the dye is dispersed throughout the entire cell leading to a shift
from red (JC-1 aggregates) to green fluorescence (JC-1 monomers). The cells after
respective treatments as described above were incubated with JC-1 staining solution for
20 minutes at 37°C. The stain was washed off with PBS and examined under spinning
disk microscope and images were collected and fluorescence intensity was also
measured. For JC-1 monomers, the fluorescence was measured at 490 nm excitation
and 530 nm emission wavelengths, and for JC-1 aggregates, the fluorescence was
measured at 525 nm excitation and 590 nm emission wavelengths. Valinomycin (1
pg/ml) was used as positive control for the measurement of dissipation of

mitochondrial membrane potential.
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2.2.23. O, consumption assay

O, consumption in the cells was measured using Cayman’s O, consumption
assay kit (Cayman Chemicals, MI, USA). Cayman’s oxygen consumption rate assay kit
utilizes phosphorescent oxygen probe, MitoXpress®-Xtra to measure oxygen
consumption rate. In brief, cells were seeded in 96 well plate and were allowed to
differentiate. After respective treatments as described above, the culture medium was
removed and replaced with fresh medium. Blank wells were added with culture
medium alone. MitoXpress®-Xtra solution was added to all wells except blank wells
and then the wells were covered with HS mineral oil. The fluorescence was read at
excitation; 380 nm and emission; 650 nm kinetically for 150 minutes in a multiplate
reader (Tecan Infinite 200PRO, Tecan, Austria). In principle the fluorescent signal of
MitoXpress is quenched by molecular oxygen and the signal is inversely proportional
to the amount of oxygen present in the media. Antimycin A, which is an inhibitor of
mitochondrial electron transport chain, is used as the positive control for the

measurement of impaired oxygen consumption.

2.2.24. ATP production assay

ATP production was measured by using ATP determination kit (Molecular
Probes, USA). It is a bioluminescence assay for quantitative determination of ATP
using recombinant firefly luciferase and its substrate D-luciferin. Cells after respective
treatments were rinsed with phosphate-buffered saline (PBS) and lysed in ATP-
releasing buffer containing 100 mM potassium phosphate buffer at pH 7.8, 2 mM
EDTA, 1 mM dithiothreitol (DTT) and 1% Triton X-100 (Wang et al., 2001). 20 pl of
cell lysate were mixed with 180 pl of standard reaction mixture, which contains 8.9 ml
distilled water, 0.5 ml 20X reaction buffer, 0.1 ml 0.1 M DTT, 0.5 ml 10 mM D-
luciferin, 2.5 pl firefly luciferase (5 mg/ml stock solution) and luminescence was
measured in Tecan multiplate reader. ATP concentrations in the samples were
calculated from standard ATP curve and normalised to the protein content. Cells
treated with oligomycin (8 uM for 8 hours) was used as the positive control for
measuring depletion in ATP content due to mitochondrial dysfunction (Hafizi and

Bakar, 2015).
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2.2.25. Determination of aconitase activity

Aconitase activity was measured by using Cayman’s assay kit. The kit
measures the absorbance of NADPH at 340 nm which is generated in a coupled
reaction of aconitase with isocitrate dehydrogenase. The rate at which NADPH is
generated is proportional to the activity of aconitase. Briefly, after respective
treatments, cells were lysed in the homogenization buffer and cell lysate was mixed
with assay buffer, NADP+, isocitric dehydrogenase and sodium citrate (substrate for
aconitase). The reaction mixture was incubated at 37°C for 15 minutes and the

absorbance was read once every 10 minutes at 340 nm for 30 minutes.

2.2.26. Estimation of lipid peroxidation

The levels of lipid peroxidation in cell lysates were estimated by TBARS assay
according to the method of Niehius and Samuelsson (1968). Decomposition of the
unstable peroxides derived from polyunsaturated fatty acids results in the formation of
malondialdehyde (MDA), which was quantified. In brief, cells after treatment were
washed twice in cold PBS, and lysed in PBS supplemented with 150 uM butylated
hydroxytoluene (BHT). 100 pl of the cell lysate was combined with freshly made 50 pl
30% trichloroacetic acid, 0.75% thiobarbituric acid, and 0.5 N HCI, and incubated for
15 minutes at 100°C. The reaction mixture was then centrifuged for 8 minutes at

13,500 g. The absorbance of the supernatant was measured at 532 nm.

2.2.27. 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, forming a Schiff base to produce the
corresponding hydrazone, which can be analyzed spectrophotometrically. Briefly
200uL of cell lysate were mixed with 800 uL of DNPH, mixed and kept at room
temperature in dark for one 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 are centrifuged at 10,000 x g for 10 minutes at 4°C, the supernatant was

discarded and the pellet was washed two times in 1 ml of 1:1 mixture of ethanol/ethyl
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acetate mixture. The tubes were centrifuged at 10,000 x g for 10 minutes at 4°C. After
final wash, the pellet was dissolved in 500 pL of guanidine hydrochloride by
vortexing. The tubes were again centrifuged and the absorbance of the supernatant was

read at 385 nm.

2.2.28. Preparation of cell lysate for antioxidant enzyme activities

After respective treatments, cells were washed in ice cold PBS and harvested in
PBS. The harvested cells were homogenized with 20 mM Tris/HCI buffer (pH 7.5)
containing 0.2% Triton x-100 and 0.5 mM PMSF and sonicated for 30 seconds on ice.
Total cell lysates were then centrifuged at 3000 rpm at 4°C for 15 minutes. The

supernatant was collected and aliquoted and utilized for different enzymatic assays.

2.2.29. Activities of antioxidant enzymes.

Activity of the antioxidant enzyme superoxide dismutase (SOD) was estimated
according to the method of Kakkar et al., 1984. The assay of SOD is based on the
inhibition of the formation of NADH-PMS-NBT formazan. In brief, the assay mixture
contained 1.2 ml of sodium pyrophosphate buffer, 0.1 ml of PMS, 0.3 ml of NBT, 0.2
ml of the cell extract and water in a total volume of 2.8 ml. The reaction was initiated
by the addition of 0.2 ml of NADH. The mixture was incubated at 30°C for 90 seconds
and arrested by the addition of 1.0 ml of glacial acetic acid. The reaction mixture was
then shaken with 4.0 ml of n-butanol, allowed to stand for 10 minutes and centrifuged.
The intensity of the chromogen in the butanol layer was measured at 560 nm in a
multimode reader. A system devoid of enzyme served as control. One unit of enzyme
activity 1s defined as the enzyme concentration, which gives 50% inhibition of NBT
reduction in one minute under assay conditions. SOD activity was expressed as U/mg
of protein.

The assay of glutathione reductase was done according to the procedure of
David and Richard (1983). To 0.1 ml of sample, 1 ml of potassium phosphate buffer
(0.12M pH 7.2), 0.1ml of EDTA, 0.Iml of sodium azide and 0.1 ml of oxidized
glutathione were added and the volume was made up to 2 ml with water. The reaction

mixture was kept at room temperature for three minutes and 0.1ml of NADPH was
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added. The absorbance at 340nm was recorded at intervals of 15 seconds for three
minutes. One unit of GR is expressed as uM of NADPH consumed per minute.

Catalase activity in the cell lysate was measured according to the method of
Aebi (1984). The method measuresd the disappearance of H,O, at 240 nm. Briefly, 0.1
ml of cell lysate was added to a cuvette containing 1.9 ml of 50 mM phosphate buffer
(pH 7.0). The reaction was started by addition of 1 ml of freshly prepared 30 mM
H,0,. Catalase activity was expressed as amount of enzyme that catalyzed the
conversion of one uM of H,O; in a minute/mg protein.

GPx activity was quantified according to the method of Rotruck et al., 1973
with some modifications. The reaction mixture consisting of 0.4 ml of 0.4 M sodium
phosphate buffer (pH 7.0), 0.1 ml of 10 mM sodium azide, 0.2 ml of 4 mM reduced
glutathione, 0.1 ml of 2.5 mM H,0,, 0.2 ml of water and 0.5 ml of cell lysate was
incubated at 25°C for 90 seconds. The reaction was terminated with 0.5 ml of 10%
TCA. The reaction mixture was then centrifuged and 1ml of the supernatant was added
to 1.5 ml of phosphate buffer and 0.5 ml of DTNB reagent (0.04% DTNB in 1%
sodium citrate). The color developed was read at 412 nm and the enzyme activity was

expressed in terms of ug of glutathione utilized/minute/mg protein.

2.2.30. Estimation of reduced glutathione (GSH)

GSH content was determined using Cayman’s GSH estimation kit (Cayman
chemicals, USA). The kit utilizes glutathione reductase for the quantification of GSH.
The sulthydryl group of GSH reacts with 5,5’-dithio-bis-2-(nitrobenzoic acid) (DTNB-
Ellman’s reagent) and produces a yellow coloured 5-thio-2-nitrobenzoic acid (TNB),
which can be read at 405 nm. The mixed disulfide, GSTNB (produced between GSH
and TNB) which is concomitantly produced is reduced by glutathione reductase to
recycle the GSH and produce more TNB. The rate of TNB production is proportional
to this recycling reaction which in turn is proportional to the concentration of GSH in

the sample.
2.2.31. Intracellular calcium (Caz+) overload

After respective treatments, cells were treated with 5uM of Fura-2AM and

incubated at 20 minutes at 37°C. After incubation, cells were washed three times with
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PBS and the images were visualized using BD PathwayTM Bioimager System (BD
Biosciences). The intensity of the colour is directly proportional to the concentration of
calcium in the sample. The intensity of the colour is fluorimetrically read at excitation

of 335 nm and emission of 505 nm by multiplate reader.

2.2.32. Quantitative real time polymerase chain reaction (QRT-PCR)

TotalRNA from 3T3-L1 adipocytes was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA). Two micrograms of total RNA was reverse transcribed
using Super Script III reverse transcriptase and random hexamers (Life technologies,
Invitrogen,USA). The expression levels of different genes were analysed by
quantitative real-time PCR (qRT-PCR), conducted using the CFX96 Real Time PCR
system (Bio-rad, USA) using the following conditions: an initial denaturation for 10
minutes at 95°C, followed by 39 cycles of 15 seconds denaturation at 95°C, 30 seconds
annealing at the optimal primer temperature and 10 seconds extension at 72°C. Each
sample was assayed in triplicate in a 20ul reaction volume containing 1ul cDNA, 10ul
SYBR Green master mix (Life technologies, Invitrogen,USA), 5.81ul DEPC water and
1.6 ul of each primer. Negative controls (no template) were run as well to ensure the
absence of contamination. Analysis was performed using comparative critical threshold
(Ct) method using B-actin as the housekeeping gene. The primers for various genes
were designed using the Primer 3 and synthesised by Hysel India Pvt. Ltd. Based on
the amplification results, the comparative CT method (AACT) was used to calculate the
relative multiple of the starting copy number that existed in the template from each
experimental group.

Fold change = 2*(-A(ACT)where ACT = CT (target) - CT (B-actin) and
AACT = ACT (stimulated) - ACT (control)
CT (threshold cycle) is the intersection between an amplification curve and a threshold

line.
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Table 2.1 primer sequences for qRT-PCR

mRNA Primer sequence
Irs2 Forward 5’-GGCCTCTGTGGAAAATGTCTC-3’
Reverse 5’-CTGTGGCTTCCTTCAAGTGAT-3’
Cl/ebpa Forward 5’-AGACATCAGCGCCTACAT-3’
Reverse 5’-TGTAGGTGCATGGTGGTCTG-3’
Pparg Forward 5’-GCTGTTATGGGTGAAACTCTG-3’
Reverse 5’-ATAAGGTGGAGATGCAGGTTC-3’
Cd36 Forward 5’-GAGAACTGTTATGGGACTAT-3’
Reverse 5’-TTAAACTCGAGAGGCAAAGG-3’
Glut4 Forward 5’-CAACGTGGCTGGGTAGGC-3’
Reverse 5’-ACACATCAGCCCAGCCGGT-3’
Socs3 Forward 5’-ATTCACCCAGGTGGCTACAG-3’
Reverse 5’-AACACAGGACCAGTTCCAGG-3’
Tfam Forward 5’-GGAATGTGGAGCGTCCTAAAA-3’
Reverse 5’-TGCTGGAAAAACACTTCGGAATA-3’
Pgcla Forward 5’-CGGAAATCATATCCAACCAG-3’
Reverse 5’-TGAGGACCGCTAGCAAGTTTG-3’
Nrfl Forward 5’-TGGTCCAGAGAGTGCTTGTG-3’
Reverse 5’-TTCCTGGGAAGGGAGAAGAT-3’
M(DNA Forward 5’-CCACTTCATCTTACCATTTA-3’
Reverse 5’-ATCTGCATCTGAGTTTAATC-3’
Grp78 Forward 5’-CCACTTCATCTTACCATTTA-3’
Reverse 5’-ATCTGCATCTGAGTTTAATC-3’
Chop Forward 5’-GTCCAGCTGGGAGCTGGAAG-3’
Reverse 3’-GTCCAGCTGGGAGCTGGAAG-3’
B-Actin Forward 5’-AGTACCCCATTGAACGC-3’
Reverse 5’-TGTCAGCAATGCCTGGGTAC-3’

2.2.33. Western blotting

Fully differentiated 3T3-L1 cells after respective treatments were lysed in RIPA

buffer containing protease inhibitor cocktail (Sigma Aldrich, St Louis, MO, USA).

After incubation, the cell suspensions were centrifuged at 12000 rpm for 15 minutes at

4°C, and the supernatants were used for immunoblot analyses. Protein content in the

supernatant was measured using a bicinchoninic acid kit (Pierce, Rockford, 1L, USA).

Briefly, 40 pg of total protein was separated by 10% sodium dodecyl sulphate
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polyacrylamide gel electrophoresis (SDS-PAGE), and the separated proteins were
transferred onto poly(vinylidene difluoride) (PVDF) membranes. The membrane was
blocked with BSA in Tris buffered saline-Tween 20 (TBST) for 1 hour at room
temperature, washed incubated with the specific primary antibodies (1:500), and B-
actin (1:500) in 1% BSA in TBST with gentle agitation at 4 °C overnight. The
membrane was washed three times with TBST for 10 minutes in a shaker, followed by
addition of HRP-conjugated secondary antibodies (1:1000) in 0.25% BSA in TBST,
and was incubated for 60 min at room temperature with shaking. After three washes
with TBST, the membranes were developed using DAB tablets and the relative
intensity of bands were quantified using Bio-Rad Quantity One version 4.5 software in

a Bio-Rad gel documentation system.

2.34. Statistical data analysis

Values are given as mean * standard deviation (n=6). Data were analyzed by
one-way ANOVA and the significances of differences between means were calculated
by Duncan’s multiple range tests using SPSS for Windows standard version 7.5.1

(SPSS, Inc.). p <0.05 was considered to be significant.

50



Chapter 3

Characterization of punicic acid as a partial PPARYy agonist

3.1. Introduction

The demand for nutraceutical compounds in the management of T2DM and MS
is increasing these days. They have been shown to target the pathogenesis of diabetes,
heart diseases and their complications, and to favourably modulate a number of
biochemical and clinical endpoints (Ramaa et al., 2006). These compounds include
antioxidants, vitamins (vitamins C, E and D), conjugated linoleic acid, omega-3 fatty
acids, minerals such as chromium and magnesium, o-lipoic acid, phytoestrogens,
dietary fibers, organic acids including abscisic acid etc. (Bassaganya-Riera et al., 2010;
Davi et al., 2010; Ramaa et al., 2006; Viladomiu et al., 2013). Although plant extracts
have been used for the treatment of T2DM for hundreds of years worldwide, more
research is needed for the identification of their active compounds and their mode of
action for wider acceptability (Rizvi and Mishra 2013). Numerous mechanisms of
antidiabetic action have been proposed for several plant extracts, like inhibition of
alpha glucosidase enzyme and the increase of insulin-stimulated glucose uptake (Patel
et al., 2012; Mentreddy, 2007; Kalekar et al., 2013).

One of the targets of interest for antidiabetic drugs is PPARy. Activation of
PPARs has been shown to play an important role in the regulation of energy
homeostasis by modulating glucose and lipid metabolism (Glide et al., 2006). Adipose
tissue is the major mediator of PPARY action in insulin sensitivity, and so, adipose
tissue is now a days emerging as a major drug target for obesity and IR (Leonardini et
al., 2009). PPARYy agonists can induce insulin sensitivity by activating the expression
of IRS2 and also by increasing tyrosine phosphorylation of IRSI leading to the
activation of Akt/PKB (Jiang et al., 2002; Smith et al., 2001). TZD family of
antidiabetics which include the widely applied drug RG (Avandia), strongly activate
PPARy and enhances adipocyte differentiation (Cho and Momose, 2008). Recently,
these PPARy activators have come under scrutiny because of certain undesirable
clinical side effects (Ahmadian et al., 2013; Rubenstrunk et al., 2007). So there is a
demand for naturally occurring PPARy modulators from edible items due to minimum

adverse effect and high tolerance to human body (Penumetcha and Santanam, 2012).
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PPARy modulators with partial agonism exhibit differential binding property as
compared with the full agonists. The partial PPARYy agonists are expected to uncouple
insulin sensitization from lipid accumulation in diabetic patients and thus can avoid
many of the side effects of full PPARy agonists (Guasch et al., 2011).

Pomegranate extracts have been widely used as antidiabetic agents and they
contain a large number of bioactive substances (Viladomiu et al., 2013). PA, one
among them is a polyunsaturated fatty acid mainly found in its seed oil and is reported
to have PPARY agonist activity by different groups (Bassaganya-Riera et al., 2011;
Hontecillas et al., 2009). Hontecillas et al had conducted studies on PPARY agonist
property of PA and found up regulation of PPARy target genes in intra abdominal
white adipose tissue of obese mouse model on treatment with PA (Hontecillas et al.,
2009).

In this chapter, we checked the effect of PA on insulin signaling pathway in
3T3-L1 adipocytes. Effect of PA on secretion of adiponectin, which is an important
adipokine for its role in MS, is also evaluated. Also the effect of PA on adipocyte
differentiation markers like CD36 and C/EBPa were studied. We also used in silico
method and in vitro ligand binding assay along with cell-based in vitro models to
characterize its activity as a partial PPARy ligand. The adipogenic potential, PPARY
ligand binding activity and insulin sensitizing activity of PA in 3T3-L1 adipocytes
were compared with that of RG, the full PPARY agonist.

3.2. Methods
Experiments were conducted to see the adipogenic potential and insulin

sensitizing activity of PA compared to RG in 3T3-L1 adipocytes. Also, the
characterization of PA as a partial PPARy agonist was done using in silico method as
well as by TR-FRET assay. The detailed procedures of all the methods are given in
chapter 2.
The methodologies in the chapter include

e (Cytotoxicity evaluation of PA

o Preadipocyte differentiation and oil red O staining assay

o Estimation of TG content

e Determination of GPDH activity
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o [Estimation of adiponectin

o Effect of PA on insulin signaling pathway in 3T3-L1 adipocytes
e GLUTH4 translocation assay

e TR-FRET assay for PPARY ligand binding efficiency

e Docking studies of PA with PPARy LBD

3.3. Results
3.3.1. Cytotoxicity evaluation of PA

Cytotoxicity of different concentrations of PA (10, 20, 30, 50 and 75 uM) was
conducted in 3T3-L1 preadipocytes and adipocytes. None of the used concentrations of

PA were found to be cytotoxic (Figure 3.1).
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Figure 3.1. Cytotoxicity evaluation of different concentrations of punicic acid in undifferentiated
and differentiated adipocytes.

3.3.2. PA moderately enhanced adipocyte differentiation in 3T3-L1 preadipocytes
compared to the full agonist RG

For adipogenesis studies, 3T3-L1 preadipocytes were treated with indicated
concentrations (5, 10 and 30 uM) of PA or RG (100 nM) throughout the process of
adipocyte differentiation for 8 days. To confirm the role of PA as a modulator of
PPARy, GW9662 (an antagonist of PPARYy) at a concentration of 10 uM was used
along with the higher concentration of PA (30 uM) during the process of differentiation
(Jiang et al., 2002; Liao et al., 2012; Shimojo et al., 2007). Lipid accumulation was
found to be increased in a dose dependent manner on treatment with PA (Figure 3.2 A).
Adipocyte differentiation was confirmed by oil red O staining of lipid droplets (Figure
3.2 B). The optical density of eluted oil red O concentration was significantly increased
by 1.12 and 1.15 fold compared to the control group with 10 and 30 puM

concentrations of PA respectively (p < 0.05), but it was significantly less compared
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with the RG treated cells (p < 0.05). In RG treated cells, eluted oil red O concentration
was increased significantly (p < 0.05) to 1.35 fold compared to the control (Figure 3.2
C). These results revealed that PA stimulated adipocyte differentiation in a moderate
level compared with RG. Further it also indicated that in presence of GW9662, a potent
inhibitor of PPARY, the adipogenic potential of PA was decreased and the optical
density of eluted oil red O concentration was reduced significantly to 1.21 fold
compared to the 30 uM PA alone treated cells, indicating that PA acts through PPARY.
Overall results of adipocyte differentiation showed that PA only moderately enhanced

differentiation of preadlpocytes as compared with the full PPARY agonlst RG.
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Figure 3.2. Adipocyte differentiation assay and Oil red O staining: (A) Phase contrast micrograph of
lipid accumulation in adipocytes treated with various concentrations of punicic acid, rosiglitazone and
punicic acid + GW9662. (B) Phase contrast micrograph of oil red O staining in differentiated adipocytes.
(a) control (b) punicic acid 5 uM (c) punicic acid 10 uM (d) punicic acid 30 uM (e) rosiglitazone 100
nM (f) punicic acid 30 pM+ GW9662 10 uM. Scale bars correspond to 100 pm. (C) Quantification of
lipid droplet in differentiated adipocytes by oil red O staining. C-control, PA1- punicic acid 5 uM, PA2-
punicic acid 10 uM, PA3- punicic acid 30 uM, RG rosiglitazone 100 nM, PA3 + GW-punicic acid 30
uM+ GW9662 10 uM. Values are means, with standard deviations represented by vertical bars (n=6).
*indicates significant difference from control group (p < 0.05). #indicates significant difference from
rosiglitazone treated group (p < 0.05). $ indicates significant difference from 30 uM PA treated group.
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3.3.3. PA enhanced GPDH expression and TG accumulation in 3T3-L1 adipocytes

During the conversion of preadipocytes into adipocytes there is an increase in
the accumulation of lipid and also the activity of the cytosolic enzyme GPDH (Wise
and Green, 1979). TG accumulation and GPDH activity were also determined in the
cells treated with PA. PA was found to increases TG accumulation and GPDH activity
in moderate level but significantly less (p < 0.05) than RG. In details, PA caused a
significant increase (p < 0.05) in TG content by 1.17 and 1.27 fold with 10 and 30 uM
doses of PA respectively (Figure 3.3 A). PA also caused a significant increase (p <
0.05) in GPDH activity with 10 (1.12 fold compared to the control group) and 30 uM
(1.16 fold increase compared to the control group) concentrations (Figure 3.3 B). RG
significantly increased (p < 0.05) TG and GPDH activity by 1.93 and 1.50 fold
compared to the control group (Figure 3.3 A, B). The effect of GW9662 on GPDH
activity and TG accumulation in PA treated cells were also analyzed. The presence of
GW9662 significantly reduced (p < 0.05) the TG accumulation and GPDH activity in
PA (30 uM) treated cells (reduced to 1.45 and 1.30 fold respectively with respect to the
30 uM of PA alone treated group; Figure 3.3 A, B). These results again confirmed the
activity of PA as a partial PPARY agonist.
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Figure 3.3. Triglyceride content and glycerol-3-phosphate dehydrogenase (GPDH) activity in 3T3-
L1 adipocytes: A) Triglyceride content in various groups B) GPDH activity in various groups. C-
control, PA1- punicic acid 5 uM, PA2- punicic acid 10 uM, PA3- punicic acid 30 uM, RG- rosiglitazone
100 nM, PA3 + GW-punicic acid 30 uM+GW9662 10 uM. Values are means, with standard deviations
represented by vertical bars (n=6). *indicates significant difference from control group (p < 0.05).
#indicates significant difference from rosiglitazone treated group (p < 0.05). $ indicates significant
difference from 30 pM of PA treated group.
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3.3.4. PA enhanced the expression of adipogenic genes C/EBPa and CD36

Effect of PA on the expression of adipogenic markers like C/EBPa and CD36
was analyzed by qRT-PCR. The expression of both C/EBPa and CD36 were up-
regulated in a dose dependent manner indicating an increased adipogenic potential on
treatment with PA. CD36 expression was increased significantly (p < 0.05) by 1.20,
1.47 and 1.52 fold with the three concentrations (5, 10, and 30 uM) of PA compared to
that of control group, and in RG treated cells, CD36 expression was increased
significantly (p < 0.05) by 1.67 fold compared to the control group (Figure 3.4).
C/EBPa expression was increased significantly (p < 0.05) by 1.22 and 1.96 fold with
10 and 30 pM of PA compared to that of control group, and in RG treated cells,
C/EBPa expression was increased significantly (p < 0.05) by 2.46 fold compared to the
control group (Figure 3.4). These results again confirm a less adipogenic potential of

PA compared to the full agonist RG.
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Figure 3.4. mRNA expressions of CD36 and C/EBPa in different experimental groups: C-control,
PAI1- punicic acid 5 uM, PA2- punicic acid 10 uM, PA3- punicic acid 30 uM, RG- rosiglitazone 100
nM. Values are means, with standard deviations represented by vertical bars (n=6). *indicates significant
difference from control group (p < 0.05). #indicates significant difference from rosiglitazone treated
group (p <0.05).

3.3.5. PA enhanced the expression of PPARY in 3T3-L1 adipocytes

Next we studied the effect of PA on the expression of PPARy by qRT-PCR and
western blot. PA and RG up-regulated the mRNA level expression of PPARy
significantly in a dose dependent manner (increased by 1.20, 1.33, 1.46 and 2.33 fold
compared to the control group for 5, 10 and 30 pM of PA and 100 nM of RG
respectively; p < 0.05; Figure 3.5 A). The protein level expression of PPARY was also
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increased in a dose dependent manner on treatment with PA, which was evident from
western blot result. The expression of PPARY protein level was increased significantly
(p < 0.05) by 1.19, 1.30 and 1.37 fold for 5, 10 and 30 uM of PA, and for RG, the
protein was increased significantly (p < 0.05) by 1.59 fold compared to the control
group (Figure 3.5 B, C). But the increase in the mRNA and protein expression levels
were significantly (p < 0.05) lower compared with RG treated cells, indicating the

quality of PA as a partial PPARy agonist.
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Figure 3.5. mRNA and protein expression of PPARYy in different experimental groups: A) mRNA
expression of PPARy B) Immunoblot analysis of PPARy C) Densitometric analysis of protein
expression of PPARy with respect to -actin. C-control, PA1- punicic acid 5 pM, PA2- punicic acid 10
uM, PA3- punicic acid 30 uM, RG- rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). *indicates significant difference from control group (p < 0.05).
#indicates significant difference from rosiglitazone treated group (p < 0.05).

3.3.6. PA enhanced adiponectin secretion in 3T3-L.1 adipocytes

Fully differentiated 3T3-L1 cells were treated with different concentrations of
PA or RG for 24 hours and the release of adiponectin from the cells into the medium
was determined by using mouse adiponectin ELISA kit. The result showed that PA

significantly increased (p < 0.05) adiponectin secretion in a dose dependent manner
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Figure 3.6). Adiponectin secretion was increased by 1.11, 1.16 and 1.20 fold with 5,
10, and 30 uM of PA respectively compared to the control group and with RG (100
nM) it was increased significantly (p < 0.05) by 1.34 fold. This result supports the

beneficial property of PA as an insulin sensitizing agent.
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Figure 3.6. Secretion of adiponectin in various groups: Fully differentiated 3T3-L1 adipocytes were
treated with different concentrations of punicic acid and rosiglitazone and adiponectin was estimated in
the conditioned media. C-control, PA1- punicic acid 5 uM, PA2- punicic acid 10 uM, PA3- punicic acid
30 uM, RG- rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical
bars (n=6). *indicates significant difference from control group (p < 0.05).
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3.3.7. Competitive binding affinity of PA to PPAR y

In vitro binding of PA to PPARy was analyzed by TR-FRET PPARy
competitive binding assay (Raman et al., 2011), using RG and GW9662 as the positive
controls. The main reaction of this assay includes the binding of the test compounds
(RG, PA and GW9662) with PPARY ligand binding domain (LBD) by displacing the
Fluromone Pan PPAR green. This will cause a reduction in the ratiometric emission at
520 nm/490 nm. The FRET signals were measured in Tecan multiplate reader and are
plotted against various concentrations of the ligands.The ICsy value of the compounds
for the 50% displacement of Pan PPAR green was calculated from the response curve
and was found to be 4.82 uM for PA, whereas for RG and GW9662 it was 53.09 nM
and 12.88 nM respectively (Figure 3.7).
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Figure 3.7. Lanthascreen TR-FRET PPARy competitive binding assay of punicic acid,
rosiglitazone and GW9662: The reaction mixture containing 0.5 nM PPAR-LBD (GST), 5 nM
Terbium-tagged anti-GST antibody, 5 nM Fluormone Pan-PPAR Green, 5 mM dithiothreitol, and
varying concentrations of punicic acid, rosiglitazone or GW9662 was incubated in dark for 2 hours and
TR-FRET signals were measured. The values are means, with standard deviations represented by
vertical bars (n=6).

3.3.8. Docking analysis of PPARy with PA

By our molecular docking experiment using Autodock 4.2 and iGEMDOCK v2.1,
appropriate binding and conformation of PA and RG to the LBD of PPARy was estimated (Hsu
et al., 2011; Mahindroo et al., 2006; Morris et al., 2009). Autodock has estimated the free
binding energy of PA to be -5.91 kcal/mol showing the high potential binding affinity into the
binding site. The docking fitness obtained for PA using iGEMDOCK is 614.678. For RG, the
free energy of binding was found to be -6.99 kcal/mol and fitness value was found to be
2116.08. So by molecular docking study it was predicted that PA could bind to the LBD of
PPARy though slightly weak as compared with RG (Figure 3.8). The binding energy of the
ligands with PPARy was analysed by using the software iGEMDOCK (Hsu et al., 2011) and it
is represented in Table 3.1. Other groups had also predicted the more or less similar level
of binding affinity of PA to the PPARy LBD by molecular docking (Lewis et al.,
2011).

Thus molecular docking study and competitive binding assay confirmed proper
binding of PA to the LBD of PPARy predicting agonist property of PA. But the

binding affinity was less compared to RG.
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Figure 3.8. Docking of punicic acid and rosiglitazone to the LBD of PPARy (A) Autodock 4.2
representing the binding of PA with PPARy LBD. (B) iGEMDOCK v2.1 representing the best docking
pose of PA to PPARy LBD. (C) Autodock 4.2 representing the binding of RG with PPARy LBD. (D)
iGEMDOCK v2.1 representing the best docking pose of RG to PPARy LBD

Compund Energy (kcal/mol) VDV H bond Elect
PA -85.0884 -85.0884 0 0
RG -100.512 -100.512 0 0

Table 3.1. Binding energy of PA and RG to the LBD of PPARY obtained by iGEMDOCK

3.3.9. PA up-regulated the expression of IRS2 in 3T3-L1 adipocytes

Treatment of 3T3-L1 adipocytes with different concentrations of PA
significantly up-regulated (p < 0.05) the mRNA expression of IRS2 (the expression
was increased to 1.24, 1.90 and 2.14 fold compared to the control group). RG treatment
also significantly increased (p < 0.05) IRS2 gene expression to 3.35 fold compared to
the control group (p < 0.05; Figure 3.9 A). Also, western blot analysis showed that PA
treatment increased the protein level expression of IRS2 (p < 0.05; Figure 3.8 B, C) in
a dose dependent manner which was comparable to that of RG treated group. IRS2
protein level was increased significantly (p < 0.05) to 1.20, 1.57, 1.62 and 1.71 fold for
5, 10 and 30 uM of PA and 100 nM of RG respectively, compared to the control group.
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Figure 3.9. mRNA and protein expression of IRS2 in different experimental groups: A) mRNA
expression of IRS2 B) Immunoblot analysis of IRS2 C) Densitometric analysis of protein expression of
IRS2 with respect to B-actin. C-control, PA1- punicic acid 5 uM, PA2- punicic acid 10 pM, PA3-
punicic acid 30 uM, RG- rosiglitazone 100 nM. Values are means, with standard deviations represented
by vertical bars (n=6). *indicates significant difference from control group (p < 0.05).

3.3.10. PA up-regulated PI3K expresion and Akt phosphorylation in 3T3-L1
adipocytes

Western blot analysis showed that PA treatment increased the protein level
expression of pAkt and PI3K significantly (p < 0.05). On treatment with different
concentrations of PA and RG, PI3K level was increased by 1.45, 1.67, 1.79 and 1.87
fold for 5, 10 and 30 uM of PA and 100 nM of RG respectively (Figure 3.10 A, B). PA
or RG treatment increased the expression of pAkt/Akt ratio to 1.46, 1.73, 1.81 and 1.64
fold compared to the control group for 5, 10 and 30 uM of PA and 100 nM of RG
respectively (Figure 3.10 C, D).
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Figure 3.10. Protein expression of pAkt and PI3K in different experimental groups: A) Immunoblot
analysis of pAkt B) Densitometric analysis of expression of pAkt with respect to total Akt C)
Immunoblot analysis of PI3K D) Densitometric analysis of expression of PI3K with respect to B-actin.
C-control, PAI- punicic acid 5 uM, PA2- punicic acid 10 uM, PA3- punicic acid 30 uM, RG-
rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars (n=6).
*indicates significant difference from control group (p < 0.05).

3.3.11. PA up-regulated the expression of GLUT4 in 3T3-L1 adipocytes

PA treatment also increased the mRNA level expression of GLUT4
significantly in a dose dependent manner (increased to 1.30, 1.53 and 1.94 fold
compared to the control group on treatment with 5, 10 and 30 uM of PA respectively; p
< 0.05; Figure 3.11 A) and RG also increased the expression of GLUT4 mRNA
significantly (increased to 1.86 fold compared to the control group, p < 0.05; Figure
3.11 A). Also, the protein level expression of GLUT4 was increased significantly on
treatment with PA and RG (increased to 1.27, 1.42, 1.50 and 1.60 fold increase for 5,
10 and 30 uM of PA and 100 nM of RG respectively (p < 0.05; Figure 3.11 B, C).
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Figure 3.11. mRNA and protein expression of GLUT4 in different experimental groups: A) mRNA
expression of GLUT4 B) Immunoblot analysis of GLUT4 C) Densitometric analysis of protein
expression of GLUT4 with respect to f-actin. C-control, PA1- punicic acid 5 uM, PA2- punicic acid 10
UM, PA3- punicic acid 30 uM, RG- rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). *indicates significant difference from control group (p < 0.05).
#indicates significant difference from rosiglitazone treated group (p < 0.05).

3.3.12. PA enhanced GLUT4 translocation to the plasma membrane

Next we studied the effect of PA on the translocation of GLUT4 into the
plasma membrane by immunofluorescence analysis (Figure 3.12). PA treatment
increased the translocation of GLUT4 into the plasma membrane in a dose dependent
manner. RG treatment also increased the translocation of GLUT4 into the plasma

membrane.
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Figure 3.12. Immunofluorescence imaging of GLUT4 translocation in control and treated cells: (a)
control (b) punicic acid 5 uM (c) punicic acid 10 uM (d) punicic acid 30 uM (e) rosiglitazone 100 nM
(f) punicic acid 30 pM+ GW9662 10 uM. Scale bars correspond to 100 pm.

3.3.13. PA enhanced glucose uptake in 3T3-L1 adipocytes

Next, insulin stimulated glucose uptake activity in PA treated cells was
measured by using commercially available kit (colorimetry) and by using 2-NBDG, a
fluorescent analogue of glucose (cytometry) using RG (100 nM) as the positive control.
The results indicated that PA and RG significantly increased (p < 0.05) insulin
stimulated glucose uptake in adipocyte in a dose dependent manner (Figure 3.13). In 2-
deoxy glucose uptake assay, glucose uptake was found to be increased to 1.20, 1.65
and 2.25 fold with the three concentrations (5, 10, and 30 uM) of PA whereas RG
caused an increase of 1.80 fold compared to the control group (Figure 3.13 A). Results
obtained by flow cytometry using 2-NBDG also showed the same trend as that of 2-
deoxy glucose uptake assay (Figure 3.13 B).
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Figure 3.13. Glucose uptake activity in 3T3-L1 adipocytes: (A) 2-deoxy glucose uptake activity in
various groups. C-control, PA1- punicic acid 5 pM, PA2- punicic acid 10 uM, PA3- punicic acid 30 uM,
RG- rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars
(n=6). *indicates significant different from control group (p < 0.05). (B) 2-NBDG uptake activity in
various groups. Representative histogram shows percentage cells with fluorescent intensity which
indicates glucose uptake activity. (a) control group, (b) punicic acid 5 pM, (c) punicic acid 10 uM, (d)
punicic acid 30 uM, (e) rosiglitazone 100 nM.
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3.4. Discussion

PPARYy agonists of natural origin are now gaining more importance than the
synthetic ones because of their fewer side effects. New lead PPARy agonists from
natural resources are showing much potential in the treatment of diabetes and
associated disorders, suggesting the relevance of nutraceuticals as PPARy agonists for
the management of MS (Rau et al., 2006; Salam et al., 2008). In the present chapter,
we characterized PA as a partial PPARYy agonist and evaluated the potential of PA as a
nutraceutical by conducting detailed study on its insulin sensitizing property in 3T3-L1
adipocytes. We studied the effect of PA on the expression of PPARYy, IRS2, PI3K and
pAkt in 3T3-L1 adipocytes. Effect of PA on insulin mediated glucose uptake,
adiponectin secretion, expression and translocation of GLUT4 were also studied.
Various biochemical and molecular studies were conducted on adipogenesis and
associated signaling pathways to elucidate its PPARY agonist property in comparison
with RG. The extent of adipocyte differentiation was studied by morphological
examination of the cells for lipid accumulation, quantification of lipid droplets by oil
red O staining, measurement of TG accumulation by colorimetric method,
measurement of the activity of the enzyme GPDH and also by studying the expression
of adipocyte differentiation markers like C/EBPa and CD36.

Adipocyte differentiation is characterized by highly coordinated signaling
pathways and it includes morphological and biochemical changes in adipocytes.
Synthetic PPARY agonists enhance adipocyte differentiation and they can act as insulin
sensitizers and are used in the treatment of T2DM. But these are full agonists of
PPARy and are associated with various side effects like weight gain, edema, fluid
retention and congestive heart failure (Guasch et al., 2013). Nutritional items that can
induce adipocyte differentiation in a moderate level with better insulin sensitizing
property can be considered as better options for the management of MS and associated
disorders.

PPARYy is a master regulator of adipocyte differentiation (Choi et al., 2009).
During adipocyte differentiation, PPARYy is up regulated and PPARy agonists are
reported to enhance adipocyte differentiation (Gregoire et al., 1998). Adipocyte
differentiation is accompanied by increased lipid accumulation and there is an increase

in the activity of the lipogenic enzyme, GPDH (Wise and Green, 1979). PPARYy is
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involved in the terminal differentiation process along with ¢/EBPa by activating the
expression of aP2 and LPL and there by facilitating the cytoplasmic storage of TG in
adipocytes (Gregoire, 1998). Also, C/EBPa is involved in PPARy dependent
expression and maintenance of insulin sensitivity (Farmer, 2006). CD36 is another
important marker of differentiation of pre-adipocytes into adipocytes and is an integral
membrane glycosylated protein. CD36 is a fatty acid transporter found in many
mammalian cell types such as adipocyte macrophages, hepatocytes, endothelial cells
etc. (Silverstein and Febbraio, 2009). In CD36 null mice, fatty acid uptake in
adipocytes was found to be reduced to around 60% (Coburn et al., 2000). Our results
indicated that PA moderately enhanced adipocyte differentiation in 3T3-L1 pre-
adipocytes compared with the full agonist RG, which is evident from the results of TG
estimation and oil red O staining. Also, PA induced pre-adipocyte differentiation was
inhibited on treatment with GW9662, an antagonist of PPARY, indicating that PA
enhanced adipocyte differentiation by activating PPARy. PA induced increase in
adipocyte differentiation is also accompanied by moderate increase in the activity of
the enzyme GPDH and moderate increase in the expression of C/EBPa, PPARy and
CD36, suggesting the property of PA as a partial PPARy agonist.

Our molecular docking study and TR-FRET assay proved that PA can bind
with the ligand binding domain of PPARY but with less affinity compared with the full
PPARy agonist RG, again confirming that PA can be considered as a partial PPARy
agonist. Molecular docking study revealed that the binding energy of PA to the PPARYy
LBD was less compared to the full agonist RG. Full PPARYy agonists like RG interacts
with PPARy LBD through hydrogen bonds with the amino acid residues Ser289,
His323, His449 and Tyr473. The interaction profile for RG to the PPARy LBD
obtained using Autodock was consistent with the previous reports (Guasch et al., 2013;
Lima et al., 2014). The key interactions between partial agonists and the LBD of
PPARYy are different than those of the full agonists, which affects the recruitment of
various coactivators causing differential transcriptional activity of PPARy (Lu et al.,
2006; Pochetti et al., 2007). Our docking study revealed that PA did not share the
common binding site as that of RG, indicating that it behaves more like a partial

agonist.
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Adiponectin is an important adipokine secreted by small adipocytes, which
enhance insulin sensitivity (Rau et al., 2006; Yamauchi et al. 2001). Adiponectin is a
PPARY target gene which is involved in adipocyte differentiation (Choi et al., 2009). It
is reported that adiponectin increases insulin sensitivity in adipocytes by increasing the
number of insulin sensitive adipocytes and the level of adiponectin is increased during
adipocyte differentiation and decreased during conditions like T2DM (Fu et al., 2005;
Naowaboot et al., 2012). Our result indicates that treatment with PA dose dependently
enhanced adiponectin secretion into the medium. This result supports the beneficial
property of PA as an insulin sensitizing agent.

PPARy agonists like TZDs are reported to enhance IRS2 gene expression
(Smith et al., 2001). Tyrosine phosphorylation of IRS can activate PI3K. PI3K
phosphorylates phosphatidyl inositol lipids, in the plasma membrane. Thus generated
phosphatidyl-inositol-3,4,5-trisphosphate (PIP3) recruits the serine/threonine protein
kinases PDK1 and PKB/Akt to the plasma membrane (James et al., 1996). The
phosphorylation of PKB/Akt at threonine 308 causes its partial activation and
phosphorylation at serine 403 causes maximal activation (Alessi et al., 1996; Alessi et
al., 1997; Stokoe et al., 1997). Phosphorylated PKB/Akt causes GLUT4 translocation
to the plasma membrane and increases glucose uptake (Summers et al., 1998). PI3K is
involved in the insulin stimulated glucose uptake activity in adipocytes (Yang et al.,
2007) and the activation of PPARYy is reported to up-regulate PI3 kinase activity
(Naowaboot et al., 2012). Insulin stimulated GLUT4 translocation is an important
event in glucose uptake in adipocytes (Zhiyong et al., 2012). PPARYy ligands are known
to increase glucose transport in insulin sensitive tissues. The synthetic ligands of
PPARy like TZDs enhance glucose uptake by increasing the expression of GLUT1 or
GLUT4 or by increasing the translocation of GLUT4 (Kuhn et al., 2011). The present
study showed that treatment of adipocytes with PA resulted in increased expression of
IRS2, PI3K, pAkt, PPARy and GLUT4 and translocation of GLUT4. Thus PA
enhanced insulin stimulated glucose uptake and insulin sensitivity in 3T3-L1
adipocytes.

Effect of PA on insulin stimulated glucose uptake activity in 3T3-L1 adipocytes
was comparatively higher than that of RG treated cells. At the same time, adipogenic

potential of PA was moderate compared to RG. The results of both glucose uptake
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activity and adipogenic potential of PA gave an idea that PA is a relevant compound in
nutraceutical perspectives compared with the existing full agonist like RG. These
results revealed that PA is a partial PPARy agonist with potent insulin stimulated
glucose transport capacity and moderate adipogenic potential. In addition, PA
improves adiponectin secretion. Because of high tolerance to humans due to its edible
nature, the prospects of PA as a nutraceutical is very attractive compared to RG. For
maximum utilization of its potential as nutraceuticals, detailed investigations are
needed with respect to its mode of action on various other relevant biochemical targets
of insulin signaling pathway. Keeping this in mind detailed investigation had been
conducted on the effect of PA on inflammation induced insulin resistance in 3T3-L1

adipocytes. The details of this study are given in the next chapter.
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Punicic acid improves insulin resistance induced via inflammation by

TNF-a in 3T3- L1 adipocytes

4.1. Introduction

Insulin resistance is defined as a condition in which there is a reduced ability of
cells or tissue to respond to the physiological levels of insulin and is a characteristic
condition in the pathogenesis of T2DM (Zhang et al., 2009). IR is a defining factor in
the development of MS (de Luca and Olefsky 2008). Inflammation in adipose tissue is
strongly associated with the development of IR in humans and rodents (Kwon and
Pessin, 2013). Chronic low grade inflammation in adipocytes is a stimulus to initiate
IR and T2DM (Hotamisligil, 2006; Shoelson et al., 2006). Inflammation in adipocytes
can lead to oxidative stress, mitochondrial dysfunction, ER stress etc. and can
contribute to the activation of stress responsive genes including JNK, IKKp, NF-kB
etc. which in turn augment the expression of inflammatory genes thus contributing to
systemic inflammation (Samuel and Shulman, 2012).

Among the different types of proinflammatory cytokines TNF-a is the first one
to be identified to play an important role between obesity, inflammation and IR
(Fujishiro et al., 2003). TNF-a is produced by adipocytes and macrophages infiltrating
adipocytes, and the amount of TNF-a is increased in obese and diabetic subjects
(Weisberg et al., 2003). Treatment with TNF-a causes an inhibition in insulin signaling
and results in a state of IR in several isolated cell system including 3T3-L1 adipocytes,
human primary adipocytes and animal models (Hotamisligil et al., 1996; Plomgaard et
al., 2005; Shibasaki et al., 2003; Shoelson et al., 2006). It also causes a reduction in
the expression of various proteins involved in insulin signaling pathway like IRSI,
GLUT4, LPL, C/EBP and PPARY, leading to a reduction in glucose uptake (Ruan et
al., 2002; Stephens et al., 1997).

Obese patients having T2DM are reported to have increased levels of TNF-a in
circulation and adipose tissue (Hotamisligil et al., 1993; Kern et al., 1995; Kwon and
Pessin, 2013). TNF-a is found to increase the phosphorylation of several inhibitory
kinases including JNK and IKKP, which can further cause the activation and

transportation of NF-kB p65 into the nucleus (Boura-Halfon and Zick, 2009; Gual et
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al., 2005; Tanti and Jager, 2009). The activated NF-«B can further induce the
production of inflammatory markers and also activate SOCS3 and PTP1B, which can
cause a decline in insulin sensitivity. The increased PTP1B expression can cause
dephosphorylation of tyrosine residue of IRS1 leading to a decline in insulin sensitivity
(Chuang et al., 2010). Activation of NF-kB is reported to inhibit the transcriptional
activation of PPARY, leading to a state of IR (Remels et al., 2009).

Activation of PPARy by thiazolidinediones is reported to partially ameliorate
IR (Olefsky, 2000). Besides, PPARY has also been demonstrated as a key repressor in
obesity linked IR and inflammation (Moller and Berger, 2003). PPARy agonists like
TZDs have been shown to block the effect of TNF-a in important insulin signaling
events including the tyrosine phosphorylation IRS1 (Peraldi et al., 1997). PPARy
agonists can interfere with the signaling cascade of NF-kB thus inhibiting the
expression of proinflammatory cytokine, ameliorating inflammation and IR.

The preliminary work related to adipogenic potential and insulin sensitizing
property of PA was found to be very attractive and promising for management and
control of MS. Keeping this in mind, studies related to the effect of PA on
inflammation mediated IR was conducted and details of the same are given in this

chapter.

4.2. Methods
Experiments were conducted to see the effect of PA and RG on TNF-a induced

insulin resistant model of 3T3-L1 adipocytes. In order to see the effect of PA and
molecular mechanisms behind its activity detailed investigations were conducted on
insulin signaling pathway. For this the following experiments were conducted. The
detailed procedures of all the methods are given in chapter 2.

e Induction of IR in 3T3-L1 adipocytes by TNF-a treatment (10 ng/ml, 24 hour)

e 2-deoxy glucose uptake assay

o Estimation of adiponectin and leptin

o NF-«B translocation assay

e Estimation of inflammatory cytokine release

e Analysis of PTP1B expression by indirect ELISA

e Analysis of SOCS3 expression by qRT-PCR
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e Analysis of JNK1/2 and pJNKY2 expression by western blot
e Analysis of pIRS1 (serine 307) expression by western blot
e Expression of PPARy and GLUT4 by qRT-PCR and western blot

4.3. Results
4.3.1. PA improved TNF-o induced reduction in 2-deoxy glucose uptake

TNF-a treatment (10 ng/ml for 24 hours) caused a significant reduction in
insulin stimulated glucose uptake (1.7 fold reduction with respect to control group; p <
0.05). Treatment with various concentrations of PA or RG along with TNF-a
significantly restored (p < 0.05) the glucose uptake capacity (1.23, 1.45, 1.5 and 1.51
fold increase than the TNF-a treated group for 5, 10 and 30 uM of PA and for 100 nM
of RG respectively) (Figure 4.1).
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Figure 4.1. Punicic acid reversed TNF-a induced decrease in insulin stimulated glucose uptake in
3T3-L1 adipocytes: Fully differentiated 3T3-L1 adipocytes were treated with 10ng/mL of TNF-a for 24
hours in the presence or absence of various concentration of punicic acid or rosiglitazone and 2-
deoxyglucose uptake assay was performed. C-control, TNF-a- TNF-a treated group, PAl- TNF-a +
punicic acid 5 uM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a
+ rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars (n=6).
*p < 0.05 relative to control group; # p < 0.05 relative to TNF-a treated group.

4.3.2. PA increased adiponectin and decreased leptin secretion in TNF-a induced
insulin resistant model of 3T3-L.1 adipocytes

We quantified the level of adiponectin and leptin by ELISA methods in the
conditioned media after respective treatments. TNF-a treatment significantly reduced
(p < 0.05) the secretion of adiponectin in the medium (3.75 fold decrease compared to

the control group; Figure 4.2 A). PA and RG treatment significantly restored (p < 0.05)
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the adiponectin secretion (1.31, 1.60, 2.21 and 3.36 fold increase compared with the
TNF-a treated group for 5, 10 and 30 uM of PA and for 100 nM of RG respectively).

TNF-a treatment significantly increased (p < 0.05) the secretion of leptin in to

the media (1.60 fold increase compared to the control group). In PA and RG treated

groups, leptin levels were reduced significantly (p < 0.05) compared to the TNF-a

treated group (1.13, 1.23, 1.40 and 1.65 fold decrease for 5, 10 and 30 uM of PA and

for 100 nM of RG respectively; Figure 4.2 B).
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Figure 4.2. Adiponectin and leptin secretion in various experimental groups: A) Estimation of
adiponectin in conditioned media by ELISA B) Estimation of leptin in conditioned media by ELISA. C-
control, TNF-a- TNF-a treated group, PA1- TNF-o + punicic acid 5 uM, PA2- TNF-a + punicic acid 10
UM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with
standard deviations represented by vertical bars (n=6). *p < 0.05 relative to control group; # p < 0.05
relative to TNF-a treated group.

4.3.3. PA decreased TNF-a induced NF-kB p65 translocation in adipocytes

NF-kB p65 translocation into the nucleus was studied by ELISA of nuclear and
cytosolic fractions of different experimental groups (Figure 4.3). In TNF-a treated
group there was a significant increase (p < 0.05) in the translocation of NF-xB p65 to
the nucleus (2.69 fold increase compared to the control group). In PA treated groups,

the translocation was decreased significantly (p < 0.05) in a dose dependent manner
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(1.25, 1.58 and 2.01 fold reduction compared to the TNF-a treated group). In RG
treated group also NF-kB p65 translocation was decreased significantly (p < 0.05) to
1.65 fold compared to the TNF-a treated group.
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Figure 4.3. NF-kB p65 translocation in various experimental groups: C-control, TNF-a- TNF-a
treated group, PA1- TNF-a + punicic acid SuM, PA2- TNF-a + punicic acid 10uM, PA3- TNF-a +
punicic acid 30uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations

represented by vertical bars (n=6). *p < 0.05 relative to control group; # p < 0.05 relative to TNF-a
treated group.

4.3.4. PA decreased TNF-a induced JNK phosphorylation in 3T3-L1 adipocytes

Immunoblot analysis showed that TNF-a treatment significantly increased JNK
phosphorylation in 3T3-L1 adipocytes compared with control group. Treatment with
PA and RG lowered the levels of phosphorylated JNK in a dose dependent manner
(Figure 4.4 A, B). In TNF-a treated group, pJNK was increased significantly (p < 0.05)
with respect to total JNK level to 1.86 fold compared with the control group. 5, 10 and
30 uM of PA and 100 nM of RG significantly decreased (p < 0.05) the level of pJNK
by 1.20, 1.29, 1.40 and 1.38 fold respectively compared to the TNF-a treated group.
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Figure 4.4. Levels of pJNK in various experimental groups: A) Immunoblot analysis of pJNK B)
Densitometic analysis of pJNK with respect of total JNK. C-control, TNF-a- TNF-a treated group, PA1-
TNF-a + punicic acid SuM, PA2- TNF-a + punicic acid 10uM, PA3- TNF-a + punicic acid 30uM, RG-
TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars
(n=6). *p < 0.05 relative to control group; # p < 0.05 relative to TNF-a treated group.

4.3.5. PA decreased TNF-a induced serine phosphorylation of IRS1 in 3T3-L1
adipocytes

Immunoblot analysis showed that TNF-a treatment significantly increased (p <
0.05) the level of serine phosphorylated IRS1 with respect to the total IRS1 level in
3T3-L1 adipocytes (increased by 1.80 fold compared with control group). Treatment
with PA and RG significantly lowered (p < 0.05) serine phosphorylation of IRS1 by
1.13, 1.21, 1.28 and 1.31 fold for 5, 10 and 30 uM of PA and for 100 nM of RG
respectively compared to TNF-a treated group, indicating protection from TNF-a

induced IR (Figure 4.5 A, B).
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Figure 4.5. Levels of pIRS1(ser 307) in various experimental groups: A) Immunoblot analysis of
pIRS1 B) Densitometic analysis of pIRS1 with respect of total IRS1. C-control, TNF-a- TNF-a treated
group, PA1- TNF-a + punicic acid 5 pM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic
acid 30 uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). *p < 0.05 relative to control group; # p < 0.05 relative to TNF-a
treated group.

4.3.6. PA decreased TNF-a induced SOCS3 expression in 3T3-L1 adipocytes

SOCS3 is an important marker of IR. In TNF-a induced insulin resistant
model, the mRNA level of SOCS3 was increased significantly (p < 0.05) by 2.21 fold
compared to the control group and treatment with PA and RG significantly decreased
(p < 0.05) the expression of SOCS3 in a dose dependent manner. Expression was
decreased by 1.19, 1.32 and 1.23 fold for 10 and 30 uM of PA and for 100 nM of RG
respectively compared to TNF-a treated group (Figure 4.6).
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Figure 4.6. Levels of SOCS3 mRNA expression in various experimental groups: C-control, TNF-a-
TNF-a treated group, PA1- TNF-a + punicic acid 5uM, PA2- TNF-a + punicic acid 10uM, PA3- TNF-a
+ punicic acid 30uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). *p < 0.05 relative to control group; # p < 0.05 relative to TNF-a
treated group.

4.3.7. PA decreased TNF-a induced PTP1B expression in 3T3-L1 adipocytes

The level of PTP1B was determined using indirect ELISA method. In TNF-a
induced insulin resistant model, the level of PTP1B was increased significantly (p <
0.05) by 1.30 fold compared to the control group; indicating the induction of IR. On
treatment with PA and RG the PTP1B levels were decreased significantly (p < 0.05)
by 1.21, 1.35, 1.39 and 1.45 fold for 5, 10 and 30 uM of PA and for 100 nM of RG
respectively compared to the TNF-a treated group, indicating an enhancement of

insulin sensitivity (Figure 4.7).
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Figure 4.7. PTP1B protein expression in various experimental groups: C-control, TNF-a- TNF-a
treated group, PA1- TNF-a + punicic acid 5 pM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a +
punicic acid 30 pM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). *p < 0.05 relative to control group; # p < 0.05 relative to TNF-a
treated group.
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4.3.8. PA improved TNF-a induced alterations in secretion of inflammatory
markers in 3T3-L1 adipocytes

TNF-a treatment induced the secretion of pro-inflammatory cytokines such as
IL-6, MCP-1, IFN-y and IL-1p significantly and treatment with PA and RG decreased
TNF-a induced secretion of cytokines (Table 4.1). IL-6 level was increased
significantly (p < 0.05) in TNF-a treated group compared to the control group (2.84
fold increase) and on treatment with PA, IL-6 levels were decreased significantly (1.15,
1.24, 1.55 and 1.23 for 5, 10 and 30 uM of PA and 100 nM of RG respectively
compared with the TNF-a treated group; p < 0.05). In TNF-a treated group the levels
of the inflammatory cytokine MCP-1 was increased significantly (p < 0.05; 2.18 fold
increase compared with the control group). On treatment with PA the levels of MCP-1
was reduced significantly (p < 0.05) by 1.57, 1.94 and 2.41 fold respectively for 5, 10
and 30 uM of PA. In RG treated group also MCP-1 level was reduced by 1.53 fold
compared to TNF-a treated group. The level of IFN-y was increased significantly by
3.82 fold compared with the control group (p < 0.05) and on treatment with PA it was
reduced in a dose dependent manner (IFN-y levels were reduced significantly by 1.14,
1.28, 1.89 and 1.19 fold compared to the TNF-a treated group for 5, 10 and 30 uM of
PA and 100 nM of RG respectively; p < 0.05). In TNF-a treated group, the level of IL-
1B was increased significantly (p < 0.05; 3.87 fold increase compared to the control
group). On treatment with 5, 10 and 30 uM of PA and 100 nM of RG the level of IL-18
was reduced significantly (p < 0.05) by 2.13, 2.58, 3.45 and 3.07 fold compared to the
TNF-a treated group.
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IL-6 MCP-1 IFN-y IL-1p
(pg/mL) (pg/mL) (pg/mL) (pg/mL)
Control
Mean+ SD 66.83+3.25 6941+278 2770+£230  33.33+2.08
TNF-a
Mean+ SD 190.16 £3.29" 151.87 +3.45° 105.89+3.96 129.0 +2.64"
PA1l
Mean* SD 164.66 £ 3.40"  95.65+3.83" 9245+275% 60.33+3.51"
PA2
Mean* SD 153.0+3.27"  78.07+3.04" 82.37+2.05" 50.0 £ 3.6"
PA3
Mean+ SD 12250 +2.78" 6278 +3.0*% 55.86+2.87" 3733 +2.88"
RG
Mean+ SD 153.00 £2.29* 98.62+3.39" 37.33+2.88"  42.0+2.64"

Table 4.1. Concentration of inflammatory cytokines in various experimental groups: C-control,
TNF-a- TNF-a treated group, PA1- TNF-a + punicic acid 5 uM, PA2- TNF-a + punicic acid 10 uM,
PA3- TNF-a + punicic acid 30 pM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with
standard deviations represented by vertical bars (n=6). *p < 0.05 relative to control group; # p < 0.05
relative to TNF-a treated group.

4.3.9. PA improved PPARY expression in TNF-a induced insulin resistant model
of 3T3-L1 adipocytes

Western blot and qRT-PCR analysis showed that TNF-a induced IR caused a
reduction in the expression of PPARy in 3T3-L1 adipocytes. The mRNA expression of
PPARy was reduced significantly (p < 0.05) by 1.76 fold in TNF-a treated group
compared to the control group and in PA and RG treated group, PPARy mRNA
expression was increased significantly (p < 0.05) by 1.31, 1.42 and 1.52 fold for 10 and
30 uM of PA and 100 nM of RG respectively compared to TNF-a treated group
(Figure 4.8 A). Western blot analysis showed that the protein level expression of
PPARy was reduced significantly (p < 0.05) by 1.82 fold in TNF-a treated group
compared to the control group and on treatment with PA and RG, the expression was
increased significantly (p < 0.05) by 1.17, 1.33, 1.55 and 1.63 fold for 5, 10 and 30 uM
of PA and 100 nM of RG respectively compared to TNF-a treated group (Figure 4.8 B,
O).
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Figure 4.8. mRNA and protein levels of PPARy in various experimental groups: A) mRNA
expression of PPARy B) Immunoblot analysis of PPARy C) Densitometric analysis of protein
expression of PPARy with respect to B-actin. C-control, TNF-a- TNF-a treated group, PA1- TNF-a +
punicic acid 5 pM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a
+ rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars (n=6).
*p < 0.05 relative to control group; # p < 0.05 relative to TNF-a treated group.

4.3.10. PA improved GLUT4 expression in TNF-a induced insulin resistant model
of 3T3-L1 adipocytes

Western blot and gqRT-PCR analysis showed that TNF-a induced IR caused a
down regulation in the expression of GLUT4 in 3T3-L1 adipocytes. The mRNA
expression of GLUT4 was reduced significantly (p < 0.05) to 2.07 fold in TNF-a
treated group compared to the control group and on treatment with PA and RG,
GLUT4 mRNA expression was increased significantly (p < 0.05) by 1.31, 1.47, 1.60
and 1.66 fold for 5, 10 and 30 uM of PA and 100 nM of RG respectively compared to
TNF-a treated group (Figure 4.9 A). Western blot analysis showed that the protein
level expression of GLUT4 was reduced significantly by 1.94 fold in TNF-a treated

group compared to the control group and on treatment with PA and RG, the expression
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was increased significantly (p < 0.05) by 1.22, 1.40, 1.63 and 1.69 fold for 5, 10 and 30
uM of PA and 100 nM of RG respectively compared to TNF-a treated group (Figure
4.9 B, C).
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Figure 4.9. mRNA and protein levels of GLUT4 in various experimental groups: A) mRNA
expression of GLUT4 B) Immunoblot analysis of GLUT4 C) Densitometric analysis of protein
expression of GLUT4 with respect to B-actin. C-control, TNF-a- TNF-a treated group, PA1- TNF-a +
punicic acid SuM, PA2- TNF-a + punicic acid 10uM, PA3- TNF-a + punicic acid 30uM, RG- TNF-a +
rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars (n=6). *p
< 0.05 relative to control group; # p < 0.05 relative to TNF-a alone treated group.

4.4. Discussion

Among the different kinds of adipokines secreted by adipocytes, TNF-a is the
first one to connect obesity, inflammation and IR (Chen et al., 2010). This is also
highly expressed in the adipose tissue of obese subjects having T2DM and mice
lacking the expression of TNF-a or its receptor displayed a protection against the
development of IR (Hotamisligil et al., 1995; Uysal et al., 1997). Administration or
over expression of TNF-a in cultured cells or animal models resulted in a decreased
insulin sensitivity (Hotamisligil et al., 1996; Shibasaki et al., 2003). These suggest that
TNF-a over expression in adipocytes significantly contribute to the progression of IR.

In this regard, we used TNF-a to induce IR and inflammation in 3T3-L1 adipocytes.
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The present chapter demonstrated the protective effect of PA on various inflammatory
genes and negative regulators of insulin sensitivity in TNF-a induced insulin resistant
model of 3T3-L1 adipocytes.

TNF-a induced IR is associated with the activation of several signaling
pathways involved in inflammation, like mitogen-activated protein kinase (MAPK),
activator protein 1 (AP1) (Lee et al., 2011). TNF-a causes a translocation of NF-kB to
the nucleus under the influence of JNK and MAPK, which may cause an increase in
the secretion of various pro-inflammatory cytokines (Chuang et al., 2011). The
secreted cytokines has a negative regulation in insulin signaling through an endocrine
or paracrine fashion (Greenberg and Obin, 2006; Trayhurn and Wood, 2004). The
expression of the proinflammatory cytokin IL-6 is found to be increased in the fat cells
of human insulin resistant subjects, and causes an inhibition in the expression of IRS1,
GLUT4 and PPARy (Rotter et al., 2003). MCP-1 is another important pro-
inflammatory cytokine and the expression of MCP-1 is found to be elevated in in vitro
insulin resistant models in 3T3-L1 adipocytes and also in in vivo obese models and
inhibit several adipogenic genes like LPL, ap2, GLUT4, PPARYy etc. (Sartipy and
Loskutoff, 2003). Also, the level of other pro-inflammatory cytokines IL-1f3 and IFN-y
is reported to be increased in IR (Lagathu et al., 2006). PPARy has a key role in the
regulation of systemic insulin action and is recently emerging as a major regulator in
obesity associated inflammation (Sakamoto et al., 2014). PPARy agonists can directly
inhibit the phosphorylation of JNK and it is relevant to the hypoglycaemic properties
of PPARy agonists (Diaz-Delfin et al., 2007). Also, the synthetic PPARYy agonist
rosiglitazone is reported to inhibit JNK phosphorylation in cerebral ischemia (Okami et
al., 2013).

Our results showed that in TNF-a induced insulin resistant model of 3T3-L1
adipocytes, there is increased pJNK level, NF-kB translocation to the nucleus and
increased secretion of various proinflammatory cytokines, indicating the activation of
inflammatory pathway. The levels of these inflammatory mediators are found to be
inhibited significantly on co-treatment with the partial PPARy agonist PA, indicating
an improvement in inflammatory state, which can contribute to the enhancement of

insulin sensitivity.
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Phosphorylation of IRS1 at certain serine residues, S307 and S612 has been
reported to inhibit insulin signaling (Jiang et al., 2004). The inhibitory phosphorylation
at serine residues of IRS1 will inhibit the interaction between IR and IRS1 and
promotes the degradation of IRS1 (Tanti and Jager, 2009). In consistent with these
data, our results showed that TNF-a treatment caused increased phosphorylation of
JNK and S307 of IRS1, leading to an impairement in insulin signaling. TZDs like RG
is reported to inhibit the serine phosphorylation of IRS1 in vitro and in vivo and
potentiate insulin signaling (Jiang et al., 2004). Our result showed that PA dose
dependently decreased the serine phosphorylation of IRS1 in TNF-a treated groups and
thereby increased insulin signaling and sensitivity.

SOCS3 plays an important role in the pathogenesis of IR and may be
considered as a good target for the therapeutic interventions in IR. The expression of
SOCS3 is found to be augmented in IR. In 3T3-L1 cells, over expression of SOCS3 is
found to downregulate glucose uptake and in the muscles and lungs of db/db and LPS
injected mice, SOCS3 expression is found elevated. Also, the knockdown of SOCS3
effectively ameliorated IFNy mediated degradation of IRS1 in 3T3-L1 adipocytes
(Wada et al., 2011). Overexpression of SOCS3 reduces AMPK activation, tyrosine
phosphorylation of IRS1, PI3K activity, and AKT phosphorylation (Yang et al., 2012).

A PPARy agonist pioglitazone reduced the expression of SOCS3 mRNA in
adipose tissue of db/db and high fat fed mice which is associated with increased
expression of PPARY, increased signal transducer and activator of transcription 3
(STAT3) phosphorylation and adiponectin production, thus leading to improvement in
whole body insulin sensitivity (Kanatani et al., 2007).

PTPIB is an intracellular enzyme involved in the negative regulation of insulin
signaling (Ahmad et al., 1995; Elchebly et al., 1999). PTP1B causes a decline in
insulin signaling by dephosphorylating tyrosine residue on IRS1 (Ferndndez-Veledo et
al., 2006; Zabolotny et al., 2008). PTP-1B null mice are reported to have increased
sensitivity to insulin and resistance to diet induced obesity (Elchebly et al., 1999).
Reduction of PTP1B expression using PTP1B antisense oligonucleotide caused
increased insulin sensitivity in ob/ob mice (Gum et al., 2003). In consistent with these
data our results showed that TNF-o treatment caused a significant increase in the

protein level expression of pJNK, serine phosphorylated (307) IRS1, PTPIB and
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SOCS3 mRNA, leading to decreased glucose uptake and IR. Co-treatment with PA or
RG showed significant decrease in the expression of all these markers of IR in a dose
dependent manner, improving insulin sensitivity. Also, there is a decrease in the
expression of mRNA and protein levels of GLUT4 and PPARY in TNF-a treated group,
causing impairment in insulin signaling leading to decreased glucose uptake. PA and
RG treatment increased the mRNA and protein level of both GLUT4 and PPARy
significantly, improving insulin sensitivity.

Based on the result of the various studies related to partial PPARY activity,
insulin sensitizing property of PA and amelioration of IR induced by TNF-a in
adipocytes, it is scientifically possible to consider PA as a potential nutraceutical
against IR and associated complications. So, it was our interest to see how does it
behave with oxidative stress, mitochondrial dysfunction and ER stress in adipocyte
which are playing significant role in the genesis of IR and MS. The details of the

studies related to these areas are given in the next chapter (chapter 5).
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Punicic acid safeguards mitochondria and ER function during insulin

resistance by TNF-a in 3T3-L1 adipocytes

5.1. Introduction

Mitochondria in recent years have been gaining more importance in obesity and
IR since IR and T2DM are associated with impaired mitochondrial function (Kim et
al., 2008). Mitochondria has been considered as a global regulator of energy
homeostasis and factors like nutrient excess, inflammation, oxidative stress, ER stress
etc. lead to mitochondrial dysfunctions and accelerate development of IR (Kusminski
and Scherer, 2012). Impairment in mitochondrial ATP production, respiration rate,
membrane potential and increased mitochondrial ROS production are the hallmarks of
mitochondrial dysfunctions (Brand and Nicholls, 2011). The key regulatory molecules
modulating mitochondrial biogenesis like PGC-1a and NRFs are decreased in IR (Hao
et al., 2010). In addition, TNF-a induced IR is associated with altered mitochondrial
dynamics in cultured adipocytes as well as in muscle cells (Hahn et al., 2014; Chen et
al., 2010; Jheng et al., 2012).

Obesity related IR has been linked to the development of oxidative stress. Also
in obesity and IR, there are organelle dysfunctions including ER stress (Ozcan and
Tabas, 2012). Inflammation and oxidative stress are two major contributors in the
pathogenesis of IR. TNF-a induced IR is associated with oxidative stress in adipocytes
and TNF-a can induce oxidative stress and the same can lead to the development of ER
stress and unfolded protein response (Xue et al., 2005). Thus oxidative stress and ER
stress can be considered as closely interlinked pathological events in IR. Oxidative
protein folding taking place in the ER lumen is a source of ROS production and
accumulated ROS in ER will deplete the reduced glutathione level in ER, further
aggravating the oxidative stress (Riemer et al., 2009). It was reported that UPR, which
is the indicative of ER stress was activated in IR and obesity in experimental animals
(Hotamisligil, 2008). The development of ER stress during obesity and IR was more
prominent in adipose tissue which further contributes to its dysfunction.

There is an innate antioxidant system in our body to cope up with the

development of reactive oxygen species. These act as the first line of antioxidant
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defence in our body. These include enzymatic as well as non enzymatic antioxidant
defence systems. The antioxidant enzymes include SOD, CAT, GPx etc. (Matough et
al.,, 2012). SOD exists in three isoforms and is involved in the conversion of
superoxide radicals into oxygen and hydrogen peroxides (H,O,). GPx helps in the
removal of H,0, at the expense of GSH and oxidize it to oxidized glutathione (GSSG).
GSH is the most important non enzymatic antioxidant in the living cell. It is a
tripeptide and is mainly found in the cytoplasm of the cell and directly scavenges free
radicals and it acts as a cofactor for many antioxidant enzymes including glutathione-s-
transferase. GR helps in the regeneration of GSH from GSSG using NADPH as the
reducing agent. CAT is mainly located in peroxisomes and also found in cytosol and
helps in the conversion of H,O, to H,O and molecular oxygen (Gomes et al., 2012;
Ursini et al., 1995; Weydert and Cullen, 2010). The levels of theses enzymes and the
non-enzymatic antioxidant GSH are found reduced in oxidative stress as well as in MS
(Tangvarasittichai, 2015).

In oxidative stress the levels of oxidized proteins, lipids and DNA are
increased. Protein carbonyls are an important indicator of oxidized protein content in
the cell. Protein carbonyl levels are found to have a positive correlation with IR and is
found to be increased in obesity (Ruskovska and Bernlohr, 2013). Thiobarbituric acid
reacting species (TBARs) generated as a result of oxidative stress to lipid moieties in
the cell, is also an indication of oxidative damage to the cells.

Since mitochondrial function also appears as a critical point in the management
of insulin sensitivity, improving mitochondrial function by various naturally occurring
partial PPARY agonists could be used as a strategy for improving IR. In this scenario
the present study is aimed to analyze the effect of PA on oxidative stress,
mitochondrial dysfunction and associated ER stress in TNF-a induced insulin resistant
model of 3T3-L1 adipocytes to extrapolate the role of PPARy in improving
mitochondrial and ER function. Based on the results of this chapter it appears that PA
alleviates oxidative stress, ER stress and mitochondrial dysfunction in 3T3-L1

adipocytes, making it a preferably new bioactive for the management of MS.
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5.2. Methods
Experiments were conducted to see the effect of PA on mitochondrial and ER
dysfunctions in TNF-a induced insulin resistant model of 3T3-L1 adipocytes. The
detailed procedures of all the methods are given in chapter 2.
The methodologies in the chapter include,
e Detection of intracellular reactive oxygen species (ROS)
e Mitochondrial content measurement and mitochondrial biogenesis assay
e Activity of mitochondrial biogenesis markers by qRT-PCR
e Analysis of mitochondrial membrane potential by JC-1 staining
e O, consumption and ATP production assay
e Determination of aconitase activity
e Analysis of expression of mitochondrial fission-fusion proteins by western
blotting
« Determination of intracellular Ca** homeostasis.

e Analysis of expression of ER stress markers

5.3. Results
5.3.1. PA ameliorated intra cellular ROS generation in TNF-0 induced insulin
resistant model

TNF-a treatment significantly increased the ROS production in the cells (2.18
fold increase than the control group; p < 0.05) and it was significantly reduced in PA
treated groups (1.47, 1.64 and 2.12 fold reduction compared with the TNF-a treated
group for 5, 10 and 30 uM of PA; p < 0.05). On treatment with RG also ROS
accumulation was reduced significantly (1.33 fold reduction compared with TNF-a

treated group; p < 0.05) (Figure 5.1 A, B).
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Figure 5.1. Intracellular ROS generation in various experimental groups: A) ROS accumulation in
various groups determined by DCFH-DA staining; the representative images of ROS-induced
fluorescence. (a) control, (b)TNF-a treated group, (¢) TNF-a + punicic acid 5 uM, (d) TNF-a + punicic
acid 10 uM, (e) TNF-a + punicic acid 30 uM, (f) TNF-a + rosiglitazone 100 nM. Scale bar corresponds
to 100 um. B) Relative fluorescent intensity of the fluorescent images. C-control, TNF-a- TNF-a treated
group, PA1- TNF-a + punicic acid 5 pM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic
acid 30 uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a
treated group.

5.3.2. PA ameliorated mitochondrial superoxide production

There was an increased generation of mitochondrial superoxide radicals in
TNF-a induced insulin resistant model (significantly increased; p < 0.05) of 3T3-L1
cells compared to control cells (3.01 fold increase) while PA and RG treatment
significantly reduced (p < 0.05) the generation of superoxide radicals by 1.13, 1.35,
1.57 and 1.43 fold for 5, 10 and 30 uM of PA and for 100 nM RG respectively
compared to the TNF-a treated group (Figure 5.2 A, B).
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Figure 5.2. Mitochondrial superoxide generation in various experimental groups determined using
mitoSOX: A) Representative images of mitochondrial superoxide generation in control and treated cells.
(a) control, (b)TNF-a treated group, (c) TNF-a + punicic acid 5 uM, (d) TNF-a + punicic acid 10 uM,
(e) TNF-a + punicic acid 30 uM, (f) TNF-a + rosiglitazone 100 nM. Scale bar corresponds to 100 pm.
B) Relative fluorescent intensity of the fluorescent images. C-control, TNF-o- TNF-a treated group,
PA1- TNF-a + punicic acid 5 uM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic acid 30
uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations represented by
vertical bars (n=6). * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a treated group.
5.3.3. PA improved aconitase activity in 3T3-L1 adipocytes

TNF-a treatment caused a significant reduction in aconitase activity (decreased
by 1.88 fold compared with control group; p < 0.05) which was restored significantly
on PA treatment (increased to 1.40, 1.55 and 1.60 fold compared with TNF-a treated
group; p < 0.05). RG treatment also significantly restored the aconitase activity

(increased by 1.76 fold compared with TNF-a treated group; p < 0.05; Figure 5.3).

89



Chapter 5

#
# H
. #
0 - T I T T T T
c PA 2 PA 3 RG

TNF-0 PA 1

W -~

0o

nM/min/mL

Aconitase activity

—_

Figure 5.3. Aconitase activity in various groups: C-control, TNF-a- TNF-a treated group, PA1- TNF-
o + punicic acid 5SuM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic acid 30 uM, RG-
TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical bars
(n=6). * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a alone treated group.

5.3.4. PA improved endogeneous antioxidant status in different experimental
groups

Evaluation of antioxidant status of the cells by studying the levels of various
parameters like TBARS, antioxidant enzymes, GSH, protein carbonyls and trolox
equivalent total antioxidant content of the cells provide an indication of the oxidative
damage in TNF-a induced insulin resistant model of 3T3-L1 cells (Table 5.1). TNF-a
treatment increased lipid peroxidation (MDA level) by 2.01 fold compared to the
control group (p < 0.05). Treatment with PA significantly decreased the MDA levels
by 1.24, 1.65 and 2.01 fold for 5, 10 and 30uM of PA respectively compared to the
TNF-a treated group, indicating a protection from oxidative stress (p < 0.05; Table
5.1). TNF-a treatment also significantly increased protein carbonyl levels (increased by
2.43 fold compared to the control cells; p < 0.05). PA treatment significantly decreased
the protein carbonyl levels significantly (decreased by 1.54, 1.77 and 1.97 fold for 5,
10 and 30uM of PA respectively compared to the TNF-a alone treated group; p <
0.05). RG treatment also decreased the MDA and protein carbonyl level significantly
(p £0.05; 1.59 and 1.46 fold reduction respectively compared to TNF-a treated group;
Table 5.1).

TNF-a treatment also decreased the GSH content significantly by 1.88 fold
compared to the control group (p < 0.05). On treatment with PA, the GSH levels were
increased significantly by 1.18, 1.28 and 1.49 fold respectively for 5, 10 and 30uM of
PA compared to the TNF-a treated group (p < 0.05). On treatment with RG also GSH
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levels were increased significantly (p < 0.05) by 1.29 fold compared to control (Table
5.1).

TNF-a treatment decreased the levels of various antioxidant enzymes. The
levels of the antioxidant enzymes SOD, CAT, GR and GPx were reduced significantly
(p £0.05) by 1.72, 2.12, 2.28 and 2.14 fold respectively compared with the control
group (Table 5.1). PA treatment significantly improved the levels of the antioxidant
enzymes in a dose dependent manner (p < 0.05). Level of SOD was increased by 1.17,
1.40, 1.57 and 1.48 fold with 5, 10 and 30uM of PA and 100 nM of RG respectively.
Catalase activity was increased by 1.28, 1.64, 1.70 and 1.52 fold compared to TNF-a
treated group with 5, 10 and 30 uM of PA and 100 nM of RG respectively. On
treatment with 10 and 30uM of PA and 100nM of RG, GR activity was increased by
1.41, 2.03 and 1.63 fold compared to the TNF-a treated group. GPx activity was
increased by 1.14, 1.18 and 1.44 fold compared to the TNF-a treated group for 10 and
30uM of PA and 100nM of RG respectively. Also, there was a significant reduction (p
< 0.05) in total antioxidant content of the cell in TNF-a treated group (reduced by 1.83
fold compared to the control). PA and RG treatment improved the total antioxidant
level significantly (p < 0.05) by 1.13, 1.35, 1.5 and 1.09 fold for 5, 10 and 30 uM of
PA and for 100 nM RG respectively compared to TNF-a treated group (Table 5.1). The
analysis of the antioxidant status of the cell on treatment with TNF-a and PA or RG
indicates that TNF-a induced IR in 3T3-L1 adipocytes is associated with a reduction in
endogeneous antioxidant status of the cell and PA and RG can improve the antioxidant

status and thus can ameliorate oxidative damage to the cell.
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Parameters Control TNF-a PA1 PA2 PA3 RG
Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD

TBARS # # # #

+ + * + + + +

(M MDA/mg protein) 31.13+072  62.59+0.82% 5035 +1.01*  37.92 +.038* 31.08+0.64* 39.20+0.95

Proteincarbonyls (nmol/ml) 259 + 0.11 629 +025% 406 £034° 354 +023"  3.18 023" 420 +022"

SOD (Unit/mg protein) 475+012 276 £0.14*  321+0.09"  3.86 £0.09" 434 0.09*  4.07 +0.09"

Catalase (umoles of H,0,

decomposed/min/mg protein) 5.63+0.28 266 £0.28% 356 +0.26" 442 +0.19" 458 +0.28"°  4.11+0.19*

GPx (Unit/mg protein) 022 + 0007 0.10+0.005% 0.11+0.006 0.12 +0.008 0.19+0.009° 0.05 % 0.009"

GR (Unit/mg protein) 3.04+022  133+030%  141+012  1.88+028" 270+027"  2.17+0.12"

GSH (nM/mg protein) 6.72+0.16  3.57+0.10% 422 2011  457+0.11* 535+025°  4.59+0.16"

Total antioxidant activity

(mM) 0.118 £.002  0.064 =.002*  0.073 £.004*  0.087 £.003*  0.096 +.002*  0.070 = .006"

Table 5.1. Endogenous antioxidant status in various experimental groups. TBARS, Thiobarbituric acid-reactive substances; MDA,
Malondialdehyde; SOD, Superoxide dismutase; GPx, Glutathione peroxidase; GSH, Reduced glutathione; GR, Glutathione reductase. Each value
represents mean = SD (n=6). * indicates values are significantly different from control cells (P<0.05) and # indicates values are significantly
different from TNF-a treated cells (P < 0.05).
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5.3.5. Effect of PA on TNF-o induced alterations in mitochondrial
transmembrane potential (Aym) in 3T3-L1 adipocytes

Alterations in mitochondrial transmembrane potential were assessed using JC-
1. In TNF-a treated cells, JC-1 green monomers were significantly increased (p < 0.05)
compared to the control (3.71 fold increase in green monomers) indicating a decrease
in Aym. Treatment with PA reduced the alterations in Aym and the green fluorescence
was decreased significantly (p < 0.05) by 2.32, 3.23, 3.55 and 2.84 fold with 5, 10 and
30 uM of PA and 100nM of RG respectively compared with the TNF-a treated group

(Figure 5.4 A, B). In valinomycin treated group, the green monomers were increased

significantly (4.49 fold increase compared to the control group; p < 0.05).
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Figure 5.4. Mitochondrial transmembrane potential changes in control and TNF-a treated groups
determined by JC-1 staining: A) Fluorescent microscopic merged images of 3T3-L1 cells; (a) control,
(b) TNF-a treated group, (¢) TNF-a + punicic acid SuM, (d) TNF-a + punicic acid 10uM, (e) TNF-o +
punicic acid 30uM, (f) TNF-a + rosiglitazone 100nM, (g) Valinomycin (1 pg/mL). Scale bar
corresponds to 100 um. B) Relative intensities of green and red fluorescence. C-control, TNF-a- TNF-a
treated group, PA1- TNF-a + punicic acid 5SuM, PA2- TNF-o + punicic acid 10uM, PA3- TNF-a +
punicic acid 30uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with standard deviations
represented by vertical bars (n=6). * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a
treated group.
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5.3.6 Effect of PA on TNF-a induced alteration in mitochondrial content in TNF-a
treated 3T3-L1 adipocytes

Treatment of TNF-o caused a reduction in mitochondrial content and
mitochondrial biogenesis. Mitochondrial content was assessed using mitotracker red.
TNF-a caused a significant reduction in mitochondrial content as compared with the
control (2.47 fold reduction; p < 0.05). In PA treated cells, mitochondrial density was
restored significantly in a dose dependent manner compared with the TNF-a group
(1.21, 1.87 and 2.08 fold increase with 5, 10 and 30 uM of PA respectively than the
TNF-a treated group; p < 0.05). RG treatment also restored mitochondrial content
significantly (2.21 fold increase compared with TNF-a alone treated group; p < 0.05;
Figure 5.5 A,B).
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Figure 5.5. Mitochondrial content in control and treated groups: A) Fluorescent microscopic images
of 3T3-L1 cells stained with mitotracker red. (a) control, (b) TNF-a treated group, (¢) TNF-a + punicic
acid 5 uM, (d) TNF-a + punicic acid 10 uM, (e) TNF-a + punicic acid 30 uM, (f) TNF-a+ rosiglitazone
100 nM. Scale bar corresponds to 100 um. (b) Relative fluorescence intensity of mitochondrial content.
C-control, TNF-a- TNF-a treated group, PA1- TNF-a + punicic acid 5 puM, PA2- TNF-a + punicic acid
10 uM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a + rosiglitazone 100 nM. Values are means, with
standard deviations represented by vertical bars (n=6). * p < 0.05 relative to control group; # p < 0.05
relative to TNF-a alone treated group.
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5.3.7 Effect of PA on TNF-o induced alterations in O, consumption and ATP
production in TNF-a treated 3T3-L1 adipocytes

ATP content in the cells was analyzed using commercially available kit
(Molecular probes, USA). In insulin resistant model the ATP content was reduced
significantly (2.48 fold compared with the control group; p < 0.05). Treatment with
different doses of PA or RG increased the ATP content significantly (1.08, 1.23, 1.60
and 1.83 fold increase for 5, 10 and 30 uM of PA and 100 nM RG respectively; p <
0.05) as compared with the insulin resistant group (Figure 5.6 A). In oligomycin
treated group ATP content was reduced significantly (5.34 fold compared with the
control group; p < 0.05).

O, consumption was analyzed by using Cayman’s O, consumption assay Kkit.
The kit utilizes a phosphorescent probe mitoExpress whose fluorescence decreases
with increase in O, content. The oxygen consumption rate was calculated from the
change in mitoExpress probe signal over time. In TNF-a treated cells, the oxygen
consumption rate was decreased significantly with respect to the control (3.35 fold
decrease; p < 0.05). Antimycin A, which was used as a positive control of
mitochondrial dysfunction also significantly reduced O, consumption in the cells (p <
0.05). PA treatment significantly increased (p < 0.05) O, consumption rate in TNF-a
treated cells in a dose dependent manner (1.35, 1.82 and 2.26 fold increase compared
with TNF-a group for 5, 10 and 30 uM for PA) and RG caused 2.41 fold increase
compared with TNF-a group (Figure 5.6 B).
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Figure 5.6. ATP production and O, consumption in various groups: A) ATP content in various
groups. C-control, TNF-a treated group, PA1- TNF-a + punicic acid 5 uM, PA2- TNF-a + punicic acid
10 uM, PA3- TNF-a + punicic acid 30 pM, RG- TNF-o + rosiglitazone 100nM, Oligomycin-
Oligomycin 8 uM. Values are means, with standard deviations represented by vertical bars (n=6). * p <
0.05 relative to control group; # p < 0.05 relative to TNF-a alone treated group. B) Changes in oxygen
consumption in various groups. C-control, TNF-a- TNF-a treated group, PA1- TNF-a + punicic acid 5
uM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a + rosiglitazone
100 nM, AA-Antimycin A. Values are means, with standard deviations represented by vertical bars
(n=6). * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a treated group.

5.3.8. Effect of PA on TNF-0 induced alterations in gene expression of PGC-1a,
NRF1, Tfam, mtDNA copy number and mitochondrial biogenesis in TNF-a
treated 3T3-L1 adipocytes

The expression of genes associated with mitochondrial biogenesis like PGC-1a,
NRF1 and Tfam were done by RT-PCR. The results showed that TNF-a treatment
caused a significant reduction in the expression of the genes (p < 0.05) and treatment
with PA or RG significantly restored the gene expressions (p < 0.05; Figure 5.7 A). In
TNF-a treated cells, the expression of PGC-1a, NRF1 and Tfam were decreased by
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6.20, 4.06 and 3.27 fold compared to the control group. On treatment with PA or RG
the expression levels of these genes were increased significantly compared to the TNF-
a treated group (for PGC-1a, the expression was increased by 1.58, 2.70, 3.65 and 4.57
fold; for NRF1, the expression was increased by 2.07, 2.71, 3.00 and 3.10 fold and
with Tfam, the expression was increased by 1.42, 2.11, 2.44 and 2.68 fold with 5, 10
and 30 uM of PA and 100 nM of RG respectively). qRT-PCR data also showed that
TNF-a treatment caused a significant reduction in the expression of mtDNA copy
number (decreased by 4.68 fold compared to the control group; p < 0.05) and on
treatment with PA or RG the expression level of mtDNA was restored significantly (p
<0.05) by 1.22, 1.43, 2.16 and 3.25 fold compared with TNF-a treated group for 5, 10
and 30 uM of PA and 100 nM of RG respectively (Figure 5.7 B).

Effect of PA on TNF-a induced alteration in mitochondrial biogenesis was
studied by using Abcam MitoBiogenesis In-Cell ELISA kit. The kit utilize the
measurement of subunit I of complex IV (COX-1) which is mitochondrial DNA-
encoded, and subunit of complex II (SDH-A) which is nuclear DNA-encoded and used
as the control. The results of mitochondrial biogenesis studies revealed that TNF-a
caused a significant reduction in mtDNA-encoded COX-1 expression (1.67 fold
decrease compared with the control group; p < 0.05), and PA and RG treatment
significantly increased the expression (p < 0.05) by 1.29, 1.43, 1.51 and 1.53 fold
compared with TNF-a treated group for 5, 10 and 30 pM of PA and 100 nM of RG
respectively (Figure 5.7 C).
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Figure 5.7. Expression of mitochondrial biogenesis markers in various experimental groups: A)
Relative mRNA level of genes Tfam, PGC-10, NRF1 and mtDNA. B) mitochondrial DNA copy number
determined by qRT-PCR. C) Mitochondrial biogenesis represented by the activity of COX-1 and SDH-
A. C-control, TNF-a- TNF-a treated group, PA1- TNF-a + punicic acid 5 uM, PA2- TNF-a + punicic
acid 10 uM, PA3- TNF-a + punicic acid 30 pM, RG- TNF-a + rosiglitazone 100 nM. Data are expressed
as the mean + SD, n = 3. * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a treated group.

5.3.9. Effect of PA on the expression of mitochondrial fission-fusion proteins in
insulin resistant model of 3T3-L.1 adipocytes

Western blot analysis showed that the expression of mitochondrial fission
protein FIS1 was increased and the expression of mitochondrial fusion protein OPA1
was decreased in TNF-a treated group. The expression of OPA1 (a mitochondrial
fusion marker protein) was decreased significantly (p < 0.05) in TNF-a group
compared to the control by 1.62 fold (Figure 5.8 A, B) and on treatment with PA and
RG, the expression was increased significantly by 1.16, 1.19, 1.32 and 1.40 fold (p <
0.05) compared to the TNF-a treated group for 5, 10 and 30 uM of PA and 100 nM of
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RG respectively. The expression of FIS1 was increased significantly (p < 0.05) by 1.50
fold in TNF-a treated group and on treatment with PA and RG, the expression was
reduced significantly (p < 0.05) by 1.15, 1.23, 1.32 and 1.33 fold compared to the
TNF-a treated group for 5, 10 and 30 uM of PA and 100 nM of RG respectively. But
the expression levels of the fusion protein MFN2 and fission protein DRP1 were not
significantly changed. (Figure 5.8 A, B).
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Figure 5.8. Effect of punicic acid on TNF-a induced alterations in mitochondrial dynamics in 3T3-
L1 adipocytes: A) Representative immunoblot of FIS1, DRP1, MFN2 and OPAl. B) Densitometric
quantification of western blot of protein level normalised to B-actin. C-control, TNF-a- TNF-a treated
group, PA1- TNF-a + punicic acid 5 pM, PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic
acid 30 uM, RG- TNF-a + rosiglitazone 100 nM. Data are expressed as the mean *+ SD (n=6). * p < 0.05
relative to control group; # p < 0.05 relative to TNF-a treated group.

5.3.10. Effect of PA on expression of ER stress markers in TNF-a induced insulin
resistant model in 3T3-L1 adipocytes

Effect of TNF-a treatment on the expression of ER stress markers were studied
by qRT-PCR and immunoblotting. TNF-a significantly (p < 0.05) increased expression
of ER chaperon Grp78/BiP mRNA (increased by 3.80 fold compared to the control
group), and treatment with PA and RG significantly reduced (p < 0.05) the mRNA
expression level of Grp78/BiP (decreased by 1.61, 1.90, 2.01 and 1.78 fold compared
to the TNF-o treated group with 5, 10 and 30 uM of PA and 100 nM of RG
respectively; Figure 5.9 A). Immunoblot analysis of Grp78/BiP also showed a
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significant increase in the expression of the protein in TNF-a treated group (increased
by 2.43 fold compared to the control group; p < 0.05) and on treatment with PA or RG
the expression level of Grp78/BiP protein was reduced significantly (p < 0.05) by
1.92, 2.02, 2.25 and 2.11 fold compared to the TNF-a treated group with 5, 10 and 30
uM of PA and 100 nM of RG respectively; Figure 5.9 B, C).
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Figure 5.9. The expression of Grp78/BiP in control and treated groups: A) Relative mRNA
expression of Grp-78 normalized to P-actin B) The immunoblot analysis of GRP78/BiP  C)
Densitometic analysis of GRP78 normalized to B-actin. C-control, TNF-a- TNF-a treated group, PA1-
TNF-a + punicic acid 5 uM, PA2- TNF-a +punicic acid 10 pM, PA3- TNF-a + punicic acid 30 uM,
RG- TNF-o+rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical
bars (n=6). * p < 0.05 relative to control group; # p <0.05 relative to TNF-a alone treated group.

Also, our western blot analysis showed that the expression of another ER stress
marker ERO1-La was found to be increased significantly (increased by 2.03 fold; p <
0.05) in TNF-a treated group compared to the control group and on treatment with PA
or RG, the expression of EROI1-La was found to be reduced in a dose dependent

manner (decreased by 1.12, 1.22, 1.28 and 1.31 fold compared to the TNF-a treated
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group with 5, 10 and 30 uM of PA and 100 nM of RG respectively; p < 0.05; Figure
5.10 A, B).
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Figure 5.10 The expression of ERO-1a in control and treated groups: A) The immunoblot
analysis of ERO-1a B) Densitometic analysis of ERO-1a normalized to B-actin. C-control,
TNF-o- TNF-a treated group, PA1- TNF-a + punicic acid 5 uM, PA2- TNF-a +punicic acid 10
uM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a + rosiglitazone 100 nM. Values are
means, with standard deviations represented by vertical bars (n=6). * p < 0.05 relative to
control group; # p <0.05 relative to TNF-a alone treated group.

TNF-a treatment also caused a marked elevation in the expression of UPR
sensors. The expression of UPR sensors IRE-1a, PERK and ATF6 were increased
significantly (p<0.05) by 2.49, 2.64 and 2.53 fold, compared to the control group, and
PA or RG treatment significantly decreased (p<0.05) the expression of these proteins.
ATF6 level was decreased by 1.86, 2.03, 2.17 and 2.10 fold, IRE-la level was
decreased by 1.85, 2.05, 2.18 and 2.38 fold and PERK level was decreased by 1.83,
1.98, 2.09 and 2.20 fold compared to the TNF-a treated group for 5, 10 and 30 uM of

PA and 100 nM of RG respectively (Figure 5.11 A, B).
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Figure 5.11. Immunoblot analysis of unfolded protein response markers in control and TNF-a
treated cells: A) The immunoblot of PERK, IRE-1a and ATF-6 B) Densitometic analysis of protein
level of PERK, IRE-1a and ATF-6 normalized to B-actin. C-control, TNF-a- TNF-a treated group, PA1-
TNF-a + punicic acid 5 uM, PA2- TNF-a +punicic acid 10 pM, PA3- TNF-a + punicic acid 30 uM,
RG- TNF-a+rosiglitazone 100 nM. Values are means, with standard deviations represented by vertical
bars (n=6). * p < 0.05 relative to control group; # p <0.05 relative to TNF-a alone treated group.
CHOP is an important protein involved in ER stress mediated apoptosis
pathway. Our qRT-PCR analysis showed that TNF-a treatment caused a significant
increase (increased by 4.23 fold; p<0.05) in the expression of CHOP mRNA compared
to the control group, and on treatment with PA and RG, the expression of CHOP was
decreased significantly (p<0.05) by 1.23, 1.50, 1.69 and 1.68 fold compared to the
TNF-a treated group for 5, 10 and 30 uM of PA and 100 nM of RG respectively
(Figure 5.12 A). Also, immunoblot analysis showed that TNF-a treatment caused a
significant increase in the expression of the protein (p<0.05) by 3.76 fold compared to
the control group and on treatment with PA and RG, the expression of CHOP was
reduced significantly (p<0.05) by 2.32, 2.60, 2.83 and 2.84 fold compared to the TNF-
a treated group with 5, 10 and 30 uM of PA and 100 nM of RG respectively (Figure

5.12 B, C).
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Figure 5.12. Protein and mRNA level expression of CHOP in control and treated cells: A) Relative
mRNA expression of CHOP normalized to B-actin B) The immunoblot analysis of CHOP C)
Densitometric analysis protein level of CHOP normalized to p-actin. C-control, TNF-a- TNF-a treated
group, PA1- TNF-a + punicic acid 5 pM, PA2- TNF-a +punicic acid 10 uM, PA3- TNF-a + punicic
acid 30 uM, RG- TNF-o+rosiglitazone 100 nM. Values are means, with standard deviations represented
by vertical bars (n=6). * p < 0.05 relative to control group; # p < 0.05 relative to TNF-a alone treated

group.

5.3.11. Effect of PA on intracellular Ca** homeostasis in TNF-a induced insulin resistant
model of 3T3-L.1 adipocytes

TNF-a caused an increase in intracellular Ca®* overload in 3T3-L1 adipocytes,
which was evident from increased blue fluorescence of Fura-2AM compared to control
group. In TNF-a induced insulin resistant model of 3T3-L1 adipocytes, the
fluorescence was significantly increased (p<0.05) by 2.34 fold compared to the control
group. Treatment with different doses of PA and RG decreased the fluorescence
compared to the TNF-a treated group. The fluorescence of PA and RG treated groups
were decreased significantly (p<0.05) by1.22, 1.65 and 1.49 fold for 10 and 30 uM of
PA and 100 nM of RG respectively (Figure 5.13 A, B). The results suggest that PA
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positively modulate Ca** homeostasis in TNF-a induced insulin resistant model of 3T3-
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Figure 5.13. Intracellular Ca** overload in different experimental groups: (A) Representative
fluorescent microscopic images of 3T3-L1 cells stained with Fura-2AM. (a) control, (b) TNF-a treated
group, (¢) TNF-a + punicic acid 5 uM, (d) TNF-a + punicic acid 10 uM, (e) TNF-a + punicic acid 30
uM, (f) TNF-a+ rosiglitazone 100 nM. Scale bar corresponds to 100 um. (B) Relative fluorescence
intensity of Fura-2AM. C-control, TNF-a- TNF-a treated group, PA1- TNF-a + punicic acid 5 uM,
PA2- TNF-a + punicic acid 10 uM, PA3- TNF-a + punicic acid 30 uM, RG- TNF-a + rosiglitazone 100
nM. Values are means, with standard deviations represented by vertical bars (n=6). * p < 0.05 relative to
control group; # p < 0.05 relative to TNF-a alone treated group.

5.4. Discussion

In this chapter, we studied the effect of PA on TNF-a induced oxidative stress,
mitochondrial dysfunction and ER stress in 3T3-L1 adipocytes. Increased oxidative
stress is considered as a major factor leading to the development of IR, pancreatic -
cell dysfunction, impaired glucose tolerance, and T2DM. Reactive oxygen species are

associated with obesity related chronic inflammation, adiponectin reduction, and other
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metabolic dysfunctions (Furukawa et al., 2004). TNF-a induced IR was found to be
associated with increased ROS generation in 3T3-L1 adipocytes (Chen et al., 2010).
Our study also demonstrated that treatment of 3T3-L1 adipocytes with 10 ng/mL of
TNF-a for 24 hours caused a significant increase in overall ROS. PA and RG treatment
significantly down regulated ROS level in TNF-a treated cells. Surplus ROS can also
oxidize lipids, proteins and DNAs which are considered as important markers of
oxidative damage. We observed an increase in lipid peroxidation and protein carbonyls
in TNF-a treated cells and PA and RG treatment significantly reduced the level of
oxidation of lipids and proteins, indicating a protection from oxidative stress.

The levels of various antioxidant enzymes like SOD, catalse, GR and GPx were
found to be reduced in oxidative stress and associated metabolic complications, which
may increase oxidative stress in the cell. GSH is one of the major non-enzymatic
antioxidant and depletion of GSH leads to the impairment of cellular defence against
ROS and may lead to oxidative injury. In the present study, we observed a decrease in
the activity of this innate antioxidant system. PPARy agonists are reported to have
antioxidant potential and are reported to improve the expression of antioxidant
enzymes (Polvani et al., 2012). On treatment with PA and RG the expression of
antioxidant enzymes were increased, thus ameliorating oxidative stress in TNF-a
induced insulin resistant model of 3T3-L1 adipocytes.

Mitochondrial dysfunction can contribute to the development of IR in skeletal
muscles, liver, pancreas etc (Chen et al., 2010; Hoehn et al., 2009; Shibasaki et al.,
2003). In insulin insensitivity, there is a decrease in mitochondrial O, consumption,
ATP production, mitochondrial biogenesis and alterations in mitochondrial dynamics
(Jheng et al., 2012; Kim et al., 2008; Kusminski and Scherer, 2012). Induction of
insulin resistance by TNF-a in 3T3-L1 adipocytes caused an increase in overall cell
ROS production and dissipation in mitochondrial transmembrane potential (Chen et al.,
2010). Also, TNF-a treatment caused a reduction in oxidative phosphorylation and
ATP production (Samavati et al., 2008). Mitochondrial oxidative stress can damage the
activity of the Fe-S protein aconitase and the activity of aconitase is found to be
reduced in high fat fed rat hearts (Relling et al., 2006; Sivitz and Yorek., 2010). In
consistent with these reports, our results showed that TNF-a treatment caused

significant alterations in mitochondrial transmembrane potential, reduction in ATP
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production, O, consumption, increased mitochondrial superoxide generation, overall
increase in cellular ROS generation and a decrease in aconitase activity. PPARy plays
an important role in energy metabolism because of its effects on mitochondrial
function and ATP production (Landreth et al., 2008). Treatment with PA or RG
significantly restored these parameters indicating improved mitochondrial function in
PA or RG treated groups.

TNF-a treatment caused a reduction in the expression of genes associated with
mitochondrial biogenesis and thus contributes to mitochondrial dysfunction (de Pauw
et al., 2009). Mitochondrial biogenesis is regulated by various factors like PGC-1a,
NRFs and Tfam (Liu et al., 2009). PPARy agonists increase mitochondrial biogenesis
in cultured adipocytes and also in diabetic models (Jeon et al., 2012; Joseph et al.,
2012; Rong et al., 2007; Wilson-Fritch et al., 2003). In patients with T2D, pioglitazone
treatment increased mitochondrial copy number and expression of factors involved in
mitochondrial biogenesis like PGC-1a and Tfam and improves insulin sensitivity
(Bogacka et al., 2005). Our results showed that in TNF-a induced insulin resistant
model of 3T3-L1 adipocytes, there is a reduction in the expression of genes associated
with mitochondrial biogenesis including Tfam, PGC-1a, NRF1 and mtDNA copy
number. Also mtDNA-encoded COX-1 protein level was depleted in TNF-a treated
group indicating a decline in mitochondrial biogenesis. In adipocytes and
neuroblastoma PPARy can activate the expression of PGC-la and can promote
mitochondrial biogenesis (Hondares et al., 2006; Miglio et al., 2009). Our results
suggest that PA like RG increased the expression of PGC-1a in a PPARy dependent
way, which in turn activated the expression of Nrfl and Tfam; mtDNA copy number
and increased mitochondrial biogenesis, contributing partly to the enhancement of
insulin sensitivity.

Mitochondria are dynamic organelle that undergoes continuous fission and
fusion in a balanced way to maintain mitochondrial morphology and function (Chan,
2006). The rates of mitochondrial fission and fusion are finely regulated by the
mitochondrial fusion proteins MFN1, MFN2, and OPA1 and by the mitochondrial
fission proteins DRP1 and FIS1 (Belenguer and Pellegrini, 2013). OPA1 mediates the
fusion of inner membrane and MFN1/2 mediates the fusion of outer mitochondrial

membrane (Song et al., 2009).
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A high mitochondrial fusion-fission ratio causes the development of elongated,
interconnected mitochondria which are considered to be the functional mitochondria
(Jheng et al., 2012). TNF-a treatment is reported to increase OPA1 cleavage and
decreased the total cellular level of OPA1 in 3T3-L1 adipocytes (Hahn et al., 2014).
Mouse embryonic fibroblasts lacking the expression of MFN1 and MFN2 have altered
mitochondrial membrane potential and respiration rate (Chen et al, 2005). An increase
in MFN2 levels in TNF-a treated 3T3-L1 adipocytes was also reported (Chen et al.,
2010). Increased amount of fission proteins are reported in cardiovascular system in
hyperglycaemic condition (Yu et al., 2008), in acute kidney injury (Brooks et al., 2009)
and also in cardiac ischemia/reperfusion injury (Ong et al., 2010). Hahn et al. reported
that TNF-a treatment did not affect the expression level of mitochondrial fission
proteins DRP1, or mitofilin in adipocytes (Hahn et al., 2014). Our results clearly
showed that TNF-a treatment increased the expression of mitochondrial fission protein
FIS1 and decreased the expression of fusion protein OPA1, indicating a high fission-
fusion ratio. But the level of fission protein DRP1 and fusion protein MFN2 were not
changed upon TNF-a treatment.

A high mitochondrial fission-fusion ratio results in highly fragmented
mitochondria, which are capable of producing more ROS and facilitate mitophagy
(Archer, 2013). TNF-a treatment increased oxidative stress in 3T3-L1 adipocytes
(Hahn et al., 2014) and mitochondrial oxidative stress can lead to an imbalance in
mitochondrial fission-fusion protein levels leading to mitochondrial fragmentation (Wu
et al., 2011). PPARy and PPARa agonists are reported to protect neuronal
mitochondria by modulating mitochondrial fission and fusion events by directly
inducing the expression of several mitochondrial-related proteins like uncoupled
protein (UCP), DRP1, MFN, Tfam etc. Additionally, the PPARs-mediated calcium
balance also contributed to mitochondrial dynamics alterations (Zolezzi et al., 2013).
Since altered mitochondrial fission or fusion is found to be associated with insulin
resistance in tissues like adipocytes and skeletal muscles ( Chen et al., 2010; Hahn et
al., 2014; Jheng et al., 2012), improving mitochondrial dynamics can also contribute to
the enhancement of insulin sensitivity. Our results showed that PPARy agonists PA or

RG treatment reduced the expression of the fission protein FIS1 and increased the
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expression of fusion protein OPA1, in TNF-a treated 3T3-L1 adipocytes, normalizing
the fission fusion ratio.

Mitochondria and ER are physically and functionally interconnected organelle
and the alterations in their physiology and function during hyperglycemia and type 2
DM can be inter related. TNF-a induced oxidative stress and ER stress are important
hallmarks in the pathophysiology of insulin resistance (Cawthorn and Sethi, 2008).
Oxidative stress can augment the expression of ER stress genes and UPR. ER provides
an unique oxidizing environment for protein folding which favours the formation of
disulphide bonds (Malhotra and Kaufman, 2007). ROS production can interfere with
protein folding by inactivation of PDI/EROI1 thiol-disulphide exchange reactions
and/or by causing aberrant disulphide bond formation.

We found an increase in the expression of ERO-1a in insulin resistant model,
which is an indication of ROS induced ER stress in TNF-a treated 3T3-L.1 adipocytes.
In addition, TNF-a treatment also augmented the expression of molecular chaperon
GRP78 and UPR transducers, PERK, IREla and ATF-6. Also, the expression of
CHOP, which is involved in ER stress mediated apoptosis, is also increased in TNF-a
treated insulin resistant model. ROS can cause an efflux of Ca** ions from the ER into
the cytoplasm. The increased concentrations of calcium in the cytoplasm may cause an
entry of Ca’ into the nucleus as well as into the mitochondria which may increase the
production of ROS, and the increased levels of ROS in the mitochondria may cause a
further increase in Ca** leakage from the ER (Moserova and Kralova 2012). In TNF-a
induced insulin resistant model, the level of intracellular Ca*" level was also found to
be increased.

PPARYy agonists are known to have inhibitory effect on ER stress. In diabetic
mice, pioglitazone, a PPARy agonist is known to enhance insulin release from islets
cells by alleviating ER stress (Evans-Molina et al., 2009). Pioglitazone is also found to
reduce ER stress in the liver of diabetic mice (Yoshiuchi et al., 2009). PPARy agonist
troglitazone and pioglitazone were found to reduce ROS induced ER stress and
apoptosis in pancreatic  cells (Chung et al., 2011). Our results showed that PA
protected the cells against TNF-a induced ER stress by ameliorating overall ROS and
down-regulating the expression of various ER stress markers and also by decreasing

intracellular Ca>* overload.
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In brief results from chapter 5 demonstrated the role of partial PPARy agonist
PA in ameliorating TNF-a induced oxidative stress, mitochondrial dysfunctions and
ER stress in TNF-a induced insulin resistant model of 3T3-L1 adipocytes. PA restored
mitochondrial dysfunction in TNF-a induced insulin resistant model by improving
mitochondrial biogenesis, energetics, transmembrane potential and dynamics.
Considering the role of PA in improving mitochondrial dysfunction and ER stress
associated with IR, this study provides an insight into the possible application for PA
as a PPARy agonist in improving insulin sensitivity and thus to the management of

T2DM and MS.
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Summary and Conclusion

The prevalence of metabolic syndrome is increasing worldwide. Metabolic
syndrome is characterized by the co-occurrence of a number of clinical features
including obesity, insulin resistance, dyslipidemia etc. These abnormalities lead to the
development of type 2 diabetes mellitus and heart diseases. The most prominent
characteristic feature of metabolic syndrome is insulin resistance, which is
characterized by glucose intolerance or impaired glucose tolerance. Adipose tissue,
liver and skeletal muscles are the primary organs involved in glucose and lipid
metabolism, and these organs play a pivotal role in systemic insulin resistance. In
insulin resistance, there is impairment in insulin mediated glucose disposal in these
insulin sensitive tissues, leading to hyperglycemia. Hyperglycemia causes more
secretion of insulin from the pancreatic B-cells causing hyperinsulineamia.
Hyperinsulineamia and hyperglycemia causes a malfunctioning of the B-cells, leading
to type 2 diabetes mellitus.

Adipose tissue has an important role in the pathogenesis of insulin resistance.
In obesity and insulin resistance, there is a chronic low grade inflammation in
adipocytes, leading to an increase in the secretion of pro-inflammatory cytokines
including TNF-a, IL-6, IFN-y and MCP-1 causing vascular inflammation leading to
hypertension and atherosclerosis. A dysfunctional adipose tissue causes abnormalities
in lipid storage, leading to increased lipolysis and increased free fatty acids in the
circulation, leading to increased lipid accumulation in liver and muscle. This causes a
decreased utilization of glucose in these tissues, leading to systemic insulin resistance.

The main perspectives for the management of obesity and insulin resistance are
lifestyle modifications and pharmacological interventions. The pharmacological
interventions include agents that can improve insulin sensitivity by decreasing the
glucotoxicity. The currently available anti-hyperglycemic drugs have different mode of
actions and include sufonylureas, biguanides, alpha glucosidase inhibitors,
dipeptidylpeptidase-IV (DPP-IV) inhibitors, thiazolidinediones (agonists of PPARY)
etc. Thiazolidinediones or glitazones are a class of drugs, which are ligand activated

transcription factors, belonging to nuclear receptor superfamily. Thiazolidinediones
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are PPARY agonists, which mediate their action by binding with the ligand binding
sites of PPARy. The families of PPARs include three members, PPARa, PPARB/6 and
PPARYy. They play an essential role in energy metabolism; however, they differ in their
distribution and they have distinct yet overlapping roles. PPARy is mainly expressed in
adipose tissue and muscles and is mainly involved in glucose and lipid metabolism.
PPARa is expressed predominantly in the liver, and to a lesser extent, in muscle, heart,
bone, and is involved in energy metabolism. PPARGS is ubiquitously expressed in whole
body and regulate energy expenditure.

Glitazones are PPARy agonists used to treat insulin resistance, and this class of
drugs can increase insulin sensitivity by increasing glucose uptake in adipocytes,
skeletal muscles and liver and also by decreasing hepatic glucose output. Rosiglitazone
and pioglitazone are important glitazones used in the treatment of insulin resistance
and type 2 diabetes mellitus. Apart from the beneficial effects, these full PPARy
agonists are reported with certain side effects, including obesity, edema, heart failure
etc. So there is a need for the development of safer PPARy modulators, like partial,
selective or pan PPARy agonists and/or partial PPARy agonists of natural origin.
Punicic acid is a poly unsaturated fatty acid found in the pomegranate seed oil, and it is
reported to have PPARy and PPARa ligand binding activity. The aim of the present
study is to characterize PA as a partial PPARy agonist and to study the effect of PA on
insulin resistance in 3T3-L1 adipocytes.

In order to characterize PA as a partial PPARy agonist, effect of PA on
differentiation and triglyceride accumulation in 3T3-L1 adipocytes were evaluated.
Adipocyte differentiation was confirmed by oil red O assay. Effect of PA on specific
markers of adipocyte differentiation like C/EBPa and CD36 were also studied.
Adipocyte differentiation assay proved PA as a partial PPARy agonist, since the
expression of adipocyte differentiation markers and extent of lipid accumulation was
found to be less compared to the full PPARY agonist, rosiglitazone. Molecular docking
study and TR-FRET assay also proved that PA behaves more like a partial PPARy
agonist compared with RG. PA also improved the expression of insulin sensitive
markers like IRS2, PI3K, pAKT, PPARy and GLUT4 and also increased the
translocation of GLUT4 to the plasma membrane; all were comparable to the PPARy

full agonist rosiglitazone. Also, PA increased insulin stimulated glucose uptake in 3T3-
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L1 adipocytes in a dose-dependent manner. The results from the first chapter indicate
that PA behaves as a partial PPARY agonist and has better insulin sensitizing property
in 3T3-L1 adipocytes.

In order to see the effect of PA on insulin resistance in 3T3-L1 adipocytes, PA
was screened against TNF-a induced insulin resistance in 3T3-L1 adipocytes. TNF-a
induced insulin resistance was found to be associated with an increase in the expression
of serine phosphorylated IRS1, SOCS3 and PTP1B. TNF-a induced insulin resistance
was also found to be associated with a reduction in the expression of GLUT4 and
PPARy. TNF-a induced insulin resistance was found to be associated with
inflammation in adipocytes, increased translocation of NF«B to the nucleus, increased
JNK phosphorylation and increased secretion of inflammatory cytokines. PA treatment
decreased the expression of insulin resistant markers and ameliorated inflammation and
thereby enhanced insulin sensitivity in 3T3-L1 adipocytes.

TNF-a induced insulin resistance was found to be associated with increased
cellular ROS and a reduction in various antioxidant enzymes like superoxide
dismutase, catalase, glutathione peroxidaase and glutathione reductase. Increased ROS
causes a dysfunction in mitochondria, which is characterized by altered mitochondrial
membrane potential, increased mitochondrial superoxide production, decreased ATP
content and decreased oxygen consumption. Insulin resistance was also found to be
associated with decreased mitochondrial biogenesis characterized by decreased
expression of biogenesis markers like PGCla, NRF1, Tfam and also mtDNA copy
number. TNF-a induced resistance was also found to be associated with an alteration in
the expression of proteins associated with mitochondrial dynamics. The expression of
mitochondrial fission protein FIS1 was increased and the expression of mitochondrial
fusion protein OPA1 was decreased leading to an increase in mitochondrial fission rate.
Altered mitochondrial fission-fusion rate can lead to the development of dysfunctional
mitochondria. PA treatment improved mitochondrial parameters associated with insulin
resistance and thus can contribute to the enhancement of insulin sensitivity. TNF-a
induced insulin resistance was also found to be associated with ER stress, which is
characterized by increased expression of ER stress markers like GRP78/Bip, ERO-1a
and CHOP. Also insulin resistance increased the expression of UPR sensors like

PERK, ATF6 and IRE-1a. ER stress is also characterized by an increased intracellular
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Ca®* overload. PA treatment ameliorated the expression of ER stress markers leading
to enhancement of insulin sensitivity.

Overall results proved that PA improved insulin sensitivity by decreasing the
expression of various insulin resistant markers and inflammatory markers. PA also
ameliorated inflammation in 3T3-L1 adipocytes by decreasing the translocation of
NFkB to the nucleus. PA improved insulin resistance by ameliorating mitochondrial
dysfunctions and ER stress. PA was characterized as a partial PPARy agonist with
better insulin sensitizing property. Since punicic acid behaves as a partial PPARy
agonist and enhances insulin resistance in 3T3-L1 adipocytes, it can be considered as

an effective lead for the management of metabolic syndrome and insulin resistance.
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