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ABSTRACT 
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project. Dr. Tsu-Shuen Tsao provided oversight for the project and edited the final manuscript, 

prior to submission. 

 
Endoplasmic reticulum (ER) stress plays an important role in the pathogenesis of obesity-

related inflammation and insulin resistance in adipose tissue. However, the mechanisms 

responsible for induction of ER stress are presently unclear. Proper ER redox state is crucial for 

oxidative protein folding and secretion and impaired protein folding in ER leads to induction of 

unfolded protein response and ER stress. However, while ER redox state is more oxidizing 

compared to the rest of the cell, its regulation is poorly understood. In order to determine the 

effects of ER redox state on development of ER stress and insulin resistance, several 

fluorescence-based sensors have been developed.  However, these sensors have yielded results 

that are inconsistent with each other and with earlier non-fluorescence-based studies.  In this 

study we attempted to develop and characterize a sensitive tool to study the ER redox state in 

adipocytes in real-time by targeting a new generation of redox-sensitive green fluorescent 

protein (roGFP) to ER. The roGFP1-iL sensor targeted to the ER is termed ‘eroGFP1-iL’ by 

convention. The ER-targeting eroGFP1-iL construct contains the signal peptide from 
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adiponectin and the ER retention motif KDEL and has a midpoint reduction potential of -229 

mV in vitro in oxidized and reduced lipoic acid. Despite having a midpoint reduction potential 

that is 50 mV higher than the previously determined midpoint reduction potential of the ER, 

eroGFP1-iL was found capable of detecting both oxidizing and reducing changes in the ER. In 

an attempt to determine the mechanisms by which roGFP1-iL detects oxidizing changes, we 

found that, first, glutathione mediated the formation of disulfide-bonded roGFP1-iL dimers with 

an intermediate excitation fluorescence spectrum resembling a mixture of oxidized and reduced 

monomers.  Second, glutathione facilitated dimerization of roGFP1-iL, which in effect shifted 

the equilibrium from oxidized monomers to dimers, thereby increasing the molecule’s reduction 

potential compared with a dithiol redox buffer like lipoic acid.  From this study, we concluded 

that the glutathione redox couple in ER significantly raised the reduction potential of roGFP1-iL 

in vivo by facilitating its dimerization while preserving its ratiometric nature, which makes it 

suitable for monitoring oxidizing and reducing changes in ER with high reliability in real-time.  

The ability of roGFP1-iL to detect both oxidizing and reducing changes in ER and its dynamic 

response in glutathione redox buffer between approximately -190 and -130 mV in vitro suggest 

a range of ER redox potential consistent with those determined by earlier approaches that did 

not involve fluorescent sensors. Our primary aim in developing eroGFP1-iL as a redox-sensing 

tool was to be able to assess whether redox changes represent an early initiator of ER stress in 

obesity-induced reduction in high molecular weight (HMW) adiponectin in circulation. Hypoxia 

is a known mediator of redox changes. We found that oligomerization of HMW adiponectin 

was impaired in the hypoxic conditions observed in differentiated fat cells. The redox-active 

antioxidant ascorbate was found capable of reversing hypoxia-induced ER stress. Lastly, we 
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demonstrated that changes in ER redox condition is associated with ER stress response and is 

implicated in the mechanism of action of the insulin-sensitizing agent troglitazone and de-

sensitizing agent palmitate. Using the redox sensing property of eroGFP1-iL, palmitate was 

found to be an effective modulator of redox changes in the ER and troglitazone was found to 

cause oxidizing changes in the ER. The action of palmitate in causing aberrant ER redox 

conditions was associated with aberrant HMW adiponectin multimerization.  Palmitate-induced 

ER stress was ameliorated by troglitazone. Taken together, the data suggest a potential role 

of ER redox changes in ER stress and impaired protein folding in adipocytes. 
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CHAPTER 1: INTRODUCTION 

1.1 The obesity epidemic 

Obesity is characterized by excessive accumulation and storage of fat in the body. 

‘Overweight’ and ‘obese’ are terms to define ranges of weight that have been shown to 

predispose individuals to certain health problems and diseases. The ‘body mass index’, BMI of 

an adult is calculated using weight and height and is used as the parameter to label an individual 

‘healthy’, ‘overweight’ or ‘obese’. For most people, the BMI correlates with their amount of 

body fat. According to the Centers for Disease Control and Prevention, an adult who has a BMI 

between 25 and 29.9 is considered overweight and an adult with a BMI of 30 or higher is 

considered obese. Recently, there has been an unprecedented rise in the prevalence of obesity, 

which has led to extensive research into the pathophysiology of the disease and the biology of 

white adipose tissue. Obesity has become a severe health scare in both the advanced and 

developing world. In the United States, one in every three adults was obese between 1999 and 

20042. The percentage of overweight children and adolescents and obese men increased at an 

alarming rate during the 6-year period between 1999-2004 in the United States. Between 1980 

and 2002, the incidence of obesity has doubled in the adult population that is older than 20 years 

of age. An even more alarming fact is that the prevalence of overweight and obese children and 

young adolescents between the ages of 6 and 19 has tripled during the same time period3,4. 

Among the European nations, the United Kingdom has the highest incidence of obesity, with 

about one-fourth of the adult population being clinically obese in 20025. Data from several 

national surveys demonstrate that there are significant differences in the pervasiveness of 

obesity among different populations in the same nation that are concurrent with health 
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inequalities5,6. In the United Kingdom it was found that the percentage of obese individuals was 

higher in Scotland and Wales, lower socio-economic classes and ethnic minority groups such as 

those from South Asia5,6. Obesity is associated with several severe diseases such as insulin 

resistance, type 2 diabetes, cardiovascular diseases and some cancers166,7,8. Obesity involves a 

significant increase in the mass of the white adipose tissue of the body with the body fat content 

being about 40% of the total body weight as compared to 15-20% in lean adult men9. 

1.2 Secretome of the white adipose tissue (WAT) and the inflammation association 

White adipose tissue is a major tissue in the body normally comprising 15-20% of the 

total body weight in lean male adults with a higher presence in the female body. Adipocytes, the 

primary cell type of this tissue are important secretory cells providing a multitude of protein and 

lipid moieties aside from storing and mobilizing lipids10-13. Lipids secreted by adipocytes 

include cholesterol and prostaglandins such as 15-deoxy-PGJ2, PGE2
14-16 and 

endocannabinoids17. Adipocytes store and secrete the fat soluble vitamins, A18, D3
19 and E (α-

tocopherol)20. Adipocytes of the mammary glands also express the vitamin D3 receptor (VDR)21. 

Adipocytes are involved in producing the glucocorticoid, cortisol from cortisone22. Major 

protein hormones are secreted by adipocytes including leptin and adiponectin10-13. Leptin is the 

satiety hormone that is also involved in angiogenesis and insulin secretion23-25. Circulating leptin 

levels are related to the body mass index (BMI) or body fat content26. Circulating adiponectin 

levels are negatively correlated with obesity27. Adiponectin is an anti-inflammatory hormone 

with insulin-sensitizing and angiogenic functions28-32. More than 100 adipokines had been 

identified as of 200113. The secretome of the WAT consists of proteins secreted not just by 

adipocytes but also other cell types including cells of the immune system. Adipokines are 
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involved in several metabolic functions including hunger regulation and maintenance of energy 

balance, insulin sensitivity, vascularization and vascular homeostasis, regulation of blood 

pressure and inflammation and immune response12,13. Other important protein factors secreted 

by the WAT tissue, many of which are involved in inciting an immune response in the WAT 

include TNF-α, retinol-binding protein-4 (RBP4), chemerin and monocyte chemoattractant 

protein-1 (MCP-1)9 and several cytokines. Cytokines and chemokines secreted by the WAT 

include TNF-α, IL-1β, IL-6, IL-8, IL-10, macrophage inhibitory factor (MIF) and MCP-1. 

Other significant adipokines involved in an inflammatory response include the vascular 

endothelial growth factor (VEGF), nerve growth factor (NGF) and acute phase protein 

plasminogen activator inhibitor-1 (PAI-1). The large majority of adipokines having 

inflammatory roles suggest that inflammation in adipose tissue is a likely mechanistic factor in 

the development of obesity-associated diseases11,33-35. Except for the insulin sensitizing 

adipokine adiponectin, the levels of all other insulin-sensitizing adipokines are significantly 

reduced with obesity27,36. Gene expression and secretion of a majority of the inflammatory 

cytokines is significantly upregulated in obesity27,36.  

1.3 Adiponectin is an important link between insulin resistance and obesity 

Adiponectin in its different oligomeric forms are involved in the regulation and 

maintenance of insulin sensitivity. Several isoforms of adiponectin have been reported- trimer, 

hexamer and several HMW species37-39. The octadecameric adiponectin is the most abundant 

higher molecular weight isoform40. It is now known that different isomeric forms of adiponectin 

have different functions in varying tissues. The trimeric isoform activates AMP-activated 

protein kinase (AMPK) in the skeletal muscle and adipose tissue41-43. AMPK has been 
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associated with increased insulin sensitivity37-39,40,44. A recent report suggests that the HMW 

isoform is the most effective of the different oligomers of adiponectin in activating AMPK as 

observed in C2C12 myotubes45. The HMW isoform decreases gluconeogenesis and increases 

fatty acid oxidation in the hepatic tissue46-48 thereby increasing insulin-sensitivity. Other 

evidence suggesting that HMW adiponectin is the most significant in diabetes shows that levels 

of HMW adiponectin are decreased in the diseased phenotype of type 2 diabetes and 

obesity46,49-51. A decreased level of HMW adiponectin is a marker of future insulin resistance52. 

The reasons for why decreased HMW adiponectin is associated with obesity and type 2 diabetes 

are still unclear. Decreased insulin sensitivity as a result of hypoxia9 can also be an additive 

result of all of the above mechanisms. 

 The reasons for a decrease in the levels of circulating adiponectin in type 2 diabetic 

subjects are still unclear. Reports have shown that there is a discord between the amount of 

adiponectin mRNA transcripts and the amount of HMW adiponectin secreted into the 

circulatory system31,53-57. Even though adequate amounts of adiponectin mRNA are being 

transcribed, assembly and secretion of corresponding amounts of protein are impaired. It is also 

known that once secreted into the circulatory system, adiponectin oligomers are stable and do 

not interconvert both in vivo and in vitro38,39,58-60. The evidence points toward post-translational 

modifications to be the reason behind reduced circulating HMW in obese individuals with the 

type 2 diabetic phenotype. Briggs et al. studied how the adiponectin monomers oligomerize into 

higher molecular weight structures in vitro61.  They tested the hypothesis that impaired 

formation of HMW adiponectin is the mechanism for decreased HMW levels in obese 

individuals who are also type 2 diabetic and found that 1. Disulfide bonds have a crucial role 
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during the formation of the higher molecular weight moieties of adiponectin but are not 

essential in maintaining the structural integrity of the oligomerized HMW adiponectin. 2. 

During the assembly of HMW adiponectin oxidation of the cysteine residue in N-terminal of the 

collagen triple helix domains of the molecule follows disulfide bond rearrangement reactions. 

These data suggested a redox environment dependent model for adiponectin oligomerization. 

 1.4 ER Stress and UPR 

The endoplasmic reticulum (ER) is the site for oxidative folding of secretory and 

membrane proteins. The ER is an oxidative compartment that enables the formation of disulfide 

bonds between two cysteine residues in proteins by thiol oxidation. Several ER resident 

molecular chaperones and folding enzymes help proteins attain their proper conformation. To 

aid proper oxidative folding, a specific ER redox environment is maintained tenaciously with 

the help of specific ER resident enzymes such as protein disulfide isomerases (PDIs) that help 

disulfide bonds to form and oxidoreductin proteins, which directly oxidize PDIs, by a direct 

disulfide exchange. Once correctly folded, proteins are routed to their final destinations through 

the Golgi apparatus and other intracellular organelles that are part of the secretory pathway. 

Several factors can cause proteins to not fold or fold into incorrect conformations. The cell deals 

with such proteins by retaining them in the ER after having detected them via the ER quality 

control machinery (ERQC)62 to be refolded back to their native conformations. Persistently 

misfolded proteins are routed to the cytosol through the dislocation channel where they are 

degraded by the ubiquitin-proteasome machinery. This process of ubiquitin-proteasome 

mediated degradation of terminally misfolded proteins is called ER-associated degradation 

(ERAD). Misfolded and unfolded proteins are commonly synthesized as a byproduct of the 
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oxidative folding function of the ER62 and an important function of the ER is to recognize and 

appropriately process such proteins62. When partially folded or misfolded proteins accumulate 

in the ER, ER homeostasis is disturbed. To cope with the altered environment, the ER mounts 

an adaptive response called the unfolded protein response (UPR)63. Although the activities of 

PDIs and oxidoreductins help in keeping up ER redox homeostasis, occasionally challenging 

cellular environments and insults disturb it. The cascade of signaling events collectively called 

UPR signaling along with oxidative protein folding is activated upon the accumulation of 

unfolded and misfolded proteins in the ER and when ER redox balance is disturbed. The UPR 

and redox signals related to the oxidative stress response are transmitted from ER to cytosol. 

These signaling events lead to expression of a number of UPR target genes including reactive 

oxygen species (ROS) quenching genes to eventually acclimatize cells against stress.  

1.4a The unfolded protein response — What is it and how is it activated? 

The UPR is a highly conserved signaling pathway from yeast to human64. Newly 

synthesized polypeptides undergo proper conformational folding and assembly in the ER lumen 

upon entering the lumen through a translocation channel called Sec61 in higher eukaryotes. 

Mammalian UPR signaling has three wings mediated by inositol-requiring enzyme-1 (IRE1)65,66, 

protein kinase RNA (PKR)-like ER kinase (PERK)67 and activating transcription factor-6 

(ATF6)68. UPR is triggered by the binding of the ER chaperone protein, the immunoglobulin 

heavy chain- binding protein (BiP) to misfolded proteins in the ER. In unstressed cells, BiP is 

bound to the luminal domains of IRE1, PERK and ATF6 and possibly maintains them in an 

inactive state by preventing their oligomerization69,70. BiP is also known as the 78 kDa glucose-

regulated protein (GRP78) and is the most abundant chaperone protein of the ER. BiP favors 
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binding to unfolded and misfolded proteins over IRE1, PERK and ATF6 in the ER lumen to aid 

in their folding69,70.  

IRE1 
IRE1 is a type 1 ER-resident transmembrane domain protein. It has an N-terminal BiP 

binding domain in the ER lumen and a C-terminal cytosolic Ser/Thr protein kinase domain and 

endoribonuclease (RNase) domain 65,66. During ER stress IRE1 dissociates from BiP, which 

drives its oligomerization and trans-autophosphorylation. Activated IRE1 cleaves an intron 

from the X-box binding protein (XBP1) mRNA71 at the RNase domain. The spliced XBP1 

fragments are then ligated by an RNA ligase that has not been characterized yet in the 

mammalian system to form the spliced XBP1 (sXBP1) transcription factor with a basic leucine 

zipper domain. These signaling events lead to the upregulation of ER chaperone proteins63, 

proteins involved in lipid synthesis63 and ERAD proteins (ER degradation enhancing 

mannosidase-like protein 1 72, ERdj473 and Herp74).  

PERK 
PERK, like IRE1, is a type 1 ER trans-membrane protein with its N-terminal domain in 

the ER lumen and the C-terminal domain in the cytosol. The N-terminal domain of PERK can 

sense ER stress and the C-terminal portion contains a kinase domain67. Upon activation by ER 

stress conditions, PERK homodimerizes and becomes trans-autophosphorylated – a 

phenomenon that activates a kinase that can phosphorylate the α-subunit of the eukaryotic 

translation initiation factor-2 (eIF2α) at Ser 5167. These signaling events lead to translation 

inhibition via ATF4 and inhibition of IκB to prevent nascent polypeptide generation so as to 

reduce the load on oxidative protein folding75.  
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ATF6  
ATF6 is a type II ER trans-membrane glycoprotein with its C-terminal end in the ER 

lumen and a cytosolic N-terminal DNA-binding domain75,76. During ER stress conditions ATF6 

is exported to the Golgi complex75 from the ER lumen by a coat protein complex II (COP II)-

dependent mechanism77. Once in the Golgi complex, it is cleaved by Site-1 and Site-2 proteases 

(S1P, S2P)78,79 and the cytosolic domain, which is a transcriptional factor, translocates to the 

nucleus75. This transcriptional factor binds to the ER stress-response element (ERSE)68 to cause 

the upregulation of ER chaperone genes- BiP and GRP94, folding enzymes and ERAD 

genes75,80,81. 

In summary, the three branches of the UPR work together to mitigate ER stress by 

decreasing the protein load in the ER (IRE1 and PERK) and producing transcription factors 

(sXBP1, ATF4 and cleaved ATF6 by IRE1, PERK and ATF6 respectively) to upregulate genes 

to increase oxidative protein folding capacity. In cases where the cell is overwhelmed by 

prolonged ER stress and cannot restore homeostasis (a condition depicted by the timer in 

(Figure 1), the cells undergo apoptosis. 
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Figure 1 ER stress response is at the crossroad between the stress-mediated apoptotic 
pathway and normal cell homeostasis (Figure adapted with permission from Walter et al. 
201182 © American Association for the Advancement of Science)  

1.4b ER stress and disease 

The role of ER stress induced inflammation in health and disease: 
 

The primary purpose of ER stress induced inflammation is to curb tissue damage and 

initiate tissue repair. Recently, however, there have been studies associating ER stress-induced 

inflammation with metabolic diseases such as type 2 diabetes and obesity, several cancers and 

atherosclerosis and intestinal bowel and airway diseases (Figure 2). The upregulation of 

inflammatory processes following ER stress has not only been shown to play a role in the 
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development of these diseases but it has also been suggested that it is involved in aiding disease 

progression83. ER stress can contribute to or even hinder disease progression via inflammatory 

pathways based on the cell type, stage of the disease and the kind of the stress perturbing ER 

homeostasis83. 

Signaling pathways that link ER stress and inflammation:  
 

UPR signaling can produce several proinflammatory molecules84. All the three branches 

of the UPR signaling pathway lead to transcriptional upregulation mediated by transcriptional 

factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and 

activator protein 1 (AP-1)85-87. NF-κB is a central mediator of several proinflammatory 

pathways that increase the transcription of inflammatory cytokines84,88-90 and enzymes that are 

part of immunomodulation, like cyclooxygenase-2 86,89,91. NF-κB is kept inactive by the 

inhibitors of NF-κB, IκB in the cytoplasm92. Degradation of IkB by the IkB kinase complex 

(IKK), which itself is activated by inducers, causes the dissociation of NF-kB from IkB and its 

subsequent nuclear translocation93. 

IRE1α of the UPR is an IKK protein complex inducer causing the degradation of 

IkB94,95. The PERK wing of the UPR causes translational suppression of IkB. PERK also 

activates CCAAT/enhancer-binding protein homologous protein (CHOP)83, thereby performing 

an immunomodulatory function96,97.  PERK activation of eIF2α causes apoptosis in cancer cells 

caused by certain chemotherapeutic drugs98. The ATF6 branch of UPR activates NF-κB99,100 

during subtilase cytotoxin induced ER stress. 
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The other immunomodulator transcription factor upregulated by the UPR, AP-1, 

activates the tumor necrosis factor-alpha (TNFα), keratinocyte growth factor (KGF), interleukin 

(IL)-8, granulocyte macrophage colony-stimulating factor (GM-CSF) and also some cytokine 

receptors83. IRE1α activates AP-183. 

 

Figure 2 Effect of ER stress induced-inflammation in different diseases.  

(Figure adapted with permission from Garg et al. 201283 © Elsevier) 

1.4c ER stress in neurological diseases 

 
 Endoplasmic reticulum dysfunction might play a major role in the development of 

several neurological diseases such as multiple sclerosis, cerebral ischemia, prion diseases, 

amyotrophic lateral sclerosis, sleep apnea and familial encephalopathy with neuroserpin 

inclusion bodies101. In other neurological diseases such as Parkinson’s and Huntington’s disease, 
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ER dysfunction is well documented but the mechanism linking ER stress with the disease 

symptoms stay elusive101. 

Alzheimer's disease: Alzheimer's disease (AD) is characterized as a progressive 

neurodegenerative disease causing memory loss and cognitive impairment. At the onset of AD, 

aggregation of the toxic amyloid–β proteins Aβ40 and Aβ42 leading to amyloid plaques is 

observed in the neuronal cells102. This is a fatal development caused by the cleavage of Aβ 

precursor protein (APP)102. APP is a transmembrane protein processed in the endoplasmic 

reticulum. ER dysfunction has been documented to cause neuronal death in AD102. 

Reports of ER stress being a causative agent in an array of diseases including cancers 

such as multiple myeloma103, liver diseases104 caused by hepatitis C virus104, non-alcoholic 

steatohepatitis105 have been published. Understanding the mechanism of development of disease 

pathology caused by ER stress can help in the development of potential therapeutic strategies 

targeting ER stress.  

1.5 Disulfide bond formation in the mammalian ER  

During protein folding disulfide bonds are formed between cysteine residues in the ER. 

Upon entering the oxidative environment of the ER, the nascent polypeptide chain folds 

bringing the cysteine residues in close proximity to aid in the formation of covalent bonds. The 

PDI enzyme performs a disulfide exchange reaction during the formation of a covalent bond106. 

This function of PDI is aided by the protein oxidases that ultimately catalyze the formation of 

disulfides106. Any incorrectly formed disulfide bond is also corrected in the ER by disulfide 

exchange reactions. To this date, knowledge about the pathway involved in the reduction of 

disulfide bonds is still nascent106. 
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1.5a Cellular proteins that are involved in protein folding in the ER during ER stress 

Folding enzymes or chaperone proteins in the ER help folding reactions directly or are 

thought to influence protein folding because of being homologous to other folding enzymes107. 

ER folding enzymes can be broadly divided into 1. heat shock proteins functioning as 

chaperones or co-chaperones 2. peptidyl prolyl cis/trans isomerases (PPIases), 3. 

oxidoreductases and 4. glycan-binding proteins. These ER resident folding enzymes (See Table 

1 for all folding enzymes) can act as a general folding enzyme for a broad range of target 

proteins or they may be specific to only a subset of proteins being secreted from the ER. Such 

proteins involved in the folding of only a specific protein must have originated evolutionarily to 

overcome a problem in the maturation of that specific protein or protein domain107. 
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Table 1 A list of the ER resident proteins of the mammalian endoplasmic reticulum. UPR, 
unfolded protein response ; ERAD: endoplasmic reticulum–associated degradation; PDI: 
protein disulfide isomerase; HC: heavy chain; LDL: low-density lipoprotein; MHC: major 
histocompatibility complex.  

(Table adapted with permission from Braakman, Bulleid 2011107 © Annual Reviews) 

1.5b Folding factors in the ER to overcome ER stress 

Higher eukaryotes have a very elaborate protein-folding repertoire so as to enable the 

cell to attain high fidelity throughput of secretory proteins. This complexity does not come in 

the way of a very large number of distinct folding enzymes but the existing folding enzymes 

work in conjunction with each other, interacting in several permutations and combinations to be 

able to amplify the range of proteins that the ER chaperone machinery can deal with 
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successfully107. The folding enzymes form distinct, transient protein complexes, which could be 

specific to a particular protein and work with each other to carry out folding107. Within the ER, 

the environment is highly dynamic and unique in different sub-regions because different sub-

regions of the ER exhibit unique folding enzyme complexes107. Such conditions can make 

trapping and defining of protein folding enzyme complexes as well as ER microenvironments 

exceedingly difficult.  

The arms of the UPR also cause the upregulation of lipid moieties that expands ER 

membranes and increases the size of the ER to accommodate its increasing protein folding 

load108. Even though the ER membranes expand to increase the size of the ER in response to ER 

stress, the number of ER resident proteins may remain unchanged107. The ratio of folding 

enzymes to interacting proteins might still be the same for a particular cell type107. Thus, an ER 

directed towards alleviating stress conditions might exhibit a larger size along with a very 

minimal increase in the number of folding factors107. 

Whether or not one particular ER stress response is efficient in resolving stress is still 

not clear. ER stress caused by ‘physiological’ stressors- which replicate the kind of stresses that 

do not overwhelm the ER repair machinery and cause apoptosis can be alleviated by the ER 

repair mechanism109 but more studies are needed to test how well the ER functions after an 

initial stress has been dealt with.  
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1.5c Role of Disulfide bond formation in protein folding: The importance of disulfide 

rearrangements 

Folding and assembly: The iconic experiment of Christian Anfinsen110,111 to study 

protein folding of ribonuclease in a test tube showed that all of the information needed for a 

protein to attain its native structure and thereby optimal function resides in the primary 

sequence of the protein. Anfinsen’s experiment made ribonuclease (RNase) a classic model to 

study protein folding. RNase is a single chain monomeric protein that has four distinct 

intramolecular disulfide bonds essential to its function. Anfinsen’s experiment was used as the 

template for studies112 that reported oxidative protein folding for the first time when they 

showed that denatured ribonuclease, when incubated overnight to re-fold in the absence of air 

did not reform into the active functional protein as it did when left to re-fold in the presence of 

air. His experiments showed that protein refolding could occur in vitro. Critical to the premise 

of Anfinsen’s experiment was the observation that an unfolded protein had no biological 

activity. Although the larger bulk of protein activity was regained when the denaturant, urea 

was dialyzed out from the denaturing cocktail, dialyzing the β-mercaptoethanol from the RNase 

denaturing cocktail first before removal of urea resulted in recovery of 1% of the activity. This 

recovery of activity is attributed to random disulfide bridge formation between the 4 pairs of 

cysteines in the protein. Anfinsen’s experiments led to the discovery of PDI-an enzyme 

involved in oxidative folding and disulfide bond rearrangement reactions to ensure proper 

folding of proteins. These experiments demonstrated the importance of disulfide bonds in 

proper protein function. 



 31 

Even though the primary sequence of the protein has all the information required for 

proper folding and function, several in vitro experiments have shown that the folding of proteins 

in the secretory pathway is aided by the presence of microsomal fractions113. Microsomes are 

moieties that mimic the redox environment of the secretory pathway, especially the ER 

environment for oxidative protein folding, very closely even in an in vitro experimental set-up. 

Microsomes contain an array of chaperone proteins and their co-factors114 that aid disulfide 

bond formation115-117 essential for the tertiary structure of several secretory proteins and also for 

the oligomerization of protein multimers118.  

Disulfide rearrangements during protein folding: PDI is the major enzyme required for 

disulfide bond formation. This was first demonstrated by experiments studying the stimulation 

of the bovine pancreatic trypsin inhibitor protein (BPTI) by microsomal extracts. It was 

observed that the amount of enzyme activity stimulation by microsomal extracts was similar to 

the activation expected of the PDI activity of these extracts119. Further experiments making use 

of two distinct kinds of BPTI, one that required PDI for the formation of its three disulfide 

bonds (PDI-dependent BPTI) and one that could form the three disulfide bonds in a PDI 

independent fashion (PDI-independent BPTI) showed that PDI enhanced the enzyme activity of 

the PDI-dependent BPTI by several thousand-fold and had little effect on the folding of the 

PDI-independent BPTI120. Creighton and colleagues121 did further experiments where they 

followed the intramolecular disulfide bond formation in BPTI to study the BPTI folding 

pathway. BPTI formed an ideal system for this kind of study because it is a small protein with 

only 58 amino acids and exhibits the presence of three intramolecular disulfide bonds that are 

essential to its function and once denatured, its folding pathway could be easily studied in vitro 
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by the reformation of its three disulfide bonds. Creighton et al. 121 used iodoacetic acid (IAA) to 

alkylate/block any free thiols at any stage of their experiment to document disulfide bond 

breakage and reformation. Contrary to what they had expected, Creighton et al. 121 observed the 

presence of several folding intermediates that differed in the number of disulfide bonds and the 

pairings of individual cysteine residues. They observed several transient populations of folded 

intermediates with disulfide bonds that were distinct from the ones found in the native protein. 

The population of these intermediates was very small compared to the population of folding 

intermediates with the native disulfide bonds. This was confirmed later again120 and it was 

further discovered that the formation of the three native disulfide pairs of BPTI between Cys 5-

Cys 55, Cys 30-Cys 51 and Cys 14-Cys 38 was not a sequential process. Getting to the native 

protein structure required a number of disulfide bond rearrangement reactions that involved the 

transient formation of several non-native folding intermediates. BPTI folding goes through 

these non-native disulfide-bonded species because during BPTI folding, before the native 

protein structure is attained, several native-like structures are formed prematurely and almost 

half of the BPTI molecules are trapped kinetically. Similar evidence of disulfide bond 

rearrangement has been reported in higher eukaryotes including those occurring during 

oligomerization of the massive anti-diabetic hormone adiponectin61,122,123. 

Folding of the BPTI protein demonstrated that disulfide bond rearrangement of proteins 

in the ER is a very complex process 124. It was observed that if a certain ‘pro-region’ consisting 

of thirteen amino acid residues with one very important Cys residue was protected on the BPTI 

molecule, the molecule folded at a much faster pace in vitro compared to when the pro-region is 

not protected. Protecting the pro-region also led to less kinetically trapped BPTI molecules. 
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This observation is extremely important because it is very likely that during protein folding in 

the ER, an efficient mechanism such as this must certainly be employed.  Subsequently 

disulfide rearrangement reactions have also been documented in vivo in cells. Some examples 

include- 

1. Disulfide bond rearrangements in the folding pathway of the different subunits of the 

human chorionic gonadotropin protein where pulse chase125 and site-directed mutagenesis126,127 

were employed for the studies, 

2.  Influenza hemagglutin (HA)128 where intrachain disulfide bonds formed in the ER 

were studied. HA folding commences co-translationally moments after the Cys required for the 

first disulfide bonded pair is added onto the growing polypeptide chain and the nascent 

polypeptide enters the ER lumen. But the remaining Cys-Cys bonds are formed after translation 

termination. Interestingly, Chen et al.128 did not observe non-native disulfide bonds formed in 

HA until they disturbed optimal folding conditions by inhibiting glycosylation using inhibitors 

or glucose trimming.  

Thus, disulfide rearrangements through short-lived intermediates to yield the native 

structure during protein folding are extremely important. Increasing evidence suggests that 

formation of disulfide bonds probably does not dictate tertiary folding events but in proteins 

disulfide bonds stabilize the native tertiary structure129,130. They also stabilize the quaternary 

structure in multimeric proteins129,130. 
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1.6 Importance of the ER environment in disulfide bonds 

1.6a Regulating the environment for proper cellular protein folding 

Proper ATP, Ca2+ and redox balance are indispensable for proper protein folding in the 

ER75,131. The ER is a membrane-enclosed organelle that has a distinct environment and a 

collection of proteins unique from the cytoplasm. The ER membrane is a strong impermeable 

barrier for most proteins, ions and ATP molecules except for strongly hydrophobic proteins that 

can diffuse freely across the lipid bilayer of the ER membrane. It still remains to be confirmed 

whether the ER is leakage proof132, but almost all molecules entering and leaving the ER utilize 

tightly regulated membrane channels and transporters or are transported to and from the ER via 

the vesicular transport system. These tight barriers to entry and exit from the ER help keep the 

conditions inside the ER optimal for its proper functioning. 

1.6b Energy requirement for disulfide bond formation 

ATP is required in the ER for phosphorylation processes and by molecular chaperones, 

solute transporters and proteins of the heat shock family. Hsp70 (BiP) function is controlled by 

nucleotide exchange and nuclease-activating factors that affect its ATPase cycle133,134. The 

precise ER ATP concentration has not been measured yet but it is suspected to be similar to that 

in cytoplasm107. The ER ATP transporter is an ATP/ADP antiporter135,136, the first candidate 

gene ANT1 was first identified in plants137. The ER ATP transporter is distinct from the 

mitochondrial ATP transporter107. The mammalian ortholog for Ant1 or other alternative ER 

ATP transporters has not been reported. 
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1.6c Sub-compartments within the ER 

The ER is a massive continuous organelle that is divided into several functional sub-

compartments that are not separated by membrane barriers. The most well known ER sub 

compartment is the smooth endoplasmic reticulum138,139. The smooth ER is characterized by the 

absence of ribosomes and high concentration of detoxifying enzymes107. Liver cells exhibit 

higher than average amounts of smooth ER107. Other highly studied ER compartments include 

the budding sites of COPII-coated vesicles and the regions rich in proteins involved in ERAD 

and stress-induced mannosidase-like chaperone protein, EDEM107,140 that are primarily involved 

in mis-folded or unfolded protein degradation. Also, an extremely likely compartment to exist is 

ER regions with an increased concentration of misfolded protein aggregates. These may have 

been adapted to facilitate protein folding with an increased concentration of chaperones and 

folding enzymes. These regions are very likely to exhibit different pH conditions as well as 

altered ATP concentration and redox conditions. The conditions described above have not been 

confirmed yet but Ca2+ concentrations are known to differ within different regions of the 

ER141,142. 

1.6d Calcium in the ER 

The ER and the mitochondria are the major Ca2+ depots in the eukaryotic cell142,143. 

Most ER resident proteins have several high and low affinity calcium docking sites and 

comprise important factors that contribute to calcium storage142. The highly abundant proteins, 

calnexin and calreticulin alongside BiP, Grp94 and PDI are the most important players in 

calcium storage. Constant Ca2+ pumping by Ca2+-ATPase carries out calcium entry142 and the 

ryanodine receptor107,144 and pannexin channels144 regulate Ca2+ exit from the ER.  
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High Ca2+ concentration has been reported to be helpful for protein folding but the exact 

concentration required are still debatable as are the mechanism by which Ca2+ helps protein 

folding. It can be deduced that the Ca2+ tethered to the high affinity Ca2+ binding sites are 

essential to the protein function and the ones bound to the low affinity sites are dispensable and 

the effect of the binding of Ca2+ at these high affinity sites on the protein structure can help 

elucidating the mechanisms by which Ca2+ help protein folding. 

1.6e Redox Milieu 

Folding enzymes, ATP, calcium, and pH are codependent factors that control ER 

environment. All these factors act in conjunction with the redox-active molecules of the ER. 

The redox active molecules are generated as a result of, or are involved in, the oxidation or 

reduction of Cys residues on the proteins. They give rise to disulfides during protein folding or 

to cysteines during disulfide bond breakage –a process usually seen during the correction of 

incorrectly formed disulfide bonds on mis-folded proteins. The redox active molecules of the 

ER are also instrumental in retro-translocation of proteins into the cytosol 107. PDI family 

proteins carry out the disulfide exchange reactions. ER oxidase 1 (Ero1) oxidizes PDI and keeps 

the disulfide exchange reactions going107. The final electron acceptor in these electron transfer 

reactions is oxygen107. Members of the PDI protein family are mostly maintained in their 

reduced states by the low-molecular weight thiol glutathione (GSH) 107. Glutathione is oxidized 

to Cys-Cys oxidized glutathione (GSSG) that is reduced to GSH by glutathione reductase in the 

cytosol, in the process maintaining a reducing environment in the cytosol107. Glutathione 

reductase couples GSSG reduction to NADPH oxidation107. The ER does not exhibit the 

presence of such a reducing environment-driving system, which is potentially why higher 
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concentrations of oxidized glutathione are found inside the ER compared to the cytosol. Thus, 

the ER environment is highly oxidizing when compared to the cytosol 107. But it is unclear 

whether this is the only mechanism that drives the ER environment to be oxidizing. Segregating 

oxidation reactions from reducing reactions in different compartments is probably a result of 

kinetic properties of the redox active reactants. GSH has low affinity for Ero1 but PDI is 

efficiently reduced by GSH107. Once a disulfide bond is formed, it can be reduced by either 

GSH or PDI but if a disulfide is protected from the solvent, it remains stable. This is the primary 

reason that during the folding of a polypeptide chain, many disulfide bonds are internalized and 

protected from reduction. These redox reactions dictate the redox environment of the ER. The 

lower GSH:GSSG ratio of the ER may exist only to facilitate redox reactions in the ER. Once a 

correct disulfide bond is formed, it would be futile to reduce this bond by maintaining higher 

reducing agents in the protein milieu. However, the GSH:GSSG ratio of the ER could very well 

be a consequence of disulfide bond formation.  

 

1.7 Redox-active electron carriers that play key roles in oxidative disulfide bond formation 

Our understanding of the contribution of the different known pathways for oxidative protein 

folding and the cross-talk between them is still nascent. The following is a review of the 

different players in the oxidative protein-folding pathway. 

1.7a The ERO1 pathway 

Under normal conditions, the ERO1 pathway is a significant oxidative protein-folding 

pathway of the ER145,146. H2O2 is produced as a product of ERO1 mediated disulfide bond 
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formation147. This H2O2 produced feeds into the peroxiredoxin-dependent pathway (described 

below). When normal functional ERO1 was replaced with a deregulated form during the folding 

of TRDX protein, it was observed that the protein was hyperoxidized148. This experiment 

demonstrated that ERO1 was the primary protein-folding pathway. The ERO1 is not an 

essential folding pathway149 even though the absence of ERO1 adversely affects protein folding. 

Organisms that do not contain ERO1 are viable. As mentioned earlier in this chapter, ERO1 is 

involved in disulfide exchange reactions with PDI. It oxidizes PDI150, 151 to recycle reduced PDI 

in the ER.  

  

Figure 3 The Ero1-PDI pathway of oxidative protein folding. The identity of the reactive 
oxygen species (ROS) produced through this pathway primarily is H2O2. CXXC (C is 
cysteine and X is any amino acid) is the thioredoxin (Trx) family active-site motif 
contributing to isomerase activity. ‘sub’ is protein substrate. (Figure adapted from Pandol et 
al. 2011152) 
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1.7b The peroxiredoxin (PRDX)-dependent pathway 

Like ERO1, peroxiredoxin 4 (PRDX4) is involved in disulfide exchange reactions with 

PDI. PRDX knock-out mice, while viable, experience high oxidative stress in some cell types. 

Owing to high stress in their testicles, these mice are sterile151. Similar to ERO1 pathway, 

although this pathway is not essential for viability, it is important for proper functioning of 

certain tissues. The PRDX4-dependent pathway possibly provides a second line of defense for 

the up-keep of viability of ERO1 deficient species in higher eukaryotes in the presence of a 

secondary source of H2O2. H2O2 helps drive the PRDX-dependent pathway. In the absence of 

the H2O2 generated by ERO1, the H2O2 can be obtained from its de novo production by the 

NADPH-dependent oxidase 4 (NOX4)153 or by the escape of H2O2 produced during the electron 

transport chain from the mitochondria to the ER. However, it has not yet been determined if 

either of these processes produces enough H2O2 to successfully drive PRDX-dependent 

oxidative folding pathway. Hence, even though PRDX might cover-up the tracks for lack of 

ERO1 for disulfide formation, our understanding of the efficiency of this system remains 

incomplete.  

Following is a schematic representation of the ERO1 pathway and a proposed model for 

PRDX-dependent pathway in oxidative protein folding. 
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Figure 4 A proposed model for PRDX4 dependent oxidative protein folding pathway149. 
CXXC (C is cysteine and X is any amino acid) is the thioredoxin (Trx) family active-site 
motif contributing to isomerase activity. ‘sub’ is protein substrate. (Figure adapted from 
Pandol et al. 2011152) 

 

1.7c GPx7 and GPx8 driven pathway  

GPx7/8 are recently defined peroxidases. They oxidize PDI in the presence of H2O2 like 

peroxiredoxin-4 (See Figure 5).  The peroxiredoxin family proteins have higher H2O2 reactivity 

than GPx7/8154 but Ero1α interacts directly with the GPxs155 and this could compensate for their 

slow reactivity. These peroxidases might not be able to replace ERO1 and PRDX4 completely 

at their normal cellular levels. More studies are required in this field to decipher the role of 

GPxs in de novo disulfide bond formation. 
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Figure 5 GPx7/8 in de novo disulfide bond formation. CXXC (C is cysteine and X is any 
amino acid) is the thioredoxin (Trx) family active-site motif contributing to isomerase 
activity. ‘sub’ is protein substrate. The H2O2 generated as a by-product of Ero1 reaction 
feeds and thereby drives the reactions by PRDX4 and GPx7/8 and possibly facilitates 
glutathione disulfide reduction too156. (Figure adapted from with permission from Laurindo et 
al.156,157 © Elsevier B.V.) 

1.7d VKOR 

Vitamin K 2,3-epoxide reductase (VKOR) of the vitamin K cycle is a warfarin-sensitive 

enzyme containing a thioredoxin-like CXXC domain that can reduce vitamin K1 2,3-epoxide158. 

Role of VKOR in de novo disulfide bond formation is still unclear but VKOR has been 

observed to be present as mixed disulfides with PDI. VKOR has a ‘day-job’ in the reduction of 

vitamin K1 to make vitamin K1-H2 in the ER that is involved in the γ-carboxylation of vitamin 
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K-dependent proteins158. If VKOR mediated PDI oxidation occurs only during γ-

carboxyglutamate formation, then the VKOR mediated pathway will not be efficient enough to 

be considered a significant oxidative folding pathway. If VKOR can be reoxidized independent 

from γ-glutamyl carboxylase activity using an alternate electron acceptor, then VKOR could be 

a more important player. 

1.7e Direct PDI oxidation by H2O2 

Karala et al.159 have demonstrated that in certain conditions, the Cys residues on PDI can 

be directly oxidized by H2O2. The significance of this pathway in being an effective mediator of 

disulfide bond formation is unclear. 

1.7f Dehydroascorbate (DHA) mediated disulfide-bond formation 

DHA is the oxidized form of the oxidant ascorbate (vitamin C). DHA can serve as an 

oxidizing equivalent in the ER160. The ER can generate its own DHA161 and DHA can also be 

transported into the ER from the cytosol162. DHA can cause direct oxidation of PDI 160,163,164 like 

H2O2 and also unfolded proteins as studied in vitro163. The rate of direct oxidation of PDI by 

DHA is, however, very slow when compared to disulfide-mediated PDI oxidation and hence 

might not be the preferred route for DHA reduction. 

The above summary of the oxidative pathways demonstrates that oxidation-reduction 

reactions are important for protein folding and hence the maintenance of ER redox conditions is 

pivotal to optimal oxidative folding function of the ER. 
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1.8 Glutathione in the regulation of ER redox state and disulfide bond formation 

 Glutathione exists at a very high concentration inside the ER165 and the cell as a 

whole156,157 and is very often found associated with the important folding enzyme, PDI165. This 

suggests that glutathione is a pivotal player in all disulfide bond formation reactions and in the 

maintenance of ER redox conditions. The work described in this dissertation demonstrates the 

role of glutathione in the formation of intermolecular disulfide bonds between two redox 

sensitive GFP molecules, eroGFP1-iL, in an enzyme independent manner1. The biggest 

experimental challenge in the development of an understanding of how GSH contributes to 

disulfide bond formation and maintenance of ER redox conditions is the difficulty in precisely 

measuring the net GSH/GSSG concentration and the GSH/GSSG ratio in the ER166,167.  

 GSH:GSSG ratio in the secretory pathway is much lower than the GSH:GSSG ratio in 

the cytosol117. In spite of lower GSH:GSSG ratio in the ER when compared to the cytosol, the 

glutathione buffering system acts as a net reducing buffer - a phenomenon confirmed in yeast168.  

Decrease in GSH levels in the cell can rescue the reductive environment in the ero1-1 mutant 

yeast strain168. As depicted in Figure 4 Ero1 activity produces GSSG. GSH helps in keeping a 

check on Ero1-dependent oxidation168-170 by maintaining the active site Cys on PDI in partially 

reduced conditions essential for PDI-activity170-172. This helps in the reduction of substrate to 

keep non-native disulfide bonds from forming170-172. 

Disulfide bond formation by the Ero1α-PDI relay is rapid and tightly regulated, 

primarily by means of maintaining a tight GSH/GSSG balance150. Appenzeller-Herzog et al. 

observed that the ER GSH:GSSG ratio can quickly reverse back to normal homeostasis even 

after severe pharmacological and physiological perturbation to the cell. Upon treatment with the 
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reducing agent dithiothreitol (DTT) the GSH:GSSG ratio was very quickly returned to normal 

homeostasis. Even upon a six-fold higher accumulation of GSSG caused by Ero1 

overexpression, the normal ER GSH levels were quickly restored. These results demonstrate 

that glutathione is important for ER redox environment maintenance. A low GSH:GSSG ratio of 

3:1117,165 compared to the cytosol in the ER and the high millimolar levels of overall glutathione 

concentration in the ER provides the most important buffer against both oxidizing and reducing 

insults to the ER. Glutathionylation of the protein thiol pool of the ER makes the GSH/GSSG 

buffering system a very effective buffer against oxidative stress173. In spite of such progress in 

the field, the exact amount of glutathionylated protein in the ER has not been precisely 

quantified165,174, demonstrating a need for more research on the functional role of protein 

glutathionylation. A non-glutathione mediated mechanism of maintaining ER redox condition 

also exists that involves feedback regulation of Ero1 activity. Ero1α101,96, Ero1β175, Ero1p176 all 

contain regulatory disulfide bonding Cys pairs that, once formed as a result of hyperoxidizing 

conditions, prevent the functional Cys pair from oxidizing its substrate. The regulatory cysteine 

pair of Ero1α is responsive to the redox state of PDI170. Ero1α activity is minimal when there 

are sufficient reserves of oxidized PDI and its activity is at its height when PDI exists primarily 

in reduced form. This PDI mediated control of Ero1 activity ensures that Ero1 does not oxidize 

substrates and generates H2O2 when unnecessary155. 

1.8a Glutathione function in relation to the different arms of the oxidative folding pathway  

Oxidizing equivalents generated in the different oxidative pathways, discussed in 

Section 1.6 of this chapter, all are relayed preferably to members of the PDI family which can 

then function in oxidizing substrate proteins or reduced glutathione (GSH). However, in spite of 
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the high glutathione concentration in the ER, GSH is the less preferred substrate for the PDI 

family. The active site Cys on PDI has a very fast reaction rate with both oxidized and reduced 

forms of glutathione, GSH and GSSG159,177,178. This property of GSH and GSSG is shared with 

another oxidoreductase of the PDI family, a thioredoxin domain containing protein called 

Thioredoxin-Related Transmembrane Protein 3 (TMX3), and possibly with all members of the 

PDI-family155. The reaction rate between reduced PDI and GSSG is much faster than that 

between GSSG and any other reduced substrate159. All oxidoreductase described previously in 

this chapter, namely Ero1, PRDX4, and GPx7/8, prefer the members of the PDI family over 

GSH as their substrate155. Oxidative protein folding by the flavoprotein, quiescin-sulfhydryl 

oxidase (QSOX) also prefer unfolded proteins as substrates over GSH179.  

1.8b How is GSH:GSSG ratio maintained in the ER? 

As described in Section 1.7, the GSH:GSSG ratio is tightly regulated in the ER. Under 

specific experimental conditions, GSH can be imported into the ER using ER-derived 

microsomes but they are impermeable to GSSG180. This suggests that GSSG might not be 

exported to the cytosol at significant levels. When microsomal fractions were tested for 

glutathione reductase activity, none was found181. These results lead to the question of how 

GSSG generated in ER is removed in order to prevent hyperoxidizing conditions. 

GSSG was found to exit from the ER through vesicular transport but GSSG flux through 

this transport mechanism is insufficient to restore homeostasis of GSSG to GSH ratio in the ER 

upon oxidative insult to the cell150. One possible mechanism is by the import of reducing 

equivalents including GSH and free sulfhydryl groups on newly synthesized proteins from the 

cytosol into the ER. Appenzeller-Herzog et al. tested this possibility by depleting the cytosolic 
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GSH pool and or reducing the amount of nascent polypeptide generation by inhibiting 

translation. They found that both treatments did not affect the steady state distribution of 

oxidized and reduced PDI proteins150. Hence, the mechanism by which GSSG levels are restored 

to homeostasis in the ER is very likely via interaction with PDI and substrate proteins. This also 

means that GSSG is not a mere waste product produced as a result of redox reactions that needs 

to be flushed out of the ER, but it is necessary in oxidative protein folding by PDI warranting 

the high reaction rate of PDI with GSSG. 

1.8c Glutathione is central for maintaining the redox homeostasis in the ER 

The redox environment affects the reversible thiol-disulfide exchange reactions that 

occur during disulfide bond formation. An optimal concentration of free thiol groups and 

disulfides is key for the disulfide bond forming process of all secretory proteins. Irrespective of 

the presence of PDI proteins, the optimal folded protein yield and the ideal renaturation rate is 

achieved at a GSH:GSSG ratio of 10:1 when the total glutathione concentration is at 

physiological levels of 1 to 10 mM117,182,183.  In 1992, Hwang et al.117 identified glutathione to be 

the principal redox buffer in the ER. They reported that the GSH:GSSG ratios of the cytosol lie 

in the range of 30:1 to 100:1 which would account for a reduction potential of -221 to -236mV. 

Compared to this they found that the GSH:GSSG ratio of the secretory pathway was in the 

range of 1:1 to 3:1 corresponding to reduction potential of ~-170mV to -185mV taking the total 

glutathione concentration of the secretory pathway to be 8mM. When the same calculations 

were performed keeping the net glutathione concentration of the secretory pathway as 1mM, the 

reduction potential of the secretory pathway would be more oxidizing at -133 to -165 mV.  

These measurements were the first reported redox potential measurements of the secretory 
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pathway and corresponded to the optimal redox potential required for PDI mediated catalysis of 

disulfide bond formation in ribonuclease (RNase) in conditions where the GSH concentration 

was 1 mM and the GSSG concentration was 0.2 mM183. Lyles and Gilbert184 had reported 

previously in 1991 that if the above stated GSH:GSSG ratio was changed, it affected PDI 

function by altering the redox state and substrate availability of PDI183, conditions that 

eventually affected the rate of protein folding. They concluded that the optimal redox potential 

to maintain 80- 100% of PDI function in folding RNase was approximately -165 + 5 mV (the 

standard redox potential of PDI being -0.11 V185) and that if the ER and cytosol had similar 

GSH:GSSG ratios, about 5-0% of RNase folding by PDI would have been observed.  

1.9 Measurement of ER redox potential 

1.9a Traditional method for measuring ER redox state  

Labeled tetra-peptide with a cysteine and an N-linked glycosylation signal: To measure 

the redox state of the ER, Hwang et al.117, used a tetrapeptide N-Acetyl-Asn-Tyr-Thr-Cys-NH2 

(NYTC). The –Asn-X-Thr- motif is a consensus sequence for N-linked glycosylation and once 

the tetrapeptide is diffused into the ER, it should be glycosylated and become trapped in the 

secretory pathway and equilibrated with the prevailing redox conditions in that compartment. 

The tyrosine residue helped in analysis as it could be iodinated and the terminal Cys was the site 

involved in disulfide exchange reactions. They isolated the peptide from the secretory pathway 

and assessed the oxidation state of the terminal Cys residue. Mammalian tissue culture cells 

incubated with the 1251-labelled NYTC were lysed at the end of the incubation period and the 
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cellular redox state was fixed by quenching of thiol groups.  Glycosylated fractions of the 

peptide were purified from the cells, deglycosylated and the redox state analyzed using HPTLC.  

 A major disadvantage of this method of ER redox state measurement is the extensive 

peptide isolation protocol. A significant amount of the Cys oxidation state could be altered 

during the cumbersome isolation of the tetrapeptide. Also, the redox potential measurement was 

performed based on an assumption of the total glutathione concentration. Even though the 

results from this study are extremely insightful about ER redox conditions, knowledge of 

precise concentration of glutathione in the mammalian ER will be highly desirable. 

1.9b. Measuring ratios of oxidized to reduced glutathione within microsomes 

i. Hwang et al.117 determined that glutathione is the primary redox buffer of the ER. Hence, 

measuring the ratio of reduced to oxidized glutathione in the ER constituted a sensible albeit 

indirect means of measuring ER redox potential. Microsomes constituted a commonly accepted 

model system for the secretory pathway. Enzymes that catalyze glutathione synthesis do not 

exist in the ER and are found only in the cytosol117. Glutathione is a charged tri-peptide and the 

ER lumen is impermeable to charged moieties. Hence, glutathione must be transported into the 

ER from the cytosol. Both GSH and GSSG are transported into the ER from the cytosol117. 

When cytosolic GSSG is administered to microsomes, it accelerated the folding of in-vitro 

translated proteins, suggesting the cytosolic glutathione disulfide (GSSG) is functional in the 

ER186. Addition of GSSG to microsomal fractions also has been shown to stimulate glutathione 

S-transferase activity, the enzyme involved in the conjugation of GSH to xenobiotic substrates 

for detoxification of these substances. These and other (not discussed here) properties of 

microsomes suggested that they represent a reliable model system for the ER. The redox state 
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inside the microsomes was determined by measuring the GSH:GSSG ratio using labeled 35S-

GSH and GSSG residues and comparing this to the ratio outside of the microsomal lumen117. 

Even though these experiments have helped in providing comparable and potentially reliable 

measurements of redox potential inside the ER, they could not determine the exact glutathione 

concentration in the ER. 

ii. Bass and Ruddock in 2004 employed the specific reaction of monobromobimane (mBrB) 

with thiols to investigate the different forms of glutathione in rat liver microsomes. mBrB is a 

weakly fluorescent and microsomal membrane-permeable molecule. Once it reacts with thiol 

groups, a reaction that is very specific, it forms a highly fluorescent thioether. The authors 

performed their analysis by variously treating the microsomes with different agents to promote 

the conversion of different forms of glutathione into GSH and after every treatment, allowed the 

free thiols in GSH to react with mBrB and the GS-mBrB mixtures was extracted from the 

microsomal fractions using a modified form of reverse phase high performance liquid 

chromatography (rpHPLC)165. The GS-mBrB fraction was quantitated using a fluorescent 

detector. The authors attempted to calculate a concentration range of glutathionylated species in 

the ER by taking into account the volume of the microsome lumen. The authors determined that 

the total glutathione concentration in freshly prepared microsomes was approximately 9.4 mM.  

This method of studying ER redox conditions comes with its own set of disadvantages that 

are primarily associated with experimental handling and procedures. The microsomes could 

leak while the experiment is being performed, during storage, or washing and freeze thawing of 

microsomal fractions. If freshly prepared microsomes are alone used for analysis, the error 
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generated by this procedure can be reduced. There could also be artifactual oxidation of GSH 

during the multistep microsomal isolation procedure.  

 Bass and Ruddock themselves reported the different glutathione concentrations achieved 

due to the errors that could be introduced by these unavoidable experimental constraints. Dixon 

et al. in 2008174 performed similar experiments as Bass and Ruddock did except iodoacetic acid 

was used to trap and preserve the free-thiol groups in glutathione.  This study indicated that the 

GSH:GSSG ratio in iodoacetic acid-treated microsomes was between 4.7:1 and 5.5:1 as 

compared with 0.7:1 to 1.2:1 in non-iodoacetic acid treated microsomal fractions. This 

corresponds to a much lower ER redox potential of -205 mV.  

This observation of lower ER mid-point redox potential agrees with the observations of 

Bass et al. that a significant proportion of microsomal glutathione existed as mixed disulfides in 

the ER165. On the other hand, Dixon et al.174 reported ER proteins were highly resistant to 

glutathionylation. Additional work is necessary to resolve the apparent discrepancy.  

1.9c Real-time studies of ER redox state using a green fluorescent protein 

The original green fluorescent protein (GFP) is a small 26.9 kDa protein of 238 amino acid 

residues exhibiting bright green fluorescence once it is excited with blue to ultraviolet light187. 

GFP fluorescence requires no other co-factor and the fluorophore in GFP is formed 

autocatalytically as a result of cyclization of its peptide backbone. Wild type GFP has a major 

excitation peak at 395 nm, which is close to the cell-harming ultraviolet light range and a minor 

peak at 475 nm that is in a range of light spectrum that is less damaging to cells188-191. Several 

marine organisms express green fluorescent proteins but the GFP protein most widely used in 

biological studies was first isolated from the jellyfish Aequorea victoria. Roger Y. Tsien, Martin 
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Chalfie and Osamu Shimomura were awarded the Nobel Prize in 2007 for discovering and 

developing GFP. Other GFPs have been isolated from the sea pansy Renilla reniformis that has 

a single excitation peak at 498nm192. GFP has been extensively used as reporter of expression, 

cellular location, fusion tag, enzyme activity (example protease), transcription factor 

dimerization, calcium sensitivity, pH, and redox state. 

i. GFP variants for multispectral live cell imaging   
 

GFP is an extremely versatile molecule that can be visualized at high resolution in live cells. 

This is a unique property of GFPs that differentiates it from enzyme markers. To visualize 

GFPs, the cells do not need to be stained or fixed. Some of the biggest advantages GFP 

biomarkers provide are the ability to view activities in live cells such as cytoplasmic streaming 

(actin-mediated directed flow of the cytosol along with the cellular organelles in large 

unicellular organisms such as fungi or large plant cells). Being able to see movement within a 

sample using GFP, it is possible to monitor dynamic events over time using techniques such as 

time-lapse confocal microscopy. This vital fluorescence-based reporter together with the newer 

high-resolution optical techniques is extremely valuable. GFP can be used to mark specific 

cellular structures with high precision. As a result, sub-cellular trafficking of GFP-tagged 

components can be monitored in real-time in a wide range of organisms. 

ii. Overall structural basis for engineering GFP variants 
 

Modified forms of GFP have been widely used to make biosensors serving several 

different functions. All GFP variants adopt a β barrel structure exhibiting 11 β-strands that form 

the GFP barrel with short helical regions and extensive H-bonding interactions188. The side-
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chains of the amino acid residues of the β-barrel project alternately into the interior or exterior 

of the β-barrel188. The amino acid residues projecting outward are generally polar but there are a 

few hydrophobic patches on the surface of the β barrel. The β sheets are linked by proline-rich 

loops and the β-barrel encloses a central α-helix containing the chromophore190,193. The interior 

of the protein is a tightly packed structure with little room for diffusion of ions or other small 

molecules. Interior water molecules are secured in place by H-bonds. The GFP chromophore is 

a hexapeptide with the sequence, 64-FSYGVQ-69 in WT GFP190. It is formed by the natural 

cyclization and oxidation of the Ser-65-Tyr66-Gly67 sequence190. Occasionally, a Thr is 

observed at position 65. Fluorescence is observed following a sequential process involving 

protein folding, cyclization and oxidation of the chromophore sequence 188. This process does 

not require any cofactors other than oxygen and gives rise to a very stable tertiary structure. 

Changes in the local environment of the GFP protein and its chromophore lead to changes in its 

spectral characteristics, photostability and other physical properties. By altering factors in and 

around the GFP chromophore one can cause both blue and red shifts in the excitation spectrum.  

Fluorescent proteins can be modified to achieve desired characteristics: Engineering new 

variants of GFP involves targeting the amino acids of the chromophore or those very close to 

the chromophore. These efforts led to the generation of spectral variants with emission profiles 

shifted by tens of nanometers to both higher and lower wavelengths. Numerous GFP variants 

have since been developed with a broad range of spectral properties, photostability, reduced 

oligomerization, pH sensitivity, and faster rates of chromophore oxidation.  

The following are examples of how different GFP variants have been modified and 

developed to meet a wide array of needs. By substituting the Ser at position 65 with a Thr 
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(S65T), GFPs with higher intensity of fluorescence emission were generated194. An efficiently 

folding GFP variant was developed when a phenylalanine at position 46 was substituted with a 

leucine (F46L)195,196. The S65T substitution in WT-GFP also resulted in a GFP with a faster 

oxidizing chromophore197. A V132A substitution resulted in increasing the thermosensitivity of 

the GFP chromophore. Thermostability of the GFP chromophore is another desired property. 

This type of GFP is particularly helpful because the fluorescent signal from GFP is considerably 

weaker when cells are incubated at temperatures above room temperature and for many 

biological studies, mammalian cells need to incubated at temperatures ranging from 35-37°C. 

An E222G mutation resulted in a GFP with no excitation peak at 395 nm198. This mutant has 

excitation maxima at 481 nm and emission maxima at 506 nm.  

WT GFP from A.victoria has 2 excitation peaks, a major excitation peak at 395 nm and a 

minor excitation peak at 475 nm188. An Aequorea GFP variant that emitted a single excitation 

peak at 490 nm and emission peak at 510 nm with increased intensity of fluorescence was 

developed following a single point mutation, Ser65→Thr, and this variant is referred to as the 

enhanced green fluorescent protein (EGFP)199. Ser 65 is an integral part of the Gly67-Ser65-

Tyr66 trio that helps in the formation of the 5-membered ring, which is the final fluorescent 

product p-hydroxybenzylideneimidazolinone in WT GFP199. In the same study, it was 

demonstrated that substitution of the Ser at the 65th position into Ala, Leu and Cys also showed 

desired single excitation peaks between 470-490 nm whose emission amplitudes were 4- to 6-

fold greater than the WT GFP. But of all the alternate mutants developed by Heim et al.199, the 

S65T mutation had the longest wavelengths of excitation and emission (490, 510nm which 

could be conveniently visualized using FITC filter sets) Mutations of Ser65 to larger amino 
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acids such as Arg, Asn, Asp, Phe, Trp caused a significant decrease in fluorescence intensities 

than the WT. This showed that the amino acid at the 65th position was important in controlling 

spectral properties.  

1.9d Blue, Yellow and Cyan fluorescent protein  

Several other GFP variants including color variants have been developed. These include 

the blue fluorescent protein (BFP).  Modified forms of BFP include EBFP, EBFP2, Azurite and 

mKalama1. Another variant is the cyan fluorescent protein (CFP). Modified forms of CFP 

include ECFP, Cerulean and CyPet.  Lastly, yellow fluorescent protein derivatives including the 

modified forms Citrine, Venus and YPet have been developed.  

i. BFP derivatives (except mKalama1) contain the Y66H substitution that results 

in a blue-shifted fluorescence with excitation and emission maxima at 380 and 

446 nm, respectively. Weak fluorescence and fast photobleaching is seen in 

BFPs, which can be compensated by additional point mutations at other 

locations to give rise to the enhanced BFPs (EBFPs)200.  

ii. Cyan fluorescent proteins contain the Y66W substitution that causes the 

chromophore to form with an indole rather than a phenol ring in the 

chromophore201. Several additional compensatory mutations in the surrounding 

barrel are required to accommodate this bulky indole group. These 

compensatory mutations also help to restore brightness.  

iii. YFP derivatives exhibit a red-shift as compared to WT-GFP. The red-shift is 

brought about by a T203Y mutation that causes π-electron stacking interactions 

between the substituted Tyr residue and the chromophore202.  
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1.9e Superfolder GFP  

GFP derivatives with improved folding efficiencies are called superfolder GFPs. The 

most recently reported superfolder GFP consists of cycle-3 GFP (‘folding reporter’ GFP)196 with 

F64L and S65T mutations along with 6 new mutations203 and can rapidly fold and mature even 

when fused to poorly folding peptides. 

1.9f Non-GFP based redox sensors with high midpoint-reduction potential 

Kolossov et al.204 have developed another family of non-GFP based redox sensors, the 

Forster resonance energy transfer (FRET)-based sensor CY-RL7. The sensor with a high 

midpoint redox potential of -143 mV relies on Forster resonance energy transfer between two 

fluorophore probes, cyan and yellow fluorescent proteins. The energy transfer is dependent on a 

redox-mediated conformational change of a linker peptide. Using this tool to measure redox 

potential in ER, the authors proposed the possibility that the ER glutathione pool is even more 

oxidizing than currently thought. 

 

1.10 Redox-Sensitive Green Fluorescent Protein Indicators 

Different cellular organelles function optimally in different environments. The cytosol 

and mitochondria are predominantly reducing compartments where as the sites of protein 

maturation and transport, ER, Golgi complex and secretory vesicles all exhibit oxidizing redox 

conditions. These organelles harbor many proteins that carry out oxidative protein folding and 

need specific conditions for optimal function. To develop a proper understanding of how these 

proteins work, it is imperative to understand the necessary environment and other factors that 
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they interact with for optimal functioning of these proteins. Ostergaard et al. in 2001205 first 

developed a set of fluorescent proteins, roGFP1, 2,3 and 4, that could indicate the cellular 

thiol/disulfide equilibria. This family of redox-sensitive variants of GFP (roGFP) consists of 

Cys insertions on the surface of the β-barrel facing the outside environment of the GFP. The 

logic behind developing these redox-sensitive proteins was that disulfide bonds between 

surface-facing cysteines might bring about a structural change in the protein. Mutations in areas 

close to the chromophore could induce changes in the chromophore environment that ultimately 

affected the fluorescence excitation or emission properties. To avoid undesired disulfide bonds 

between the inserted Cys and the Cys already existent in the WT GFP, the two surface Cys at 

positions 48 and 70 in WT GFP206 were substituted with serine and alanine, respectively. 

Substitution of Cys70 is a deleterious mutation. Hence, a background with the C48S mutation 

was used without the S65T mutation for roGFP1 and roGFP3 and with the S65T mutation in 

roGFP2 and roGFP4. roGFP1 and 2 were constructed with Cys insertions replacing Ser 147 and 

Gln 204 and roGFP 3 and 4 were constructed with Cys insertions replacing Asn 149 and Ser 

202, each next to His 148. The authors also created double disulfide variants, roGFP5 and 6, 

again with or without the S65T substitution. The resultant proteins had two fluorescence 

maxima at 400 and 490 nm and exhibited reversible ratiometric changes in fluorescence as a 

response to the redox potential of the GFP milieu both in vivo (mitochondria) and in vitro. The 

excitation peak at 400 nm corresponds to the neutral form of the chromophore and the 

excitation peak at 490 nm corresponds to the anionic chromophore. Emission is constant at 510 

nm. When the indicator disulfide at the surface of GFP is oxidized, the neutral chromophore is 

favored over the anionic chromophore. There exists an isosbestic point at 425 nm, the 
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wavelength at which both the neutral and anionic forms of the chromophore have identical 

emission. This property enables the quantitation of the total amount of the reporter independent 

of the oxidation state of the redox-sensitive surface disulfide. The ratiometric nature of roGFP 

allows correction of factors like cell thickness, protein expression level, and photobleaching that 

affect the fluorescence intensity.  

The midpoint potentials of roGFP1 and roGFP2 are -287mV and -272mV, respectively. 

The quantitative readout in roGFP proteins is limited to a range defined by the thermodynamic 

midpoint potential of the indicator surface disulfide. This property of roGFP is crucial because 

it suggests that when compared to the midpoint potential of the GSSG-GSH couple which has a 

midpoint potential of -240mV, the roGFP indicators are reducing and thus can be best used in 

subcellular compartments that are more reducing such as the mitochondria and the cytosol. 

roGFPs have been used to calculate the redox conditions in various organelles in different types 

of organisms. The midpoint redox potential of the mitochondrion at pH 8 and 37°C is 

approximately -360mV207. The cytoplasm is also a very reducing compartment, where the 

midpoint redox potential at pH 7 is approximately -320mV in HeLa cells208.  

The high thermodynamic stability of the indicator disulfide bond on the surface of 

roGFPs prohibits roGFPs from being able to provide a quantitative read-out of the redox 

potential in more oxidizing conditions. Hence, in an attempt to engineer probes that can detect 

the redox potential in oxidizing conditions, Lohman et al.209 generated a family of roGFP1 

proteins with midpoint reduction potentials as high as -241mV to -224mV209. The important 

strategy they applied when designing a family of roGFPs that had a midpoint redox potential of 

the surface disulfide high enough so as to be able to exhibit disulfide bond formation and 
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disruption in oxidizing conditions was lowering the thermodynamic stability of the reactive 

disulfides. To achieve this end Lohman et al.209 identified the pKa of the –SH groups on the 

surface cysteines, geometric strain, and entropic effects as factors that affected the 

thermodynamic stability of disulfides and attempted to modify these to achieve their desired 

midpoint reduction potential. The pKa of one or both participating –SH groups can be decreased 

by substituting in one or more positively charged residues close to the reactive disulfide. 

Addition of three Arg or Lys residues in close proximity of the surface disulfide increased the 

midpoint reduction potential of roGFP1 by 16mV along with increasing the rate of oxidation 

and reduction of the disulfide210. Applying geometric strain on the disulfide bond can be another 

strategy to reduce the thermodynamic stability of the surface disulfide causing an increase in the 

reduction potential of the GFP. Geometric strain can be attained by the use of small molecules 

that form a ring once disulfide bond formation has occurred 

i. Uses of roGFPs: 

One use of roGFP is in real-time redox measurements during ER stress. The ER 

maintains an oxidizing redox potential to promote disulfide bond formation in maturing 

secretory proteins. Under ER stress the UPR upregulates folding enzymes82 to enhance disulfide 

bond formation and oxidative protein folding. However, even the increase in oxidative protein 

folding can be overwhelmed by an overload of secretory proteins. Accumulation of unfolded 

proteins can change the ER redox potential to a large extent. Hence, the ratiometric and redox-

sensing roGFP family has been used to measure changes in the ER redox potential during UPR 

in budding yeast under stress by Merksamer et al.109. The authors used roGFP2 and joined it 

with the ER retrieval signal HDEL for the fusion protein to be expressed in the ER. The 
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recombinant tagged protein, eroGFP, had distinct excitation spectra in the fully oxidized and 

reduced states with maxima at 400 and 490 nm. Titration of eroGFP with oxidized and reduced 

lipoic acid showed an isosbestic point and a midpoint reduction potential of -283 +/- 3 mV. As 

discussed previously, such midpoint reduction potential is not ideal for measurements of ER 

redox state. For dynamic monitoring of UPR, they constructed a 2nd reporter gene encoding the 

red fluorescent protein, mCherry under CYC1 promoter. Schwarzer et al.211 used roGFP1 in 

cultured mammalian cells from the airway epithelium to study redox alterations during reduced 

CFTR function in cystic fibrosis. Redox conditions were measured in the ER and compared 

with that in the cytosol, mitochondria and cell surface of cystic fibrosis nasal epithelia and 

CFTR-corrected cells. They measured that redox potential at the cell surface was ~ -207+/-8 

mV, -344+/-9 mV in the mitochondria and -322+/-7 mV in the cytosol. In the ER, measurement 

of actual redox potential was not possible due to the low reduction potential of roGFP1, but was 

extrapolated to be approximately -217+/-1 mV, a condition much more reduced than the 

previously reported, -180 mV. The authors confirmed that reduced CFTR function in cystic 

fibrosis did not affect the redox state in airway epithelial cells. Studies making use of the 

roGFP1-iX family of proteins to study ER redox potential have been performed in living yeast 

cells212 and cultured mammalian cells213. van Lith et al. used roGFP1-iL to study ER redox 

states in mammalian ER for the first time and found its unexpected utility in measuring redox 

changes upon oxidative challenges in the ER following treatment with the oxidizing agent DPS. 

A puromycin challenge caused the ER to become more reducing showing that the release of 

newly formed polypeptides from the ribosomes with their free sulfhydryl groups made the ER 

more reducing. In addition, depleting Ero1-Lα prevented the return to redox homeostasis in the 
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ER upon DTT challenge, whereas depleting PRDX4 had no effect. These data demonstrated the 

importance of the Ero1-Lα pathway in maintaining ER redox conditions.   

ii. Limitations of and Considerations for the use of redox sensitive fluorescent proteins: 

Upon translation inside the cell, the sensors exit from ribosomes in the reduced state and 

then they must interact with intracellular constituents to attain a steady-state level of oxidation. 

The interaction of the sensors with the cellular environment can be of concern with regard to 

their activity. For example, the sensors can react with different redox pools within the cell like 

the NADPH/NADP+ and NADH/NAD+ redox pools whose ratios can be very different. For 

redox pools that are not at mutual equilibria, the redox status of a sensor will be defined by the 

rate at which it equilibrates with individual pools. If it equilibrates with increased preference 

with one pool over the other, it will effectively be a sensor of the pool it equilibrates more 

strongly with. 

Most redox sensors developed so far cannot measure the redox state of glutathione. In 

order for redox fluorescent protein sensors to determine the redox state of glutathione, the system 

should be equipped with a catalyst for redox equilibration with glutathione or other structural 

changes to improve interaction with glutathione. 

1.10a The roGFP1-iL probe 

Lohman et al.209 first reported the roGFP variant roGFP1-iL. It belongs to the family of 

redox-sensitive proteins roGFP1-iX (where X denotes the amino acid at the 147a position of 

insertion) and has the highest reported midpoint reduction potential for any roGFP proteins to 

date. The range of midpoint reduction potential of this protein family is approximately from -

240 mV to -224 mV.  roGPF1-iL was constructed from the parent roGFP1 with a leucine 
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insertion near the surface disulfide forming cysteine Cys147. roGFP1-iL also contains an 

adjacent H148S mutation. Its excitation peak is observed at ~395 nm and ~465 nm and 

fluorescence emission peak is at ~510 nm. The amplitude of the excitation peak depends on the 

oxidation state of the Cys147-Cys202 disulfide bond. In the oxidized state excitation at 395 nm 

is favored and in the reduced state, excitation at 465 nm is favored. This is a two-state behavior 

with an isosbestic point at ~425 nm. The fluorescence quantum yield of roGFP1-iL is lower 

than WT-GFP and roGFP1 but the magnitude of this reduced yield has not been quantitated for 

roGFP1-iL. An estimate of the reduction in the fluorescence quantum yield of roGFP1-iL as 

compared to WT-GFP and roGFP1 can be given by the magnitude of reduction observed in the 

other members of the roGFP1-iX family. roGFP1-iD has a reduced quantum yield of 0.24 and 

roGFP1-iH has a reduced quantum yield of 0.33. The dynamic range which is defined as the 

maximum observed ratio of the excitation peak ratios for roGFP1-iL is 7.2, similar to that of 

roGFP1 which has a dynamic range of 6.5207. The His 148 mutation and other mutations close 

to His 148 confer pH sensitivity to redox-sensing GFP proteins, but roGFP1-iL like WT GFP is 

insensitive to pH over a range of pH 4 to pH 10187,209,214. When compared to pH 7, the 

fluorescence intensity of the 395 nm peak of roGFP1-iL is decreased by a factor of 2 in both 

low and high pH of 5.5 and pH 9.5 when the 465 nm peak is favored. In spite of the reduction in 

the fluorescence intensity in different pH conditions, the ratio of fluorescence intensity at 395 

nm and 465 nm (395/465) is more or less constant, indicating that the pH effect is negligible209. 

The midpoint reduction potential of roGFP1-iL determined from the equilibrium constant of the 

reaction between roGFP1-iL and lipoic acid (with the E0’ at -290 mV215) was calculated to be -
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229 mV +/- 4 mV209. roGFP1-iL has been used in multiple studies since 2008 to measure the 

more oxidizing redox conditions in the ER with its higher midpoint reduction potential.   
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CHAPTER 2: STATEMENT OF THE PROBLEM 

In order to determine the effects of ER redox state on development of ER stress and insulin 

resistance, this study will attempt to develop a sensitive tool to study the ER redox state in 

adipocytes in real-time by targeting a redox-sensitive green fluorescent protein (GFP) to ER. 

The ER-targeting eroGFP1-iL construct contains the signal peptide from adiponectin and the 

ER retention motif KDEL and has a midpoint reduction potential of -229mV. At 50 mV higher 

than the original redox-sensitive GFP, eroGFP1-iL can measure more oxidizing changes. In 

parallel, in vitro studies from the Tsao lab indicate that highly oxidizing conditions inhibited 

oligomerization of HMW adiponectin and suggest a redox environment dependent model for 

adiponectin oligomerization. Taken together, these results indicate that impaired adiponectin 

oligomerization is causally linked to insulin resistance and ER stress through changes in redox 

state in the ER. We proposed the following hypothesis: Is ER redox change one of the crucial 

underlying mechanisms for the development of ER stress and impaired protein folding observed 

in obesity-associated insulin resistance? This study attempted to determine whether changes in 

ER redox conditions are a crucial mechanism among the early initiators of an ER stress 

response by agents involved in obesity-associated metabolic disorders. To address these 

questions, we attempted to answer the following questions: 

1. Assess real-time ER redox state changes ex vivo by developing a redox sensing GFP tool 

that can measure oxidizing and reducing changes in compartments as oxidizing as the 

ER. 

2. What are the roles of hypoxia and the redox active ascorbic acid in ER stress mediated 

insulin resistance in adipocytes?  
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3. Is ER redox alteration an additional mechanism of action for palmitate-mediate decrease 

and thiazolidinedione-mediated increase in circulating HMW adiponectin levels?  
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Generation of 3T3-L1 fibroblasts expressing eroGFP1-iL 

To target roGFP1-iL209 to the ER, PCR was performed using roGFP1-iL as template to 

remove the 6xHis-tag and to engineer the signal peptide from mouse adiponectin216 and HDEL 

ER-retention motif to, respectively, the N- and C-termini of roGFP1-iL.  The primers for the 

PCR reaction contain the following sequences: upstream, 5’-

GCGGATCCGCCACCATGCTACTGTTGCAAGCTCTCCTGTTCCTCTTAATCCTGCCCA

GTCATGCCGAAGATAGTAAAGGAGAAGAACTTTTCACTGG-3’ and downstream, 5’- 

GGCGGTCGACTATTAGAGCTCATCATGTTCCGAATTCAGATCCTCTTCTGAGATGAG

TTTTTGTTCTTTGTATAGTTCATCCATGCCATGTGT-3’.  The myc-epitope tag was 

inserted between roGFP1-iL and C-terminal HDEL motif as a spacer to promote accessibility of 

the retention signal217.  Following established convention109, the roGFP1-iL construct 

containing the modifications described above is named eroGFP1-iL.  Following digestion with 

BamHI and SalI restriction enzymes, the eroGFP1-iL PCR fragment was cloned into similarly 

treated pBabe-puro vector (Addgene, Cambridge, MA).  The resulting pBabe-eroGFP1-iL 

plasmid was co-transfected with pCL-Eco218 into HEK 293T cells as described previously38 to 

generate replication-deficient retrovirus.  3T3-L1 fibroblasts (ATCC, Manassas, VA) were 

infected according to protocols published on Dr. Garry Nolan’s website at Stanford University 

(www.stanford.edu/group/nolan/index.html) using conditioned media collected from transfected 

HEK 293T cells after centrifugation at 1,000g for 10 min and passage through 0.45 µM bottle-

top filters.  After 2 days, infected 3T3-L1 fibroblasts were selected in 6µg/mL puromycin for 4 

days. 
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3.2 Selection of cells expressing eroGFP1-iL using flow cytometry 

 Puromycin-resistant 3T3-L1 fibroblasts infected with replication-defective retrovirus 

carrying eroGFP1-iL in pBabe-puro vector were trypsinized, washed in phenol red-free RPMI 

1640 media with 2% BSA, and resuspended in the same media for flow cytometry in FACSAria 

IIu (BD Biosciences, San Jose, CA).  To avoid enrichment of cells exhibiting abnormally high 

or low ER redox state, the cells were excited with a 488 nm laser and emission fluorescence 

detected through a 530/30 bandpass filter.  Even though roGFP1-iL absorbs poorly at 488 nm, 

fluorescence emitted at that excitation wavelength was independent of roGFP1-iL redox state209.  

Cells with mean fluorescence in the top tenth percentile and cells in the next tenth percentile 

were sorted, expanded in culture, and analyzed for signs of ER stress. 

3.3 Confocal microscopy 

 3T3-L1 fibroblasts expressing eroGFP1-iL were grown on glass coverslips in 6-well 

plates, washed in PBS++ (phosphate-buffer saline with 0.9 mM CaCl2 and 0.5 mM MgCl2) with 

0.2% BSA, and fixed in PBS++ with 4% paraformaldehyde.  Permeabilization was performed 

for 10 min in PBS++ with 0.2% TritonX-100 at 40°C followed by blocking in PBS++ with 2% 

BSA and 4% goat serum for 30 min at room temperature.  Cells were stained sequentially using 

the 9B11 monoclonal antibody (Cell Signaling Technology, Inc., Danvers, MA) against myc 

epitope tag followed by Alexa Fluor 488-conjugated anti-mouse antibody (Invitrogen) and a 

polyclonal antibody (Cell Signaling Technology) against protein disulfide isomerase (PDI) 

followed by Cy5-conjugated anti-rabbit antibody (Jackson ImmunoResearch, West Grove, PA).  

Staining with primary and secondary antibodies was performed for, respectively, 120 and 45 

min at room temperature in PBS++ with 2% BSA.  After staining, the samples were washed four 
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times with PBS.  Finally, the coverslips were sealed, imaged using a Nikon C1si scanning 

confocal microscope, and analyzed with EZ-C1 software. 

3.4 ER redox state measurement using epifluorescence microscopy 

 3T3-L1 fibroblasts and 8- to 10-day differentiated adipocytes were grown on 25-mm 

round No. 1 coverslips (VWR International, LLC) in 6-well plates.  To evaluate fluorescence, a 

coverslip was placed in a chamber held at 37°C while mounted on the stage of an inverted 

Olympus IX70 microscope equipped with a 40x1.4 NA ultrafluorophore objective.  The 

oxidized and the reduced forms of eroGFP1-iL were maximally excited by light from a 100-

watt mercury lamp through, respectively, a 380±5 nm and a 455±15 nm bandpass filter.  A 

computer controlled filter wheel was used to rotate the excitation filters allowing for a pair of 

images to be acquired within approximately 5 seconds.  The emission filter had a 10 nm 

bandwidth centered at 510 nm.  Since light exposure drives eroGFP1-iL to its oxidized state213, 

the excitation source was shuttered, and exposure time was minimized (1 sec per image).  Prior 

to mounting on microscope, cells on coverslips were incubated for 2 hrs in fresh normal growth 

media (DMEM supplemented with 10% calf serum, 2 mM L-glutamine, 100 units/mL 

penicillin, and 100 µg/mL streptomycin) followed by 1 hr in phenol red-free RPMI 1640 media 

supplemented with 2% Fraction V BSA (Research Products International, Mt. Prospect, IL), 2 

mM L-glutamine, and 20 mM Hepes pH 7.4.  To initiate an experiment, stimulated fluorescence 

was recorded at 5 min intervals until a steady-state fluorescence was reached.  Subsequently 

cells were treated with diamide (VWR International, LLC) or dithiothreitol (DTT, Sigma 

Aldrich, St. Louis MO) and images were acquired at fixed intervals.  Fluorescence intensity was 

quantitated using ImageJ.  Specifically, all of the images collected from one coverslip including 
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baseline were first collated into a stack and on average 8 box-shaped regions of interest (ROIs) 

encompassing areas of varying fluorescence intensities and 3 background ROIs were drawn per 

stack of images.  Intensities of the same box on successive images within the stack were 

subtracted by the average intensities of the background boxes.  Background-subtracted ROI 

intensities on the images collected through the 380±5 nm bandpass filter were divided by 

similarly adjusted intensities of the same ROIs on the corresponding images collected within 

through the 455±15 nm filter to obtain a ratio of oxidized to reduced eroGFP1-iL within a given 

ROI.  This procedure was modified when some of the images within a stack varied slightly, a 

situation encountered from time to time in which fluorescent areas of cells decreased upon 

prolonged exposure to diamide.  In this case, freehand tool was used to draw regions of interest 

(ROI) that each encompasses the largest fluorescent area of a cell among all images within a 

stack.  These areas almost always contain nuclei without green fluorescence and oval tool was 

used to draw nuclei-encompassing ROIs that were intersected out of the areas surrounding ER.  

The resulting ROIs were duplicated and moved to regions of the image without green 

fluorescence to serve as background.  In all cases, the background-adjusted emission 

fluorescence intensity following excitation at 380 nm (maximum for oxidized roGFP1-iL) was 

divided by that at 455 nm (maximum for reduced roGFP1-iL) to obtain a 380/455 nm 

fluorescence intensity ratio, which was then normalized to that of the baseline before treatment.  

By established convention109, the term “eroGFP1-iL ratio” is defined as log2 values of baseline-

normalized 380/455 nm fluorescence ratio.  The rationale to transform baseline-normalized 

380/455 nm fluorescence ratios to log2 space, used to represent increasing oxidized eroGFP1-iL, 



 69 

are presented as positive values, while increasing amounts of reduced eroGFP1-iL are presented 

as negative values. 

3.5 ER redox state measurement using flow cytometry 

3T3-L1 fibroblasts at 70% or greater confluence or 8- to 10-day differentiated 

adipocytes were maintained in normal growth media (defined above) at 37°C. Cells were 

replenished with fresh normal growth media for 2 hrs and then transferred to phenol red-free 

RPMI 1640 supplemented with 2% Fraction V BSA, 2 mM L-glutamine, and 20 mM Hepes pH 

7.4 for 1 hr at 37°C prior to addition of 1 mM diamide or 1 mM DTT and further incubation at 

37°C for 5 and 15 min.  Cells were then scraped from culture plates, passed through 40 µm cell 

strainers, and excited sequentially with a 405 nm laser for maximal emission by oxidized 

eroGFP1-iL and a 488 nm laser for redox-independent eroGFP1-iL fluorescence in a LSR II 

flow cytometer (BD Biosciences, San Jose, CA).  Fluorescence generated by both lasers was 

detected through a 520/50 bandpass filter with a 505 nm longpass dichroic mirror.  Data 

acquisition and analysis were performed using FACSDivaTM software (BD Biosciences, San 

Jose, CA).  Cells were gated away from debris and aggregates based on forward versus side 

scatter.  Proportions of oxidized eroGFP1-iL relative to total eroGFP1-iL were represented by 

ratios of mean fluorescence from excitation at 405 nm over that from 488 nm.  After 

normalization to untreated control cells, the 405/488 nm mean fluorescence ratios were 

transformed into log2 space to set controls as zero and oxidizing and reducing changes as, 

respectively, positive and negative values of comparable scales. 
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3.6 Non-reducing denaturing immunoblot analysis of eroGFP1-iL redox states 

3T3-L1 fibroblasts and 8- to 10-day differentiated adipocytes expressing eroGFP1-iL on 

10-cm culture plates were transferred to fresh normal growth media 2 hrs prior to treatment with 

either 1 mM diamide, DTT for 5 and 15 min.  At the end of incubation, media were aspirated 

and the cells were washed once with ice cold PBS followed by precipitation in 700 µL of ice 

cold 10% trichloroacetic acid (TCA) for 5 min.  The precipitates were scraped off of the plates 

and centrifuged at 4°C at 2,700g for 10 min.  After removal of supernatant, the pelleted 

precipitates were washed three times with ice cold 70% acetone and air-dried.  The pellets were 

then resuspended in 20 mM N-ethylmaleimide (NEM), 10% SDS, and 5 mM Hepes, pH 7.4 and 

incubated on ice for 20 min followed by constant vortexing for 90 min at room temperature.  

Laemmli sample loading buffer219 without reducing agent was added and the samples were 

heated for 15 min at 90°C prior to fractionation in 10% Tris-glycine gels.  Following 

electrophoretic transfer, nitrocellulose membranes were stained with Ponceau S, blocked, and 

incubated with antibodies against the myc epitope or β-actin (Cell Signaling Technology, 

Danvers, MA) followed by horseradish peroxidase-conjugated goat anti-mouse and donkey 

anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA).  Blots were developed using 

enhanced chemi-luminescence (Thermo Scientific, Rockford, IL) and visualized in a Chemidoc 

XRS imaging system (Bio-Rad Laboratories, Philadelphia, PA).  

3.7 Expression and purification of roGFP1-iL and A206K roGFP1-iL 

 6xHis-tagged roGFP1-iL in pQE30 vector was a gift from Dr. S. James Remington209.  

Expression and purification were performed essentially as described previously with 

modifications209. Protein was expressed in BL21(DE3)pLysS cells after induction with 1 mM 
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ITPG at 37°C for 4 hrs.  Cell lysate supernatant was loaded onto a nickel-charged HiTrap 

chelating column (GE Healthcare, Pittsburgh, PA) and eluted with a step imidazole gradient.  

roGFP1-iL was purified to homogeneity with an additional anion exchange chromatography 

step using quaternary ammonium resin and elution with a continuous NaCl gradient from 50 to 

500 mM.  Purified protein was dialyzed into PBS, sterile-filtered, and stored at 4°C.  A206K 

amino acid substitution was introduced into roGFP1-iL in pQE30 using QuikChange 

mutagenesis in two stages.  First, the GCC codon corresponding to alanine was changed to 

AAC.  A second round of PCR-based mutagenesis was then performed to change AAC to the 

lysine-encoding AAA sequence. 

3.8 Redox titration of roGFP1-iL in vitro and fluorescence spectroscopy 

For titration in mono- and di-thiol redox buffers, a total of 2.5 mM reduced and oxidized 

glutathione ([GSH]+2[GSSG]=2.5 mM) or DTT ([DL-dithiothreitol]+[trans-4,5-Dihydroxy-

1,2-dithiane]=2.5 mM]) were combined in 20 mM Hepes, 150 mM NaCl, and 1 mM EDTA, pH 

7.0 to generate buffers with the indicated redox potentials using the Nernst equation and values 

of -230 and -330 mV for standard reduction potentials of, respectively, glutathione and DTT.  

roGFP1-iL was added to a final concentration of 7.5 µM.  Reaction tubes were sealed with 

rubber septa and nitrogen gas was flowed through the reaction tubes for 1 min.  The reactions 

were incubated at 37°C in the dark for 4 hrs prior to determination of excitation fluorescence 

spectra and redox state by non-reducing SDS-PAGE.  Excitation spectra were determined using 

Varioskan Flash fluorescence plate reader (Thermo Scientific, Hudson, NH) or Model 8000 

SLM Aminco® T-format spectrofluorometer (SLM Instruments, Urbana, IL).  Excitation scans 

from 350 to 490 nm were taken with emission measured at 510±20 nm.  Excitation spectra were 



 72 

normalized to the isosbestic point of roGFP1-iL at 429 nm (data not shown).  For titration in 

diamide, roGFP1-iL at 15 µM was incubated for 30 to 60 min at room temperature in either 

PBS or 20 mM Hepes, 150 mM NaCl, and 1 mM EDTA, pH 7.0 prior to non-reducing 

denaturing gel electrophoresis. 

3.9 Assessment of roGFP1-iL redox state in vitro by non-reducing SDS-PAGE 

Following incubation in DTT- or glutathione-based redox buffers and determination of 

excitation fluorescence spectra, roGFP1-iL samples were quenched with 25 mM NEM for 10 

min at room temperature followed by denaturation in Laemmli sample loading buffer219 without 

reducing agent by heating to 90°C for 15 min.  Samples were fractionated in 10% Tris-glycine, 

4-12% Bis-Tris, or 10% Bis-Tris gels and stained with Coomassie Brilliant Blue G-250.  

Quantitation of images was performed using ImageJ following digitization in an Epson 

Perfection 4990 optical scanner or a LI-COR Odyssey infrared imaging system (LI-COR 

Biosciences, Lincoln, NE) as previously described220.  

3.10 Gel filtration chromatography 

roGFP1-iL dimers and monomers were separated on a Superdex 75 column (GE 

Healthcare Biosciences, Piscataway, NJ).  The column was equilibrated and eluted in 20 mM 

Hepes, 150 mM NaCl, and 1 mM EDTA, pH 7.0 at 1 mL/min at room temperature.  0.2 mL 

fractions were collected and analyzed by non-reducing SDS-PAGE and fluorescence 

spectroscopy. 
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3.11 Molecular modeling of roGFP1-iL dimers 

Molecular modeling of roGFP1-iL dimers was performed using MODELLER software 

module221.  Structural templates to which the roGFP1-iL sequences were aligned were 2B3Q, a 

crystallized dimer of GFP203, and two copies of 3CBE, roGFP1-iR in the reduced 

conformation209.  

3.12 Immunoprecipitation and immunoblotting 

To examine co-immunoprecipitation of roGFP1-iL with glutathione, lysates prepared as 

described for the western blotting protocol from roGFP1-iL cells were used. roGFP1-iL was 

pulled down by overnight incubation in a rotator with a 1:300 dilution of anti-myc 9B11 (Cell 

Signaling Technology, Danvers, MA) antibody at 4°C followed by incubation with RIPA buffer 

(150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 

pH 8.0)-washed immobilized protein A/G-agarose (Pierce Protein Research Products, Rockford, 

IL) at 4°C for 4 hrs. The incubated agarose beads were washed four times with RIPA buffer 

followed by heating with denaturing gel loading buffer at 90°C for 15 min with brief vortexing 

every few minutes. The supernatant was then fractionated in a 12% Bis-Tris gel with MOPS 

running buffer (0.4 M MOPS, pH 7.0, 0.1 M sodium acetate, 0.01 M EDTA) under denaturing, 

non-reducing, conditions. Upon transferring to a nitrocellulose membrane, the membranes were 

stained with Ponceau S to visualize proteins and assess protein loading. Anti-glutathione 

antibody (Arbor Assays, Ann Arbor, MI) at 1:1000 dilution was used to probe for 

glutathionylated roGFP1-iL. All experiments were repeated at least three times, and the figures 

presented are representative of the data. 
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3.13 Native immunoblot analysis of adiponectin from 3T3-L1 adipocytes 

3T3-L1 fibroblasts (ATCC) were maintained and differentiated as described previously. 

9-day differentiated 3T3-L1 adipocytes were incubated with 1, 10, 100, 200 mg/L ascorbic acid 

for 24 hrs in serum-free Opti-MEM (Invitrogen, Carlsbad, CA) supplemented with 2.5% BSA. 

In separate experiments, 3T3-L1 adipocytes were treated with 1% oxygen in the presence or 

absence of 150 mg/L ascorbic acid or dehydroascorbic acid for 2 and 4 hrs. Conditioned media 

were collected and separated on 7% Tris-acetate gels (Invitrogen, Green Island, NY) under 

native conditions before they were transferred onto nitrocellulose filters. Native adiponectin 

complexes were detected using a rabbit polyclonal antiserum raised against recombinant 

globular mouse adiponectin222. 

3.14 Hypoxia-induced ER stress in 3T3-L1 adipocytes  

Differentiated 3T3-L1 adipocytes were treated with or without 150 mg/L ascororbic acid 

under normoxic or hypoxic (1% oxygen) conditions for 4 hrs at 37ºC. Cells were lysed as 

decribed above and sonicated using a Branson SLPt sonciator with 30% amplitude in 1 sec 

on/off cycles for 30 sec before subjected to immunoblot analysis (30). Antibodies against BiP 

and GAPDH were from Cell Signaling (Danvers, MA) and RDI (Concord, MA), respectively. 

3.15 Preparation of palmitate and troglitazone stock solutions  

Palmitate (PA) solutions were prepared according to protocol described by Busch et 

al.223 with modifications. To summarize, Na+ salt of palmitate was dissolved in 18.4% fatty 

acid-free BSA (Sigma Aldrich, St.Louis, MO) in DMEM supplemented with 25mM HEPES at 

pH 7.4 and 1 mM L-glutamine by heating up to 65°C. The media was gassed with nitrogen prior 
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to dissolving salts of palmitate to minimize palmitic acid oxidation in the media. The 5mM 

stock of PA media was then sterile filtered and stored at 4°C. 10 mM troglitazone stock was 

made in DMSO and stored at -20°C. 

3.16 Statistical Analysis 

Data are presented as mean ± SE.  Statistical comparisons between groups with roGFP1-

iL under different treatment conditions were performed using either paired or unpaired 

Student’s t-test with two tails.  Statistical comparison of eroGFP1-iL ratio was evaluated using 

one sample, two-tailed, t-test against expected value of 0.  The particular statistical analyses 

applied to the results in specific experiments are described in figure legends.  All experiments 

were performed at least three times. 
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CHAPTER 4: INCREASED REDOX-SENSITIVE GREEN FLUORESCENT PROTEIN 

REDUCTION POTENTIAL IN ENDOPLASMIC RETICULUM FOLLOWING 

GLUTATHIONE-MEDIATED DIMERIZATION 
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SUMMARY 

As the compartment where disulfide bridges in secreted and cell surface proteins are formed, 

disturbance in endoplasmic reticulum (ER) redox state has profound consequences.  Yet 

regulation of ER redox potential remains poorly understood.  In order to monitor ER redox state 

in live cells, several fluorescence-based sensors have been developed.  However, these sensors 

have yielded results that are inconsistent with each other and with earlier non-fluorescence-

based studies.  One particular green fluorescent protein (GFP)-based redox sensor, roGFP1-iL, 

could detect oxidizing changes in ER despite having a reduction potential significantly lower 

than that previously reported for ER.  We have confirmed these observations and determined 

the mechanisms by which roGFP1-iL detects oxidizing changes.  First, glutathione mediates the 

formation of disulfide-bonded roGFP1-iL dimers with an intermediate excitation fluorescence 

spectrum resembling a mixture of oxidized and reduced monomers.  Second, glutathione-

facilitates dimerization of roGFP1-iL which shifted the equilibrium from oxidized monomers to 

dimers, thereby increasing the molecule’s reduction potential compared with a dithiol redox 

buffer.  We conclude the glutathione redox couple in ER significantly raised the reduction 

potential of roGFP1-iL in vivo by facilitating its dimerization while preserving its ratiometric 

nature, which makes it suitable for monitoring oxidizing and reducing changes in ER with high 

reliability in real-time.  The ability of roGFP1-iL to detect both oxidizing and reducing changes 

in ER and its dynamic response in glutathione redox buffer between approximately -190 and -

130 mV in vitro suggest a range of ER redox potential consistent with those determined by 

earlier approaches that did not involve fluorescent sensors. 
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4.1 Introduction 

Disulfide bonding helps to stabilize protein structure129,224, and promotes correct pairing 

of cysteines in proper temporal sequence, which is important for oxidative protein folding116,225.  

Failure to form the appropriate disulfide bonds may affect a protein’s function and lead to a 

diseased state226-229.  A redox environment conducive to the formation of disulfide bonds is 

critical for the oxidative folding of secreted or cell surface proteins in endoplasmic reticulum 

(ER)116,230.  ER redox environment is likely under tight regulation given the multitude of thiol 

oxidoreductases and low molecular weight redox-active electron carriers that are known to play 

key roles in oxidative folding in eukaryotes158,161,169,171,172,179,231,232. The presence of redox-

sensitive regulatory mechanisms affecting the activities of Ero1-Lα and potentially 

peroxiredoxin 4170,176,233-236 suggests redox homeostasis is actively maintained in ER. 

A major obstacle in understanding the regulation of ER redox environment is the 

difficulty in monitoring physiologically relevant changes in ER redox potential in living cells.  

Until recently, real-time studies of ER redox state have been impossible.  Initial attempts at 

measuring ER redox state depended on uptake of labeled peptide that contains a cysteine and a 

glycosylation site into cultured mammalian cells117.  ER redox state was determined by recovery 

of the peptide and analyzing the oxidation state of the cysteine and sensitivity to specific 

endoglycosidases for ER localization117.  This study showed that the oxidized glutathione 

(GSSG) and reduced glutathione (GSH) couple is the major redox buffer in the secretory 

pathway with approximate reduction potentials of -170 to -180 mV or -133 to -165 mV based 

on, respectively, total glutathione concentration of 8 or 1 mM respectively117.  A similar 

GSH:GSSG molar ratio of 3:1 was obtained by directly measuring monobromobimane-derived 
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glutathione in rat liver microsomes165. However, a separate study of iodoacetic acid-treated rat 

liver microsomes reported a higher GSH:GSSG ratio corresponding to a lower reduction 

potential at -205 mV174.  Consistent with this observation, a significant amount of microsomal 

glutathione has been found as mixed protein disulfides165, however the extent of 

glutathionylation is disputed174. 

The ratiometric and redox-sensitive green fluorescent protein (roGFP) has been used to 

assess changes in ER redox state in budding yeast109 and cultured mammalian cells211.  With 

mid-point potentials lower than -280 mV, these roGFP1- and roGFP2-based ER sensors allowed 

detection of reducing changes in ER redox state, but did not respond to oxidizing 

treatments109,211.  More recently, two different redox sensors with higher mid-point reduction 

potentials have been introduced to monitor ER redox state109 an insertion (roGFP1-iX) that 

makes disulfide bonding less favorable and leads to higher reduction potential (-229 mV for the 

most oxidizing member, roGFP1-iL)209.  The other sensor, based on Förster resonance energy 

transfer (FRET) between cyan and yellow fluorescent proteins in a manner dependent on redox-

mediated conformational change of a linker peptide, has an even higher reduction potential at -

143 mV237.  Analyses of ER redox state using these two different sensors yielded values that 

were widely different from each other and each was also different from prior estimates 

determined using the traditional biochemical and cell biology techniques described above.  One 

study using roGFP1-iL and roGFP1-iE targeted to ER of the yeast Pichia pastoris212 estimated 

ER redox potential at approximately -230 mV212, a finding consistent with other studies 

showing the ability of roGFP1-iL to respond to both oxidizing and reducing treatments in 

human sarcoma cell line HT1080213 and Chinese Hamster Ovary (CHO) cells204.  In contrast, 
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the FRET-based sensor remained mostly oxidized in the ER of CHO cells despite having an 

exceptionally high reduction potential of -143 mV, suggesting a glutathione potential of -118 

mV at pH 7204. 

Our work with the anti-diabetic adipocyte hormone adiponectin indicates the assembly 

of higher molecular weight complexes in vitro strongly depended on redox environment61,122,123.  

To determine if the same holds true in vivo, we targeted the roGFP1-iL sensor into the ER 

(referred to as eroGFP1-iL by convention) of 3T3-L1 fibroblasts, a cell line that expresses 

adiponectin upon differentiation into adipocytes216.  We were able to confirm that eroGFP1-iL 

responded to diamide-induced oxidizing changes204,212, suggesting much of eroGFP1-iL exist in 

the reduced state under basal conditions.  Also similar to a prior study213, much of eroGFP1-iL 

was found as covalent dimers in ER.  Here we show that the dimer form of roGFP1-iL exhibited 

an intermediate excitation fluorescence spectrum between oxidized and reduced monomers.  In 

addition, we found formation of the roGFP1-iL dimer was markedly enhanced in glutathione-

based redox buffer and presence of the dimer effectively increased the reduction potential of 

roGFP1-iL.  We conclude glutathione alters the redox state of roGFP1-iL in the ER through 

dimerization of the sensor and thereby enabling it to detect oxidizing changes.  The results 

indicate determination of ER reduction potential using fluorescence-based sensors must be 

conducted to ensure the reduction potential of the sensor in vivo matches that measured in vitro. 
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4.2 Results 

4.2a Generation of a stable cell line expressing eroGFP1-iL in ER 

 To generate an ER-specific redox reporter, the signal peptide sequence from mouse 

adiponectin cDNA238 and a myc-epitope tag ending in ER retention motif HDEL were attached 

to, respectively, the N- and C-terminus of the previously characterized roGFP1-iL ratiometric 

sensor209.  The resulting eroGFP1-iL construct was stably introduced into 3T3-L1 fibroblasts 

(3T3-L1-eroGFP1-iL cells) as described in Materials and Methods.  To examine if eroGFP1-iL 

is localized to ER, we assessed the degree of co-localization between eroGFP1-iL and protein 

disulfide isomerase (PDI) using laser-scanning confocal microscopy following staining of fixed 

3T3-L1 fibroblasts using antibodies against the myc epitope tag and PDI.  As shown in Figure 

6A, there was a near complete overlap between signals produced by eroGFP1-iL and PDI 

(Pearson’s correlation and Mander’s overlap coefficients were 0.96±0.02 and 0.97±0.01, 

respectively, over 9 different fields).  As overexpression of proteins in ER could lead to 

induction of unfolded protein response, we assessed if 3T3-L1-eroGFP1-iL fibroblasts exhibited 

ER stress.  Although roGFP1-iL emits poorly when excited by 488 nm wavelength light, 3T3-

L1-eroGFP1-iL cells nevertheless showed higher fluorescence than control cells with pBabe-

puro vector (Figure 6B).  Populations of cells with eroGFP1-iL fluorescence in the top tenth 

percentile and the next tenth percentile were separated by flow cytometry (Figure 6C), 

expanded, and immunoblot analysis was performed to determine the levels of eroGFP1-iL 

(Figure 6D) and the ER stress marker BiP (Figure 6E).  In contrast to 3T3-L1 fibroblasts treated 

with 1 µM thapsigargin, no evidence of BiP induction was observed in the 10% and the 20% of 

the cells expressing the highest levels of eroGFP1-iL.  
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Figure 6  Assessment of co-localization of PDI and myc epitope-tagged eroGFP1-iL in 
3T3-L1-eroGFP1-iL fibroblasts by confocal microscopy (A) and concentration of the ER 
stress marker BiP in 3T3-L1 fibroblasts expressing varying amounts of eroGFP1-iL (B to 
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D).  (A) Representative phase contrast and confocal fluorescence microscopy images of 
3T3-L1-eroGFP1-iL cells stained with antibodies against the myc epitope and PDI 
followed by, respectively, Alexa Fluor 488- and Cy5-conjugated secondary antibodies.  (B) 
Fluorescence of 3T3-L1 fibroblasts infected with replication-defective retrovirus carrying 
eroGFP1-iL construct or vector assessed by flow cytometry (488 nm excitation / 530±15 
nm emission) and plotted as histogram.  (C) Fluorescence of 3T3-L1-eroGFP1-iL 
fibroblasts determined by flow cytometry (488 nm excitation / 530±15 nm emission) and 
plotted as histogram showing the top tenth percentile and the next tenth percentile of cells 
with highest fluorescence.  (D and E) Immunoblot analyses of 3T3-L1-eroGFP1-iL cells 
sorted for being in the top 10% and the top 10-20% of cells with highest fluorescence, 
3T3-L1 cells carrying the pBabe-puro vector as negative control, and thapsigargin-treated 
3T3-L1 fibroblasts as positive control for (D) myc-epitope tag and (E) ER stress marker 
BiP. 

4.2b Changes in eroGFP1-iL fluorescence following treatments with oxidizing and reducing 

agents 

 To determine if 3T3-L1-eroGFP1-iL fibroblasts can respond to changes in redox state, 

cells mounted on a heated epifluorescence microscope stage maintained at 37°C were treated 

with 1 mM diamide or DTT.  Live cell fluorescence images were first acquired of untreated 

cells to obtain the baseline redox condition. Cells were then treated with diamide or DTT and 

imaged after 1, 5, 10, and 15 min to obtain eroGFP1-iL ratio, a term defined in Materials and 

Methods in depth as the log2 value of fluorescence excited at 380 vs. 455 nm normalized to 

baseline.  Treatment with diamide led to an increase in the eroGFP1-iL ratio from 0 to 

0.63±0.09 within the first min (Figure 7A and 7B).  DTT brought about an immediate reduction 

of eroGFP1-iL ratio with the most dramatic response occurring also in the first minute (Figure 

8A and 8B).  Maximal changes in eroGFP1-iL ratios following both DTT and diamide 

treatments were observed at the end of 10 min (Figure 7A and 8A).  While Figure 7B and 8B 

depict only images at baseline and after 1 and 10 min of treatments, fluorescence changes across 

all time points are shown as QuickTime movies in Supplemental Figure 1.  Although in 
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opposite directions, the maximal changes in eroGFP1-iL ratios from baseline were 

approximately equal in absolute terms for DTT and diamide treatments (0.72±0.1 and 

0.79±0.04, respectively, Figure 7A and 8A). 

To assess the robustness of the ability of eroGFP1-iL to detect redox changes, cells 

treated with diamide or DTT were analyzed using flow cytometry with only a 405 nm laser to 

excite the fluorophore in a redox-sensitive manner and a 488 nm laser to excite in a redox-

independent fashion.  3T3-L1-eroGFP1-iL cells grown on culture plates were treated with 1 

mM diamide or 1 mM DTT for 5 and 15 min.  At the end of treatment, cells were collected and 

subjected to flow cytometric analysis as described in Materials and Methods.  A statistically 

significant oxidizing change in the ER, measured as log2 ratio of intensities of light emitted by 

the oxidized eroGFP1-iL following excitation at 405 and 488 nm, was recorded at the end of 15 

min of diamide treatment (0.27±0.06, Figure 9A and 9B).  Similarly, significant decreases in the 

log2 ratio of 405/488 fluorescence intensities were observed at the end of 5 and 15 min of DTT 

treatment (-0.41±0.04 and -0.40±0.02, respectively, Figure 9A and 9C). 
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Figure 7  Real-time changes in fluorescence of 3T3-L1-eroGFP1-iL fibroblasts monitored 
using epifluorescence microscopy at baseline and after treatment with 1 mM diamide for 
1, 5, 10, and 15 min at 37ºC.  (A) The eroGFP1-iL ratio (log2 values of baseline-normalized 
380/455 nm fluorescence ratios and described in greater detail in Materials and Methods) 
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averaged from 4 independent experiments after diamide treatment.  Asterisk (*) and 
double asterisks (**) denote, respectively, p<0.01 and p<0.001 in one sample, two-tailed, t-
test against expected value of 0.  (B) Representative epifluorescence images of 3T3-L1-
eroGFP1-iL cells at baseline and after treatment with diamide for 1 and 10 min.  Cells 
were excited with light from a mercury lamp through a 380±5 nm bandpass filter (left 3 
panels) or a 455±15 nm bandpass filter (right 3 panels) and epifluorescence collected 
through a 510±10 nm bandpass filter.   
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Figure 8 Real-time changes in fluorescence of 3T3-L1-eroGFP1-iL fibroblasts monitored 
using epifluorescence microscopy at baseline and after treatment with 1 mM DTT for 1, 5, 
10, and 15 min at 37ºC.  (A) The eroGFP1-iL ratio (log2 values of baseline-normalized 
380/455 nm fluorescence ratios and described in greater detail in Materials and Methods) 
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averaged from 4 independent experiments after DTT treatment.  Asterisk (*) and double 
asterisks (**) denote, respectively, p<0.03 and p<0.01 in one sample, two-tailed, t-test 
against expected value of 0.  (B) Representative epifluorescence images of 3T3-L1-
eroGFP1-iL cells at baseline and after treatment with DTT for 1 and 10 min.  Cells were 
excited with light from a mercury lamp through a 380±5 nm bandpass filter (left 3 panels) 
or a 455±15 nm bandpass filter (right 3 panels) and epifluorescence collected through a 
510±10 nm bandpass filter. 
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Figure 9 Response of eroGFP1-iL to oxidizing and reducing agents measured using only 
one redox-sensitive excitation wavelength (A to C) and immunoblot analysis of eroGFP1-
iL redox states (D and E).  Relative amounts of oxidized eroGFP1-iL in 3T3-L1-eroGFP1-
iL cells after 5 and 15 min diamide or DTT treatment were measured using flow 



 90 

cytometry by normalizing the 405 nm laser-excited mean fluorescence intensity with that 
excited by a 488 nm laser because both oxidized and reduced roGFP1-iL exhibited equal 
fluorescence intensity upon excitation at 488 nm (34).  Bar graph in (A) shows the ratios of 
405/488 nm laser-excited mean fluorescence intensities normalized to untreated controls 
and expressed on log2 scale.  Values were averaged from three independent experiments 
with a minimum of 7,500 events per sample.  Asterisk (*) and double asterisks (**) denote, 
respectively, p<0.05 and p<0.005 in one sample, two-tailed, t-test against expected value of 
0.  (B and C) Representative flow cytometry histograms plotting cell number against green 
fluorescence of untreated 3T3-L1-eroGFP1-iL fibroblasts and either (B) diamide- or (C) 
DTT-treated cells (15 min at 37ºC) following excitation with a 405 nm laser.  Redox states 
of eroGFP1-iL in untreated and either diamide- or DTT-treated 3T3-L1 fibroblasts were 
determined using antibodies against the myc epitope to probe western blots of TCA-
precipitated cell lysates resolved in (D) non-reducing and (E) reducing SDS-PAGE.  3T3-
L1-eroGFP1-iL cells treated with or without 1 mM diamide or 1 mM DTT for 5 and 15 
min were precipitated with 10% TCA followed by re-solubilization in the presence of 20 
mM NEM to protect redox states.  The blot shown is representative of 5 independent 
experiments.  For reducing SDS-PAGE, re-solubilized TCA precipitates in sample loading 
buffer were heated for 15 min at 90ºC in the presence of 100 mM βME prior to loading. 

4.2c Redox states of eroGFP1-iL in 3T3-L1 fibroblasts in response to diamide and DTT 

 To evaluate the physical state of eroGFP1-iL protein in vivo upon treatment with 

oxidizing and reducing agents, 3T3-L1-eroGFP1-iL cells were incubated with 1 mM diamide or 

DTT for 5 and 15 min at 37ºC and then precipitated with TCA followed by resolubilization in 

SDS and NEM to preserve redox states.  Samples were fractionated in non-reducing SDS-

PAGE, transferred to nitrocellulose, and probed with an antibody against the myc epitope-tag 

located on the C-terminus of eroGFP1-iL.  We observed 3 distinct species of eroGFP1-iL that 

are labeled A, B and C in Figure 9D.  Species A and Species B had molecular weights 

corresponding to monomeric eroGFP1-iL.  Species A migrated faster than Species B and is thus 

consistent with it being the oxidized form of eroGFP1-iL monomer containing a disulfide bond 

between C147 and C204.  Species B is most likely the reduced form of eroGFP1-iL monomer 

without disulfide bond to constrain its conformation in non-reducing SDS-PAGE.  In untreated 

3T3-L1-eroGFP1-iL fibroblasts, both oxidized and reduced monomers of eroGFP1-iL were 
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found with higher amounts of reduced monomers versus oxidized monomers (Figure 9D).  

Upon diamide treatment, the reduced eroGFP1-iL monomers (Species B) disappeared but not 

oxidized monomers (Species A and Figure 9D).  Levels of reduced monomers (Species B) 

increased and oxidized monomers (Species A) disappeared upon DTT treatment (Figure 9D).  

Species C was the predominant form of eroGFP1-iL in cells under all conditions (Figure 9D).  

As presence of βME in sample loading buffer almost completely eliminated the presence of 

Species C (Figure 9E), this species is most likely a disulfide-bonded homo-dimer of eroGFP1-

iL or a disulfide-bonded hetero-dimer between eroGFP1-iL and another protein of similar 

molecular weight.  A reducing agent-collapsible ER roGFP1-iL band with apparent molecular 

weight similar to that of the Species C in non-reducing SDS-PAGE has been observed 

previously in HT1080 cells (33), indicating Species C is not an artifact specific to 3T3-L1 

fibroblasts. 

4.2d Presence of redox-sensitive roGFP1-iL dimers in vitro  

 To determine if Species C in non-reducing immunoblot analysis could be a dimer of 

eroGFP1-iL, we examined if purified roGFP1-iL formed dimers in vitro.  Purified roGFP1-iL 

containing a mixture of oxidized and reduced monomers and small amounts of dimers were 

treated with 0, 0.5, 5, or 10 mM diamide for 2 hrs at room temperature to determine if an 

oxidizing environment could facilitate dimer formation.  Addition of diamide led to conversion 

of monomers to dimers (Figure 10A) that was manifested by increased dimers to monomers 

ratio (10B).  Interestingly, conversion to dimers was most robust at 0.5 mM diamide (Figure 

10A), leading to the highest dimers/monomers ratio at that concentration (Figure 10B).  
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Paradoxically, the dimers/monomers ratio decreased progressively with increasing diamide 

concentration (Figure 10B).  

4.2e Molecular modeling of roGFP1-iL dimer 

 To assess how roGFP1-iL monomers could interact to form a covalent dimer, homology 

models of roGFP1-iL dimer were built using MODELLER software220 with reduced roGFP1-iR 

(3CBE) and a crystallized GFP dimer (2B3Q) as model templates.  MODELLER was able to 

generate disulfide-bonded dimers in both the cross (C147-C204 and C204-C147, Figure 10C 

and 10D) and the para (C147-C147 and C204-C204, Figure 10E and 10F) conformations that 

had highly similar DOPE energy values.  Five successfully produced models for each of the two 

conformations are shown in Supplemental Figure 2 while the models with the lowest DOPE 

value in each conformation are shown in Figure 10C to 10F).  C70, the third cysteine residue in 

roGFP1-iL is located far away from dimer interface and is thus not likely to form disulfide 

bonds.  The redox sensitivity of the entire roGFP1-iX family depends upon whether a disulfide 

bridge is present between C147 and C204 of the GFP monomer209.  Formation of dimers 

mediated by disulfide bridges involving C147 and/or C204 residues suggests roGFP1-iL could 

exist in redox states in addition to oxidized or reduced monomers. 
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Figure 10 Redox-sensitive formation of roGFP1-iL dimers in vitro (A and B) and models of 
roGFP1-iL dimer in (C and D) cross and (E and F) para conformations viewed from (C and 
E) sides and (D and F) ends of GFP’s barrel-like structures.  Representative non-reducing 
SDS-PAGE analysis of roGFP1-iL following incubation in 0, 0.5, 5, and 10 mM diamide is 
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shown in (A) and the ratio of dimers’ to monomers’ intensities in (B).  Asterisks (*) and 
daggers (†) denote p<0.05 in Student’s unpaired, two-tailed t-tests against groups with, 
respectively, 0 and 0.5 mM diamide (n=2 to 4 per group).  Cα traces of roGFP1-iL dimers 
in cross and para conformations modeled using MODELLER and rendered in MacPyMol 
are shown in panels (C) to (F).  In the cross conformation, the C147 residue of one 
monomer forms a disulfide bond with the C204 residue of the other monomer and vice 
versa.  In the para conformation, the C147 residue of one monomer forms a disulfide bond 
with the same residue on the other monomer while the other disulfide bond is between the 
C204 residues of adjacent monomers.  C70, the third cysteine residue in roGFP1-iL, is also 
labeled. 

4.2f Decreased formation of roGFP1-iL dimer following disruption of hydrophobic region near 

C204 

 GFP forms weak dimers in solution with an approximate KD of 100 µM191 and 

substituting alanine at position 206 with lysine further decreased the tendency to form dimers239.  

Examination of the crystal structure of roGFP1-iE showed the A206 residue forms part of a 

hydrophobic surface in close proximity to one of the redox-sensitive cysteine residues, C204 

(Figure 11A and 11B).  We hypothesized that if substituting A206 with a charged residue led to 

decreased formation of disulfide-linked dimers, it will provide experimental support for C204 as 

one (or the only) cysteine residue in forming the disulfide bridge between two roGFP1-iL 

monomers.  As shown in Figure 11C, roGFP1-iL with A206K substitution exhibited decreased 

tendency to form dimers as manifested in lower dimer/monomers ratio (Figure 11D) in both 

reducing (-280 mV) and oxidizing (-160 mV) environments. 
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Figure 11 Ribbon diagrams of (A) oxidized and (B) reduced roGFP1-iE with hydrophobic 
surface residues shaded white, cysteine residues shaded in orange, and the alanine residue 
at position 206 shaded red.  (C) Representative Coomassie Brilliant Blue-stained non-
reducing SDS-PAGE gel of purified roGFP1-iL and roGFP1-iL with a lysine residue 
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substituted for alanine at position 206 (A206K roGFP1-iL) following incubation for 4 hrs 
in glutathione redox buffers at -280, -220, and -160 mV reduction potentials.  Abundance 
of roGFP1-iL dimers relative to that of combined reduced and oxidized monomers at each 
reduction potential was determined by densitometric analyses of the gels and represented 
in (D) as dimer/monomers intensity ratio in bar graph format.  Results were averaged 
from three independent experiments and asterisk (*) denotes p<0.05 in paired, two-tailed, 
Student’s t-test.  

4.2g Excitation fluorescence spectrum of roGFP1-iL dimers 

 As dimers represent a major portion of the total eroGFP1-iL found in 3T3-L1-eroGFP1-

iL cells (Figure 9D), the dimers’ fluorescence property must be determined in order to 

understand how the fluorescence of 3T3-L1-eroGFP1-iL cells changes in response to redox-

active agents.  Size exclusion chromatography was performed to separate dimers (Fraction A in 

Figure 7A) from monomers (Fraction B in Figure 7A) of roGFP1-iL.  As Fraction A remained 

contaminated with significant amounts of monomers, the sample was further treated with 

oxidized lipoic acid to increase the proportion of dimers (Figure 7B).  For comparison, Fraction 

A was also treated with DTT to convert all species to reduced monomers and Fraction B was 

found to consist exclusively of oxidized monomers (Figure 7B).  As shown in Figure 7C, the 

excitation fluorescence spectra of Fraction A and oxidized lipoic acid-treated Fraction A were 

intermediate between those of reduced monomers (Fraction A with DTT) and oxidized 

monomers (Fraction B).  These results indicate dimers of roGFP1-iL display an intermediate 

excitation fluorescence spectrum similar to having a mixture of oxidized and reduced 

monomers. 
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Figure 12 Enrichment of roGFP1-iL dimers for excitation fluorescence spectra 
determination.  (A) Elution profile of roGFP1-iL in Superdex 75 gel filtration column 
showing the two fractions, labeled A and B that underwent further analyses.  Aliquots of 
Fraction A, Fraction A treated with 100 mM oxidized lipoic acid (OxLA), Fraction A 
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treated with 10 mM DTT, and Fraction B were analyzed using (B) non-reducing SDS-
PAGE followed by staining in Coomassie Brilliant Blue and (C) excitation fluorescence 
spectroscopy with fixed emission at 510±20 nm. 

4.2h Increased roGFP1-iL reduction potential caused by glutathione-mediated dimer 

 The intermediate fluorescence spectra of roGFP1-iL dimers may help to explain the 

ability of 3T3-L1-eroGFP1-iL cells to respond to both oxidizing and reducing changes (Figures 

2 and 3).  As a result, we assessed whether formation of the dimers is sensitive to differences in 

redox environment by titrating roGFP1-iL in two different types of redox buffers – oxidized and 

reduced DTT (DTT/DTTox) and glutathione (GSH/GSSG).  DTT/DTTox was used because it is 

a dithiol-based system similar to the oxidized and reduced lipoic acid used previously to 

determine the reduction potential of roGFP1-iL209 and GSH/GSSG is the major physiological 

redox buffer in ER117.  It was observed that the excitation fluorescence spectra of roGFP1-iL 

were surprisingly different in DTT/DTTox (Figure 13A) vs. GSH/GSSG (Figure 13B) buffers.  

In DTT/DTTox, the fluorescence spectra indicated nearly 100% of roGFP1-iL existed in the 

oxidized state at -190 mV and above (Figure 13A).  In GSH/GSSG, not until -100 mV were all 

of the roGFP1-iL molecules oxidized (Figure 13B).  The differences in fluorescence spectra 

between the two buffer systems were associated with significantly decreased tendency for 

roGFP1-iL to dimerize in DTT/DTTox (Figure 13C) compared with GSH/GSSG (Figure 13D).  

At -340, -310, -280, -220, and -190 mV, percentage of dimers as total roGFP1-iL were 

significantly higher in GSH/GSSG than in DTT/DTTox buffers (Figure 13E).  In addition to 

increased dimer formation, another surprise is monomeric roGFP1-iL molecules in GSH/GSSG 

buffer were more easily reduced or more difficult to oxidize than the monomers in DTT/DTTox 

buffer (Figure 13C and 13D).  While the midpoint reduction potential of the roGFP1-iL 
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monomer in DTT/DTTox was approximately -240 mV and that in GSH/GSSG was 

approximately -155 mV (Figure 13F).  At -250, -220, -190, and -160 mV, the percentages of 

monomeric roGFP1-iL that were reduced were significantly higher in GSH/GSSG buffer than in 

DTT/DTTox buffer (Figure 13F). 
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Figure 13 Altered redox states and excitation fluorescence spectra of roGFP1-iL in 
glutathione- versus DTT-based redox buffer.  Excitation fluorescence spectra of purified 
roGFP1-iL protein at 7.5 µM were obtained after incubation in (A) 2.5 mM oxidized and 
reduced DTT (DTT/DTTox) or (B) 2.5 mM oxidized and reduced glutathione 
(GSH/GSSG) maintained at -340, -310, -280, -250, -220, -190, -160, -130, and -100 mV.  
The redox states of roGFP1-iL after incubation in (C) DTT/DTTox and (D) GSH/GSSG 
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redox buffers were determined using non-reducing SDS-PAGE and visualized in 
Coomassie stain.  The extent of dimerization was expressed in (E) as percentages of total 
protein in non-reducing SDS-PAGE that were dimers in GSH/GSSG (open bars) and 
DTT/DTTox (closed bars) buffers.  The tendency of roGFP1-iL to adopt oxidized or 
reduced monomeric states was depicted as (F) percentages of monomers in non-reducing 
SDS-PAGE that were reduced in GSH/GSSG (open circles) versus DTT/DTTox (closed 
circles) buffers.  Densitometry of Coomassie-stained non-reducing gels was performed 
using ImageJ.  For results in (E) and (F), the values were averaged from four independent 
experiments.  Asterisks (*) and dagger (†) denote, respectively, p<0.05 and p<0.06 in 
paired, two-tailed, Student’s t-test between samples in GSH/GSSG and DTT/DTTox 
buffers kept at the same reduction potential. 

4.3 Discussion 

 Given the vital role of ER oxidative protein folding in cellular homeostasis, it is 

important to understand how redox state is regulated in that cellular compartment.  Our current 

understanding of ER redox state regulation is poor.  A real-time sensor of ER redox state will 

accelerate the discovery process.  The commonly used roGFP1 has been targeted to ER 

previously, but was found to be able to detect only reducing changes in ER109,211, presumably 

due to the large difference between the mid-point reduction potential of roGFP1 (approximately 

-280 mV) and the reduction potential of the glutathione couple in ER measured using 

biochemical approaches (approximately between -160 and -200 mV)117,165,174.  Newer 

fluorescent sensors whose in vitro mid-point reduction potentials are closer to that in ER have 

been developed recently and used to assess redox changes in ER212,213,237.  As detailed in 

Introduction, results from these real-time fluorescence-based sensors conflict with the earlier 

results obtained using biochemical approaches.  In the present study, we uncovered two 

mechanisms that may reconcile the differences between the studies using one particular 

fluorescent sensor, roGFP1-iL, and the earlier studies based on biochemical approaches: 1) an 

intermediate excitation fluorescence spectrum associated with roGFP1-iL dimer and 2) a 
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glutathione-mediated shift of oxidized roGFP1-iL monomer to the dimer form.  These two 

mechanisms likely accounted for the ability of eroGFP1-iL to detect both oxidizing and 

reducing changes.  Formation of glutathione-mediated stable roGFP1-iL dimer effectively 

increased the ambient reduction potential at which the sensor has the highest dynamic response 

in fluorescence intensity change (Figure 13A and 13B).  Using the midpoint potential of 

roGFP1-iL determined in a dithiol-based redox buffer that did not facilitate dimer formation 

would underestimate ER reduction potential. 

4.3a Measuring ER redox state using fluorescent sensors 

 A family of ratiometric fluorescent sensors based on roGFP1 had been developed in 

which an insertion made disulfide bond formation between the redox-active cysteine residues 

more unfavorable, resulting in increased reduction potentials209.  The member with the highest 

mid-point potential at -229 mV209, roGFP1-iL, has been targeted to ER of the yeast Pichia 

pastoris212 and the human sarcoma cell line HT1080213.  These studies showed that roGFP1-iL 

is capable of reporting both oxidizing and reducing changes in ER, a phenomenon we have 

replicated in 3T3-L1 fibroblasts in this study (Figures 2 to 4).  This suggests the sensitivity of 

eroGFP1-iL to both oxidizing and reducing changes reflects ER redox conditions common to 

many eukaryotic cell lines.  However, it is unclear how this reporter is able to detect oxidizing 

changes in ER.  At the previously published ER redox potential of -150 to -205 mV36,37, 

virtually all of the roGFP1-iL molecules should already be in the oxidized state thereby 

reaching a limit on the dynamic range of the redox probe.  It is possible that ER redox potential 

in Pichia, calculated to be ~-230 mV, is much more reducing than that previously determined 

for mammalian cells, as Delic et al. had suggested212, but that could not account for the 
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observation that roGFP1-iL was able to detect both oxidizing and reducing changes in the ER of 

mammalian HT1080213 and CHO237 cells.  The estimate of ~-230 mV for ER reduction potential 

derived by Delic et al. relies on the midpoint potential value of -229 mV for roGFP1-iL 

determined in a dithiol-based redox buffer209.  As shown in Figure 13B, the formation of 

roGFP1-iL dimers in monothiol-based redox buffer effectively increased the reduction potential 

in which the sensor’s fluorescence intensity is dynamically responsive.  As a result, the ER 

reduction potential assessed using eroGFP1-iL is likely higher than -230 mV.  

4.3b Existence of redox-sensitive eroGFP1-iL dimers and their fluorescence property 

 We have uncovered two mechanisms that may explain the ability of eroGFP1-iL to 

detect oxidizing as well as reducing changes in ER and both involve redox-sensitive dimers of 

eroGFP1-iL.  In Figure 9D and 9E, we showed the presence of a major eroGFP1-iL species with 

molecular weight consistent with it being a dimer of eroGFP1-iL.  This species was collapsible 

by inclusion of a thiol-reducing agent in sample loading buffer, suggesting it is a dimer linked 

by one or more disulfide bridges.  This species was also reported previously by van Lith et 

al.213.  Although neither we nor van Lith et al. offered formal proof by way of purifying the 

dimer-like species to show it is indeed a dimer of eroGFP1-iL, we demonstrated in Figure 10A 

that roGFP1-iL dimer could exist in vitro in a redox-dependent fashion.  Two lines of evidence 

supported that the dimer is held together by disulfide bridges involving the redox-sensitive 

cysteine residues whose redox states dictate the differential excitation fluorescence property of 

oxidized and reduced roGFP1-iL monomers.  First, molecular modeling based on existing GFP 

dimers demonstrated that a dimer of roGFP1-iL with disulfide bridges between the same 

cysteine residues (para conformation, C147-C147 and C204-C204) or the opposite cysteine 
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residues (cross conformation, C147-C204) on adjacent monomers is energetically favorable 

(Figure 10C to 10F and Supplemental Figure 2).  Second, substitution of the surface alanine 

residue at position 206 with lysine diminished the tendency of roGFP1-iL to form dimers 

(Figure 11C and 11D).  This residue exists in close proximity with one of the redox-sensitive 

cysteine residues at position 204 and is also part of a large nearby hydrophobic patch (Figure 

11A and 11B).  Decreased levels of A206K roGFP1-iL dimers suggest C204 mediates covalent 

dimer formation. 

 The excitation fluorescence spectrum of roGFP1-iL dimer, which resembles a mixture of 

oxidized and reduced monomers (Figure 12), is one mechanism that allowed eroGFP1-iL to 

detect oxidizing changes in ER.  At steady-state, a majority of eroGFP1-iL existed in dimeric 

form (Figure 9D) making it possible for a higher oxidized/reduced (380/455 nm) fluorescence 

ratio to occur upon treatment of cells with oxidizing agents.  Conformational differences 

between oxidized and reduced roGFP1-iL leading to differential ionization of the tyrosine 

residue in the chromophore is responsible for the ratiometric nature of the sensor209.  The C147 

and the C204 residues in a dimer of roGFP1-iL is not expected to adopt the same conformation 

as an oxidized monomer with a disulfide bridge between the two residues nor a reduced 

monomer in which the residues are further apart.  Most likely, the residues exist in an 

intermediate conformation in the dimer that leads to a chromophore tyrosine pKa value between 

those of oxidized and reduced monomers. 
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4.3c Formation of glutathione-mediated roGFP1-iL dimer and effect on reduction potential 

 The more important mechanism underlying the ability of eroGFP1-iL to detect oxidizing 

changes in ER is the increase in the apparent reduction potential of the monomer following 

glutathione-mediated formation of the dimer.  In addition to an abundance of dimer, there were 

significantly more reduced eroGFP1-iL monomers than there were oxidized monomers in 3T3-

L1 fibroblasts under untreated control conditions (Figure 9D).  This distribution pattern of 

eroGFP1-iL proteins in vivo resembles that of roGFP1-iL incubated in GSH/GSSG redox buffer 

at -160 mV reduction potential in vitro (Figure 13D and 13F).  Such mixture of reduced and 

oxidized monomers and dimers was also observed in DTT/DTTox redox buffer, but only at -

250 mV reduction potential (Figure 13C and 13F).  The illustration in Figure 14A depicts the 

process by which glutathione-mediated dimerization of roGFP1-iL changes the distribution of 

monomers leading to decreased amount of oxidized monomers relative to reduced monomers.  

As redox potential of the environment increases with higher concentration of GSSG, a reduced 

roGFP1-iL monomer first becomes glutathionylated, yielding one GSH.  At this point the 

glutathionylated roGFP1-iL could become an oxidized monomer as the remaining free thiol 

undergoes intramolecular disulfide bonding to resolve glutathionylation, yielding 2 GSH 

overall.  Alternatively, the remaining free thiol in glutathionylated roGFP1-iL could undergo 

intermolecular disulfide bonding with an oxidized roGFP1-iL monomer.  This then leads to a 

mixed disulfide roGFP1-iL dimer with one intermolecular disulfide bridge, one free thiol, and 

one glutathionylated adduct.  Subsequent nucleophilic attack by the free thiol (after 

deprotonation) will form a second intermolecular disulfide bridge, yielding a stable dimer along 

with two GSH.  Oxidation of a reduced roGFP1-iL by GSSG along both of these two possible 
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routes ultimately result in transfer of two electrons from two thiols to one GSSG to form a 

disulfide and two GSH.  The difference is that an oxidized roGFP1-iL is trapped in the process 

of forming a stable dimer, effectively shifting the equilibrium away from oxidized monomers. 

 In contrast to GSSG, using oxidized DTT as electron acceptor to oxidize reduced 

roGFP1-iL will less likely result in formation of a stable dimer.  As illustrated in Figure 14B, a 

mixed disulfide dimer of roGFP1-iL with a DTT adduct will likely result in an unstable dimer 

with one disulfide bridge and two free thiols as the second thiol group in DTT mounts a 

nucleophilic attack to regenerate an oxidized DTT.  Unlike in GSH/GSSG, presence of a 

roGFP1-iL dimer species in DTT/DTTox at -250 mV had no impact on the mid-point reduction 

potential of the monomer (Figure 14F). 

 The schematic in Figure 14A illustrates the formation of a stable roGFP1-iL dimer 

requiring both a reduced monomer and an oxidized monomer.  This is supported by the 

observation that at an extremely oxidizing state of -100 mV, amount of dimers was significantly 

decreased compared to lower reduction potentials in GSH/GSSG redox buffer (Figure 13D).  

Additional support could also be found in Figure 10A and 10B in which roGFP1-iL dimer 

formation was optimal at the lowest diamide concentration tested (0.5 mM).  At higher diamide 

concentrations, dimer formation was hampered.  These results underscore the need for both 

oxidized and reduced monomers to form dimers and provide experimental validation for the 

model of dimer formation illustrated in Figure 14. 
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4.3d Dynamics of dimer-monomer conversion 

 Under steady-state conditions, there is likely a rapid equilibrium between dimers and 

monomers.  This possibility is suggested by the difficulty in obtaining large amounts of dimers 

from the monomers in gel filtration chromatography (Figure 12).  This observation stands in 

stark contrast with the high levels of roGFP1-iL dimers in non-reducing SDS-PAGE (Figure 

9D, 10A, 11C, and 13D) under a variety of conditions.  However, samples in non-reducing 

SDS-PAGE had been denatured and treated with NEM to alkylate available thiols while those in 

gel filtration column had not been exposed to NEM and were separated under native conditions 

in which dimer/monomer exchange could take place. 

4.2e Factors complicating assessment of ER reduction potential using eroGFP1-iL 

 It is probable that the concentration of glutathione in ER will affect the behavior of the 

sensor in two ways.  First, glutathione concentration will likely affect the rate by which dimers 

form.  Given the rapid equilibrium between roGFP1-iL dimers and monomers and the impact of 

dimer formation on the levels of oxidized monomers, uncertainty in the rate of dimer formation 

will make an accurate assessment of ER redox state difficult to achieve.  Second, the proportion 

of total eroGFP1-iL that is glutathionylated in ER will have a major impact on the assessment of 

ER redox state.  Even though glutathionylated eroGFP1-iL differs from reduced eroGFP1-iL in 

redox state, we expect these two species to have similar excitation fluorescence spectra because 

they should have similar degrees of conformational freedom near the redox center.  As a result, 

the uncertainty in the percentage of eroGFP1-iL that is glutathionylated represents another 

difficulty in assessing ER reduction potential in absolute terms. 
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4.3f Potential role of glutathione in adiponectin multimerization in ER 

 
 The importance of glutathione in disulfide bond formation in ER is well known171,232.  

While glutathione was shown to promote roGFP1-iL dimerization in the present study, it is 

unknown if glutathione facilitates disulfide-mediated protein multimerization in general.  One 

protein whose multimerization status could be affected by glutathione is adiponectin, an 

adipocyte-secreted hormone that homo-oligomerizes into trimers and disulfide-stabilized 6mers 

and 18mers61.  Glutathione enhanced oligomerization of adiponectin 18mers in vitro123,240 and 

inhibition of glutathione synthesis by buthionine sulfoximine (BSO) led to decreased levels of 

adiponectin in rats.  In addition, oligomerization and secretion of adiponectin was enhanced by 

DsbA-L, an ER-localized adiponectin-interacting protein56 that was initially characterized as 

class Kappa glutathione-S-transferase (GSTK1)241.  Even though it contains a thioredoxin-like 

domain and diverges significantly from canonical GSTs at sequence level56,241, the structural 

elements for GSH recognition is conserved242.  Analogous to eroGFP1-iL whose redox-active 

cysteines can form intramolecular or intermolecular disulfide bonds, adiponectin trimers can 

form inter-trimer or intra-trimer disulfide bridges that, respectively, favor or inhibit the 

assembly of 18mer adiponectin122,123. 

4.3g Epifluorescence microscopy vs. flow cytometry in measuring ER redox state 

 In the present study, both flow cytometry and epifluorescence microscopy were used to 

measure redox changes in the ER of 3T3-L1-eroGFP1-iL cells.  Each technique has unique 

advantages and drawbacks.  Flow cytometers are rarely equipped with lasers capable of exciting 

eroGFP1-iL in the range (around 460 nm) that produces the highest fluorescence when the 
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molecule is in its reduced state.  Moreover, the magnitude of changes in flow cytometry-based 

405/488 nm fluorescence intensity ratios in response to diamide and DTT (Figure 9A, 

0.27±0.06 and -0.40±0.01, respectively) were less than the epifluorescence microscopy-based 

380/455 nm intensity ratios (Figure 7A and 8A, 0.79±0.04 and -0.72±0.1, respectively).  This 

suggests the responsiveness of eroGFP1-iL to redox disturbance in 3T3-L1 fibroblasts was 

lower when excited with only one wavelength capable of generating varying emission 

fluorescence dependent on redox state of the molecule.  As a result, epifluorescence 

microscopy, with the ready availability of a wide range of excitation bandpass filters, and high 

sensitivity may be better at detecting small ER redox changes than a flow cytometer in which 

only a 405 or 407 nm laser is available in addition to the ubiquitous 488 nm laser.  Nevertheless, 

flow cytometry may be more desirable in certain applications due to its ability to monitor large 

numbers of cells quickly and versatility in measuring additional parameters like cell size or 

complexity simultaneously. 

 In summary, the present study provides an in-depth analysis of the behavior of the 

fluorescence-based ER redox state reporter eroGFP1-iL ex vivo and in vitro.  The results 

showed the reduction potential of roGFP1-iL was dramatically different in glutathione- than in 

DTT-based redox buffer due to glutathione-facilitated dimerization of roGFP1-iL.  While it is 

difficult to determine the absolute ER reduction potential using roGFP1-iL due to the 

difficulties discussed above, the range of reduction potential in which roGFP1-iL is highly 

responsive (approximately between -190 and -130 mV) agrees with estimates of ER reduction 

potential derived from redox-sensitive glycosylated peptide117 or measurement of microsomal 

GSH/GSSG concentrations165.  However, the response of the reporter has reasonable dynamic 
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range, and the use of ratiometric analysis allows for analysis of dynamic redox changes within 

the ER in real time.  Obviously, conclusions regarding ER redox state drawn from use of 

fluorescent reporters must be validated by ensuring the sensor does not behave differently in 

vivo than in vitro. 
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Figure 14 Schematic for roGFP1-iL dimerization pathways in (A) glutathione- and (B) 
DTT-based redox buffers. 
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Supplemental Figures: 
Supplemental Figure 1 Use http://pubs.acs.org/doi/suppl/10.1021/bi400052u html link to 
access QuickTime videos. QuickTime movies of fluorescence changes of eroGFP1-iL after 
treatment with (A) diamide or (B) DTT for 15 min. Real-time changes in fluorescence of 
3T3-L1-eroGFP1-iL fibroblasts monitored using epifluorescence microscopy at baseline 
and after treatment with 1 mM diamide or 1 mM DTT for 1, 5, 10, and 15 min at 370C. 
Cells were excited with light from a mercury lamp through a 380±5 nm bandpass filter 
(left panels) or a 455±15 nm bandpass filter (right panels) and epifluorescence collected 
through a 510±10 nm bandpass filter. 

 

 

 
Supplemental Figure 2 Five homology models of roGFP1-iL dimers successfully produced 
using MODELLER in (A and B) cross and (C and D) para conformations are shown as Cα 
traces colored in salmon, grey, slate blue, orange, and green.  Views corresponding to (A 
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and C) sides and (B and D) ends of GFP’s barrel-like structures are depicted.  Images 
were generated using MacPyMol. 
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CHAPTER 5: ROLE OF HYPOXIA AND ANTIOXIDANTS IN ER STRESS ABBERANT 

ADIPONECTIN LEVELS 

 

STATEMENT BY AUTHOR 

All of the data presented in this chapter is my own. 

5.1 Introduction 

Fat tissue or white adipose tissue (WAT) had been viewed traditionally as an organ 

involved in fat storage. However white adipose tissue is now recognized as an important, and by 

mass the largest, endocrine gland. The white adipose tissue comprises primarily of adipocytes 

that secrete a number of protein hormones and cytokines that are collectively called adipokines9. 

In obese conditions, the secretome of adipoctyes expresses a larger than normal concentration of 

inflammatory cytokines9. Several studies have been reported pertaining to the development of 

hypoxia in adipose tissue in obesity and the decrease in oxygen pressure is thought to cause an 

inflammatory response in adipocytes. Hypoxia in the white adipose tissue leads to changes in 

gene expression of the cells and in transcription of over 100 genes9. Hypoxia results in 

increased production of lactic acid in the WAT243 and drives the upregulation of inflammation-

associated adipokines244. It also causes adipose tissue fibrosis and insulin resistance of 

adipocytes9. Adipocytes are not the only cell types in WAT that respond to hypoxic conditions. 

As a result of hypoxia, differentiation of pre-adipocytes to adipocytes is decreased9 and it also 

causes adipocytes to exhibit a higher propensity to form leptin-secreting cells9. Hypoxia is the 

cause of severe adipose tissue dysfunction. 
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5.1a Hypoxia in WAT 

The evidence of a low level of chronic inflammatory response in the WAT in obesity9 

raises the question of what could drive this response. Hypoxia in the WAT is a major 

inflammation-causing agent9,245. In obesity, hypoxia develops in the WAT as the tissue grows in 

size. The current hypothesis of what could lead to hypoxic conditions in the WAT is that 

individual adipocytes in WAT can become farther and farther away from blood vessels 

supplying O2 to the tissue. This hypothesis stems from the following three observations: 1. The 

amount of blood flowing into the tissue and the cardiac output in obese individuals does not 

increase sufficiently to provide for the significantly larger fat mass246-248, 2. Blood flow to the 

adipose tissue does not increase after a meal in obese subjects as it does in lean 

individuals249,250, 3. Normal diffusion distance of oxygen is 100-200 µm251,252 and the size of 

large adipocytes can be up to 150-200 µm196. This suggests that oxygen cannot diffuse freely 

throughout the cell in large adipocytes. In some cases in the WAT, the partial oxygen pressure 

(PO2) may approach zero even within 100µm of blood vessels251,253,254. The direct consequence 

of the lack of oxygen is an inflammatory response, which is why hypoxia in WAT is thought as 

a potential mechanism behind the presence of chronic low-grade inflammation in WAT.  

Tissue oxygenation in adipose tissue (AT) in obese mice has been found to be 15.2 

mmHg244 compared to 47.9 mmHg9,244 in AT of lean mice and general tissue oxygenation of 40-

50 mmHg9,244. Two different studies have reported contradicting results with regard to oxygen 

tension in the WAT of obese humans versus WAT in lean human beings. Pasarica et al.255 

reported in 2009 that obese human adipose tissue had a PO2 of 44.7 mmHg when the PO2 in 

adipose tissue in lean human subjects was higher at 55.4 mmHg and the authors observed that 
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even though the PO2 was lower in overweight or obese individuals, it did not activate pyruvate 

dehydrogenase kinase and vascular endothelial growth factor (VEGF) which are both typically 

activated in hypoxic conditions. Overweight and obese individuals showed 44% lower capillary 

density and 58% less VEGF compared to lean subjects-a phenomenon the authors refer to as 

‘rarefaction’ (thinning our of capillaries). Low PO2 in obese AT was associated with higher 

levels of CD68 mRNA and macrophage inflammatory protein 1α, confirming an inflammatory 

response. In marked contrast to all of these prior studies, Goossens et al.249, in 2011 observed 

that abdominal subcutaneous adipose tissue oxygen tension in obese men was higher than that 

in lean men and this discrepancy in oxygen tension was associated with insulin resistance, 

decreased angiogenesis, and inflammation. They found that the PO2 in adipose tissue of lean 

men was 46.8 mmHg compared to 67.4 mmHg in obese men. The authors explain that the 

discrepancy can be attributed in part to heterogeneity in the age, gender, ethnicity, and type 2 

diabetic status of the subjects tested and also that measuring only one specific spot in the 

adipose tissue-a practice common to all studies measuring PO2, could be insufficient in 

providing a reliable read-out of AT PO2. More extensive studies need to be performed to shed 

more light on AT oxygenation status. 

Other mechanisms that can lead to an inflammatory response in the WAT are ER 

stress256 and oxidative stress257 in the cell. Hypoxia has been associated with both ER stress and 

oxidative stress 258-260. 

5.1b Association of hypoxia with insulin sensitivity 

Obesity is associated with a marked decrease in the insulin sensitivity8,261. There are 

several consequences of hypoxia in AT of obese individuals that lead to insulin resistance. 
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When 3T3-L1 adipocytes were exposed to long-term (24hr) low oxygen tension, insulin-

mediated glucose uptake was inhibited due to downregulation of the signaling events including 

phosphorylation of insulin receptor-β and insulin receptor substrate-1 (IRS-1) and other arms of 

the insulin-signaling pathway262,263. Hypoxia-associated downregulation of insulin signaling 

occurs via the transcription factors hypoxia inducible factor-1 and 2 (HIF-1 and HIF-2) because 

an overexpression of both HIF-1 and HIF-2 in 3T3-L1 adipocytes produced effects similar to 

those observed upon exposure to hypoxia213. Inhibition of HIF-1 and HIF-2 also eliminated 

hypoxia-mediated downregulation of the insulin-signaling cascade in the same cells. Hypoxia 

can cause insulin resistance via diminished phosphorylation of insulin receptor (IR) in both 

human and murine adipocytes262. In 3T3-L1 adipocytes, inhibition of IR phosphorylation 

caused a reduction in protein kinase B (PKB) and AS160 phosphorylation and inhibition of 

glucose transport262. Normoxic conditions reversed the above mentioned conditions262. 

Overexpression of HIF-1α and HIF-2 α produced the same results on insulin signaling as 

hypoxia and the downregulation of HIF-1α and HIF-2α decreased inhibition of insulin 

signaling by hypoxia262. A HIF-2α-IRS2 insulin signaling pathway has been found recently to 

modulate VEGF inhibition and sensitize insulin signaling in the liver264. HIF-2α was found to 

regulate IRS2 through Srebp1c-dependant and independent mechanisms264. Hypoxia is 

increasingly recognized as a mechanism causing insulin resistance in adipose tissue of obese 

individuals. 

Aside from the direct mechanisms linking hypoxia and insulin resistance, there are 

additional proposed mechanisms through which hypoxic conditions in AT could cause insulin 

resistance.  It has been shown that there is marked reduction of the glucose transporter GLUT4 
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in adipocytes following prolonged exposure to hypoxia9. This can cause a reduction in insulin-

mediated glucose uptake in the cells. However, it is not clear if the decrease in GLUT4 levels is 

also associated with impairment in insulin mediated GLUT4 translocation to the plasma 

membrane9. Other proposed mechanisms that could cause insulin resistance in hypoxic cells are 

alterations in the production of certain adipokines that could decrease insulin sensitivity in an 

autocrine fashion. Upregulation of IL-6 synthesis and secretion result in decreased insulin 

sensitivity in several human265-267 and mouse268 cell types. Local insulin resistance caused by 

the reduced secretion of adiponectin, the insulin-sensitizing, anti-atherogenic and anti-

inflammatory hormone, is also a potential mechanism.  

5.1c Redox environment dependent model for adiponectin oligomerization 

Research conducted previously in the Tsao lab demonstrated that a strong ER stress 

inducer, thapsigargin, caused adiponectin to exit the ER before it could assemble into hexamers 

and HMW species (data not shown). HEK 293T cells transfected with mouse adiponectin 

cDNA were treated with thapsigargin and both the cell lysate and conditioned media was 

subjected to native immunoblot analysis to determine the distribution of the different form of 

adiponectin. None of the three adiponectin isoforms were found in thapsigargin-treated cell 

lysates. The conditioned media from thapsigargin-treated cells contained trimeric adiponectin 

without hexameric and HMW adiponectin. In contrast, control cells showed the presence of all 

three isoforms of adiponectin in the lysate and conditioned media (abundant trimers and 

hexamers and trace amounts of HMW, unpublished data from previous research in Tsao Lab. In 

vitro studies of the reassembly of high molecular weight (HMW) adiponectin oligomers after 

their collapse to trimers demonstrated that reduced trimers could self assemble into 
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octadecamers upon oxidative formation of disulfide bonds61. In the process of adiponectin 

oligomerization, disulfide bonds are involved in more than just the structural stabilization of the 

HMW adiponectin structure61,123. Study of the progression of HMW oligomer formation 

demonstrated that formation of disulfide bonds is utilized to stabilize intermediate adiponectin 

structures during assembly of the mature octadecamer. Premature oxidation of adiponectin 

trimers into hexamers represents a dead end and does not yield HMW oligomers61. The 

intermediates of adiponectin are probably partially reduced61. With the help of an in vitro 

model, Briggs et al.61 confirmed a redox environment dependent model for HMW adiponectin 

oligomerization. 

The above evidence taken together suggests that impaired adiponectin oligomerization caused 

by redox alteration in the ER is a causal link between impaired adiponectin oligomerization and 

ER stress and insulin resistance.  

Oxidative stress can disrupt protein folding91. Antioxidants have been found to reduce 

ER stress and improve protein folding and secretion91. The ROS quenching property of 

antioxidants is thought to be instrumental in alleviating the adverse effects of oxidative stress91. 

In this chapter, we tested the hypothesis that hypoxia causes ER stress and impaired HMW 

adiponectin formation through a redox-dependent mechanism and whether an antioxidant, 

ascorbic acid, can to alleviate hypoxia-induced ER stress and inprove adiponectin assembly. 

5.2 Results 
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5.2a Alleviation of hypoxia-induced ER stress following ascorbic acid treatment in cultured 

3T3-L1 adipocytes. 

Malhotra et al.91 provided the first example of how protein misfolding and oxidative 

stress affected each other. They took advantage of the poor protein folding efficiency of the 

protein deficient in hemophilia A, coagulation factor VIII (FVIII),to induce ER stress upon 

expression of FVIII. Accumulation of misfolded FVIII caused oxidative stress and also induced 

apoptosis. The significant finding from this study was that an antioxidant mitigated the UPR 

signaling cascade, oxidative stress, and apoptosis that ensued following accumulation of 

misfolded coagulation factor VIII. Antioxidants also improved protein folding and secretion 

both in vivo91 and in vitro. This study directly linked ER oxidative stress to UPR. In the current 

study, we wanted to test if a physiological antioxidant could also effectively reverse ER stress in 

3T3-L1 adipocytes kept under hypoxic conditions. Figure 15 demonstrates 3T3-L1 adipocytes 

incubated in a hypoxic environment (1% oxygen) for 4 hrs displayed increased protein 

concentrations of BiP, a marker for ER stress. Addition of 150 mg/L ascorbic acid abolished the 

effect of hypoxia on BiP induction (Figure 15).  

5.2b Hypoxia mediates reduction in HMW adiponectin in secreted media. 

Previous data from Tsao Lab (data not shown) on the distribution of adiponectin 

oligomers secreted from differentiated 3T3-L1 adipocytes in response to overnight ascorbic acid 

or dehydroascorbate treatment showed that ascorbate induced an increase in HMW adiponectin 

production and increased HMW adiponectin secretion from 3T3-L1 adipocytes. In this study, 

we wanted to examine if the induction of UPR following hypoxic treatment in 3T3-L1 

adipocytes is also associated with perturbations in HMW adiponectin oligomer formation and if 
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these perturbations were corrected by ascorbic acid treatment. Native immunoblot analysis of 

secreted adiponectin levels in the media of differentiated 3T3-L1 adipocytes showed that at the 

end of 2 hrs of hypoxia treatment in the presence or absence of ascorbic acid, there were no 

significant changes in the HMW adiponectin secretion profile (Figure 16). At the end of 4 hrs of 

1% oxygen treatment an overall decrease in the secretion of HMW adiponectin was observed in 

the presence and absence of ascorbic acid (Figure 16). To ascertain the correlation between ER 

redox conditions and protein oligomerization in a cultured mammalian cell line, more 

experiments need to be performed. 

5.3 Discussion 

In vitro experiments of adiponectin assembly performed by David Briggs of the Tsao 

Lab suggested that redox environment had a profound effect on the rate and distribution of 

adiponectin oligomerization61,123. Other unpublished in vitro and in vivo data from this lab, 

showed that ascorbic acid treatment induced an increase in HMW adiponectin and this increase 

in HMW adiponectin is associated with Ero1-Lα redox state changes. This provided the first 

direct ex vivo evidence of a redox environment-dependent model of adiponectin 

oligomerization.  

This current study provides- 

1) Ascorbic acid treatment could reverse ER stress caused by hypoxia in the ER of 3T3-

L1 adipocytes and restore ER homeostasis (Figure 15). 

2) Further ex vivo evidence for a redox-dependent model for adiponectin 

oligomerization. We showed for the first time in a cell culture model that HMW adiponectin 

formation was diminished due to hypoxic conditions but more repetitions of the experiments are 
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required to ascertain this. In the future, experiments should be conducted by treating adipocytes 

with increasing concentrations of oxidizing agents and monitoring the effect on oligomerization 

of HMW adiponectin to test the redox-dependent model for adiponectin oligomerization ex 

vivo. Experiments performed by Dave Briggs suggested that the effect of ascorbic acid on 

HMW adiponectin formation was because of increased concentration of redox active species 

during the oligomerization process and not because of the ROS quenching effect of ascorbic 

acid. Ascorbate, a reducing moiety, and dehydroascorbate, an oxidizing moiety, were found to 

be similarly effective in aiding HMW adiponectin secretion in 3T3-L1 adipocytes (data not 

shown). Data presented in Figure 16 where we observed no alleviation of hypoxia-mediated 

reduction in secreted HMW adiponectin levels upon supplementation of the growth media with 

ascorbic acid suggests that hypoxia-mediated reduction of HMW adiponectin production can 

not be ameliorated by addition of redox-active molecules. Additional studies are needed to 

resolve this issue.  

Our data showing that ascorbate can alleviate ER stress caused by hypoxic insult has 

never been tested before in 3T3-L1 adipocytes and it suggests that even somewhat weak 

physiological antioxidants, such as vitamin C could have a general role in reducing ER stress. In 

addition, amelioration of hypoxia-induced ER stress may not lead to normalization of HMW 

adiponectin production. 
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5.4 Figures 

 

 

Figure 15 Hypoxia-induced upregulation of ER stress marker BiP in differentiated 3T3-
L1 adipocytes. To assess effects of ascorbic acid in hypoxia-induced ER stress, adipocytes 
were treated with or without 150 mg/L ascororbic acid under normoxic (20% oxygen) or 
hypoxic (1% oxygen) conditions for 4 hrs at 37ºC. Cells were also treated with 1 µM 
thapsigargin separately for 4 hrs as positive control of ER stress. GAPDH protein 
concentration was assessed as loading control. Antibodies against BiP and GAPDH were 
from Cell Signaling (Danvers, MA) and RDI(Concord, MA), respectively. The blot shown 
here is representative of 3 independent experiments. 



 124 

 
 
Figure 16 Distribution of adiponectin oligomers secreted from differentiated 3T3-

L1 adipocytes in response to hypoxia (1% O2)259 or normoxia (20% oxygen) treatment. 
Adiponectin was detected using an antiserum raised against the globular head domain of 
adiponectin. (A) Native immunoblot analysis of adiponectin oligomers secreted from 3T3-
L1 adipocytes treated with 1% oxygen for 2 hrs and 4 hrs at 37ºC. (B) Amount of secreted 
HMW adiponectin at the end of 4 hrs of hypoxia and normoxia treatment in bar graph 
format.  Results were averaged from two independent experiments. 
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CHAPTER 6: ENDOPLASMIC RETICULUM REDOX ALTERATION IS A POTENTIAL 

MECHANISM OF ACTION FOR PALMITATE-MEDIATED DECREASE AND 

THIAZOLIDINEDIONE-MEDIATED INCREASE IN CIRCULATING ADIPONECTIN 

 
STATEMENT BY AUTHOR 

 
I generated the data in Figures 17, 18, 19A, B and C, 20 and 21 B and Supplemental Figure 3. 

Rebecca Giron generated the data shown in Figure 21A and Martha Nuñez generated data 

shown in Figure 19D. 

6.1 Introduction 

The primary cell type of the white adipose tissue, adipocytes, perform a wide range of 

physiological functions contrary to the traditional belief that adipocytes are only involved in fat 

storage and release and insulation. Adipocytes secrete a variety of proteins and hormones that 

perform a wide range of physiological functions. Among the different adipokines, tumor 

necrosis factor (TNF-α), adiponectin and a few other adipokines are crucial regulators of insulin 

sensitivity269. During adipocyte dysfunction, they secrete increased amounts of free fatty acids 

(FFAs) and abnormal levels of adipokines and conditions such as these are implicated in the 

progression of insulin resistance270-272. However, the underlying mechanisms associating 

adipocyte dysfunction and insulin resistance are still unclear. An increasing amount of evidence 

suggests a vital role of cellular and ER redox conditions in regulating insulin functions and 

increased oxidative stress in WAT as one of the first initiators of insulin resistance272,273. 

Mechanisms influencing changes in ER redox state are presently unclear. Maintenance of 

optimal ER redox state is crucial for oxidative protein folding and secretion functions of the ER. 
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In this chapter we investigate if changing the oligomer assembly of one of the most important 

adipokines, adiponectin, by altering ER redox conditions is a potential mechanism underlying 

the insulin sensitizing or desensitizing effects of the fatty acid palmitate and the insulin-

sensitizing drug troglitazone.  

6.1a Redox control of endoplasmic reticulum function 

The molecular conditions of the ER lumen are different from the cytosol. ER has a high 

calcium concentration142 and a highly oxidizing redox potential274. It also has higher 

concentrations of enzymes involved in post-translational modifications of proteins. All these 

conditions exist to optimize oxidative protein folding and secretory functions of the ER64. 

Recent observations suggest the coexistence of both reduced and oxidized redox systems in the 

luminal compartment181. These redox systems include thiol-disulfides that exist in a relatively 

oxidizing state in the ER and the pyridine nucleotide redox systems, which are primarily 

reducing, and they maintain normal redox reactions in the ER181. Membrane transporters and 

oxidoreductases are tightly coupled in the ER to help preserve the oxidized and reduced states 

of the thiol-disulfide and the pyridine nucleotide redox systems181.  The thiol-oxidizing 

machinery of the ER is a powerful system for oxidative protein folding that produces ROS as a 

by-product. These effects are balanced by the antioxidants in the ER lumen275. If optimal 

conditions for ER protein folding are disturbed, it could result in ER stress. ER functions are 

greatly affected as a result of different types of stress that affect the ER redox conditions. 

Perturbations of ER redox potential from normal levels could possibly be a measure of the ER 

protein folding potential and vice versa.  
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The lumen of the ER is maintained at higher oxidizing conditions to aid disulfide bond 

formation in proteins274,276. The ER activates intracellular signaling pathways that are 

collectively called the unfolded protein response (UPR) in response to an accumulation of 

unfolded proteins in the lumen (ER stress)82. During UPR, specialized proteins are produced 

that enhance disulfide-bonding functions of the ER82. In spite of this, a greatly increased protein 

load can nevertheless overwhelm the UPR machinery82. This results in accumulation of an 

increasing amount of unfolded proteins in the ER and deviation from normal ER redox 

homeostasis of varying magnitudes82. The disturbance in ER redox homeostasis associated with 

misfolded proteins in the ER can be a part of the adaptive response to restore homeostasis for 

cell survival and also a cause for the development of the ER stress in the first place. Regulation 

of ER redox conditions is poorly understood to date, as are the mechanisms that result in 

development of ER stress. Upon synthesis, proteins mature into their native conformations in 

the ER. This is aided by chaperone proteins that either help in formation of necessary disulfide 

bonds or help maintain sulfhydryl groups on proteins in their required oxidation state. If this 

critical balance of redox conditions in the ER is adversely affected, it could impair the protein 

folding potential of the ER. As discussed in Chapter 1 upon the activation of UPR, transcription 

of several oxidoreductases, chaperone proteins and proteins involved in ER-associated 

degradation (ERAD) are upregulated277. Currently, the upregulation of UPR proteins such as the 

ER chaperone BiP is the generally accepted marker for identifying ER stress278. UPR 

ameliorates ER stress82. Even though the activation of UPR is indicative of the cell mounting a 

reparative response, it does not indicate that homeostasis has been restored82.  
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6.1b Palmitate in the modulation of ER redox conditions and adiponectin oligomer assembly 

The molecular mechanisms that drive the development of insulin resistance and type 2 

diabetes are thought to include an array of adipocyte-derived factors270,279. A significant rise in 

the intracellular reactive oxygen species (ROS) in adipocytes has been observed following 

palmitate treatment280. The increased generation of ROS is associated with palmitate-induced 

insulin resistance and impaired adiponectin expression280,281. The NADPH oxidase inhibitor 

DPI and antioxidants such as N-acetyl cysteine (NAC) can quench ROS280. This evidence 

indicates a redox-associated mechanism for palmitate-induced insulin resistance. Palmitate is 

known to induce ER stress in several cell types important for lipid metabolism and insulin 

action. In pancreatic β-cells, it negatively affects insulin secretion and causes apoptosis. Mondal 

et al.282 provided evidence of the direct effect of ER stress on adiponectin multimerization. 

Upon treatment of human adipocytes derived from adult adipocyte stem cells (ADHAS) with 

the ER stressors thapsigargin (causes ER stress by blocking ER calcium channels) and 

tunicamycin (blocks synthesis of N-linked glycoproteins), secretion of HMW adiponectin was 

nearly eliminated compared to controls. Hexameric adiponectin was found to be the most 

abundant species in the secreted media, with its levels reduced by only a small amount, with 

very little trimeric adiponectin secreted. Induction of ER stress caused an overall decrease in 

adiponectin levels in both the lysate and media. Treatment of ADHAS cells with the saturated 

fatty acid, palmitate, did not effect levels of adiponectin mRNA282, but the authors demonstrated 

palmitate-induced ER stress associated with a reduction in HMW adiponectin protein levels. 

The authors showed that HMW adiponectin levels were markedly reduced when the levels of 

hexamers increased slightly and trimers of adiponectin were barely detectable in the secreted 
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media282. This secretion profile corresponded to a reduction in both HMW and hexamers of 

adiponectin in the lysate and the trimer species remained unaltered282. Overall, ER stress caused 

by palmitate treatment decreased total adiponectin protein and also secreted adiponectin282. To 

further solidify the relationship between palmitate-induced ER stress and impaired adiponectin 

production, it was observed that palmitate treatment caused an increase in the levels of Ero1-

Lα, but had no effect in the levels of ERp44, an ER chaperone282. The generation of ER stress 

by palmitate was associated with increased inflammation in the cells as demonstrated by a 

decrease in levels of Ικβ−α compared to control cells. 

6.1c Thiazolidinediones in modulating ER redox conditions and adiponectin oligomer assembly  

 Thiazolidinediones (TZDs) are a class of insulin-sensitizing peroxisome proliferator-

activated receptor (PPARγ) agonists known to increase in circulating adiponectin levels283. The 

mechanism of TZD-mediated increase in circulating adiponectin levels is yet unclear. TZDs 

bring about an increase in the mRNA transcripts of adiponectin284 but the magnitude of increase 

in the levels of the mRNA transcript alone does not explain the increased circulating levels of 

adiponectin in both murine and human subjects55,284-288. This observation points towards a role 

of processes downstream of transcription in increasing circulating adiponectin levels as a result 

of TZD treatment. These processes include translation of the mRNA transcript, post-

translational modifications and oligomerization of adiponectin monomers. It has been 

documented that TZD treatment brought about an increase in levels of ER chaperones, Ero1-La, 

DsbA-L and ERp44 in both adipose tissue and differentiated 3T3-L1 adipocytes56,286,289. Based 

on the roles of Ero1-La, DsbA-L and ERp44 on adiponectin production, this suggests an 

important role for TZDs in enhancing HMW oligomer formation. The action of TZD in 



 130 

increasing circulating adiponectin levels is not limited to increases in levels of HMW 

adiponectin but an overall increase in the levels of all adiponectin isoforms290.  

In summary, troglitazone has insulin sensitizing and palmitate has insulin desensitizing 

actions and both have been implicated in ER redox-mediated ER stress. We hypothesized that 

palmitate and troglitazone have opposite effects on ER redox conditions that will correspond to 

their effect on redox-mediated ER stress and adiponectin oligomerization. In addition, using 

antioxidants such as butylated hydroxianisole (BHA) and vitamin C that had previously been 

reported to reduce reactive oxygen species in case of a redox challenge in cells91 and BSO, a 

drug the reduces the levels on GSH in human colonic cell lines such as Caco-2291, we also tested 

whether the effect of the saturated fatty acid palmitate on the ER redox status of 3T3-L1 

adipocytes was due to an increase in reactive oxygen species in cells or a disturbance in cellular 

GSH levels.  

6.2 Results 

As described in detail in Chapter 4, we generated a stable 3T3-L1 cell line expressing an 

ER-specific redox reporter, eroGFP1-iL, using a previously developed ratiometric redox sensor, 

roGFP1-iL209. The eroGFP1-iL reporter localized to the ER and expression of this engineered 

protein itself did not lead to an ER stress response (Figure 6). eroGFP1-iL is capable of 

detecting both oxidizing and reducing changes in the ER induced by oxidizing and reducing 

agents diamide and DTT, respectively (Figure 7, Figure 8 and 9) in 3T3-L1 fibroblasts. The 

goal for using this redox-sensing tool is to determine the redox state of the ER in a commonly 

used adipocyte model, the differentiated 3T3-L1 adipocytes.  
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6.2a Changes in eroGFP1-iL fluorescence following treatments with oxidizing and reducing 

agents 

 To determine if 3T3-L1-eroGFP1-iL adipocytes can respond to changes in redox state 

like undifferentiated 3T3-L1 fibroblasts, cells mounted on a heated epifluorescene microscope 

stage maintained at 37°C were treated with 1 mM diamide or DTT.  Live cell fluorescence 

images were first acquired of untreated cells to obtain the baseline redox condition. Cells were 

then treated with diamide or DTT and imaged after 0.5, 1, and 5 min to record redox response 

after diamide treatment and after 0.5 and 5 min of DTT treatment. 1mM diamide was added to 

the DTT-treated cells at the end of 5 min of DTT treatment to record if the reducing conditions 

in the ER are restored. The images taken by exciting cells with monochromatic light of 380 nm 

and 455 nm wavelength were used to obtain the eroGFP1-iL ratio, a term defined in Materials 

and Methods in depth as the log2 value of fluorescence ratio excited at 380 vs. 455 nm 

normalized to baseline. Treatment with diamide led to an increase in the eroGFP1-iL ratio from 

0 to 0.25±0.03 by 5 min (Figure 17A).  DTT brought about an immediate decrease in eroGFP1-

iL ratio, reaching a value of -0.3±0.07 at the end of 5 mins (Figure 17B). When DTT-treated 

cells were subsequently treated with the oxidizing agent diamide to see if reduced eroGFP1-iL 

was capable of being rapidly re-oxidized, we observed that there was an instantaneous increase 

in the eroGFP1-iL ratio (Figure 17B). Although in opposite directions, the maximal changes in 

eroGFP1-iL ratios from baseline were approximately equal in absolute terms for diamide and 

DTT treatments (0.25±0.03 and -0.3±0.07, respectively, Figure 17A and Figure 17B). This is 

important because it demonstrates that differentiated eroGFP1-iL adipocytes containing the 
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redox sensing GFP reporter eroGFP1-iL are suitable for detecting oxidizing or reducing changes 

in ER redox upon palmitate or TZD treatment. 

6.2b Redox states of eroGFP1-iL in 3T3-L1 adipocytes in response to diamide and DTT 

 To evaluate the physical state of eroGFP1-iL protein in intact cells upon treatment with 

oxidizing and reducing agents, 8-10 days differentiated 3T3-L1-eroGFP1-iL adipocytes were 

incubated with 1 mM diamide or DTT for 5 and 15 min at 37ºC and then precipitated with TCA 

followed by resolubilization in SDS and NEM to preserve redox states.  Samples were 

fractionated in non-reducing SDS-PAGE, transferred to nitrocellulose, and probed with an 

antibody against the myc epitope-tag located on the C-terminus of eroGFP1-iL.  We observed 3 

distinct species of eroGFP1-iL that are labeled A, B and C in Figure 18A.  The different redox 

species A, B and C observed in adipocytes were the same as in fibroblasts (Figure 9) and 

described in Chapter 4. The behavior and distribution of the different species of eroGFP1-iL in 

adipocytes were similar to that observed in fibroblasts. As in fibroblasts, upon treating the 

lysates with a strong reducing agent, and analyzing using reducing SDS-PAGE gel, almost all of 

Species C was collapsed into a monomeric form. This suggests that Species C is a disulfide-

bonded homo-dimer of eroGFP1-iL. Dimeric eroGFP1-iL was the predominant species of 

eroGFP1-iL in basal conditions in adipocytes as in fibroblasts. 

6.2c Changes in ER redox-state and adiponectin secretion upon induction of ER stress by 

palmitate 

i. Effect of palmitate on ER redox state changes: ER stress is a key factor connecting obesity-

induced insulin resistance and type 2 diabetes292. Palmitate is a physiological activator of ER 



 133 

stress and has been shown to cause a substantial increase in ROS levels in 3T3-L1 adipocytes. 

We treated differentiated eroGFP1-iL adipocytes with 1 mM palmitate for 2 hrs, 4 hrs, 8 hrs and 

12 hrs. ER redox changes were analyzed using flow cytometry with a 405 nm laser to excite the 

fluorophore in a redox-sensitive manner and a 488 nm laser to excite in a redox-independent 

fashion. A statistically significant, albeit small reducing change in the ER, measured as log2 

ratio of intensities of fluorescence emitted by the oxidized eroGFP1-iL following excitation at 

405 and 488 nm, was recorded at the end of 8 and 12 hrs of palmitate treatment (~-0.07±0.02 

and ~-0.09±0.02, respectively, Figure 19A) Treatment of 3T3-L1 adipocytes with DTT for 5 

min was used as a positive control and cells were substantially reduced to approximately -

0.4±0.04 (Figure 19A). However, when similar experiments were performed later (after two 

years) in time during the course of this dissertation work, this time to test the effect of the 

antioxidants BHA and vitamin C and the GSH quenching chemotherapeutic drug BSO on 

palmitate mediated reduction of ER redox conditions, we observed an oxidizing effect of 

palmitate at the end of 6 hrs and 20 hrs of palmitate treatment (Figure 20A). There was an 

increase in the log2 ratio of light intensity emitted by the oxidized eroGFP1-iL following 

excitation at 405 and 488 nm at the end of 6 and 20 hrs of palmitate treatment with magnitudes 

of 0.184±0.05 and 0.073±0.01, respectively (Figure 20A), indicating oxidizing changes. 

Although BSO did not have any effect on palmitate-mediated redox changes, long-term (20 hrs) 

treatment with BHA and vitamin C slightly decreased palmitate-mediated ER oxidation in 3T3-

L1 adipocytes (Figure 20A).  

 We then attempted to reconcile why we observed reducing trends in the ER redox 

conditions in results from earlier experiments shown in Figure 19A and oxidizing trends in the 



 134 

results from later experiments shown in Figure 20A. The ratio of fluorescence intensity from the 

oxidized eroGFP1-iL excited with a 405 nm laser to the fluorescence from total eroGFP1-iL 

excited with a 488 nm laser was decreased compared to the untreated control in the earlier 

experiments. This ratio was increased in the later trials. We looked closely at the fluorescence 

intensity emitted when cells were excited with 488 nm laser. At 488 nm, both oxidized and 

reduced eroGFP1-iL theoretically emit equal fluorescence and hence, the fluorescence intensity 

collected at this wavelength should be constant over the course of an experiment and the 

fluorescence intensity collected at this wavelength should act as an internal control for flow 

cytometry experiments in which a 455 nm laser is not available. We observed that in the earlier 

experiments the levels of 488 nm-excited fluorescence did not decrease significantly following 

palmitate treatment compared with untreated control group (Figure 19B). This suggests that the 

level of total eroGFP1-iL in that set of experiments was essentially constant over the course of 

the experiment. When the fluorescence intensity at 488 nm was compared to the untreated 

control group in the later experiments, we observed that the level of fluorescence intensity from 

both the oxidized and reduced form of eroGFP1-iL was significantly reduced. The magnitude of 

reduction in the fluorescence intensity emitted upon excitation with a 488 nm laser was 

consistently low in cells treated with palmitate alone and cells treated with palmitate and either 

BHA, ascorbate, or BSO.  The ratio of fluorescence at 488 nm normalized to the fluorescence 

intensity exhibited by the untreated control at 488 nm expressed on a log2 scale was decreased 

by a magnitude of 0.85±0.1 after 20 hrs of palmitate treatment and 0.34 ±0.09 after 6 hrs of 

palmitate treatment (Figure 20B). This showed that the total amount of eroGFP1-iL in ER 

decreased over time following palmitate treatment in the later experiments. This could possibly 
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explain the increase in the 405/488 ratio. We also investigated the levels of cell auto-

fluorescence by exciting cells with the 405 nm laser but collecting emission at 560±25 nm 

where eroGFP1-iL does not fluoresce209. We obtained the 488/405 fluorescence ratio (emission 

at 530 and 560 nm) both sets of experiments (Supplemental Figure 3). The 

488ex(530em)/405ex(560em) fluorescence ratio in the earlier experiments remained relatively 

constant except for a statistically significant decrease after treatment with the reducing agent 

DTT (Supplemental Figure 3). The decrease in 488ex(530em)/405ex(560em) ratio after DTT 

treatment was due to an increase in the 405ex/560em, possibly reflecting a decrease in auto-

fluorescence (Figure 19A and Supplemental Figure 3). The 488ex(530em)/405ex(560em) ratio 

for the later experiments was significantly lower after both 6 hrs and 12 hrs of palmitate 

treatment and also treatments with palmitate in presence of BHA and vitamin C for 6 hrs 

(Supplemental Figure 3). 

ii. Effect of palmitate treatment on adiponectin multimerization: Using native immunoblot 

analysis we observed that palmitate caused a reduction in the amount of HMW adiponectin 

(Figure 19C). We also observed higher amounts of hexameric adiponectin in the secreted media 

and trace amounts of trimers compared to untreated control adipocytes (Figure 19C).  

6.2d Effect of troglitazone on palmitate-induced ER stress  

To examine if palmitate- induced redox changes in the ER are associated with UPR 

induction, we performed immunoblot analyses of 3T3-L1 eroGFP1-iL adipocyte lysates after 

treatment with 1mM palmitate for 2 hrs, 6 hrs, 12 hrs and 20 hrs and determined the levels of 

the ER stress marker BiP (Figure 19D).  At the end of 2 and 6 hrs of palmitate treatment, BiP 
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expression in 3T3-L1 eroGFP1-iL cells treated with palmitate did not increase when compared 

with untreated cells (Figure 19D). After 12 hrs and 20 hrs of palmitate treatment, a substantial 

increase in BiP levels was observed indicating upregulation of UPR in these cells (Figure 19D). 

In contrast, when 3T3-L1 adipocytes were co-treated with 1mM palmitate and 1 µM 

troglitazone, a member of the thiazolidinedione class of insulin-sensitizing drugs, there was no 

induction of BiP after either 6 or 12 hrs (Figure 19D). 

6.2e Oxidizing changes in ER redox state following troglitazone treatment 

 
We wanted to test if the ER stress mitigating effect of troglitazone was associated with 

changes in ER redox state brought about by troglitazone. To determine the response of 

eroGFP1-iL adipocytes to short-term troglitazone (between 0 min and 120 mins) treatment, 

cells were analyzed using epifluorescene microscopy as described in Chapter 3 and 4 of this 

dissertation.  Live cell fluorescence images were first acquired from untreated cells to obtain the 

baseline redox condition. Treatment with troglitazone led to an increase in the eroGFP1-iL ratio 

from 0 to 0.48±0.3 by 90 min (20A), indicative of oxidizing changes in the ER. The ER was 

still oxidizing at the end of 120 min of troglitazone treatment.  

To assess the robustness of the ability of eroGFP1-iL to detect redox changes upon long-

term troglitazone treatment, cells treated with 1µM troglitazone for 12 hrs were analyzed using 

flow cytometry as described earlier in Chapter 2 and 4. A statistically significant oxidizing 

change in the ER, measured as log2 ratio of intensities of light emitted by the oxidized 

eroGFP1-iL following excitation at 405 and 488 nm, was recorded at the end of 12 hrs min of 
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troglitazone treatment. The eroGFP1-iL ratio increased from 0 for baseline to 0.08±0.01 for 

cells treated with troglitazone for 12 hrs.  

6.3 Discussion 

ER stress is a widely reported phenomenon in the adipose tissue of obese mice287,293,294, 

the primary organ involved in the secretion of the adipokine adiponectin. The cells in adipose 

tissue exhibit increased levels of ER stress markers such as BiP (GRP78) and CHOP295 and 

hypoxia. These changes in cell physiology are associated with a decrease in expression of 

adiponectin287,293,294,296,297. ER chaperone proteins and oxidoreductases have been shown to 

increase circulating adiponectin levels 298,299. ER stress can be induced by pharmacological 

agents such as thapsigargin and tunicamycin which is associated with reduced adiponectin 

mRNA but the physiological ER stress inducer palmitate led to decreased adiponectin protein 

levels without decreasing adiponectin mRNA282. Insulin sensitizing agents such as 

thiazolidinedione drugs can increase adiponectin levels but the mechanism of action might be 

unrelated to ER stress because pioglitazone treatment did not have an effect on ER stress 

markers ATF6, XBP1, CHOP, HSPA5, etc300. All the above evidence suggested a strong 

correlation between ER stress and adiponectin oligomerization and we wanted to test the 

concept if this correlation between ER stress and reduced adiponectin levels in obese adipose 

tissue is also associated with ER redox changes.  

6.3a Measuring redox conditions of the ER using the ratiometric redox sensor- eroGFP1-iL in 

real-time 

In Chapter 4 of this dissertation, we developed and used a ratiometric redox sensing 
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GFP protein to measure oxidizing and reducing changes in the ER of fibroblasts. Studies 

described in this chapter employed the eroGFP1-iL sensor to assess changes in ER redox upon 

treatment with palmitate or troglitazone. We differentiated eroGFP1-iL fibroblasts into 

adipocytes and found that although eroGFP1-iL in adipocytes is capable of detecting both 

oxidizing and reducing changes, the dynamic range of the molecule was diminished compared 

with fibroblasts (Figure 7,Figure 8,Figure 9, and Figure 17). However, this decrease in the 

dynamic range of the protein was not evident from an analysis of the actual redox states of 

eroGFP1-iL in adipocytes. The actual redox states of eroGFP1-iL in adipocytes analyzed by 

non-reducing denaturing immunoblotting resembled the eroGFP1-iL redox states in fibroblasts 

(Figure 18). At the present, it is unclear why the dynamic range of eroGFP1-iL is narrower in 

adipocytes compared with fibroblasts. 

6.3b ER redox changes in adipocytes caused by palmitate treatment  

 Palmitate treatment gave rise to redox aberrations in the ER that corresponded to 

decreased levels of secreted adiponectin and the development of ER stress in the 3T3-L1 

eroGFP1-iL adipocytes (Figures 19C and 19D). In two distinct sets of experiments performed 

over two time periods, we observed a reducing trend in ER following palmitate treatment in our 

earlier set of experiments but an oxidizing trend in the later set of experiments (Figure 19A, B 

and Figure 20A, B). Results from the later set of experiments also indicate that BSO had no 

significant effect on the redox alterations caused by palmitate but the antioxidants BHA and 

vitamin C had a small inhibitory effect on redox alterations caused by palmitate. A closer look 

at the data helped us determine that the levels of total eroGFP1-iL was significantly reduced 

during the course of the later experiments, a phenomenon that was not observed in earlier 
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experiments (Figures 20B, 21B and Supplemental Figure B). This may have reflected 

differences in culturing or treatment conditions that led to decreased eroGFP1-iL signal over 

time following incubation with palmitate. Immunoblot analyses of eroGFP1-iL content in 3T3-

L1 adipocytes from the latest experiments will help determine if the decrease in GFP 

fluorescence is due to decreased eroGFP1-iL protein concentration.  The difference in 

experimental results over two time periods demonstrates the need for careful attention to cell 

growth and experimental conditions and for a reliable internal control. To obtain conclusive 

data on the effect of palmitate, employing oxidizing and reducing control treatments with 

diamide and DTT will likely be necessary.  

Palmitate-induced ER stress was observed to develop in a time-dependent manner with 

increased BiP concentration visible at 12 hrs and 20 hrs (Figure 19D). Mondal et al. had 

observed rise in expression of ER stress marker genes HSPA5, ERN1, CHOP, and GADD34 

upon 18 hrs of palmitate treatment. Indeed, palmitate-mediated induction of ER stress 

documented in literature mostly involves 18- 24 hrs treatments301-303. In this study, we 

document a relatively early ER stress response after 12 hrs of palmitate treatment. Our data also 

showed impaired production and/or secretion of high molecular weight adiponectin upon 

palmitate treatment (Figure 19C) consistent with previously published work282. It is possible the 

decrease in HMW adiponectin is caused in part by altered ER redox state following palmitate 

treatment. Previous in vitro data from the lab on adiponectin oligomerization61 had shown that 

hyper-oxidizing or hyper-reducing conditions both led to impaired oligomerization of 

adiponectin 18mers, the largest of HMW adiponectin species61.  
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A striking observation of this study was the inhibition of palmitate-induced ER stress by 

troglitazone (Figure 19D). Palmitate leads to insulin resistance while troglitazone is an insulin-

sensitizing drug. We did not test the effect of troglitazone alone on 3T3-L1 eroGFP1-iL 

adipocytes. However, the observation that troglitazone in the presence of  palmitate caused a 

reduction in the BiP signal is in contrast to previous reports showing that long-term (~24 hrs) 

treatment with troglitazone caused upregulation of the ER stress markers GRP78 and eIF2304,305. 

We also tested the effect of troglitazone on the redox state of the ER in real-time using 

eroGFP1-iL and observed that troglitazone treatment led to a more oxidizing ER compartment. 

The oxidizing effect of troglitazone became apparent as early as 90 min (Figure 21A) and the 

effect lasted for as long as 12 hrs (Figure 21B). After 12 hrs of troglitazone treatment, the 

oxidizing effect of troglitazone was no longer pronounced and persistent (data not shown). The 

early onset of troglitazone effect on ER redox state suggests it is independent of transcriptional 

activation of PPARγ. Palukurthi et al.305 has demonstrated a role of troglitazone in inhibiting 

cancer growth independent of the PPARγ signaling pathway. In summary, in this chapter of the 

dissertation, we present an association between altered ER redox conditions and the ER stress 

response upon treatment with the insulin-desensitizing fatty acid palmitate and the insulin 

sensitizing drug troglitazone. 
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6.4 Figures 

 
 

Figure 17 Rapid response of eroGFP1-iL expressed in the ER of 3T3-L1 differentiated 
adipocytes in real-time to redox changes induced by pharmacological agents, diamide and 
DTT. Measurement of redox behavior ex-vivo of roGFP1-iL over-time in the resting state 
and after treatment with 5mM diamide (A) and DTT (B) recorded on a microscopic field 
after exciting cells with light from a 100 W Hg lamp filtered with 380 nm (10 nm band 
pass) and 455 nm (30 nm band pass) excitation filters. The emission filter used was a 510 
nm filter with a 10nm band pass. The data has been represented as a ratio of fluorescence 
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from excitation at 380 nm vs. 455nm. All data has been expressed on a log2 scale and 
normalized to the average 380/455 ratio of the untreated cells. Data represents means +/ 
standard error from 3 independent experiments for Panel A and 10 independent 
experiments for Panel B. Paired Student’s t-Test was utilized to determine the statistical 
significance of redox changes upon treatment with the pharmacological agents. * 
represents P<0.05 and ** represents P<0.004. 
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Figure 18 Redox states of eroGFP1-iL in untreated and either diamide- or DTT-treated 
3T3-L1 adipocytes were determined using antibodies against the myc epitope to probe 
western blots of TCA-precipitated cell lysates resolved in (A) non-reducing and (B) 
reducing SDS-PAGE.  8-10 days differentiated 3T3-L1-eroGFP1-iL adipocytes treated 
with or without 1 mM diamide or 1 mM DTT for 5 and 15 min were precipitated with 
10% TCA followed by re-solubilization in the presence of 20 mM NEM to protect redox 
states.  The blot shown is representative of 5 independent experiments.  For reducing SDS-
PAGE, re-solubilized TCA precipitates in sample loading buffer were heated for 15 min at 
90ºC in the presence of 100 mM βME prior to loading. 
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Figure 19 Response of eroGFP1-iL to palmitate measured using only one redox-sensitive 
excitation wavelength (A), magnitude of the reduction in total GFP signal upon excitation 
with 488 nm light (B), native immunoblot analysis of adiponectin oligomers (C) and 
palmitate-induced upregulation and TZD-mediated reversal of ER stress marker, BiP in 
differentiated 3T3-L1 adipocytes (D).  Relative amounts of oxidized eroGFP1-iL in 3T3-
L1-eroGFP1-iL cells after 2 hrs, 4 hrs, 8 hrs and 12 hrs of 1mM palmitate treatment 
compared to amount of oxidized eroGFP1-iL after 15 min of DTT treatment. Oxidized 
eroGFP1-iL were measured using flow cytometry by normalizing the 405 nm laser-excited 
mean fluorescence intensity with that excited by a 488 nm laser because both oxidized and 
reduced roGFP1-iL exhibited equal fluorescence intensity upon excitation at 488 nm209.  
Bar graph in (A) and (B) show the ratios of 405/488 nm and 488 nm laser-excited mean 
fluorescence intensities normalized to untreated controls and expressed on log2 scale.  
Values were averaged from seven independent experiments.  Asterisk (*) and double 
asterisks (**) denote, respectively, p<0.05 and p<0.001 in one sample, two-tailed, t-test 
against expected value of 0.  (C) Representative native immunoblot analysis of HMW 
adiponectin secreted into the media by 8-10 day differentiated pBABE puro vector control 
3T3-L1 adipocytes probed with an antiserum against the globular head of adiponectin. 
3T3-L1-eroGFP1-iL adipocytes were treated with or without 1 mM palmitate for 12 hrs 
and the secreted media following long-term palmitate treatment was used for analysis of 
levels of adiponectin isoforms.  The blot shown is representative of 5 independent 
experiments. (D) 8-10 days differentiated 3T3-L1 adipocytes were treated with palmitate 
for 2, 6, 12, 20 hrs with 1 mM palmitate and for 6 and 12 hrs with both palmitate and 1 
µM troglitazone. Cells were lysed and BiP expression was analyzed by western blotting 
using a commercially available antibody (Cell Signaling). Cell lysates from untreated 3T3-
L1 adipocytes were used as control. 
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Figure 20 Response of eroGFP1-iL to palmitate, palmitate and BSO, palmitate and BHA 
and palmitate and vitamin C (VitC) measured using only one redox-sensitive excitation 
wavelength (A), magnitude of the reduction in total GFP signal upon excitation with 488 
nm light (B).  Relative amounts of oxidized eroGFP1-iL in 3T3-L1-eroGFP1-iL cells after 
20 hrs and 6 hrs of 1mM palmitate, 0.5 mM BSO306, 10 µM BHA91 and 150 mg/L VitC 
treatment. Oxidized eroGFP1-iL were measured using flow cytometry by normalizing the 
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405 nm laser-excited mean fluorescence intensity with that excited by a 488 nm laser 
because both oxidized and reduced roGFP1-iL exhibited equal fluorescence intensity upon 
excitation at 488 nm209.  Bar graph in (A) shows the ratios of 405/488 nm and in (B) shows 
the ratios of 488 nm laser-excited mean fluorescence intensities normalized to untreated 
controls and expressed on log2 scale.  Values were averaged from four independent 
experiments.  Asterisk (*) and double asterisks (**) denote, respectively, p<0.05 and 
p<0.005 in one sample, two-tailed, t-test against expected value of 0.   
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Figure 21 Response of eroGFP1-iL expressed in the ER of 3T3-L1 differentiated 
adipocytes in real-time to short term (A) and long-term (B) redox changes induced by the 
insulin sensitizing drug of the thiazolidinedione family, troglitazone (denoted as TZD) and 
oxidizing agent, diamide (denoted as DIA) acting as a positive control. Measurement of 
redox behavior ex-vivo of roGFP1-iL over-time in the resting state and after treatment 
with 1µM troglitazone (A) recorded on a microscopic field after exciting cells with light 
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** 

** P<0.002!
!"#$%&'(!)*+%,*%-.(

!"

Log2 (405/488 nm fluorescence ratio normalized to untreated control group)   

Log2 (380/450 nm fluorescence ratio normalized to baseline)   

A 

B 
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from a 100 W Hg lamp filtered with 380 nm (10 nm band pass) and 455 nm (30 nm band 
pass) excitation filters. The emission filter used was a 510 nm filter with a 10nm band pass. 
The data have been represented as a ratio of fluorescence from excitation at 380 nm vs. 
455nm. All data have been expressed on a log2 scale and normalized to the average 
380/455 ratio of the untreated cells. Data represents means +/ standard error from 4 
independent experiments. Paired Student’s t-Test was utilized to determine the statistical 
significance of redox changes upon treatment with the pharmacological agents. ** 
represents P<0.002. Relative amounts of oxidized eroGFP1-iL in 3T3-L1-eroGFP1-iL cells 
after long term (12 hrs) 1µM troglitazone (TZD) and 1 mM diamide (DIA) treatment were 
measured using flow cytometry by normalizing the 405 nm laser-excited mean 
fluorescence intensity with that excited by a 488 nm laser because both oxidized and 
reduced roGFP1-iL exhibited equal fluorescence intensity upon excitation at 488 nm209.  
Bar graph in (B) shows the ratios of 405/488 nm laser-excited mean fluorescence 
intensities normalized to untreated controls and expressed on log2 scale.  Values were 
averaged from 4 independent experiments.  Asterisk (*) denote p<0.05 in one sample, two-
tailed, t-test against expected value of 0 (B).  
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Supplemental Figure 3 Response of eroGFP1-iL to 2 hr, 4 hr, 8 hr, 12 hr and 20 hr 
exposure to palmitate (A), palmitate, palmitate and BSO, palmitate and BHA and 
palmitate and vitamin C (VitC) after 6 hr and 20 hr treatment (B) measured using two 
distinct emission wavelengths.  Relative amounts of oxidized eroGFP1-iL in 3T3-L1-
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eroGFP1-iL cells after 1mM palmitate, 0.5 mM BSO306, 10 µM BHA91 and 150 mg/L VitC 
treatment. Oxidized eroGFP1-iL were measured using flow cytometry by normalizing the 
488 nm laser-excited mean fluorescence intensity and emission wavelength at 510 nm with 
that excited by a 405 nm laser with emission at 560 nm because both oxidized and reduced 
roGFP1-iL exhibit equal fluorescence intensity upon excitation at 488 nm209 and do not 
exhibit strong fluorescence at 560 nm emission209.  Bar graph in (A) shows the ratios of 
405/488 nm and in (B) shows the ratios of 488/488 nm laser-excited mean fluorescence 
intensities normalized to untreated controls and expressed on log2 scale.  Values were 
averaged from six (A) and four (B) independent experiments.  Asterisk (*) and double 
asterisks (**) denote, respectively, p<0.05 and p<0.005 in one sample, two-tailed, t-test 
against expected value of 0.   

 

 

 

 

 

 

 

  



 152 

CHAPTER 7: DISCUSSION 

Obesity as an epidemic is crippling the health and well being of the world at an alarming 

rate. In a study published in 2009 by Finkelstein et al.307 , the annual medical costs due to 

obesity in the United States as a whole has doubled between 1999 and 2009. The study 

estimated costs of obesity for the United States across all payers including Medicare, Medicaid 

and private insurers and found that the medical cost of obesity alone rose from $78.5 billion per 

annum in 1998 to $147 billion per annum in 2008. This underlies the widespread perils of the 

obesity disease. Obesity is widely associated with a number of metabolic disorders including 

type 2 diabetes. It is imperative to improve our understanding of the mechanisms that underlie 

the development of obesity-related complications to develop therapeutic interventions.  

In this study we aimed at elucidating a potential role of ER redox changes in the ER 

stress that has been observed in obesity-associated insulin resistance. We have established that 

redox alterations in the ER is associated with ER stress in adipocytes. In the process, we have 

developed a real-time redox sensing GFP tool, eroGFP1-iL, for use in the mammalian cell ER. 

In the process of trying to gain an understanding of how eroGFP1-iL interacts with its 

environment to provide a readout of the redox status, we discovered a role of glutathione, the 

primary redox buffer of the endoplasmic reticulum, in increasing the effective midpoint 

reduction potential of eroGFP1-iL and in the formation of disulfide bonds in an enzyme-

independent fashion308. 

The endoplasmic reticulum is the organelle where disulfide bond formation on newly 

synthesized nascent polypeptides takes place. As described in detail in Chapter 1, this organelle 

is subject to extensive regulation for the maintenance of the organellar environment 
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158,161,169,171,172,179,231,232. The tight control of the environment of the ER is to maintain the 

integrity of the oxidative protein folding function the ER performs170,176,233-236. The high 

complexity and the tight maintenance of the ER redox milieu makes it difficult to understand 

how ER redox potential is controlled. To get a real-time account of ER redox conditions, many 

different fluorescence based redox sensors have been developed that can detect redox changes 

in their environment. Interestingly, the report of the redox conditions provided by some of these 

sensors conflicted with previous reports of redox conditions in different cellular organelles and 

with each other. Historically, redox conditions in the ER were measured using a labeled peptide 

with a redox active cysteine and a glycosylation site117 or by measuring the ratio of the 

abundance of the glutathione couple in microsomes enriched in ER165.  

7.1 Use of eroGFP1-iL as a redox sensor for the ER 

 In this study, we made use of one of the members of the family of redox sensing GFP 

molecules developed by Dr. James Remington’s laboratory called roGFP1-iL. roGFP1-iL had 

the highest midpoint redox potential among all the members of the roGFP1-iX family of redox 

sensing GFP sensors derived from the parent ratiometric redox sensing molecule roGFP1209. We 

generated a new ER-targeting construct based on roGFP1-iL that is named eroGFP1-iL and 

expressed it in mouse 3T3-L1 fibroblasts (Figure 6). We found that eroGFP1-iL was capable of 

measuring both oxidizing and reducing changes in the ER.  
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7.2 Glutathione enables eroGFP1-iL mediated detection of oxidizing and reducing changes 

in the ER 

 eroGFP1-iL could detect both oxidizing and reducing changes in the ER despite the fact 

that the midpoint reduction potential of this protein was ~-229 mV209. This was much lower 

than the midpoint reduction potential of the endoplasmic reticulum previously established using 

a glycosylated cysteine-containing peptide. The glycosylated peptide method gave an estimate 

of ER potential between -150 mV and -180 mV117. With a midpoint reduction potential of -229 

mV, almost all eroGFP1-iL should exist in a completely oxidized state in an organelle with a 

reduction potential between -150 mV and -180 mV and minimally be able to report changes on 

the oxidizing side of the redox spectrum. This is because, Lohman et al.209 had performed 

experiments showing that at -200 mV approximately 90% of all eroGFP1-iL molecules are in an 

oxidized state. To add to this conundrum, we observed the presence of a redox-sensitive dimer 

of eroGFP1-iL with fluorescence properties intermediate between the fluorescence profile of 

oxidized and reduced monomers of eroGFP1-iL in the ER of 3T3-L1 eroGFP1-iL fibroblasts 

(Figure 12 C). We thought that the presence of the dimer and its corresponding fluorescence 

property likely affected the read-out of ER redox potential by eroGFP1-iL. In this study we 

found that the fluorescence profile of eroGFP1-iL, its midpoint reduction potential and its 

propensity to form dimers was affected by the type of buffer eroGFP1-iL was equilibrated with. 

We observed that glutathione mediated the formation of the eroGFP1-iL dimer. The process of 

dimer formation mediated by glutathione causes a shift in the equilibrium in favor of dimers of 

eroGFP1-iL forming from oxidized monomers. This phenomenon caused an increase in the 

midpoint reduction potential of eroGFP1-iL (Figure 13 F). The phenomenon of a stable dimer 
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formation from oxidized monomers and the resultant effect on the reduction potential of the 

protein only occurred with glutathione buffer system and not with DTT redox buffer system. In 

native conditions in the ER of 3T3-L1 eroGFP1-iL cells, the eroGFP1-iL existed primarily in 

the dimeric form. Only minor amounts of reduced monomers of eroGFP1-iL were seen and 

even lesser amounts of the oxidized monomers were observed (Figure 9D). A distribution 

profile of the roGFP1-iL protein in vitro such as the one described above was found to occur in 

a GSH/GSSG redox buffer at -160 mV reduction potential or above (Figure 13 F). In the 

DTT/DTTox redox buffer, a similar profile of roGFP1-iL redox states was observed only at -

250 mV reduction potential. At the higher reduction potential that the ER exists in, a higher 

proportion of GSSG to GSH is observed versus that found in the cytosol. In such conditions, the 

reduced monomer molecule of roGFP1-iL could be glutathionylated by GSSG giving rise to 1 

GSH molecule. As illustrated in Figure 14, the glutathionylated roGFP1-iL could then undergo 

intramolecular disulfide bond formation to yield an oxidized monomer and release another GSH 

molecule or it could form an intermolecular disulfide bond with a second oxidized roGFP1-iL 

monomer yielding a mixed disulfide dimeric molecule consisting a free thiol group, a 

glutathionylated aduct and one disulfide bond between 2 roGFP1-iL molecules. The free thiol in 

the mixed disulfide bonded molecule could lose its proton and mount a nucleophilic attack to 

form another intermolecular disulfide bond between the 2 roGFP1-iL moieties that end up in a 

stable dimer. In a DTT based redox buffer, the formation of such a stable dimer of roGFP1-iL is 

less likely to occur as shown in Figure 14. 

Thus, with the help of roGFP1-iL we have confirmed prior data of the ER reduction 

potential being between -150 mV and -180 mV of Hwang et al.117 by determining the 
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mechanism by which roGFP1-iL detected oxidizing changes. We found that roGFP1-iL could 

have a dynamic range in glutathione redox buffer with a reduction potential between -200 and -

130 mV. 

7.3 Factors that could complicate the use of eroGFP1-iL as a redox sensor  

All of the discussion in the current chapter and in Chapter 4 on developing an 

understanding of how eroGFP1-iL works assumes that there are only two possible forms of 

monomeric GFP- the fully-reduced monomer and the intramolecular disulfide bonded oxidized 

monomer of GFP. In a GSH/GSSG redox buffering system, there could be a third type of 

monomeric GFP that exists in a mixed disulfide bond with glutathione (roGFP1-iL-SSG) as 

demonstrated in Figure 14. Such species will be hard to distinguish from fully-reduced GFP on 

non-reducing gels. The presence of this species could have an effect on the function of roGFP1-

iL as a redox sensor and our understanding of how it works. Despite the fact that roGFP1-iL-

SSG is different from fully-reduced GFP in terms of its redox state, these 2 species should have 

a similar fluorescence spectrum. This is because both these molecules should intuitively have an 

equal amount of conformational freedom near the redox active cysteine molecules that detect 

redox changes. The possibility of the presence of this third monomeric molecule and our limited 

capabilities in being able to quantify the amount of the glutathionylated monomer limits the use 

of this sensor in determining absolute ambient redox conditions of any organelle, but it can be 

used as a sensitive tool to detect relative changes in ER redox state in real-time. 
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7.4 A different, indirect approach to address whether ER redox conditions affect protein 

folding and ER stress in the ER 

 In Chapter 4 of this dissertation, presented the studies performed to develop of a tool to 

directly measure changes in ER redox conditions. In parallel studies, we wanted to employed 

different agents that have been strongly implicated in modulating redox behavior to further 

support our hypothesis that regulation of redox conditions is strongly correlated with 

development of ER stress and impaired protein folding of the HMW isoform of the insulin-

sensitizing hormone adiponectin in cells. Hypoxia has long been associated with redox changes 

in both cell culture and mouse models and in many different cell and tissue types309,310. In 

contrast, vitamin C (ascorbic acid) is a naturally found antioxidant in the body. It has been 

associated with redox changes but in studies published to date, ascorbate was found to be a 

weak antioxidant that has a lesser effect on quenching harmful ROS or alleviating hostile redox 

conditions in cells91. We found that adiponectin secretion was indeed impaired under hypoxic 

conditions (Figure 16). This observation together with previous research by David Briggs in the 

lab showing that ascorbate and dehydroascorbate could both induce increased HMW 

adiponectin formation, represent ex vivo evidence of adiponectin oligomerization relying on a 

redox-dependent mechanism. Previous data from the laboratory showed that the 

ascorbate/dehydroascorbate mediated increase in HMW adiponectin levels was likely due to 

increased concentration of redox active molecules and not because of the ROS quenching 

activity of ascorbate. If increase in HMW adiponectin were caused because ascorbate removed 

hyperoxidizing conditions, incubation with the oxidized form of dehydroascorbate would have 

resulted in a decrease in HMW secretion, but that was not the case. In a study performed using 
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human Simpson-Golabi-Behmel syndrome (SGBS) adipocytes, Webster et al. observed that in 

the human adipocytes, ascorbic acid supplementation caused a statistically significant, 1.7-fold 

increase in HMW adiponectin without affecting adiponectin expression and overall secretion. 

This effect of ascorbic acid was synergistic with TZD supplementation312. TZD caused a 

statistically significant, 3-fold increase in the expression of adiponectin and a 1.4-fold increase 

in the secretion of total adiponectin but not in HMW adiponectin. In another study performed by 

Chen et al.313, hypoxia caused a pronounced suppression of adiponectin mRNA expression and 

also the secretion of adiponectin protein. They proposed that this suppression of adiponectin 

was caused via the hypoxia-inducible factor1 alpha (HIF-1α). Although the authors found that 

hypoxia caused a modest increase in ROS in 3T3L-1 adipocytes, removal of these ROS species 

with antioxidants N-acetyl cysteine and catalase did not alleviate the reduction in adiponectin 

levels caused by hypoxia. In summary, the authors demonstrated that hypoxia mediated 

decrease in adiponectin and increase in ROS were not causally linked313. In this study we 

reported that a physiological antioxidant, ascorbic acid was capable of alleviating ER stress 

caused by hypoxia but ascorbic acid treatment was not instrumental in alleviating hypoxia-

mediated decrease in HMW adiponectin levels. The data presented in Chapter 5 are consistent 

with previous studies showing that hypoxia-mediated modulations in adiponectin levels could 

not be alleviated by ascorbic acid 312 despite being able to alleviate hypoxia-mediated ER stress 

(Figure 15) in this dissertation). Our results align with observations by Chen et al. that hypoxia 

causes a decrease in adiponectin production313. Despite observing the induction of an ER stress 

response by hypoxia and its alleviation by the antioxidant ascorbic acid, we did not observe the 

alleviation of hypoxia-induced aberrant secretion of HMW adiponectin in the presence of 
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ascorbic acid. Taken together, our data are consistent with previous studies suggesting that 

hypoxia and ROS bring about a decrease in adiponectin levels through different signaling 

pathways. It should however be kept in mind that the generation of ROS might not be the only 

way by which hypoxia exerts its’ effects on the redox status of the ER. It remains an ER redox-

related mechanism could underlie of hypoxia-induced decrease in adiponectin levels.  

7.5 Palmitate and troglitazone action in causing ER redox alteration and association with 

ER stress and adiponectin oligomerization 

In Chapter 6 of this study we used the redox-sensing eroGFP1-iL molecule we have 

developed and described in Chapter 4 of this dissertation to measure redox changes in the ER 

induced by short and long-term treatments of palmitate and troglitazone. Palmitic acid treatment 

brought about redox changes but the data are currently inconclusive due to opposing results 

obtained from two different sets of experiments performed over two periods of time (Figure 20, 

21 and 22). The ER oxidizing action of troglitazone could help to restore ER homeostasis in 

adipocytes upon exposure to saturated fatty acids.  ER redox homeostasis could be an additional 

mechanism of action for this insulin-sensitizing drug - an effect that, based on onset of effect, 

may be independent of the PPARγ signaling pathway. We observed that palmitate-induced 

redox disturbance in the ER was associated with impaired HMW adiponectin formation, 

suggesting altered ER redox state as a potential mechanistic link between insulin resistance and 

decreased levels of circulating adiponectin.  
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7.6 Prospective future directions 

7.6a Role of hypoxia and antioxidants in ER stress aberrant adiponectin levels 

The experiments described in Chapter 5 need to be repeated and the effect of other 

antioxidants such as N-acetyl cysteine (NAC) and BHA on hypoxia-induced ER stress and 

adiponectin oligomerization should be tested. More studies are warranted to confirm our 

observation that hypoxia-mediated decrease in adiponectin levels and increase in ER stress are 

not associated with hypoxia-mediated upregulation of ROS but could be associated with a 

different redox-based mechanism. The effect of hypoxia on redox-conditions in live eroGFP1-

iL adipocytes in real-time can be studied in order to assess the relationship between hypoxia and 

redox changes in the ER. Ascorbic acid is the reducing component of the 

dehydroascorbate/ascorbic acid redox system. Treating adipocytes with dehydroascorbate with 

and without hypoxia treatment could provide additional ex vivo evidence for redox-based 

regulation of adiponectin oligomerization. Effect of dehydroascorbate on the redox state of 

eroGFP1-iL in the presence or absence of hypoxia should also be carried out. Overexpressing 

Ero1-Lα in cells to create an oxidizing environment could provide another method to test effect 

of ER redox state on adiponectin oligomerziation. However, overexpressing Ero1-Lα could be 

detrimental to cell survival and also might lead to ER stress. To further elucidate the effect of 

ascorbic acid on hypoxia-induced reduction of HMW adiponectin, levels of the different 

adiponectin isoforms in cell lysates and will also need to be analyzed. Analysis of adiponectin 

mRNA expression as a result of all of the above treatments will provide further insights into the 

effect of these agents on adiponectin levels in circulation independent of their effect on 

expression of adiponectin mRNA. 
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7.6b Role of palmitate- and thiazolidinedione-mediated ER redox changes 

Experiments need to be conducted to validate and support the data presented in Chapter 

6. Careful experiments and analyses need to be performed to confirm the role of palmitate on 

ER redox state. Experiments to test the effect of palmitate can also be performed using 

epifluorescence microscopy with filter sets for both 380 and 455 nm excitation instead of using 

488 nm excitation as fluorescence reference. To find the correlation between the effects of 

palmitic acid on ER redox condition and its role in eliciting an ER stress response and impaired 

adiponectin oligomerization, levels of different adiponectin oligomers in the cell lysates need to 

be analyzed after different durations of palmitate treatment. Adiponectin secretion and 

intracellular levels upon palmitate and troglitazone treatment can also be monitored to see if 

redox conditions affect adiponectin oligomerization occurs in vivo. Lastly, the role of 

troglitazone in inducing ER redox changes and UPR needs to be tested. Based on prior studies 

showing an upregulation in the amounts of GRP78 and CHOP transcripts upon troglitazone 

treatment, the relationship between changes in ER redox state and UPR activation is likely to be 

complex.  

 

 

 

 

  



 162 

WORKS CITED 
 
 
1. Sarkar DD, Edwards SK, Mauser JA, et al. Increased Redox-Sensitive Green 

Fluorescent Protein Reduction Potential in the Endoplasmic Reticulum following 
Glutathione-Mediated Dimerization. Biochemistry. Apr 30 2013. 

2. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, Flegal KM. Prevalence 
of overweight and obesity in the United States, 1999-2004. Jama. Apr 5 
2006;295(13):1549-1555. 

3. Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence and trends in obesity 
among US adults, 1999-2000. Jama. Oct 9 2002;288(14):1723-1727. 

4. Ogden CL, Flegal KM, Carroll MD, Johnson CL. Prevalence and trends in overweight 
among US children and adolescents, 1999-2000. Jama. Oct 9 2002;288(14):1728-1732. 

5. Rennie KL, Jebb SA. Prevalence of obesity in Great Britain. Obes Rev. Feb 
2005;6(1):11-12. 

6. Bays HE. Adiposopathy is "sick fat" a cardiovascular disease? J Am Coll Cardiol. Jun 
21 2011;57(25):2461-2473. 

7. Bluher M. Adipose tissue dysfunction in obesity. Exp Clin Endocrinol Diabetes. Jun 
2009;117(6):241-250. 

8. Kopelman PG. Obesity as a medical problem. Nature. Apr 6 2000;404(6778):635-643. 
9. Trayhurn P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol 

Rev. Jan 2013;93(1):1-21. 
10. Fruhbeck G, Gomez-Ambrosi J, Muruzabal FJ, Burrell MA. The adipocyte: a model for 

integration of endocrine and metabolic signaling in energy metabolism regulation. Am J 
Physiol Endocrinol Metab. Jun 2001;280(6):E827-847. 

11. Rajala MW, Scherer PE. Minireview: The adipocyte--at the crossroads of energy 
homeostasis, inflammation, and atherosclerosis. Endocrinology. Sep 2003;144(9):3765-
3773. 

12. Trayhurn P. Endocrine and signalling role of adipose tissue: new perspectives on fat. 
Acta Physiol Scand. Aug 2005;184(4):285-293. 

13. Trayhurn P, Beattie JH. Physiological role of adipose tissue: white adipose tissue as an 
endocrine and secretory organ. Proc Nutr Soc. Aug 2001;60(3):329-339. 

14. Bell-Parikh LC, Ide T, Lawson JA, McNamara P, Reilly M, FitzGerald GA. 
Biosynthesis of 15-deoxy-delta12,14-PGJ2 and the ligation of PPARgamma. J Clin 
Invest. Sep 2003;112(6):945-955. 

15. Fain JN, Kanu A, Bahouth SW, Cowan GS, Jr., Hiler ML, Leffler CW. Comparison of 
PGE2, prostacyclin and leptin release by human adipocytes versus explants of adipose 
tissue in primary culture. Prostaglandins Leukot Essent Fatty Acids. Dec 
2002;67(6):467-473. 

16. Fain JN, Leffler CW, Bahouth SW, Rice AM, Rivkees SA. Regulation of leptin release 
and lipolysis by PGE2 in rat adipose tissue. Prostaglandins Other Lipid Mediat. Oct 
2000;62(4):343-350. 



 163 

17. Eckardt K, Sell H, Taube A, et al. Cannabinoid type 1 receptors in human skeletal 
muscle cells participate in the negative crosstalk between fat and muscle. Diabetologia. 
Apr 2009;52(4):664-674. 

18. Blomhoff R, Green MH, Berg T, Norum KR. Transport and storage of vitamin A. 
Science. Oct 19 1990;250(4979):399-404. 

19. Blum M, Dolnikowski G, Seyoum E, et al. Vitamin D(3) in fat tissue. Endocrine. Feb 
2008;33(1):90-94. 

20. Bjorneboe A, Bjorneboe GE, Drevon CA. Absorption, transport and distribution of 
vitamin E. J Nutr. Mar 1990;120(3):233-242. 

21. Ching S, Kashinkunti S, Niehaus MD, Zinser GM. Mammary adipocytes bioactivate 25-
hydroxyvitamin D(3) and signal via vitamin D(3) receptor, modulating mammary 
epithelial cell growth. J Cell Biochem. Nov 2011;112(11):3393-3405. 

22. Seckl JR, Morton NM, Chapman KE, Walker BR. Glucocorticoids and 11beta-
hydroxysteroid dehydrogenase in adipose tissue. Recent Prog Horm Res. 2004;59:359-
393. 

23. Bouloumie A, Drexler HC, Lafontan M, Busse R. Leptin, the product of Ob gene, 
promotes angiogenesis. Circ Res. Nov 16 1998;83(10):1059-1066. 

24. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P. Recombinant mouse OB protein: 
evidence for a peripheral signal linking adiposity and central neural networks. Science. 
Jul 28 1995;269(5223):546-549. 

25. Emilsson V, Liu YL, Cawthorne MA, Morton NM, Davenport M. Expression of the 
functional leptin receptor mRNA in pancreatic islets and direct inhibitory action of 
leptin on insulin secretion. Diabetes. Feb 1997;46(2):313-316. 

26. Considine RV, Sinha MK, Heiman ML, et al. Serum immunoreactive-leptin 
concentrations in normal-weight and obese humans. N Engl J Med. Feb 1 
1996;334(5):292-295. 

27. Hotta K, Funahashi T, Arita Y, et al. Plasma concentrations of a novel, adipose-specific 
protein, adiponectin, in type 2 diabetic patients. Arterioscler Thromb Vasc Biol. Jun 
2000;20(6):1595-1599. 

28. Berg AH, Combs TP, Du X, Brownlee M, Scherer PE. The adipocyte-secreted protein 
Acrp30 enhances hepatic insulin action. Nat Med. Aug 2001;7(8):947-953. 

29. Brakenhielm E, Veitonmaki N, Cao R, et al. Adiponectin-induced antiangiogenesis and 
antitumor activity involve caspase-mediated endothelial cell apoptosis. Proc Natl Acad 
Sci U S A. Feb 24 2004;101(8):2476-2481. 

30. Ouchi N, Kihara S, Arita Y, et al. Novel modulator for endothelial adhesion molecules: 
adipocyte-derived plasma protein adiponectin. Circulation. Dec 21-28 
1999;100(25):2473-2476. 

31. Yamauchi T, Kamon J, Waki H, et al. The fat-derived hormone adiponectin reverses 
insulin resistance associated with both lipoatrophy and obesity. Nat Med. Aug 
2001;7(8):941-946. 

32. Yokota T, Oritani K, Takahashi I, et al. Adiponectin, a new member of the family of 
soluble defense collagens, negatively regulates the growth of myelomonocytic 
progenitors and the functions of macrophages. Blood. Sep 1 2000;96(5):1723-1732. 



 164 

33. Hotamisligil GS. Inflammatory pathways and insulin action. Int J Obes Relat Metab 
Disord. Dec 2003;27 Suppl 3:S53-55. 

34. Hotamisligil GS. Inflammation and metabolic disorders. Nature. Dec 14 
2006;444(7121):860-867. 

35. Rosen ED, Spiegelman BM. Adipocytes as regulators of energy balance and glucose 
homeostasis. Nature. Dec 14 2006;444(7121):847-853. 

36. Arita Y, Kihara S, Ouchi N, et al. Paradoxical decrease of an adipose-specific protein, 
adiponectin, in obesity. Biochem Biophys Res Commun. Apr 2 1999;257(1):79-83. 

37. Tsao TS, Tomas E, Murrey HE, et al. Role of disulfide bonds in Acrp30/adiponectin 
structure and signaling specificity. Different oligomers activate different signal 
transduction pathways. J Biol Chem. Dec 12 2003;278(50):50810-50817. 

38. Tsao TS, Murrey HE, Hug C, Lee DH, Lodish HF. Oligomerization state-dependent 
activation of NF-kappa B signaling pathway by adipocyte complement-related protein of 
30 kDa (Acrp30). J Biol Chem. Aug 16 2002;277(33):29359-29362. 

39. Pajvani UB, Du X, Combs TP, et al. Structure-function studies of the adipocyte-secreted 
hormone Acrp30/adiponectin. Implications fpr metabolic regulation and bioactivity. J 
Biol Chem. Mar 14 2003;278(11):9073-9085. 

40. Suzuki S, Wilson-Kubalek EM, Wert D, Tsao TS, Lee DH. The oligomeric structure of 
high molecular weight adiponectin. FEBS Lett. Mar 6 2007;581(5):809-814. 

41. Yamauchi T, Kamon J, Minokoshi Y, et al. Adiponectin stimulates glucose utilization 
and fatty-acid oxidation by activating AMP-activated protein kinase. Nat Med. Nov 
2002;8(11):1288-1295. 

42. Wu X, Motoshima H, Mahadev K, Stalker TJ, Scalia R, Goldstein BJ. Involvement of 
AMP-activated protein kinase in glucose uptake stimulated by the globular domain of 
adiponectin in primary rat adipocytes. Diabetes. Jun 2003;52(6):1355-1363. 

43. Tomas E, Tsao TS, Saha AK, et al. Enhanced muscle fat oxidation and glucose transport 
by ACRP30 globular domain: acetyl-CoA carboxylase inhibition and AMP-activated 
protein kinase activation. Proc Natl Acad Sci U S A. Dec 10 2002;99(25):16309-16313. 

44. Winder WW. Can patients with type 2 diabetes be treated with 5'-AMP-activated protein 
kinase activators? Diabetologia. Oct 2008;51(10):1761-1764. 

45. Hada Y, Yamauchi T, Waki H, et al. Selective purification and characterization of 
adiponectin multimer species from human plasma. Biochem Biophys Res Commun. May 
4 2007;356(2):487-493. 

46. Pajvani UB, Hawkins M, Combs TP, et al. Complex distribution, not absolute amount of 
adiponectin, correlates with thiazolidinedione-mediated improvement in insulin 
sensitivity. J Biol Chem. Mar 26 2004;279(13):12152-12162. 

47. Wang Y, Xu A, Knight C, Xu LY, Cooper GJ. Hydroxylation and glycosylation of the 
four conserved lysine residues in the collagenous domain of adiponectin. Potential role 
in the modulation of its insulin-sensitizing activity. J Biol Chem. May 31 
2002;277(22):19521-19529. 

48. Wang Y, Lam KS, Chan L, et al. Post-translational modifications of the four conserved 
lysine residues within the collagenous domain of adiponectin are required for the 
formation of its high molecular weight oligomeric complex. J Biol Chem. Jun 16 
2006;281(24):16391-16400. 



 165 

49. Lara-Castro C, Luo N, Wallace P, Klein RL, Garvey WT. Adiponectin multimeric 
complexes and the metabolic syndrome trait cluster. Diabetes. Jan 2006;55(1):249-259. 

50. Seino Y, Hirose H, Saito I, Itoh H. High molecular weight multimer form of adiponectin 
as a useful marker to evaluate insulin resistance and metabolic syndrome in Japanese 
men. Metabolism. Nov 2007;56(11):1493-1499. 

51. Basu R, Pajvani UB, Rizza RA, Scherer PE. Selective downregulation of the high 
molecular weight form of adiponectin in hyperinsulinemia and in type 2 diabetes: 
differential regulation from nondiabetic subjects. Diabetes. Aug 2007;56(8):2174-2177. 

52. Zhu N, Pankow JS, Ballantyne CM, et al. High-molecular-weight adiponectin and the 
risk of type 2 diabetes in the ARIC study. J Clin Endocrinol Metab. Nov 
2010;95(11):5097-5104. 

53. Wang ZV, Scherer PE. DsbA-L is a versatile player in adiponectin secretion. Proc Natl 
Acad Sci U S A. Nov 25 2008;105(47):18077-18078. 

54. Sharabi Y, Oron-Herman M, Kamari Y, et al. Effect of PPAR-gamma agonist on 
adiponectin levels in the metabolic syndrome: lessons from the high fructose fed rat 
model. Am J Hypertens. Feb 2007;20(2):206-210. 

55. Rasouli N, Yao-Borengasser A, Miles LM, Elbein SC, Kern PA. Increased plasma 
adiponectin in response to pioglitazone does not result from increased gene expression. 
Am J Physiol Endocrinol Metab. Jan 2006;290(1):E42-E46. 

56. Liu M, Zhou L, Xu A, et al. A disulfide-bond A oxidoreductase-like protein (DsbA-L) 
regulates adiponectin multimerization. Proc Natl Acad Sci U S A. Nov 25 
2008;105(47):18302-18307. 

57. Kern PA, Di Gregorio GB, Lu T, Rassouli N, Ranganathan G. Adiponectin expression 
from human adipose tissue: relation to obesity, insulin resistance, and tumor necrosis 
factor-alpha expression. Diabetes. Jul 2003;52(7):1779-1785. 

58. Schraw T, Wang ZV, Halberg N, Hawkins M, Scherer PE. Plasma adiponectin 
complexes have distinct biochemical characteristics. Endocrinology. May 
2008;149(5):2270-2282. 

59. Peake PW, Kriketos AD, Campbell LV, Shen Y, Charlesworth JA. The metabolism of 
isoforms of human adiponectin: studies in human subjects and in experimental animals. 
Eur J Endocrinol. Sep 2005;153(3):409-417. 

60. Waki H, Yamauchi T, Kamon J, et al. Impaired multimerization of human adiponectin 
mutants associated with diabetes. Molecular structure and multimer formation of 
adiponectin. J Biol Chem. Oct 10 2003;278(41):40352-40363. 

61. Briggs DB, Jones CM, Mashalidis EH, et al. Disulfide-dependent self-assembly of 
adiponectin octadecamers from trimers and presence of stable octadecameric 
adiponectin lacking disulfide bonds in vitro. Biochemistry. Dec 29 2009;48(51):12345-
12357. 

62. Ellgaard L, Molinari M, Helenius A. Setting the standards: quality control in the 
secretory pathway. Science. Dec 3 1999;286(5446):1882-1888. 

63. Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded protein 
response. Nat Rev Mol Cell Biol. Jul 2007;8(7):519-529. 



 166 

64. Patil C, Walter P. Intracellular signaling from the endoplasmic reticulum to the nucleus: 
the unfolded protein response in yeast and mammals. Curr Opin Cell Biol. Jun 
2001;13(3):349-355. 

65. Cox JS, Shamu CE, Walter P. Transcriptional induction of genes encoding endoplasmic 
reticulum resident proteins requires a transmembrane protein kinase. Cell. Jun 18 
1993;73(6):1197-1206. 

66. Mori K, Ma W, Gething MJ, Sambrook J. A transmembrane protein with a 
cdc2+/CDC28-related kinase activity is required for signaling from the ER to the 
nucleus. Cell. Aug 27 1993;74(4):743-756. 

67. Harding HP, Zhang Y, Ron D. Protein translation and folding are coupled by an 
endoplasmic-reticulum-resident kinase. Nature. Jan 21 1999;397(6716):271-274. 

68. Yoshida H, Haze K, Yanagi H, Yura T, Mori K. Identification of the cis-acting 
endoplasmic reticulum stress response element responsible for transcriptional induction 
of mammalian glucose-regulated proteins. Involvement of basic leucine zipper 
transcription factors. J Biol Chem. Dec 11 1998;273(50):33741-33749. 

69. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of 
BiP and ER stress transducers in the unfolded-protein response. Nat Cell Biol. Jun 
2000;2(6):326-332. 

70. Shen J, Chen X, Hendershot L, Prywes R. ER stress regulation of ATF6 localization by 
dissociation of BiP/GRP78 binding and unmasking of Golgi localization signals. Dev 
Cell. Jul 2002;3(1):99-111. 

71. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA is induced by 
ATF6 and spliced by IRE1 in response to ER stress to produce a highly active 
transcription factor. Cell. Dec 28 2001;107(7):881-891. 

72. Yoshida H, Matsui T, Hosokawa N, Kaufman RJ, Nagata K, Mori K. A time-dependent 
phase shift in the mammalian unfolded protein response. Dev Cell. Feb 2003;4(2):265-
271. 

73. Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset of endoplasmic 
reticulum resident chaperone genes in the unfolded protein response. Mol Cell Biol. Nov 
2003;23(21):7448-7459. 

74. Yamamoto J, Ikeda Y, Iguchi H, et al. A Kruppel-like factor KLF15 contributes fasting-
induced transcriptional activation of mitochondrial acetyl-CoA synthetase gene AceCS2. 
J Biol Chem. Apr 23 2004;279(17):16954-16962. 

75. Higa A, Chevet E. Redox signaling loops in the unfolded protein response. Cell Signal. 
Aug 2012;24(8):1548-1555. 

76. Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Mammalian transcription factor ATF6 
is synthesized as a transmembrane protein and activated by proteolysis in response to 
endoplasmic reticulum stress. Mol Biol Cell. Nov 1999;10(11):3787-3799. 

77. Schindler AJ, Schekman R. In vitro reconstitution of ER-stress induced ATF6 transport 
in COPII vesicles. Proc Natl Acad Sci U S A. Oct 20 2009;106(42):17775-17780. 

78. Chen X, Shen J, Prywes R. The luminal domain of ATF6 senses endoplasmic reticulum 
(ER) stress and causes translocation of ATF6 from the ER to the Golgi. J Biol Chem. 
Apr 12 2002;277(15):13045-13052. 



 167 

79. Ye J, Rawson RB, Komuro R, et al. ER stress induces cleavage of membrane-bound 
ATF6 by the same proteases that process SREBPs. Mol Cell. Dec 2000;6(6):1355-1364. 

80. Adachi Y, Yamamoto K, Okada T, Yoshida H, Harada A, Mori K. ATF6 is a 
transcription factor specializing in the regulation of quality control proteins in the 
endoplasmic reticulum. Cell Struct Funct. 2008;33(1):75-89. 

81. Yamamoto K, Sato T, Matsui T, et al. Transcriptional induction of mammalian ER 
quality control proteins is mediated by single or combined action of ATF6alpha and 
XBP1. Dev Cell. Sep 2007;13(3):365-376. 

82. Walter P, Ron D. The unfolded protein response: from stress pathway to homeostatic 
regulation. Science. Nov 25 2011;334(6059):1081-1086. 

83. Garg AD, Kaczmarek A, Krysko O, Vandenabeele P, Krysko DV, Agostinis P. ER 
stress-induced inflammation: does it aid or impede disease progression? Trends Mol 
Med. Oct 2012;18(10):589-598. 

84. Li Y, Schwabe RF, DeVries-Seimon T, et al. Free cholesterol-loaded macrophages are 
an abundant source of tumor necrosis factor-alpha and interleukin-6: model of NF-
kappaB- and map kinase-dependent inflammation in advanced atherosclerosis. J Biol 
Chem. Jun 10 2005;280(23):21763-21772. 

85. Verfaillie T, Garg AD, Agostinis P. Targeting ER stress induced apoptosis and 
inflammation in cancer. Cancer Lett. May 28 2013;332(2):249-264. 

86. Hotamisligil GS, Erbay E. Nutrient sensing and inflammation in metabolic diseases. Nat 
Rev Immunol. Dec 2008;8(12):923-934. 

87. Zhang K, Kaufman RJ. Identification and characterization of endoplasmic reticulum 
stress-induced apoptosis in vivo. Methods Enzymol. 2008;442:395-419. 

88. Zhang K, Kaufman RJ. From endoplasmic-reticulum stress to the inflammatory 
response. Nature. Jul 24 2008;454(7203):455-462. 

89. Pahl HL. Activators and target genes of Rel/NF-kappaB transcription factors. Oncogene. 
Nov 22 1999;18(49):6853-6866. 

90. Rius J, Guma M, Schachtrup C, et al. NF-kappaB links innate immunity to the hypoxic 
response through transcriptional regulation of HIF-1alpha. Nature. Jun 5 
2008;453(7196):807-811. 

91. Malhotra JD, Miao H, Zhang K, et al. Antioxidants reduce endoplasmic reticulum stress 
and improve protein secretion. Proc Natl Acad Sci U S A. Nov 25 2008;105(47):18525-
18530. 

92. Bonizzi G, Karin M. The two NF-kappaB activation pathways and their role in innate 
and adaptive immunity. Trends Immunol. Jun 2004;25(6):280-288. 

93. Ghosh S, Karin M. Missing pieces in the NF-kappaB puzzle. Cell. Apr 2002;109 
Suppl:S81-96. 

94. Hu P, Han Z, Couvillon AD, Kaufman RJ, Exton JH. Autocrine tumor necrosis factor 
alpha links endoplasmic reticulum stress to the membrane death receptor pathway 
through IRE1alpha-mediated NF-kappaB activation and down-regulation of TRAF2 
expression. Mol Cell Biol. Apr 2006;26(8):3071-3084. 

95. Kaneko M, Niinuma Y, Nomura Y. Activation signal of nuclear factor-kappa B in 
response to endoplasmic reticulum stress is transduced via IRE1 and tumor necrosis 
factor receptor-associated factor 2. Biol Pharm Bull. Jul 2003;26(7):931-935. 



 168 

96. Obeid M, Tesniere A, Ghiringhelli F, et al. Calreticulin exposure dictates the 
immunogenicity of cancer cell death. Nat Med. Jan 2007;13(1):54-61. 

97. Ghiringhelli F, Apetoh L, Tesniere A, et al. Activation of the NLRP3 inflammasome in 
dendritic cells induces IL-1beta-dependent adaptive immunity against tumors. Nat Med. 
Oct 2009;15(10):1170-1178. 

98. Safa AR, Pollok KE. Targeting the Anti-Apoptotic Protein c-FLIP for Cancer Therapy. 
Cancers (Basel). Jun 2011;3(2):1639-1671. 

99. Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of metabolic 
disease. Cell. Mar 19 2010;140(6):900-917. 

100. Yamazaki H, Hiramatsu N, Hayakawa K, et al. Activation of the Akt-NF-kappaB 
pathway by subtilase cytotoxin through the ATF6 branch of the unfolded protein 
response. J Immunol. Jul 15 2009;183(2):1480-1487. 

101. Roussel BD, Kruppa AJ, Miranda E, Crowther DC, Lomas DA, Marciniak SJ. 
Endoplasmic reticulum dysfunction in neurological disease. Lancet Neurol. Jan 
2013;12(1):105-118. 

102. Ansari N, Khodagholi F. Molecular mechanism aspect of ER stress in Alzheimer's 
disease: current approaches and future strategies. Curr Drug Targets. Jan 1 
2013;14(1):114-122. 

103. Obeng EA, Carlson LM, Gutman DM, Harrington WJ, Jr., Lee KP, Boise LH. 
Proteasome inhibitors induce a terminal unfolded protein response in multiple myeloma 
cells. Blood. Jun 15 2006;107(12):4907-4916. 

104. Ke PY, Chen SS. Hepatitis C virus and cellular stress response: implications to 
molecular pathogenesis of liver diseases. Viruses. Oct 2012;4(10):2251-2290. 

105. Musso G, Gambino R, Cassader M. Cholesterol metabolism and the pathogenesis of 
non-alcoholic steatohepatitis. Prog Lipid Res. Jan 2013;52(1):175-191. 

106. Bulleid NJ. Disulfide bond formation in the mammalian endoplasmic reticulum. Cold 
Spring Harb Perspect Biol. Nov 2012;4(11). 

107. Braakman I, Bulleid NJ. Protein folding and modification in the mammalian 
endoplasmic reticulum. Annu Rev Biochem. 2011;80:71-99. 

108. Schuck S, Prinz WA, Thorn KS, Voss C, Walter P. Membrane expansion alleviates 
endoplasmic reticulum stress independently of the unfolded protein response. J Cell 
Biol. Nov 16 2009;187(4):525-536. 

109. Merksamer PI, Trusina A, Papa FR. Real-time redox measurements during endoplasmic 
reticulum stress reveal interlinked protein folding functions. Cell. Nov 28 
2008;135(5):933-947. 

110. Anfinsen CB. Principles that govern the folding of protein chains. Science. Jul 20 
1973;181(4096):223-230. 

111. Anfinsen CB, Haber E. Studies on the reduction and re-formation of protein disulfide 
bonds. J Biol Chem. May 1961;236:1361-1363. 

112. Richards FM. Mechanisms of Protein-Folding and Stability. Journal of the American 
Society of Nephrology. Apr 1995;5(10):1843-1843. 

113. Goldberger RF, Epstein CJ, Anfinsen CB. Acceleration of reactivation of reduced 
bovine pancreatic ribonuclease by a microsomal system from rat liver. J Biol Chem. Feb 
1963;238:628-635. 



 169 

114. Gething MJ, Sambrook J. Protein folding in the cell. Nature. Jan 2 1992;355(6355):33-
45. 

115. Gilbert HF, Kruzel ML, Lyles MM, Harper JW. Expression and purification of 
recombinant rat protein disulfide isomerase from Escherichia coli. Protein Expr Purif. 
Apr-Jun 1991;2(2-3):194-198. 

116. Braakman I, Helenius J, Helenius A. Manipulating disulfide bond formation and protein 
folding in the endoplasmic reticulum. Embo J. May 1992;11(5):1717-1722. 

117. Hwang C, Sinskey AJ, Lodish HF. Oxidized redox state of glutathione in the 
endoplasmic reticulum. Science. Sep 11 1992;257(5076):1496-1502. 

118. Seckler R, Jaenicke R. Protein folding and protein refolding. Faseb J. May 
1992;6(8):2545-2552. 

119. Zapun A, Creighton TE, Rowling PJ, Freedman RB. Folding in vitro of bovine 
pancreatic trypsin inhibitor in the presence of proteins of the endoplasmic reticulum. 
Proteins. Sep 1992;14(1):10-15. 

120. Weissman JS, Kim PS. Efficient catalysis of disulphide bond rearrangements by protein 
disulphide isomerase. Nature. Sep 9 1993;365(6442):185-188. 

121. Creighton TE, Darby NJ, Kemmink J. The roles of partly folded intermediates in protein 
folding. Faseb Journal. Jan 1996;10(1):110-118. 

122. Briggs DB, Giron RM, Schnittker K, et al. Zinc enhances adiponectin oligomerization to 
octadecamers but decreases the rate of disulfide bond formation. Biometals. Apr 
2012;25(2):469-486. 

123. Briggs DB, Giron RM, Malinowski PR, Nunez M, Tsao TS. Role of redox environment 
on the oligomerization of higher molecular weight adiponectin. BMC Biochem. 
2011;12:24. 

124. Weissman JS, Kim PS. Kinetic role of nonnative species in the folding of bovine 
pancreatic trypsin inhibitor. Proc Natl Acad Sci U S A. Oct 15 1992;89(20):9900-9904. 

125. Huth JR, Mountjoy K, Perini F, Ruddon RW. Intracellular folding pathway of human 
chorionic gonadotropin beta subunit. J Biol Chem. May 5 1992;267(13):8870-8879. 

126. Bedows E, Huth JR, Suganuma N, Bartels CF, Boime I, Ruddon RW. Disulfide bond 
mutations affect the folding of the human chorionic gonadotropin-beta subunit in 
transfected Chinese hamster ovary cells. J Biol Chem. Jun 5 1993;268(16):11655-11662. 

127. Bedows E, Norton SE, Huth JR, Suganuma N, Boime I, Ruddon RW. Misfolded human 
chorionic gonadotropin beta subunits are secreted from transfected Chinese hamster 
ovary cells. J Biol Chem. Apr 8 1994;269(14):10574-10580. 

128. Chen W, Helenius J, Braakman I, Helenius A. Cotranslational folding and calnexin 
binding during glycoprotein synthesis. Proc Natl Acad Sci U S A. Jul 3 
1995;92(14):6229-6233. 

129. Betz SF. Disulfide bonds and the stability of globular proteins. Protein Sci. Oct 
1993;2(10):1551-1558. 

130. Jaenicke R. Protein stability and molecular adaptation to extreme conditions. Eur J 
Biochem. Dec 18 1991;202(3):715-728. 

131. Brostrom MA, Brostrom CO. Calcium dynamics and endoplasmic reticular function in 
the regulation of protein synthesis: implications for cell growth and adaptability. Cell 
Calcium. Oct-Nov 2003;34(4-5):345-363. 



 170 

132. Le Gall S, Neuhof A, Rapoport T. The endoplasmic reticulum membrane is permeable 
to small molecules. Mol Biol Cell. Feb 2004;15(2):447-455. 

133. Dudek J, Benedix J, Cappel S, et al. Functions and pathologies of BiP and its interaction 
partners. Cell Mol Life Sci. May 2009;66(9):1556-1569. 

134. Otero JH, Lizak B, Hendershot LM. Life and death of a BiP substrate. Semin Cell Dev 
Biol. Jul 2010;21(5):472-478. 

135. Clairmont CA, De Maio A, Hirschberg CB. Translocation of ATP into the lumen of 
rough endoplasmic reticulum-derived vesicles and its binding to luminal proteins 
including BiP (GRP 78) and GRP 94. J Biol Chem. Feb 25 1992;267(6):3983-3990. 

136. Shin SJ, Lee WK, Lim HW, Park J. Characterization of the ATP transporter in the 
reconstituted rough endoplasmic reticulum proteoliposomes. Biochim Biophys Acta. Sep 
29 2000;1468(1-2):55-62. 

137. Leroch M, Neuhaus HE, Kirchberger S, et al. Identification of a novel adenine 
nucleotide transporter in the endoplasmic reticulum of Arabidopsis. Plant Cell. Feb 
2008;20(2):438-451. 

138. Sitia R, Meldolesi J. Endoplasmic reticulum: a dynamic patchwork of specialized 
subregions. Mol Biol Cell. Oct 1992;3(10):1067-1072. 

139. Villa A, Podini P, Panzeri MC, Soling HD, Volpe P, Meldolesi J. The endoplasmic-
sarcoplasmic reticulum of smooth muscle: immunocytochemistry of vas deferens fibers 
reveals specialized subcompartments differently equipped for the control of Ca2+ 
homeostasis. J Cell Biol. Jun 1993;121(5):1041-1051. 

140. Olivari S, Galli C, Alanen H, Ruddock L, Molinari M. A novel stress-induced EDEM 
variant regulating endoplasmic reticulum-associated glycoprotein degradation. J Biol 
Chem. Jan 28 2005;280(4):2424-2428. 

141. Meldolesi J, Pozzan T. The heterogeneity of ER Ca2+ stores has a key role in 
nonmuscle cell signaling and function. J Cell Biol. Sep 21 1998;142(6):1395-1398. 

142. Meldolesi J, Pozzan T. The endoplasmic reticulum Ca2+ store: a view from the lumen. 
Trends Biochem Sci. Jan 1998;23(1):10-14. 

143. Duchen MR. Mitochondria and calcium: from cell signalling to cell death. J Physiol. 
Nov 15 2000;529 Pt 1:57-68. 

144. D'Hondt C, Ponsaerts R, De Smedt H, et al. Pannexin channels in ATP release and 
beyond: an unexpected rendezvous at the endoplasmic reticulum. Cell Signal. Feb 
2011;23(2):305-316. 

145. Frand AR, Kaiser CA. The ERO1 gene of yeast is required for oxidation of protein 
dithiols in the endoplasmic reticulum. Mol Cell. Jan 1998;1(2):161-170. 

146. Pollard MG, Travers KJ, Weissman JS. Ero1p: a novel and ubiquitous protein with an 
essential role in oxidative protein folding in the endoplasmic reticulum. Mol Cell. Jan 
1998;1(2):171-182. 

147. Gross E, Sevier CS, Heldman N, et al. Generating disulfides enzymatically: reaction 
products and electron acceptors of the endoplasmic reticulum thiol oxidase Ero1p. Proc 
Natl Acad Sci U S A. Jan 10 2006;103(2):299-304. 

148. Tavender TJ, Bulleid NJ. Peroxiredoxin IV protects cells from oxidative stress by 
removing H2O2 produced during disulphide formation. J Cell Sci. Aug 1 2010;123(Pt 
15):2672-2679. 



 171 

149. Zito E, Melo EP, Yang Y, Wahlander A, Neubert TA, Ron D. Oxidative Protein Folding 
by an Endoplasmic Reticulum-Localized Peroxiredoxin. Mol Cell. Dec 10 
2010;40(5):787-797. 

150. Appenzeller-Herzog C, Riemer J, Zito E, et al. Disulphide production by Ero1alpha-PDI 
relay is rapid and effectively regulated. Embo J. Oct 6 2010;29(19):3318-3329. 

151. Iuchi Y, Okada F, Tsunoda S, et al. Peroxiredoxin 4 knockout results in elevated 
spermatogenic cell death via oxidative stress. Biochem J. Apr 1 2009;419(1):149-158. 

152. Pandol SJ, Gorelick FS, Lugea A. Environmental and genetic stressors and the unfolded 
protein response in exocrine pancreatic function - a hypothesis. Front Physiol. 2011;2:8. 

153. Chen JX, Stinnett A. Critical role of the NADPH oxidase subunit p47phox on vascular 
TLR expression and neointimal lesion formation in high-fat diet-induced obesity. Lab 
Invest. Dec 2008;88(12):1316-1328. 

154. Winterbourn CC, Peskin AV, Parsons-Mair HN. Thiol oxidase activity of copper,zinc 
superoxide dismutase. Journal of Biological Chemistry. Jan 18 2002;277(3):1906-1911. 

155. Bulleid NJ, Ellgaard L. Multiple ways to make disulfides. Trends Biochem Sci. Sep 
2011;36(9):485-492. 

156. Pescatore LA, Bonatto D, Forti FL, Sadok A, Kovacic H, Laurindo FR. Protein disulfide 
isomerase is required for platelet-derived growth factor-induced vascular smooth muscle 
cell migration, Nox1 NADPH oxidase expression, and RhoGTPase activation. J Biol 
Chem. Aug 24 2012;287(35):29290-29300. 

157. Laurindo FR, Pescatore LA, Fernandes Dde C. Protein disulfide isomerase in redox cell 
signaling and homeostasis. Free Radic Biol Med. May 1 2012;52(9):1954-1969. 

158. Wajih N, Hutson SM, Wallin R. Disulfide-dependent protein folding is linked to 
operation of the vitamin K cycle in the endoplasmic reticulum. A protein disulfide 
isomerase-VKORC1 redox enzyme complex appears to be responsible for vitamin K1 
2,3-epoxide reduction. J Biol Chem. Jan 26 2007;282(4):2626-2635. 

159. Karala AR, Lappi AK, Saaranen MJ, Ruddock LW. Efficient peroxide-mediated 
oxidative refolding of a protein at physiological pH and implications for oxidative 
folding in the endoplasmic reticulum. Antioxid Redox Signal. May 2009;11(5):963-970. 

160. Nardai G, Braun L, Csala M, et al. Protein-disulfide isomerase- and protein thiol-
dependent dehydroascorbate reduction and ascorbate accumulation in the lumen of the 
endoplasmic reticulum. J Biol Chem. Mar 23 2001;276(12):8825-8828. 

161. Csala M, Margittai E, Banhegyi G. Redox control of endoplasmic reticulum function. 
Antioxid Redox Signal. Jul 1 2010;13(1):77-108. 

162. Banhegyi G, Marcolongo P, Puskas F, Fulceri R, Mandl J, Benedetti A. 
Dehydroascorbate and ascorbate transport in rat liver microsomal vesicles. J Biol Chem. 
Jan 30 1998;273(5):2758-2762. 

163. Saaranen MJ, Karala AR, Lappi AK, Ruddock LW. The role of dehydroascorbate in 
disulfide bond formation. Antioxid Redox Signal. Jan 2010;12(1):15-25. 

164. Wells WW, Xu DP, Yang YF, Rocque PA. Mammalian thioltransferase (glutaredoxin) 
and protein disulfide isomerase have dehydroascorbate reductase activity. J Biol Chem. 
Sep 15 1990;265(26):15361-15364. 



 172 

165. Bass R, Ruddock LW, Klappa P, Freedman RB. A major fraction of endoplasmic 
reticulum-located glutathione is present as mixed disulfides with protein. J Biol Chem. 
Feb 13 2004;279(7):5257-5262. 

166. Chakravarthi S, Jessop CE, Bulleid NJ. The role of glutathione in disulphide bond 
formation and endoplasmic-reticulum-generated oxidative stress. EMBO Rep. Mar 
2006;7(3):271-275. 

167. Appenzeller-Herzog C. Glutathione- and non-glutathione-based oxidant control in the 
endoplasmic reticulum. J Cell Sci. Mar 15 2011;124(Pt 6):847-855. 

168. Cuozzo JW, Kaiser CA. Competition between glutathione and protein thiols for 
disulphide-bond formation. Nat Cell Biol. Jul 1999;1(3):130-135. 

169. Molteni SN, Fassio A, Ciriolo MR, et al. Glutathione limits Ero1-dependent oxidation in 
the endoplasmic reticulum. J Biol Chem. Jul 30 2004;279(31):32667-32673. 

170. Appenzeller-Herzog C, Riemer J, Christensen B, Sorensen ES, Ellgaard L. A novel 
disulphide switch mechanism in Ero1alpha balances ER oxidation in human cells. Embo 
J. Nov 19 2008;27(22):2977-2987. 

171. Chakravarthi S, Bulleid NJ. Glutathione is required to regulate the formation of native 
disulfide bonds within proteins entering the secretory pathway. J Biol Chem. Sep 17 
2004;279(38):39872-39879. 

172. Jessop CE, Bulleid NJ. Glutathione directly reduces an oxidoreductase in the 
endoplasmic reticulum of mammalian cells. J Biol Chem. Dec 31 2004;279(53):55341-
55347. 

173. Hansen RE, Roth D, Winther JR. Quantifying the global cellular thiol-disulfide status. 
Proc Natl Acad Sci U S A. Jan 13 2009;106(2):422-427. 

174. Dixon BM, Heath SH, Kim R, Suh JH, Hagen TM. Assessment of endoplasmic 
reticulum glutathione redox status is confounded by extensive ex vivo oxidation. 
Antioxid Redox Signal. May 2008;10(5):963-972. 

175. Wang L, Zhu L, Wang CC. The endoplasmic reticulum sulfhydryl oxidase Ero1beta 
drives efficient oxidative protein folding with loose regulation. Biochem J. Feb 15 
2011;434(1):113-121. 

176. Sevier CS, Qu H, Heldman N, Gross E, Fass D, Kaiser CA. Modulation of cellular 
disulfide-bond formation and the ER redox environment by feedback regulation of Ero1. 
Cell. Apr 20 2007;129(2):333-344. 

177. Darby NJ, Creighton TE. Functional properties of the individual thioredoxin-like 
domains of protein disulfide isomerase. Biochemistry. Sep 19 1995;34(37):11725-
11735. 

178. Lappi AK, Ruddock LW. Reexamination of the role of interplay between glutathione 
and protein disulfide isomerase. J Mol Biol. Jun 3 2011;409(2):238-249. 

179. Kodali VK, Thorpe C. Oxidative protein folding and the Quiescin-sulfhydryl oxidase 
family of flavoproteins. Antioxid Redox Signal. Oct 2010;13(8):1217-1230. 

180. Banhegyi G, Lusini L, Puskas F, et al. Preferential transport of glutathione versus 
glutathione disulfide in rat liver microsomal vesicles. J Biol Chem. Apr 30 
1999;274(18):12213-12216. 



 173 

181. Piccirella S, Czegle I, Lizak B, et al. Uncoupled redox systems in the lumen of the 
endoplasmic reticulum. Pyridine nucleotides stay reduced in an oxidative environment. J 
Biol Chem. Feb 24 2006;281(8):4671-4677. 

182. Petersen JG, Dorrington KJ. An in vitro system for studying the kinetics of interchain 
disulfide bond formation in immunoglobulin G. J Biol Chem. Sep 10 
1974;249(17):5633-5641. 

183. Lyles MM, Gilbert HF. Catalysis of the oxidative folding of ribonuclease A by protein 
disulfide isomerase: pre-steady-state kinetics and the utilization of the oxidizing 
equivalents of the isomerase. Biochemistry. Jan 22 1991;30(3):619-625. 

184. Lyles MM, Gilbert HF. Catalysis of the oxidative folding of ribonuclease A by protein 
disulfide isomerase: dependence of the rate on the composition of the redox buffer. 
Biochemistry. Jan 22 1991;30(3):613-619. 

185. Hawkins HC, de Nardi M, Freedman RB. Redox properties and cross-linking of the 
dithiol/disulphide active sites of mammalian protein disulphide-isomerase. Biochem J. 
Apr 15 1991;275 ( Pt 2):341-348. 

186. Bulleid NJ, Freedman RB. Defective co-translational formation of disulphide bonds in 
protein disulphide-isomerase-deficient microsomes. Nature. Oct 13 
1988;335(6191):649-651. 

187. Tsien RY. The green fluorescent protein. Annu Rev Biochem. 1998;67:509-544. 
188. Yang F, Moss LG, Phillips GN, Jr. The molecular structure of green fluorescent protein. 

Nat Biotechnol. Oct 1996;14(10):1246-1251. 
189. Cubitt AB, Heim R, Adams SR, Boyd AE, Gross LA, Tsien RY. Understanding, 

improving and using green fluorescent proteins. Trends Biochem Sci. Nov 
1995;20(11):448-455. 

190. Ormo M, Cubitt AB, Kallio K, Gross LA, Tsien RY, Remington SJ. Crystal structure of 
the Aequorea victoria green fluorescent protein. Science. Sep 6 1996;273(5280):1392-
1395. 

191. Phillips GN, Jr. Structure and dynamics of green fluorescent protein. Curr Opin Struct 
Biol. Dec 1997;7(6):821-827. 

192. Cormier MJ, Hori K. Studies on the Bioluminescence of Renilla Reniformis. Iv. Non-
Enzymatic Activation of Renilla Luciferin. Biochim Biophys Acta. Jul 29 1964;88:99-
104. 

193. Remington SJ. Fluorescent proteins: maturation, photochemistry and photophysics. Curr 
Opin Struct Biol. Dec 2006;16(6):714-721. 

194. Swaminathan R, Hoang CP, Verkman AS. Photobleaching recovery and anisotropy 
decay of green fluorescent protein GFP-S65T in solution and cells: cytoplasmic 
viscosity probed by green fluorescent protein translational and rotational diffusion. 
Biophys J. Apr 1997;72(4):1900-1907. 

195. Tsien RW. Molecular physiology. Key clockwork component cloned. Nature. Feb 26 
1998;391(6670):839, 841. 

196. Crameri A, Whitehorn EA, Tate E, Stemmer WP. Improved green fluorescent protein by 
molecular evolution using DNA shuffling. Nat Biotechnol. Mar 1996;14(3):315-319. 



 174 

197. Patterson GH, Knobel SM, Sharif WD, Kain SR, Piston DW. Use of the green 
fluorescent protein and its mutants in quantitative fluorescence microscopy. Biophys J. 
Nov 1997;73(5):2782-2790. 

198. Ehrig T, O'Kane DJ, Prendergast FG. Green-fluorescent protein mutants with altered 
fluorescence excitation spectra. FEBS Lett. Jun 26 1995;367(2):163-166. 

199. Heim R, Cubitt AB, Tsien RY. Improved green fluorescence. Nature. Feb 23 
1995;373(6516):663-664. 

200. Mena MA, Treynor TP, Mayo SL, Daugherty PS. Blue fluorescent proteins with 
enhanced brightness and photostability from a structurally targeted library. Nat 
Biotechnol. Dec 2006;24(12):1569-1571. 

201. Goedhart J, von Stetten D, Noirclerc-Savoye M, et al. Structure-guided evolution of 
cyan fluorescent proteins towards a quantum yield of 93%. Nat Commun. 2012;3:751. 

202. Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, Miyawaki A. A variant of yellow 
fluorescent protein with fast and efficient maturation for cell-biological applications. Nat 
Biotechnol. Jan 2002;20(1):87-90. 

203. Pedelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS. Engineering and 
characterization of a superfolder green fluorescent protein. Nat Biotechnol. Jan 
2006;24(1):79-88. 

204. Kolossov VL, Leslie MT, Chatterjee A, Sheehan BM, Kenis PJ, Gaskins HR. Forster 
resonance energy transfer-based sensor targeting endoplasmic reticulum reveals highly 
oxidative environment. Exp Biol Med (Maywood). Jun 2012;237(6):652-662. 

205. Ostergaard H, Henriksen A, Hansen FG, Winther JR. Shedding light on disulfide bond 
formation: engineering a redox switch in green fluorescent protein. Embo J. Nov 1 
2001;20(21):5853-5862. 

206. Prasher DC, Eckenrode VK, Ward WW, Prendergast FG, Cormier MJ. Primary structure 
of the Aequorea victoria green-fluorescent protein. Gene. Feb 15 1992;111(2):229-233. 

207. Hanson GT, Aggeler R, Oglesbee D, et al. Investigating mitochondrial redox potential 
with redox-sensitive green fluorescent protein indicators. J Biol Chem. Mar 26 
2004;279(13):13044-13053. 

208. Dooley CT, Dore TM, Hanson GT, Jackson WC, Remington SJ, Tsien RY. Imaging 
dynamic redox changes in mammalian cells with green fluorescent protein indicators. J 
Biol Chem. May 21 2004;279(21):22284-22293. 

209. Lohman JR, Remington SJ. Development of a family of redox-sensitive green 
fluorescent protein indicators for use in relatively oxidizing subcellular environments. 
Biochemistry. Aug 19 2008;47(33):8678-8688. 

210. Cannon MB, Remington SJ. Re-engineering redox-sensitive green fluorescent protein 
for improved response rate. Protein Sci. Jan 2006;15(1):45-57. 

211. Schwarzer C, Illek B, Suh JH, Remington SJ, Fischer H, Machen TE. Organelle redox of 
CF and CFTR-corrected airway epithelia. Free Radic Biol Med. Jul 15 2007;43(2):300-
316. 

212. Delic M, Mattanovich D, Gasser B. Monitoring intracellular redox conditions in the 
endoplasmic reticulum of living yeasts. FEMS Microbiol Lett. May 2010;306(1):61-66. 



 175 

213. van Lith M, Tiwari S, Pediani J, Milligan G, Bulleid NJ. Real-time monitoring of redox 
changes in the mammalian endoplasmic reticulum. J Cell Sci. Jul 15 2011;124(Pt 
14):2349-2356. 

214. Bokman SH, Ward WW. Renaturation of Aequorea gree-fluorescent protein. Biochem 
Biophys Res Commun. Aug 31 1981;101(4):1372-1380. 

215. Lees WJ, Whitesides GM. Equilibrium-Constants for Thiol Disulfide Interchange 
Reactions - a Coherent, Corrected Set. J Org Chem. Jan 29 1993;58(3):642-647. 

216. Tsao TS, Lodish HF, Fruebis J. ACRP30, a new hormone controlling fat and glucose 
metabolism. Eur J Pharmacol. Apr 12 2002;440(2-3):213-221. 

217. Pelham HR. Using sorting signals to retain proteins in endoplasmic reticulum. Methods 
Enzymol. 2000;327:279-283. 

218. Naviaux RK, Costanzi E, Haas M, Verma IM. The pCL vector system: rapid production 
of helper-free, high-titer, recombinant retroviruses. J Virol. Aug 1996;70(8):5701-5705. 

219. Laemmli UK. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature. Aug 15 1970;227(5259):680-685. 

220. Luo S, Wehr NB, Levine RL. Quantitation of protein on gels and blots by infrared 
fluorescence of Coomassie blue and Fast Green. Anal Biochem. Mar 15 
2006;350(2):233-238. 

221. Fiser A, Sali A. Modeller: generation and refinement of homology-based protein 
structure models. Methods Enzymol. 2003;374:461-491. 

222. Fruebis J, Tsao TS, Javorschi S, et al. Proteolytic cleavage product of 30-kDa adipocyte 
complement-related protein increases fatty acid oxidation in muscle and causes weight 
loss in mice. Proc Natl Acad Sci U S A. Feb 13 2001;98(4):2005-2010. 

223. Busch AK, Cordery D, Denyer GS, Biden TJ. Expression profiling of palmitate- and 
oleate-regulated genes provides novel insights into the effects of chronic lipid exposure 
on pancreatic beta-cell function. Diabetes. Apr 2002;51(4):977-987. 

224. Wedemeyer WJ, Welker E, Narayan M, Scheraga HA. Disulfide bonds and protein 
folding. Biochemistry. Jun 13 2000;39(23):7032. 

225. Ruoppolo M, Vinci F, Klink TA, Raines RT, Marino G. Contribution of individual 
disulfide bonds to the oxidative folding of ribonuclease A. Biochemistry. Oct 3 
2000;39(39):12033-12042. 

226. Richards JE, Scott KM, Sieving PA. Disruption of conserved rhodopsin disulfide bond 
by Cys187Tyr mutation causes early and severe autosomal dominant retinitis 
pigmentosa. Ophthalmology. Apr 1995;102(4):669-677. 

227. Tarnow P, Schoneberg T, Krude H, Gruters A, Biebermann H. Mutationally induced 
disulfide bond formation within the third extracellular loop causes melanocortin 4 
receptor inactivation in patients with obesity. J Biol Chem. Dec 5 2003;278(49):48666-
48673. 

228. Saarela J, Laine M, Oinonen C, et al. Molecular pathogenesis of a disease: structural 
consequences of aspartylglucosaminuria mutations. Hum Mol Genet. Apr 15 
2001;10(9):983-995. 

229. Pietrangelo A. Hereditary hemochromatosis--a new look at an old disease. N Engl J 
Med. Jun 3 2004;350(23):2383-2397. 



 176 

230. Marquardt T, Hebert DN, Helenius A. Post-translational folding of influenza 
hemagglutinin in isolated endoplasmic reticulum-derived microsomes. J Biol Chem. Sep 
15 1993;268(26):19618-19625. 

231. Tu BP, Ho-Schleyer SC, Travers KJ, Weissman JS. Biochemical basis of oxidative 
protein folding in the endoplasmic reticulum. Science. Nov 24 2000;290(5496):1571-
1574. 

232. Ruddock LW. Low-molecular-weight oxidants involved in disulfide bond formation. 
Antioxid Redox Signal. May 15 2012;16(10):1129-1138. 

233. Baker KM, Chakravarthi S, Langton KP, Sheppard AM, Lu H, Bulleid NJ. Low 
reduction potential of Ero1alpha regulatory disulphides ensures tight control of substrate 
oxidation. Embo J. Nov 19 2008;27(22):2988-2997. 

234. Zito E, Melo EP, Yang Y, Wahlander A, Neubert TA, Ron D. Oxidative protein folding 
by an endoplasmic reticulum-localized peroxiredoxin. Mol Cell. Dec 10 2010;40(5):787-
797. 

235. Wang X, Wang L, Sun F, Wang CC. Structural insights into the peroxidase activity and 
inactivation of human peroxiredoxin 4. Biochem J. Jan 1 2012;441(1):113-118. 

236. Day AM, Brown JD, Taylor SR, Rand JD, Morgan BA, Veal EA. Inactivation of a 
peroxiredoxin by hydrogen peroxide is critical for thioredoxin-mediated repair of 
oxidized proteins and cell survival. Mol Cell. Feb 10 2012;45(3):398-408. 

237. Kolossov VL, Spring BQ, Clegg RM, et al. Development of a high-dynamic range, 
GFP-based FRET probe sensitive to oxidative microenvironments. Exp Biol Med 
(Maywood). Jun 1 2011;236(6):681-691. 

238. Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF. A novel serum protein 
similar to C1q, produced exclusively in adipocytes. J Biol Chem. Nov 10 
1995;270(45):26746-26749. 

239. Zacharias DA, Violin JD, Newton AC, Tsien RY. Partitioning of lipid-modified 
monomeric GFPs into membrane microdomains of live cells. Science. May 3 
2002;296(5569):913-916. 

240. Iwata C, Wang X, Uchida K, Nakanishi N, Hattori Y. Buthionine sulfoximine causes 
endothelium dependent hyper-relaxation and hypoadiponectinemia. Life Sci. Feb 6 
2007;80(9):873-878. 

241. Pemble SE, Wardle AF, Taylor JB. Glutathione S-transferase class Kappa: 
characterization by the cloning of rat mitochondrial GST and identification of a human 
homologue. Biochem J. Nov 1 1996;319 ( Pt 3):749-754. 

242. Ladner JE, Parsons JF, Rife CL, Gilliland GL, Armstrong RN. Parallel evolutionary 
pathways for glutathione transferases: structure and mechanism of the mitochondrial 
class kappa enzyme rGSTK1-1. Biochemistry. Jan 20 2004;43(2):352-361. 

243. Perez de Heredia F, Wood IS, Trayhurn P. Hypoxia stimulates lactate release and 
modulates monocarboxylate transporter (MCT1, MCT2, and MCT4) expression in 
human adipocytes. Pflugers Arch. Feb 2010;459(3):509-518. 

244. Ye J, Gao Z, Yin J, He Q. Hypoxia is a potential risk factor for chronic inflammation 
and adiponectin reduction in adipose tissue of ob/ob and dietary obese mice. Am J 
Physiol Endocrinol Metab. Oct 2007;293(4):E1118-1128. 



 177 

245. Hefetz-Sela S, Scherer PE. Adipocytes: impact on tumor growth and potential sites for 
therapeutic intervention. Pharmacol Ther. May 2013;138(2):197-210. 

246. Virtanen KA, Lonnroth P, Parkkola R, et al. Glucose uptake and perfusion in 
subcutaneous and visceral adipose tissue during insulin stimulation in nonobese and 
obese humans. J Clin Endocrinol Metab. Aug 2002;87(8):3902-3910. 

247. Kabon B, Nagele A, Reddy D, et al. Obesity decreases perioperative tissue oxygenation. 
Anesthesiology. Feb 2004;100(2):274-280. 

248. Blaak EE, van Baak MA, Kemerink GJ, Pakbiers MT, Heidendal GA, Saris WH. Beta-
adrenergic stimulation and abdominal subcutaneous fat blood flow in lean, obese, and 
reduced-obese subjects. Metabolism. Feb 1995;44(2):183-187. 

249. Goossens GH, Bizzarri A, Venteclef N, et al. Increased adipose tissue oxygen tension in 
obese compared with lean men is accompanied by insulin resistance, impaired adipose 
tissue capillarization, and inflammation. Circulation. Jul 5 2011;124(1):67-76. 

250. Karpe F, Fielding BA, Ilic V, Macdonald IA, Summers LK, Frayn KN. Impaired 
postprandial adipose tissue blood flow response is related to aspects of insulin 
sensitivity. Diabetes. Aug 2002;51(8):2467-2473. 

251. Brahimi-Horn MC, Pouyssegur J. Oxygen, a source of life and stress. FEBS Lett. Jul 31 
2007;581(19):3582-3591. 

252. Skurk T, Alberti-Huber C, Herder C, Hauner H. Relationship between adipocyte size 
and adipokine expression and secretion. J Clin Endocrinol Metab. Mar 
2007;92(3):1023-1033. 

253. Folkman J, Hahnfeldt P, Hlatky L. Cancer: looking outside the genome. Nat Rev Mol 
Cell Biol. Oct 2000;1(1):76-79. 

254. Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 
Nov 2004;4(11):891-899. 

255. Pasarica M, Sereda OR, Redman LM, et al. Reduced adipose tissue oxygenation in 
human obesity: evidence for rarefaction, macrophage chemotaxis, and inflammation 
without an angiogenic response. Diabetes. Mar 2009;58(3):718-725. 

256. Gregor MF, Hotamisligil GS. Thematic review series: Adipocyte Biology. Adipocyte 
stress: the endoplasmic reticulum and metabolic disease. J Lipid Res. Sep 
2007;48(9):1905-1914. 

257. Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal role in 
multiple forms of insulin resistance. Nature. Apr 13 2006;440(7086):944-948. 

258. Carriere A, Carmona MC, Fernandez Y, et al. Mitochondrial reactive oxygen species 
control the transcription factor CHOP-10/GADD153 and adipocyte differentiation: a 
mechanism for hypoxia-dependent effect. J Biol Chem. Sep 24 2004;279(39):40462-
40469. 

259. Hosogai N, Fukuhara A, Oshima K, et al. Adipose tissue hypoxia in obesity and its 
impact on adipocytokine dysregulation. Diabetes. Apr 2007;56(4):901-911. 

260. Koumenis C, Naczki C, Koritzinsky M, et al. Regulation of protein synthesis by hypoxia 
via activation of the endoplasmic reticulum kinase PERK and phosphorylation of the 
translation initiation factor eIF2alpha. Mol Cell Biol. Nov 2002;22(21):7405-7416. 

261. Hotamisligil GS. Molecular mechanisms of insulin resistance and the role of the 
adipocyte. Int J Obes Relat Metab Disord. Nov 2000;24 Suppl 4:S23-27. 



 178 

262. Regazzetti C, Peraldi P, Gremeaux T, et al. Hypoxia decreases insulin signaling 
pathways in adipocytes. Diabetes. Jan 2009;58(1):95-103. 

263. Yin J, Gao Z, He Q, Zhou D, Guo Z, Ye J. Role of hypoxia in obesity-induced disorders 
of glucose and lipid metabolism in adipose tissue. Am J Physiol Endocrinol Metab. Feb 
2009;296(2):E333-342. 

264. Wei K, Piecewicz SM, McGinnis LM, et al. A liver Hif-2alpha-Irs2 pathway sensitizes 
hepatic insulin signaling and is modulated by Vegf inhibition. Nat Med. Oct 
2013;19(10):1331-1337. 

265. Andreozzi F, Laratta E, Procopio C, et al. Interleukin-6 impairs the insulin signaling 
pathway, promoting production of nitric oxide in human umbilical vein endothelial cells. 
Mol Cell Biol. Mar 2007;27(6):2372-2383. 

266. Pedersen BK, Febbraio MA. Point: Interleukin-6 does have a beneficial role in insulin 
sensitivity and glucose homeostasis. J Appl Physiol. Feb 2007;102(2):814-816. 

267. Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G. Adipose tissue tumor necrosis 
factor and interleukin-6 expression in human obesity and insulin resistance. Am J 
Physiol Endocrinol Metab. May 2001;280(5):E745-751. 

268. Klover PJ, Zimmers TA, Koniaris LG, Mooney RA. Chronic exposure to interleukin-6 
causes hepatic insulin resistance in mice. Diabetes. Nov 2003;52(11):2784-2789. 

269. Boden G. Role of fatty acids in the pathogenesis of insulin resistance and NIDDM. 
Diabetes. Jan 1997;46(1):3-10. 

270. Arner P. The adipocyte in insulin resistance: key molecules and the impact of the 
thiazolidinediones. Trends Endocrinol Metab. Apr 2003;14(3):137-145. 

271. Bays H, Mandarino L, DeFronzo RA. Role of the adipocyte, free fatty acids, and ectopic 
fat in pathogenesis of type 2 diabetes mellitus: peroxisomal proliferator-activated 
receptor agonists provide a rational therapeutic approach. J Clin Endocrinol Metab. Feb 
2004;89(2):463-478. 

272. Evans JL, Youngren JF, Goldfine ID. Effective treatments for insulin resistance: trim the 
fat and douse the fire. Trends Endocrinol Metab. Nov 2004;15(9):425-431. 

273. Furukawa S, Fujita T, Shimabukuro M, et al. Increased oxidative stress in obesity and its 
impact on metabolic syndrome. J Clin Invest. Dec 2004;114(12):1752-1761. 

274. Sevier CS, Kaiser CA. Formation and transfer of disulphide bonds in living cells. Nat 
Rev Mol Cell Biol. Nov 2002;3(11):836-847. 

275. Lai E, Teodoro T, Volchuk A. Endoplasmic reticulum stress: signaling the unfolded 
protein response. Physiology (Bethesda). Jun 2007;22:193-201. 

276. Tu BP, Weissman JS. Oxidative protein folding in eukaryotes: mechanisms and 
consequences. J Cell Biol. Feb 2 2004;164(3):341-346. 

277. Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weissman JS, Walter P. Functional and 
genomic analyses reveal an essential coordination between the unfolded protein 
response and ER-associated degradation. Cell. Apr 28 2000;101(3):249-258. 

278. Lee AS. The ER chaperone and signaling regulator GRP78/BiP as a monitor of 
endoplasmic reticulum stress. Methods. Apr 2005;35(4):373-381. 

279. Lau DC, Dhillon B, Yan H, Szmitko PE, Verma S. Adipokines: molecular links between 
obesity and atheroslcerosis. Am J Physiol Heart Circ Physiol. May 2005;288(5):H2031-
2041. 



 179 

280. Xi L, Qian Z, Xu G, Zhou C, Sun S. Crocetin attenuates palmitate-induced insulin 
insensitivity and disordered tumor necrosis factor-alpha and adiponectin expression in 
rat adipocytes. Br J Pharmacol. Jul 2007;151(5):610-617. 

281. Davis JE, Gabler NK, Walker-Daniels J, Spurlock ME. Adiponectin attenuates 
hyperglycemic and palmitate induced ROS accumulation, but not hyperglycemia-
mediated NFkB activation and insulin resistance in 3T3-L1 adipocytes. Faseb Journal. 
Apr 2007;21(6):A1103-A1103. 

282. Mondal AK, Das SK, Varma V, et al. Effect of Endoplasmic Reticulum Stress on 
Inflammation and Adiponectin Regulation in Human Adipocytes. Metab Syndr Relat D. 
Aug 2012;10(4):297-306. 

283. Riera-Guardia N, Rothenbacher D. The effect of thiazolidinediones on adiponectin 
serum level: a meta-analysis. Diabetes Obes Metab. May 2008;10(5):367-375. 

284. Maeda N, Takahashi M, Funahashi T, et al. PPARgamma ligands increase expression 
and plasma concentrations of adiponectin, an adipose-derived protein. Diabetes. Sep 
2001;50(9):2094-2099. 

285. Zeng Q, Fu L, Takekoshi K, Kawakami Y, Isobe K. Effects of short-term exercise on 
adiponectin and adiponectin receptor levels in rats. J Atheroscler Thromb. Oct 
2007;14(5):261-265. 

286. Wang B, Wood IS, Trayhurn P. Dysregulation of the expression and secretion of 
inflammation-related adipokines by hypoxia in human adipocytes. Pflugers Arch. Dec 
2007;455(3):479-492. 

287. Coughlin CC, Finck BN, Eagon JC, et al. Effect of marked weight loss on adiponectin 
gene expression and plasma concentrations. Obesity (Silver Spring). Mar 
2007;15(3):640-645. 

288. Tonelli J, Li W, Kishore P, et al. Mechanisms of early insulin-sensitizing effects of 
thiazolidinediones in type 2 diabetes. Diabetes. Jun 2004;53(6):1621-1629. 

289. Qiang L, Wang H, Farmer SR. Adiponectin secretion is regulated by SIRT1 and the 
endoplasmic reticulum oxidoreductase Ero1-L alpha. Mol Cell Biol. Jul 
2007;27(13):4698-4707. 

290. Mashalidis EH, Briggs DB, Zhou M, et al. High-resolution identification of human 
adiponectin oligomers and regulation by pioglitazone in type 2 diabetic patients. Anal 
Biochem. Jun 15 2013;437(2):150-160. 

291. Noda T, Iwakiri R, Fujimoto K, Aw TY. Induction of mild intracellular redox imbalance 
inhibits proliferation of CaCo-2 cells. Faseb J. Oct 2001;15(12):2131-2139. 

292. Nakatani Y, Kaneto H, Kawamori D, et al. Involvement of endoplasmic reticulum stress 
in insulin resistance and diabetes. J Biol Chem. Jan 7 2005;280(1):847-851. 

293. Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular disease. Circ 
Res. May 13 2005;96(9):939-949. 

294. Boden G, Duan X, Homko C, et al. Increase in endoplasmic reticulum stress-related 
proteins and genes in adipose tissue of obese, insulin-resistant individuals. Diabetes. Sep 
2008;57(9):2438-2444. 

295. Hosogai N, Fukuhara A, Oshima K, et al. Adipose tissue hypoxia in obesity and its 
impact on adipocytokine dysregulation. Diabetes. Apr 2007;56(4):901-911. 



 180 

296. Yamauchi T, Kamon J, Waki H, et al. The fat-derived hormone adiponectin reverses 
insulin resistance associated with both lipoatrophy and obesity. Nat Med. Aug 
2001;7(8):941-946. 

297. Altomonte J, Harbaran S, Richter A, Dong HJ. Fat depot-specific expression of 
adiponectin is impaired in Zucker fatty rats. Metabolism-Clinical and Experimental. 
Aug 2003;52(8):958-963. 

298. Zhou LJ, Liu ML, Zhang JJ, Chen HZ, Dong LQ, Liu F. DsbA-L Alleviates 
Endoplasmic Reticulum Stress-Induced Adiponectin Downregulation. Diabetes. Nov 
2010;59(11):2809-2816. 

299. Trayhurn P, Wang B, Wood IS. Hypoxia in adipose tissue: a basis for the dysregulation 
of tissue function in obesity? Brit J Nutr. Aug 2008;100(2):227-235. 

300. Das SK, Chu WS, Mondal AK, et al. Effect of pioglitazone treatment on endoplasmic 
reticulum stress response in human adipose and in palmitate-induced stress in human 
liver and adipose cell lines. Am J Physiol-Endoc M. Aug 2008;295(2):E393-E400. 

301. Guo W, Wong S, Xie W, Lei T, Luo Z. Palmitate modulates intracellular signaling, 
induces endoplasmic reticulum stress, and causes apoptosis in mouse 3T3-L1 and rat 
primary preadipocytes. Am J Physiol Endocrinol Metab. Aug 2007;293(2):E576-586. 

302. Bachar E, Ariav Y, Ketzinel-Gilad M, Cerasi E, Kaiser N, Leibowitz G. Glucose 
amplifies fatty acid-induced endoplasmic reticulum stress in pancreatic beta-cells via 
activation of mTORC1. PLoS One. 2009;4(3):e4954. 

303. Jeffrey KD, Alejandro EU, Luciani DS, et al. Carboxypeptidase E mediates palmitate-
induced beta-cell ER stress and apoptosis. Proc Natl Acad Sci U S A. Jun 17 
2008;105(24):8452-8457. 

304. Lee YJ, Suh HN, Han HJ. Effect of BSA-induced ER stress on SGLT protein expression 
levels and alpha-MG uptake in renal proximal tubule cells. Am J Physiol-Renal. Jun 
2009;296(6):F1405-F1416. 

305. Palakurthi SS, Aktas H, Grubissich LM, Mortensen RM, Halperin JA. Anticancer effects 
of thiazolidinediones are independent of peroxisome proliferator-activated receptor 
gamma and mediated by inhibition of translation initiation. Cancer Res. Aug 15 
2001;61(16):6213-6218. 

306. Khamaisi M, Kavel O, Rosenstock M, et al. Effect of inhibition of glutathione synthesis 
on insulin action: in vivo and in vitro studies using buthionine sulfoximine. Biochem J. 
Jul 15 2000;349(Pt 2):579-586. 

307. Finkelstein EA, Trogdon JG, Cohen JW, Dietz W. Annual medical spending attributable 
to obesity: payer-and service-specific estimates. Health Aff (Millwood). Sep-Oct 
2009;28(5):w822-831. 

308. Sarkar DD, Edwards SK, Mauser JA, et al. Increased Redox-Sensitive Green 
Fluorescent Protein Reduction Potential in the Endoplasmic Reticulum following 
Glutathione-Mediated Dimerization. Biochemistry. May 14 2013;52(19):3332-3345. 

309. Morash AJ, Kotwica AO, Murray AJ. Tissue-specific changes in fatty acid oxidation in 
hypoxic heart and skeletal muscle. Am J Physiol Regul Integr Comp Physiol. Sep 
2013;305(5):R534-541. 

310. Acker H, Eyzaguirre C, Goldman WF. Redox changes in the mouse carotid body during 
hypoxia. Brain Res. Mar 18 1985;330(1):158-163. 



 181 

311. Acker H, Eyzaguirre C, Goldman WF. Redox Changes in the Mouse Carotid-Body 
during Hypoxia. Brain Res. 1985;330(1):158-163. 

312. Rose FJ, Webster J, Barry JB, Phillips LK, Richards AA, Whitehead JP. Synergistic 
effects of ascorbic acid and thiazolidinedione on secretion of high molecular weight 
adiponectin from human adipocytes. Diabetes Obes Metab. Dec 2010;12(12):1084-
1089. 

313. Chen B, Lam KS, Wang Y, et al. Hypoxia dysregulates the production of adiponectin 
and plasminogen activator inhibitor-1 independent of reactive oxygen species in 
adipocytes. Biochem Biophys Res Commun. Mar 10 2006;341(2):549-556. 

 
 


