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ABSTRACT 

 Adiponectin, a hormone that homo-oligomerizes into trimer, hexamer, or higher 

molecular weight (HMW) species, is involved in maintaining insulin sensitivity in muscle 

and liver.  Interestingly, its functions appear to be oligomer-specific.  Recent data suggest 

that HMW levels are decreased in obesity and insulin resistance, although, the cause for 

this decrease is not known.   Impaired assembly to the octadecamer represents one 

possible reason for decreased HMW adiponectin in insulin resistance and type 2 diabetes, 

but mechanisms by which HMW adiponectin assembles are unknown.  This dissertation 

discusses the progress that we have made regarding formation of HMW adiponectin in 

vitro. 

 I found that disulfide bonds are important in the assembly process to 

octadecameric adiponectin, but are not required for stability of the octadecamer itself.  

We showed that hydrogen peroxide accelerated oligomerization to the octadecamer 

through formation of disulfide bonds, while alkylation of the cysteines led to inhibition of 

both oligomerization and disulfide bond formation.  Using comparative native/denaturing 

polyacrylamide gel electrophoresis (PAGE), dynamic light scattering, and tandem mass 

spectrometry, we demonstrated that octadecamer is stable in the absence of disulfide 

bonds by using multiple biochemical and biophysical assays.  In addition, oxidized 

adiponectin oligomerizes to octadecamer far slower than reduced adiponectin.  To further 

evaluate the role of disulfide bonds in the formation to octadecamer, we analyzed the role 

of reduction potential on adiponectin oligomerization.  We observed that under 

immediate oxidizing conditions, hexamers and trimers form.  Oxidized hexamer can form 
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HMW adiponectin through disulfide bond rearrangement using beta-mercaptoethanol 

(βME) or increasing the total concentration of glutathione under oxidizing conditions.  To 

further understand the role of disulfide bonds, we showed that zinc increased the 

oligomerization to octadecamer.  This effect was associated with decreased initial 

disulfide bonding during the assembly to the octadecamer.  In summary, these data 

suggest the rate of disulfide bond formation and the ability to undergo disulfide bond 

isomerization are important in the oligomerization process of HMW adiponectin. 
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CHAPTER I: INTRODUCTION 

Explanation of the problem and its context 

Diabetes mellitus is characterized by the inability of the body to control serum 

glucose levels.  A minority of diabetes cases (~5%) are classified as type 1, which is 

characterized by the inability of the β-cells in the pancreas to secrete insulin, a hormone 

that controls whole body metabolism (1).   The majority of the diabetes cases (~95%) are 

classified as type 2 diabetes (1), which is generally characterized by insulin resistance, or 

the inability of target tissues to respond to insulin (2).  This causes glucose and fatty acid 

levels to increase in the body (3).  To compensate for elevated serum glucose levels, the 

β-cells in the pancreas continue to increase insulin secretion.  This “vicious cycle” 

eventually causes the β-cells to fail and insulin secretion stops (3).  Chronically high 

levels of glucose (hyperglycemia) are the consequence of β-cell failure.  The 

complications of diabetes include stroke and heart disease (1).  Given the severity and 

international prevalence of type 2 diabetes, understanding the pathophysiology of this 

disease is of paramount importance.   

One of the major risk factors in the development of diabetes is obesity (4).  

Adipose tissue was once thought to be solely a storage organ for excess energy (5).  The 

identification and subsequent characterization of leptin, a hormone secreted from adipose 

tissue that functions in regulating appetite, showed that adipose tissue can function as an 

endocrine organ (6-9).  In obesity, there is hypertrophy or hyperplasia in the adipose 

tissue that is accompanied by chronic inflammation (10, 11).  During this change from 
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the lean to the obese state, the secretion profile of numerous adipokines (cytokines 

secreted from adipose tissue) associated with insulin sensitivity is altered (12).  One of 

these adipokines is adiponectin that was identified in the mid-1990’s (13-16).  Originally, 

it was shown to be decreased in obesity (17).  Further studies on adiponectin showed that 

it is a hormone that has insulin sensitizing, anti-inflammatory, and anti-atherogenic, 

activity (18-23).  Therefore, one of the important links between diabetes and obesity is 

adiponectin. 

Adiponectin oligomers are important in the maintenance and regulation of insulin 

sensitivity.  Adiponectin oligomerizes into three predominant isoforms: trimer, hexamer, 

and higher molecular weight (HMW) species (24-26).  The most abundant isoform of the 

HMW species is the octadecamer (27).  In skeletal muscle, the trimeric isoform, but not 

the hexamer or HMW species, was identified as activating AMP-activated protein kinase 

(AMPK), a known signaling molecule associated with increased insulin sensitivity (24, 

28).  However, recent data suggest that the HMW isoform could be the most potent of the 

oligomers in activating AMPK in C2C12 myotubes (29).  The function in the liver is 

much more defined.  It has been shown that the HMW isoform is responsible for 

enhanced insulin sensitivity through decreased gluconeogenesis and increased fatty acid 

oxidation in hepatic tissue (30-32)  Additionally, levels of the HMW isoform are 

specifically decreased in type 2 diabetes and obesity (32-35).  Furthermore, decreased 

HMW adiponectin levels have also been shown to predict future insulin resistance (36).  

These data point to the importance of studying the reason for decreased HMW 

adiponectin in obesity and type 2 diabetes.  
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Impaired formation of HMW adiponectin represents a possible mechanism for 

decreased HMW levels in obesity and type 2 diabetic individuals.  Studies have shown 

discrepancies between transcript levels and secretion of HMW adiponectin (37-42).  

Furthermore, once secreted, adiponectin oligomers are stable and do not interconvert in 

vivo or in vitro (25, 26, 43-45), suggesting that post-translational modifications could be 

responsible for decreased HMW levels seen in the obese and diabetic phenotypes.  

Currently, the assembly process to HMW adiponectin is not well defined.  This work 

attempts to answer this question using an in vitro model for monitoring oligomerization.  

The main conclusions from this dissertation are: 1) Disulfide bonds play a role in the 

formation to, not in the structural integrity of HMW adiponectin, 2) Oxidation followed 

by disulfide bond rearrangement leads to increased HMW formation, and 3) Zinc 

enhances formation of the octadecamer by likely slowing down the initial rate of 

disulfide bond formation. 

A review of the literature 

Development of type 2 diabetes involves dysfunction of numerous tissues 

The pathophysiology of type 2 diabetes is caused by abnormalities in many 

organs and tissues.  In 1988, the β-cells in the pancreas, muscle, and liver, termed the 

“triumvirate,” were described as the main contributors to the development of type 2 

diabetes (2).  In type 2 diabetes, The β-cells of the pancreas eventually fail and cannot 

secrete insulin to control whole body serum glucose levels (3).  The muscle, during the 

insulin resistant state, has decreased ability to uptake and metabolize glucose, leading to 
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higher serum glucose concentrations (3, 46-49).  Under normal conditions, the liver 

reduces glucose output in response to insulin.   In contrast, the liver increases glucose 

output in type 2 diabetes (3, 46, 47, 50).  Taken together, the β-cells, skeletal muscle, and 

liver were originally thought to be the mediators of whole body insulin resistance, but 

recent data suggest that more organs and tissues are involved. 

Recently, the list has been expanded to eight organs and tissues and has been 

termed the “ominous octet” (3).  In addition to the triumvirate, the α-cells of the pancreas, 

the gut, kidney, brain and adipose tissue have been shown to contribute to type 2 diabetes 

(3).   The α-cells of the pancreas secrete glucagon, which increases glucose production in 

the liver, thereby increasing serum glucose levels (3).  It has been shown that serum 

levels of glucagon are increased in type 2 diabetic individuals (51).  Another organ, the 

gut, secretes glucagon-like-peptide-1 (GLP-1), a potent inhibitor of glucagon secretion 

that increases insulin secretion in the pancreas (52).  The response of GLP-1 is decreased 

in type 2 diabetic individuals (3, 53-56), thereby leading to increased secretion of 

glucagon and subsequent  hepatic glucose output.  The kidney’s role in diabetes is related 

to increased reabsorption of glucose instead of disposing of excess glucose in the urine, 

under normal conditions (3).  The brain also plays a role a role in insulin resistance.  

Although the exact mechanism for the brain’s role in type 2 diabetes is unclear, it appears 

that insulin suppresses appetite in the hypothalamus (3), thus in insulin resistance, insulin 

is not able to signal satiety signals (3, 57-60).  Lastly, adipocytes contribute to insulin 

resistance by increasing lipolysis (insulin stimulates formation of triglycerides in adipose 

tissue), which leads to increased gluconeogenesis, peripheral insulin resistance and 

19



inhibits insulin secretion as secondary effects (rev. in (3)).  Additionally, there is an 

increase in insulin-resistant adipokines and a decrease in insulin-sensitizing adipokines 

leading to whole-body insulin resistance. 

Adipose tissue is an important endocrine tissue in insulin sensitivity 

Adipose tissue plays an important role in insulin sensitivity.  Originally, adipose 

tissue was thought to be a storage organ for excess energy (5).  In 1994, Jeffrey 

Friedman’s group characterized the ob gene (6) from a single random mutation from a 

strain of obese mice at Jackson Laboratories that were originally described in 1950 (61).  

The ob gene encodes for the protein leptin.  Leptin is a cytokine, primarily produced from 

white adipose tissue, that causes reduced food intake and increased energy expenditure in 

the central nervous system (7-9).  Administration of recombinant leptin into mice led to 

increased insulin sensitivity (62, 63).  The discovery of leptin led to a paradigm shift in 

the function of adipose tissue.  No longer was adipose tissue viewed as simply an excess 

energy storage organ, but as an endocrine organ that can function in insulin sensitivity. 

Since the discovery of leptin, many other adipokines have been discovered that influence 

insulin action (Figure 1.1) (reviewed in (12)).  These include resistin, plasminogen 

activator inhibitor-1 (PAI-1), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), 

retinol binding protein 4 (RBP4), C1q/TNF-related protein 3 (CTRP3) and adiponectin.  

The levels of resistin, PAI-1, IL-6, TNF-α, and RBP4 (associated with insulin resistance) 

are all increased in the obese and insulin resistant disease states.  Conversely, the levels 

of adiponectin and CTRP3 (64) (associated with the insulin sensitive state) are decreased 

in the obese and insulin resistant disease states. Understanding how these adipokines 
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influence insulin action are important in studying the relationship between obesity and 

type 2 diabetes. 

 Resistin was originally identified in 2001 to be associated with insulin resistance 

and obesity (65).  Its levels were increased with obesity and insulin resistance and 

decreased upon treatment with rosiglitazone, a peroxisome proliferator activated 

receptor-gamma (PPARγ) agonist, used to treat diabetes (65).  Later studies have 

suggested that resistin expression is increased in the obese and insulin resistant 

phenotypes (66-69), while others have found no correlation (70, 71).  Infusion of resistin 

into Sprague-Dawley rats led to insulin resistance by increasing hepatic glucose 

production (72).  Overexpressing resistin by adenovirus-mediated gene transfer 

additionally led to insulin resistance in fat, muscle, and liver tissues in metabolically 

normal Wistar rats (73).  Conversely, loss of resistin led to improved glucose tolerance 

and insulin sensitivity by decreasing hepatic glucose output and increasing peripheral 

Figure 1.1 – Secretion profile of adipokines that function in insulin sensitivity 
(adiponectin) or insulin resistance (Resistin, PAI-1, RBP4, TNF-α, and IL-6).  
Typeset indicates secretion changes.  Adapted from  ref. 12 .  © 2007 Cold 
Spring Harbor Laboratory 
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glucose uptake(74, 75).  Taken together, these data suggest a role of resistin in insulin 

resistance.  

Increased plasminogen activator inhibitor-1 (PAI-1) levels have also been shown 

to correlate with obesity and insulin resistance (12).  PAI-1 is a serine protease inhibitor 

that inhibits fibrinolysis by inactivating the tissue-type plasminogen activator and 

urokinase-type plasminogen activator (76).  Levels of PAI-1 are increased in obese and 

insulin resistant individuals (76, 77).  To test if  PAI-1 plays a role in insulin resistance, 

Ma et.al generated mice that contain a PAI-1 deletion and observed that these mice are 

protected from diet induced obesity and have enhanced insulin sensitivity (78).  Lijnen 

et.al. discovered that dietary supplementation of mice with a synthetic PAI-1 inhibitor, to 

an increase in insulin sensitivity (79).  High levels of PAI-1 also predict future insulin 

resistance and type 2 diabetes (80).  These data suggest a link between increased PAI-1 

levels and insulin resistance and diabetes.   

Interleukin-6 (IL-6) levels are increased in obesity, insulin resistance, and type 2 

diabetes (81-83).  Infusion of IL-6 led to increased serum glucose and glucagon 

concentrations in rats (84, 85).  Paradoxically, IL-6 knockout mice are insulin resistant 

(86).  IL-6 has been identified as both a pro-inflammatory and anti-inflammatory 

cytokine (87, 88).  Due to these contradicting dual mechanisms of IL-6 in inflammation 

and insulin resistance, further studies are needed to determine its definitive role. 

TNF-α was the first adipokine characterized in relation to obesity and insulin 

resistance (89), when its expression and serum levels were shown to be increased in 
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obesity and insulin resistance (89).  Neutralization of TNF-α by its receptor led to 

increased insulin sensitivity (89, 90).  One of the mechanisms of TNF-α-mediated insulin 

resistance is through induction JNK1 (91) which leads to inhibitory serine 

phosphorylation of insulin receptor substrate-1 (IRS-1)(92), which was shown to inhibit 

the interaction between IRS-1 and the insulin receptor (93).  The role of TNF-α in insulin 

resistance was further characterized by a TNF-α knockout mouse model (94), which 

displayed increased insulin sensitivity (94).  Taken together, these data suggest that 

increase of the pro-inflammatory factor TNF-α leads to insulin resistance. 

Retinol binding protein 4 (RBP4) is another adipokine that is associated with 

insulin resistance.  Increased expression and elevated serum levels of RBP4 were 

observed in an insulin resistant (adipose specific glut-4 knockout) mouse model (95).  

Increased RBP4 levels are also increased in human insulin resistance (96-98).  RBP4 

appears to induce insulin resistance by disrupting the docking site PI3K to IRS-1 in 

muscle (95).  Additionally it increases hepatic glucose production by increasing 

concentrations of phosphoenolpyruvate kinase (PEPCK) in the liver (95).  Therefore, 

elevated levels of RBP4 are associated with insulin resistance and can lead to increased 

glucose concentrations. 

Recently, another adipokine, C1q/TNF-related protein 3 (CTRP3) has been 

identified that decreases serum glucose levels (64).  Similar to adiponectin, CTRP3 is 

part of the C1q/TNF super family (99).  Injection of recombinant CTRP3 led to decreased 

serum levels in normal as well as in genetically obese (ob/ob) mouse models.  Peterson, 
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et.al. attributed this effect to suppression of glucose-6-phosphatase and PEPCK, which 

are involved in gluconeogenesis in the hepatic tissue (64).  Therefore, CTRP3 decreases 

the serum concentrations of glucose levels.  The action of CTRP3 was specific for the 

hepatic tissue as CTRP3 did not affect glucose metabolism in the muscle and adipose 

tissue. 

This thesis focuses on adiponectin, an adipokine that is decreased in insulin 

resistance, which is described in extensive detail below. 

Adiponectin discovery 

Adiponectin, a hormone secreted from adipocytes that enhances insulin 

sensitivity, was discovered in 1995 and 1996 by four independent groups (13-16).  

Initially, adiponectin was discovered by Scherer et.al. using a subtractive library for 

genes upregulated during the differentiation process of murine 3T3-L1 adipocytes (13).  

It was shown to be secreted exclusively by adipocytes and could oligomerize into homo-

oligomers (13).   Another group termed adiponectin, apM1, for adipose most abundant 

gene transcript 1 (15).  They determined that adiponectin was the most highly expressed 

gene in human adipose tissue (15).  In a separate study, it was identified using an mRNA 

differential display, similar to Scherer et.al., of genes upregulated during adipogenesis 

(14).  Hu et.al. also determined that the adiponectin transcript was decreased in both 

obese mice and humans (14).  Later, another group identified adiponectin and termed it 

GBP28 for gelatin binding protein of 28 kilodaltons (16).  As the name implies, 

adiponectin was purified from human serum using gelatin-cellulofine (16).   
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Adiponectin oligomerizes into three primary isoforms  

Primary Structure 

The primary sequence of monomeric adiponectin is divided into four modular 

domains.  The N-terminus contains a signal sequence that contains an endoplasmic 

reticulum (ER) signal sequence (100).  The signal sequence is subsequently cleaved.  

Following the signal peptide is the N-terminal domain which is not well conserved 

among various species (100).  Adiponectin contains a collageneous domain with 22 

perfect Gly-X-Y or Gly-X-Pro repeats (13).  At the C-terminus is a globular domain that 

is similar in primary sequence to C1q (13, 101).  Therefore, C1q and adiponectin appear 

to be evolutionarily linked.   

Trimer 

Adiponectin monomers trimerize to form the basic subunit in adiponectin 

oligomerization.  The individual globular domains of three adiponectin monomers 

trimerize to form a globular head that is stabilized by hydrophobic interactions (102).  

Each monomer in the trimer contains a 10 β-strand jelly roll topology that is similar in 

architecture of TNF-α, despite differences in primary sequence homology (102-104).  

The trimerization of the globular head could facilitate the nucleation of the collagen triple 

helix domains, a well characterized phenomenon in collagens (105, 106).  Electron 

micrograph images of the full length trimer show a ball and stick morphology, with the 

globular head being the ball, and the presumed collagen triple helix being the stick (24, 

25



26).  The N-terminal variable domain of trimeric adiponectin appeared as a “small ball.”  

Currently, the fine structure of the N-terminal region is unknown. 

Hexamer 

Hexameric adiponectin has also been visualized using electron microscopy.  The 

hexamer appears as a Y-shaped structure, with individual globular heads forming the top 

of the Y, and the collagen domains forming the stalk (24).  Although it appears that the 

collagen domains between individual trimers interact, no evidence supports higher-

ordered interactions of the collagen domain in hexameric adiponectin. 

HMW 

The overall architecture of HMW adiponectin is more polymorphic in nature.  

Although HMW adiponectin is used to classify adiponectin larger than 6 monomers, it 

has been observed that the octadecamer is the most abundant isoform (27).  Transmission 

electron microscopy of the octadecamer showed two diverse architectures of adiponectin.  

One conformer of HMW adiponectin appears fan shaped (27, 107).  Neither the globular 

heads nor the collagen domains of individual trimers adiponectin associate strongly with 

each other in this conformer.  However, the N-terminal tails of adiponectin coalesce 

suggesting the primary interaction of this conformer lies at the N-terminus.  In contrast, 

the other conformer of HMW adiponectin is described as a conical “bouquet-shaped” 

architecture (27, 107).  The globular heads of individual trimers seem to associate in a 

ring-like topology (27, 107).  It is unknown if higher-ordered collagen interactions (i.e. 

coiled-coil domain) exist in this conformer.  Similar to the fan-shaped topology, the 
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individual adiponectin trimers coalesced at the N-terminus (107).  Both conformers 

suggest that interactions near the N-terminus are necessary for oligomerization. 

Post-translational modifications of adiponectin 

Disulfide bond formation 

Disulfide bonds are necessary for the oligomerization to the hexameric or 

octadecameric isoforms of adiponectin (24, 26, 45).  In the variable region at the N-

terminus of adiponectin lies a conserved cysteine (generally denoted as C22 (without 

signal peptide) or C39 (with signal peptide) in the mouse sequence) (24, 26, 45).  The 

role of cysteines was originally identified by treating either octadecamer or hexamer from 

HEK293T cells or hexamer from Escherichia coli with DTT and separating the 

complexes by gel filtration or velocity sedimentation (24, 26).  Treatment of either the 

octadecamer or hexamer with DTT yielded trimeric adiponectin (24, 26).  Alternatively, 

mutating the cysteine to either alanine (24) or serine (26) precluded formation of higher-

ordered oligomers.  To understand the disulfide bonding state of the different oligomers 

of adiponectin, individual adiponectin complexes were purified and separated by non-

reducing SDS-PAGE analysis.  The hexamer and octadecamer denatured into oxidized 

dimers, while trimeric adiponectin denatured into an oxidized dimer and a reduced 

monomer at a ratio of 2:1 (24).  These data suggest that both the hexamer and 

octadecamer are completely oxidized, while the trimer is only partially oxidized.  These 

data support the role of disulfide bonds in the formation and/or stability of the higher-

ordered oligomers of adiponectin.   
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Succination 

Succination of proteins occurs as the sulfur of reduced cysteine performs a 

nucleophilic attack on one of the double-bonded carbons in fumarate leading to formation 

of S-(2-succinyl) cysteine (108).  Fumarate is an intermediate in the Kreb’s cycle during 

energy utilization from acetyl-CoA to produce ATP in the oxidative phosphorylation 

pathway.  In 2007, Nagai, et.al. observed that intracellular fumarate levels are high when 

subjected to high glucose conditions (10, 20, or 30 mM; normal glucose concentration is 

5 mM) that was accompanied with an increase in succinated proteins (109).  In a 

subsequent study, the same group showed that adiponectin is succinated at C22, the 

cysteine involved in hexamer and HMW adiponectin formation (24, 26) under high (30 

mM) glucose conditions (110).  The succination of adiponectin at C22 inhibited its 

formation into the higher-ordered oligomers (110).  Interestingly, succinated adiponectin 

is only present intracellularly and is never secreted (110).  Using mass spectrometry, 

Frizzell et. al. estimated that 25% of adiponectin could potentially be succinated under 

high glucose conditions (110).  They further identified that in the genetic (db/db) mouse 

model of obesity and insulin resistance, both fumarate and levels of total succinated 

protein are increased (110).  These data may provide a potential mechanism for decreased 

serum levels of HMW adiponectin in obesity and type 2 diabetes. 

 Hydroxylation and glycosylation 

Hydroxylation and glycosylation of collagen domains are known to stabilize the 

collagen triple helix (111-114).  In the collagen domain of adiponectin, at least four 

prolines are hydroxylated and four conserved lysines are hydroxylated and glycosylated 
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by a α (1,2 linked) glucosyl-galactosyl groups (31, 115-117).  Functionally, 

hydroxylation and subsequent glycosylation of the lysines are necessary for the formation 

of HMW as lysine to arginine mutants did not oligomerize to HMW adiponectin 

complexes (30).  Glycosylation of HMW or hexameric adiponectin has been shown to 

increase stability in the presence of proteinase K (118).  Additionally, the HMW and 

hexamer complex and not the trimeric isoform were more susceptible to SDS dissociation 

when the sugars moieties were modified (118).  Taken together, these data suggest that 

glycosylation stabilizes the hexameric and octadecameric forms of adiponectin. 

Sialic Acids 

Adiponectin is modified by sialic acids that lengthen the half-life of adiponectin 

in serum.  Sialic acids are generally the terminal modification on an oligosaccharide, and 

can protect glycoproteins from being degraded in the liver.  Originally, it was identified 

that adiponectin from bovine, mouse, and cultured 3T3-L1 mouse adipocytes contains an 

O-linked Neu5Acα-2,8-Neu5Acα-2,3-Gal disialic residue (119).  Later, it was found that 

the sialic acids were O-linked to threonine residues contained in the N-terminal variable 

region in human adiponectin (120).  Interestingly, those threonines are not conserved in 

bovine adiponectin, which was used in the first study (119).  Therefore, there may be 

other sites of O-linked glycosylation that have not been identified yet.  Functionally, the 

disialic moiety did not alter the oligomerization of the human adiponectin oligomers 

(120).  However, desialydated adiponectin was cleared from the serum at a faster rate 

than the sialydated adiponectin, likely due to the asialoglycoprotein receptor in the liver, 

which removes desialylated proteins from serum (120).  These data suggest that sialic 
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acids on adiponectin increase adiponectin half life so that it can enhance insulin 

sensitivity for longer periods.  

Proteins that enhance the oligomerization of HMW adiponectin 

Numerous other factors influence the assembly and secretion of hexameric and 

HMW adiponectin (Figure 1.2).  These include ERp44, Ero1-Lα, and DsbA-L (Figure 

1.2) (40, 121, 122).  A detailed description of these studies are included below.  

 

ERp44 and Ero1  

The ER resident protein, ERp44 influences adiponectin oligomerization.  ERp44 is a 

protein that contains a thioredoxin domain, but instead of the canonical CXXC motif, it 

contains a CXXS motif, and therefore cannot be involved in direct oxidation-reduction 

reactions per se.  Originally, it was found that ERp44 retained pentameric IgM molecules 

in plasma cells through mixed disulfides (123).  This process was coined, “thiol-mediated 

retention (TMR)” (124).  Recently, it was shown that ERp44 also forms mixed disulfide 

bonds with C22 on adiponectin (121).  ERp44 along with adiponectin expression is 

Figure 1.2 Potential folding 
pathways of adiponectin with 
proteins that have been 
identified to alter 
oligomerization profile of 
adiponectin.  Used with 
permission from ref. 37.   ©  
National Academy of Sciences, 
2008 
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increased during adipocyte differentiation (121).  Interestingly, treating 3T3-L1 

adipocytes with cyclohexamide, a protein synthesis inhibitor, led to an increased 

secretion of HMW adiponectin (121).  Cyclohexamide would likely lead to a decrease in 

the total adiponectin levels as it is secreted, but ERp44 levels would remain the same due 

to the likely long half-life of ERp44 (121) .  Therefore, potentially increasing the 

ERp44:adiponectin (chaperone:cargo) ratio led to an increase in the amount of HMW 

adiponectin that was secreted.  One plausible explanation for this phenomenon is that 

increasing this ratio led to increased time for the HMW isoform to assemble.   

Ero1-Lα is associated with adiponectin release from ERp44, as it is a preferred 

binding partner of ERp44 (123).  Consistent with these previous observations, secretion 

of hexamer and HMW isoforms of adiponectin from ERp44 is dependent on 

displacement of ERp44-adiponectin complex by Ero1- Lα (121).  Increasing the amounts 

of ERp44 resulted in decreased secretion of adiponectin, likely through the thiol-

mediated retention of adiponectin.  However, increasing Ero1-Lα levels led to increased 

secretion of HMW adiponectin under these conditions.  Decreasing the levels of ERp44 

or Ero1-Lα led to increased secretion of adiponectin, however, it was primarily the 

trimeric isoform and not the higher-ordered oligomers (121).  These data are consistent 

with results that were published at the same time from a different group that observed 

increasing Ero1-Lα concentrations led to increased HMW adiponectin secretion (122 ).  

In vivo, a genetically (ob/ob) induced model of obesity and type 2 diabetes has decreased 

levels of ERp44 and Ero1α (121).  These data could represent a possible cause of 
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decreased serum levels of HMW adiponectin by decreasing the chaperones ERp44 or its 

associated oxidoreductase Ero1-Lα (37) . 

DsbA-L 

Disulfide-bond oxidoreductase-like protein (DsbA-L) was recently identified as a 

regulator of adiponectin oligomerization.  Previously identified as glutathione-S-

transferase kappa (GST-κ), it was found that it interacted with the N-terminal sequence of 

adiponectin by a yeast 2-hybrid assay (40).  DsbA-L is expressed in numerous tissues, 

with the highest levels in white adipose tissue (40).  Overexpressing DsbA-L in adipose 

tissue led to increased HMW adiponectin secretion (40).  The primary sequence of DsbA-

L shows that instead of a thioredoxin motif (CXXC), DsbA-L contains a thioredoxin-like 

motif (S16XXS) (40).  Serines play a major role in the DsbA-L’s activity in the assembly 

of HMW adiponectin.  Substituting S16 to alanine in DsbA-L led to decreased assembly 

of HMW adiponectin, whereas, altering S19 did not lead to a decrease in HMW 

adiponectin formation (40).  Physiologically, protein levels of DsbA-L and adiponectin 

are decreased in obese individuals (40).  Taken together, these data suggest that DsbA-L 

plays an integral role in the assembly to HMW adiponectin.   

Adiponectin Stability 

Adiponectin complexes are extremely stable and do not convert either in vivo or 

in vitro.  To demonstrate the stability of individual adiponectin complexes, recombinant 

mouse adiponectin oligomers expressed in HEK-293T cells were separated into hexamer 

and HMW fractions by size exclusion chromatography (26).  Afterwards, the samples 
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were treated with PBS or with rat serum to determine if the oligomers spontaneously 

interchange in the presence of serum factors (26).  Pajvani et. al. did not notice any 

change in the oligomeric distribution of adiponectin in either of these experiments (26).  

The reason for incubating recombinant mouse adiponectin with rat serum is that the N-

terminus is species specific, therefore, they could check for mouse-specific changes in 

adiponectin oligomeric distribution (26).  It is possible that factors influencing 

adiponectin conversion in rat serum could differ from mouse serum.  To address this 

issue, Pajvani et.al. incubated 125I-labeled mouse adiponectin with mouse serum and still 

did not detect any interconversion in the oligomers (26).  Later studies confirmed these 

results in mice (43) and rabbits (44).  Therefore, it appears that the various oligomeric 

complexes are stable in vivo and in vitro. 

Adiponectin oligomers are sensitive to pH and DTT 

 Although adiponectin complexes are stable in vitro and in vivo, they readily 

collapse to hexamer or trimer by chemical means.  As mentioned above, both the HMW 

and hexameric species of adiponectin are sensitive to reducing reagents.  Treating with 

either DTT or βME leads to reduced trimer (24, 26, 125).  In contrast, treatment of HMW 

adiponectin with low pH yields oxidized hexamer (26, 29, 43, 125), but treatment with 

basic pH does not lead to collapse of HMW adiponectin (26).  These data suggest that 

HMW is stabilized by forces between individual hexamers and that trimers link 

individual hexamers together by disulfide bond formation.  It is likely that protonation of 

amino acids or other molecules within adiponectin are responsible for stabilizing 

individual hexamers in the octadecamer.    
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Detection of adiponectin oligomers 

The distribution of adiponectin oligomers can be detected in various ways.  One 

of the original assays to measure adiponectin distribution was through non-reducing, non-

heat denaturing SDS-PAGE, coupled with western blot (45).  The samples were 

incubated in SDS for one hour at room temperature prior to analysis.  However, this 

method has been shown to be extremely temperature-dependent (43) and may not be 

considered as a valid way to analyze adiponectin complexes.   

Figure 1.3. Collapse of octadecamer to either hexamer or trimer using low pH or 
reducing agents (DTT/βME).  Original drawing of adiponectin oligomers done by 
Cheryl Ryan 
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An additional way that adiponectin oligomers have been separated is through 

velocity sedimentation coupled with reducing SDS-PAGE and immunoblot analysis (26, 

32).  This method can separate HMW adiponectin from hexamers and trimers, but it 

cannot distinguish between hexameric and trimeric adiponectin (26, 32). To circumvent 

this problem, gel filtration has been used, coupled with western blot or sandwich ELISA 

(24, 43, 126, 127).  This method is able to separate HMW, hexamer, and trimer peaks, 

but there is significant overlap between the “valleys” on a chromatogram between 

oligomeric species.  This method may be useful for determining relative ratios of 

adiponectin complexes, but absolute quantities of each oligomer may prove to be difficult 

to calculate. 

In 2006, a sandwich ELISA was developed that allowed for quick analysis of 

adiponectin oligomers (128).  During the development of this assay, they observed that 

trimeric adiponectin is sensitive to protease A “Amano” digestion (128).  Hexameric 

adiponectin is sensitive to proteinase K treatment, whereas, HMW adiponectin is 

insensitive to protease digestion (128).  After each treatment, the sample is collapsed to 

dimers using low pH and SDS, and a monoclonal antibody is used to detect adiponectin 

(128).  Using subtraction, they are able to derive concentrations of each individual 

oligomer.  Although this method is effective in evaluating a large batch of samples, the 

test is extremely cost prohibitive.   

We have found native-PAGE to be a fast and effective way to separate 

adiponectin complexes (125).  It is similar to the non-reducing, non-heat denaturing SDS-
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PAGE, but the conditions are prepared and run under native conditions. To detect 

adiponectin in serum, anti-globular adiponectin antibody is used.  Native gels have been 

described in the literature by another group to analyze HMW levels in human serum (33).   

Initial studies on adiponectin levels in disease states 

Adiponectin levels were found decreased in numerous disease states.  Arita et.al. 

used an enzyme-linked immunosorbent assay (ELISA) to show that adiponectin levels 

were decreased in obese individuals (17).  Later, it was determined that adiponectin 

levels were decreased in type 2 diabetes (20, 129) and coronary artery disease (CAD) 

(23).  Additionally, decreased adiponectin levels have been found in other disease states 

such as bone formation, inflammatory disorders  and renal disease (130);  Therefore, 

adiponectin represents a potential pharmaceutical drug for improvement of various 

conditions (rev. in (130)).  Generally, adiponectin is regarded as having insulin-

sensitizing, anti-inflammatory, anti-atherogenic, anti-apoptotic and cardioprotective 

properties (18, 21-23, 32, 126, 131-137). 

HMW importance in disease  

 HMW adiponectin levels are decreased in insulin resistance.  As described above 

adiponectin oligomerizes into three primary isoforms: trimer, hexamer, and HMW (24-

26).  Originally, it was identified that total adiponectin was decreased in the obese and 

diabetic disease states (17, 20).  The importance of HMW adiponectin serum levels was 

originally observed by Pajvani et.al. in 2004 (32).  In their study, they used rosiglitazone 

(Avandia), a PPAR- γ agonist, that is commonly used in type 2 diabetic treatment , and 
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observed a significant positive correlation between the ratio of HMW adiponectin to total 

adiponectin and an increase in insulin sensitivity, which they termed the SA index (32).   

Since this initial study, it has been shown that type 2 diabetes is characterized by a 

selective decrease in the HMW isoform either as a ratio of HMW to total adiponectin (34, 

138, 139) or total HMW (33, 34, 140-142), but others have shown no advantage 

measuring HMW and using total adiponectin values instead (143).  Additionally, it has 

been shown that HMW can be predictive of future insulin resistance (140, 144-146).  

These data suggest that HMW levels are important in insulin sensitivity. 

HMW adiponectin levels are decreased in other disease states.  Total HMW or the 

HMW:total adiponectin ratio have also shown to be important in evaluating coronary 

artery disease (126, 147, 148) or a predictor of clinical outcome of people associated with 

coronary artery disease (149).  Additionally, levels have been reported to be decreased in 

various cancers including breast cancer and renal cell carcinoma (150, 151).   

Taken together, the inverse relationship of HMW adiponectin levels in CAD, 

cancer, insulin resistance and type 2 diabetes may provide a mechanistic link between 

obesity and these disease states.  Therefore, studying factors that influence HMW 

adiponectin levels could lead to an understanding of biochemical changes associated with 

these disease states. 
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Role of adiponectin in insulin sensitivity 

Adiponectin plays a major role in enhancing insulin sensitivity in the liver and 

muscle (Figure 1.4).  A detailed description of its function in these tissues is described 

below (152). 

 

Liver 

 Adiponectin functions in maintaining insulin sensitivity through activation of 

AMPK in the liver.  Berg et.al. showed that treatment of either ob/ob or streptozotocin 

(genetic and chemically induced mouse models of diabetes) with full-length, mammalian 

produced adiponectin led to a decrease in hyperglycemia (21) without affecting insulin 

levels.  They further observed that adiponectin, coupled with a lower concentration of 

Figure 1.4  Adiponectin signaling pathways in muscle and liver tissue.  
Used with permission from ref. 152.  © The Endocrine Society 2005 
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insulin (35 pM) elicits the same effect as 175 pM insulin concentrations in decreasing 

gluconeogenesis in the liver (21).  These data suggest that adiponectin can function as an 

insulin sensitizer in hepatic tissue.  Biochemically, adiponectin is functioning by 

decreasing expression PEPCK and glucose-6-phosphatase (G6Pase), which regulate flux 

through the gluconeogenic pathway (22).  Later studies linked the decreased expression 

of these enzymes to AMPK activation (153).  They also observed an increase in AMPK-

mediated phosphorylation and inhibition of acetyl-coA carboxylase (ACC) that led to an 

increase in fatty acid oxidation (153).  Yamauchi et.al. further established that full length 

adiponectin has a higher binding affinity to the membrane of liver tissue than globular 

(without the collagen tail) adiponectin (153), which could mediate its effects.  In a later 

study by Wang et.al., they ascribed the AMPK-mediated effect specifically to the HMW 

isoform of adiponectin (30). 

 Recently, it was identified that adiponectin signaling is involved in ceramidase 

activity in the liver.  Increasing ceramide concentrations are associated with apoptosis 

and insulin resistance (154-156).  It was recently published that adiponectin increases 

ceramidase levels, which converts the ceramide to sphingosine, which is then converted 

to sphinosine-1-phosphate (S1P) by sphingosine kinase.  S1P activates AMPK by a 

Ca2+/calmodulin-dependent protein kinases (CAMKK)-mediated-pathway by potentially 

binding to the sphingosine-1-phosphate receptor (155). The authors proposed a model 

where adiponectin stimulates ceramidase activity, which leads to activation of AMPK 

and inhibits apoptosis (155).  Additionally, conversion of ceramide to sphingosine 

decreases the ceramide-mediated inhibition of Akt, which leads to increased insulin 

39



sensitivity (155).  Taken together, these data suggest that the anti-apoptotic and insulin 

sensitizing activity of adiponectin could be mediated by ceramidase activity. 

Skeletal muscle  

In addition to acting on liver, adiponectin also influences insulin sensitivity in 

muscle tissue.  Globular adiponectin, which contains only the trimeric globular head 

(trimer without the collagen domain), increased the rate of fatty acid oxidation in isolated 

mouse soleus and extensor digitorum longus muscles as well as in cultured C2C12 

myotubes (132).  It was later found that globular adiponectin and trimeric adiponectin 

activate AMPK which phosphorylates and inactivates ACC, leading to increased fatty 

acid oxidation in muscle (24, 133, 153).  Additionally, Yamauchi et.al determined that 

globular adiponectin had a higher binding affinity for muscle than liver (153).  In 

accordance with this observation, they found that globular adiponectin was more 

effective in regulating glucose levels in muscle rather than in liver tissue (153).  In 

contrast, mammalian-derived hexamer and HMW were unable to activate AMPK, but 

were able to activate NF-κB, a nuclear transcription factor involved in inflammatory 

responses, in C2C12 myotubes by increasing the phosphorylation and subsequent 

degradation of its inhibitor (Inhibitor of nuclear factor kappa B kinase beta subunit or 

IKKβ) (24).  The role of trimer in activating AMPK in muscle has recently been 

questioned.  In a later study, Hada et.al observed that HMW adiponectin binds better to 

C2C12 myotubes than the hexameric or trimeric isoforms of adiponectin, which leads to 

enhanced activation of AMPK (29).  These contradictory results merit further 
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investigation to understand the role of adiponectin oligomers in activating AMPK in 

muscle tissue. 

 The potential conflicting roles of the different oligomers in adiponectin-mediated 

insulin sensitivity are still being investigated.  One interesting aspect of adiponectin 

function is that it has been shown that the HMW levels of adiponectin are decreased in 

obesity and type 2 diabetes  (33, 34, 138-142).  However, the bioactive form of 

adiponectin appears to be the trimer as evidenced by enhanced activity by DTT-treated 

adiponectin or C22S mutants decreasing serum glucose levels (26).  They observed that 

reduced trimer or the C22S mutant had a decreased half-life in the serum than the higher-

ordered oligomers (HMW adiponectin half-life was longer than hexamer) (26).  How can 

these data be reconciled?  HMW adiponectin could represent a storage reservoir for 

trimeric adiponectin.  It has been postulated that insulin could activate a serum reductase 

that can collapse HMW adiponectin to trimer, whereby it could enhance insulin 

sensitivity (26, 32, 157).  Currently, the conversion of HMW adiponectin to trimer has 

not been shown in vivo, but this represents a plausible mechanism for adiponectin action. 

Adiponectin knockout and transgenic mice support its role in insulin sensitivity 

Adiponectin knockout 

Adiponectin knockout mice have increased insulin resistance.  In 2002, three 

papers were published that suggested various aspects of adiponectin function.  Kubota 

et.al. generated both heterozygous (+/-) as well as homozygous-null (-/-) adiponectin 

knockouts (158).  The heterozygous adiponectin deficient mice displayed mild insulin 
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resistance, whereas, the homozygous null mice showed moderate insulin resistance 

coupled with glucose intolerance (158).  The insulin resistance in these mice was 

independent of weight gain (158).  Another group in the same year made characterized 

another adiponectin knockout mouse (159).  This group showed that the absence of 

adiponectin led to insulin resistance after high fat/high sucrose feeding for two weeks.  

Adenovirus-mediated gene transfer of adiponectin reversed the diet-induced insulin 

resistance (159).  In contrast to these studies, Ma et.al. did not show a difference in 

insulin resistance between adiponectin knockout (-/-) and wildtype (+/+) mice, even after 

high fat feeding for seven months (160).  However, increased fatty acid oxidation was 

observed (160).  One of the major differences in these studies is the generation of the 

knockout mice.  Kubota et.al knocked out exon 2 and exon 3 of adiponectin, whereas, Ma 

et.al knocked out only exon 2 of adiponectin (158, 160).  It has been suggested that the 

knockout (only exon 2) by Ma et.al. could have led to transcription of exon 3 (globular 

domain) at alternate methionine start sites, leading to partial adiponectin activity, which 

could explain the fatty acid oxidation in the liver and muscle (161).   

Adiponectin transgenic mice 

Adiponectin transgenic mouse models have increased insulin sensitivity.  The 

original adiponectin transgenic mice expressed the truncated trimeric globular domains of 

adiponectin (gAd) (162).  Previous studies showed that this form was active in increasing 

AMPK in skeletal muscle explants (133).  Yamauchi et.al. showed that transgenic 

expression of globular adiponectin in an ob/ob (genetically obese and type 2 diabetes 

mouse model), ameliorated insulin resistance through increased expression of acyl-CoA 
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oxidase (fatty acid oxidation) and uncoupling proteins 2 and 3 (energy dissipation) in 

skeletal muscle (162).  Interestingly, this transgenic gAd mouse also led to amelioration 

of atherosclerosis in apo-E (a mouse model for atherosclerosis) (162).  Although this 

study was useful, it did not use full length adiponectin which is secreted from adipose 

tissue.   

Combs et.al. generated a transgenic mouse that elevated serum levels of 

adiponectin.  They reported that overexpressing wild-type full length adiponectin in 

adipocytes did not lead to an increase in total serum adiponectin (163).  This was likely 

due to adiponectin being the highest expressed protein in adipocytes and changes in 

expression would not necessarily lead to increased serum levels of adiponectin.  They 

developed an adiponectin overexpressing cell line that was able to increase the serum 

levels of adiponectin 3-fold by deletion of 13 of the 22 collagen repeats under a 

doxycycline-inducible promoter (163).  Interestingly, this adiponectin transgenic led to a 

15% gain in weight accompanied with increased fat mass in females, but males were not 

affected (163).  Additionally, they observed lower levels of triglycerides and non-

esterfied fatty acids in females, but males were not affected (163).  This adiponectin 

transgenic mouse led to increased insulin sensitivity by decreasing hepatic glucose output 

and leading to increased activation of AMPK in the liver (163).  Lastly, they showed that 

transgenic overexpression of adiponectin led to lower levels of insulin, but did not affect 

glucose disposal (163).  These data suggest that adiponectin has insulin sensitizing 

actions. 
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Another approach was employed to study the effect of increased serum 

adiponectin levels.  Instead of being under control of a doxycycline promoter in 

adipocytes, adiponectin expression was under control of a liver specific, human serum 

amyloid P component promoter (SAP) (164).  In this mouse model, they observed 

smaller adipocytes, contrary to what was seen in Combs et.al.  Otabe et.al also showed 

decreased weight gain under high fat/high sucrose diets (164).  (164).  As it relates to 

insulin sensitivity, the authors noticed that this liver-specific expression of adiponectin 

led to lower glucose and insulin levels, suggestive of enhanced insulin sensitivity (164).  

Finally, they observed decreased recruitment of macrophages to adipose tissue, further 

showing its anti-inflammatory activity Taken together, these data indicate a role of 

adiponectin in enhancing insulin sensitivity under diet or genetic mouse models of 

obesity and insulin resistance.   

Adiponectin Receptors 

AdipoR1 and AdipoR2 

 Adiponectin signals through two different receptors, adiponectin receptor 1 

(AdipoR1) and adiponectin receptor 2 (AdipoR2) that enhance adiponectin-mediated 

increase in insulin sensitivity (162).  Adiponectin receptors were originally identified by 

screening using a cDNA library (165).  The first receptor that was identified was named 

AdipoR1 (165).  Homology searching through a mouse database led to the identification 

of AdipoR2, which shares 67% amino acid identity with AdipoR1 (165).  Both AdipoR1 

and AdipoR2 have 7 putative transmembrane domains but are different from GPCRs in 
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that the C-terminus is exposed extracellularly, whereas the N-terminus is intracellular 

(165).  AdipoR1 is expressed in many tissues including skeletal muscle and liver, 

whereas AdipoR2 is expressed mainly in the liver (165).  Globular adiponectin binds 

AdipoR1 with a stronger affinity than full length adiponectin.  In contrast, full length 

adiponectin binds AdipoR2 stronger than globular adiponectin (165).  To identify the 

roles of each of these receptors, Yamauchi et.al. created a knockout of each receptor 

individually, and as a double knockout (166).  They observed that the knocking out 

AdipoR1 led to insulin resistance with glucose intolerance.  Subsequently, they 

discovered that AdipoR2 led to insulin resistance as well, however, no glucose 

intolerance was detected (166).  As expected, ablation of both receptors led to insulin 

resistance (166).  Overexpression of these receptors led to amelioration of diabetes (166).  

In vivo, Tsuchida et.al. determined that AdipoR1 and AdipoR2 were decreased by 65% or 

55%, respectively in the liver in genetically and diet induced obese and type 2 diabetic 

mouse models (167).  Therefore, it appears that AdipoR1 and AdipoR2 could be 

important in the insulin sensitizing effect of adiponectin. 

Adiponectin-bound AdipoR1 activates AMPK in skeletal muscle and the liver 

when bound to adiponectin (166).  Yamauchi et.al. showed that overexpression of 

adenovirus-mediated gene transfer of AdipoR1 led to decreased expression of PEPCK 

and G6Pase, as described previously (22).  This pathway in muscle and likely liver is 

mediated by adaptor protein containing pleckstrin homology domain, phosphotyrosine-

binding domain,and leucine zipper motif (APPL1), which binds to the internal N-

terminus of AdipoR1 (168).  Overexpression of APPL1 led to increased phosphorylation 

45



of AMPK and therefore phosphorylation and inhibition of ACC, leading to increased 

fatty acid oxidation in muscle.  The authors also determined that AdipoR2 did not 

influence these pathways suggesting an AdipoR1-specific signaling pathway (166). 

Recently, negative regulators of adiponectin signaling have been identified.  

APPL2, a negative regulator of APPL1 has been identified (169).  It interacts with both 

the adiponectin receptors and AdipoR1 to inhibit adiponectin-mediated AMPK activation 

in muscle (169).  Another negative regulator has also been recently identified in 

adiponectin-mediated AMPK activation was discovered: ERp46 (170).   They showed 

that ERp46 binds to the cytoplasmic N-terminus of AdipoR1, potentially inhibiting 

downstream targets.  In accordance with this hypothesis, they observed that 

downregulation of ERp46 led to increased AMPK phosphorylation and activation (170).  

These data suggest that adiponectin signaling is tightly controlled in the muscle and 

potentially in the liver. 

Adiponectin bound AdipoR2 leads to activation of PPAR-α nuclear targets.  

Adenovirus-mediated overexpression of AdipoR2 led to an increase in PPAR-α targets: 

acyl-CoA oxidase (Acox1), which is involved in fatty acid oxidation, and and uncoupling 

protein 2 (Ucp2), which plays a role in energy expenditure in mitochondria (166).  

Another interesting pathway in PPAR-α is by reducing oxidative stress through 

expression of catalase (171) and Cu,Zn-superoxide dismutase (SOD1) (172).  

Interestingly, oxidative stress induces insulin resistance (166, 173-175).  Yamauchi et.al 

showed that catalase and SOD1 levels were increased in the adenovirus-mediated gene 

transfer of AdipoR2 (166).  Therefore, PPAR-α may modulate antioxidant effects as well 

46



as metabolism.  AdipoR1 did not activate the PPAR-α mediated pathway, suggesting an 

AdipoR2-specific signaling pathway. 

Recently, another pathway originating from the adiponectin receptors was 

discovered as described above(155).  Holland et.al. observed that adiponectin can have 

ceramidase activity through binding to either AdipoR1 or AdipoR2 (155).  The 

ceramidase activity of adiponectin signaling leads to inhibition of ceramide-induced 

apoptosis and increased insulin action through activation of Akt (155).  Furthermore, 

ceramidase activity leads to formation of sphingosine-1-phosphate, which can signal 

through the sphingosine-1-phosphate receptor and activate AMPK.  Taken together, these 

data suggest that adiponectin activity through its receptors can signal in multiple 

pathways 

These data suggest that AdipoR1 and AdipoR2 function in parallel pathways to 

increase insulin sensitivity.  AdipoR1 functions through activating AMPK, whereas 

AdipoR2 signals through a PPAR-α mediated pathway (162, 166).  Both may function in 

the adiponectin-dependent ceramidase activity (155).  Taken together, these data support 

the important roles of adiponectin receptors in adiponectin action.  Additionally, 

downregulation of these receptors suggest that “adiponectin resistance” could further 

exacerbate insulin resistance by not being able to signal in adiponectin-mediated 

activation of AMPK or PPAR-α.     

T-Cadherin 

 T-cadherin was identified as another receptor for adiponectin.  Of the isoforms of 

adiponectin, only hexameric and HMW isoforms of adiponectin bound to T-cadherin in 
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C2C12 myoblasts using a cDNA library (157).  To further evaluate the role of T-

cadherin, Hug et.al. transfected Ba/F3 cells with T-cadherin, and observed similar results 

to that seen in C2C12 myocytes (157).  In vivo, Denzel et. al. have identified adiponectin 

that binds to T-cadherin in cardiomyocytes (176).  In T-cadherin knockout (-/-) mice, 

they showed that adiponectin does not bind to cardiomyocytes and is associated with 

increased adiponectin levels (176).  Although binding of T-cadherin alone does not 

transduce a signal because it does not have an intracellular domain, it could interact with 

integrin-linked kinase or AdipoR1/R2 to modulate the activation of AMPK (176).  

Interestingly, ectopically expressed AdipoR1 or AdipoR2 in HEK293T did not bind 

adiponectin in the absence of T-cadherin (176).  These data suggest that AdipoR1 or 

AdiopoR2 cannot bind adiponectin alone, but require T-cadherin for efficient binding.  It 

is plausible that T-cadherin interacts with adiponectin and tethers adiponectin to the 

membrane until AdipoR1 of AdipoR2 can transduce signals to AMPK or PPAR-α, 

respectively.  An alternative interpretation of this data is that T-cadherin may bind 

adiponectin, so that a serum reductase can reduce adiponectin to trimer and elicit its 

immediate effect in muscle by binding to AdipoR1 or AdipoR2.   

Oxidative protein folding in the endoplasmic reticulum 

  The ER represents an environment conducive to oxidation.  The reduction 

potential of the ER is hypothesized to be around -180 mV compared with -240mV in the 

cytosol (177).  Although the ER is more oxidizing compared to denatured peptitdes 

(estimated to be around – 220 mV) (178), enzymes and other oxidants that have 

identified to catalyze oxidation of disulfide bonds (179).    
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Sulfur oxidation in thiol-mediated oxidation 

Cysteine residues exist in many different oxidation states.   The sulfur in the thiol 

group (-SH), is in the -2 oxidation state.  During the oxidation of cysteine (-SH) to 

cystine (-S-S-) each sulfur donates one electron and one proton and therefore each sulfur 

in the disulfide has a -1 oxidation state.  Other oxidation states of sulfur are 0 (sulfenic, 

SOH), +2 (sulfinic, SO2H), and +4 (sulfonic acid, SO3H).  For the sulfur in cysteine to 

attain these higher oxidation states (0 and above), it must react with reactive oxygen 

species (ROS) such as H2O2 (178).  Sulfenic acid serves as an intermediate in the 

formation of disulfide bonds if another cysteine is present (178).  In contrast, sulfinic and 

sulfonic acid cannot be intermediates in disulfide bond formation.  However, recent data 

has shown that sulfinic acid can be reduced to cysteine thiol by sulfiredoxin (180).  This 

thiol can then participate in disulfide bond formation for structural or catalytic function.  

Disulfide bond formation in the ER 

In the endoplasmic reticulum, the disulfide bond formation pathway is 

characterized by a series of oxidation-reduction reactions leading to electrons being 

ultimately donated to molecular oxygen as depicted in Figure 1.5 (179).  In this pathway, 

a disulfide bond is initially introduced to a client protein by protein disulfide isomerase 

(PDI) through the acceptance of two electrons and two protons.  To regenerate PDI, 

endoplasmic reticulum oxidoreductin 1 (Ero1 in yeast or Ero1-Lα in humans) oxidizes 

PDI through a similar mechanism.  Subsequently, the electrons are donated to flavin 

adenine dinucleotide (FAD) to form FADH2 which oxidizes Ero1-Lα.  Ultimately, the 

electrons and protons are donated to molecular oxygen to generate hydrogen peroxide.  
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This pathway highlights the best characterized pathway of disulfide bond formation in the 

ER as discovered by Jonathan Weissman’s and Chris Kaiser’s group (44, 181-184). 

 

PDI 

PDI is a modular protein that functions is oxidation-reduction reactions in the ER.  

PDI contains an ER retention motif (KDEL), which localizes it to the ER.  PDI has four 

main domains that contribute to its activity: (in order from N-terminus), a, b, b’ and a’.  

The b and b’ contribute to the binding and interaction with client proteins.  In addition to 

these domains, PDI contains 2 thioredoxin-like domains (a and a’ containing a Cys-Gly-

Figure 1.5 Oxidative protein folding in the ER.  Adapted from 
ref. 179 © 2008  Used with permission from Nature Publishing 
Group 
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His-Cys (CXXC) motif that is found in many proteins involved in oxidation-reduction 

reactions.   

The CGHC motif in PDI is considered the active site of PDI, wherein it can 

catalyze oxidation of client proteins if oxidized or isomerizes disulfide bonds when 

reduced.  As described above, after PDI oxidizes a substrate, it is regenerated by Ero1-Lα 

oxidation.  Another function of PDI is the isomerization of disulfide bonds.  To be able to 

do this, at least one of the active sites of PDI must first be in the reduced state.  A study 

by Appenzellor-Herzog and Ellgaard, showed that 50% of the PDI is present in the fully 

reduced (both thioredoxin domains) forms (185).  They additionally found that a mix of 

oxidized/reduced domains occur in 18% (a-oxidized/a’-reduced) and 15% (a-reduced/a’ 

oxidized) of PDI (185).  The remaining 16% is present as fully oxidized in both domains 

(185).  These data suggest that a majority of PDI is able to catalyze isomerization of 

disulfide bonds as at least one active site is reduced in approximately 84% of PDI.  As 

discussed above, Ero1-Lα is primarily responsible for re-oxidation of PDI.  Interestingly, 

a majority of PDI is in the reduced state (185).  Where could reduced PDI come from?  

Reduced PDI could derive from the oxidation of client proteins, and the inability of Ero1-

Lα to regenerate oxidized PDI.  Another possible electron donor to oxidized PDI is 

reduced glutathione to form reduced PDI and oxidized glutathione (178).  Additionally, it 

has been postulated that a novel thioredoxin reductase could exist in the ER to keep PDI 

reduced (178).  Given the importance of oxidation of client proteins in the ER, the 

excessive amount of reduced active sites in PDI suggests that isomerization represents a 

main role for PDI or that oxidation of proteins by PDI is well controlled.   
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Ero1-Lα 

Ero1-Lα is a protein that functions in the transferring of electrons from PDI to 

molecular oxygen to generate hydrogen peroxide via its FAD moiety.  This protein is 

extremely complex in its regulation and function.  To transfer electrons from PDI to 

molecular oxygen, numerous oxidation-reduction reactions need to occur.  From PDI, 

electrons are donated to a flexible loop that contains the “outer active site” of cysteines 

(C94 and C99) on Ero1-Lα.  After electron transfer, the electrons are transferred to an 

“inner active site” that contains the CXXC motif.  The “inner active sites” (C394 and 

C397) transfer the electrons and protons to the isoalloxazine moiety of FAD, whereupon 

the electrons and protons are transferred to molecular oxygen to create hydrogen 

peroxide.  In professional secretory cells such as adipose tissue, where large amounts of 

disulfides are formed, the amount of hydrogen peroxide or ROS formed could be 

detrimental to the cell.  In 2009, it was discovered that Ero1-Lα is controlled by 

regulatory disulfides dictated by disulfide bond formation of the outer shuttle cysteines to 

another regulatory cysteine residues nearby (C94-C131) (186-188), thus not allowing the 

shuttle of electrons from PDI to the inner cysteines near the FAD moiety.  These 

regulatory disulfide bonds have a low reduction potential of -275 mV (187), far below the 

determined reduction potentials of PDI and the ER postulated reduction reduction near -

180 mV (177, 189).  This lower reduction potential would suggest that a majority of Ero1 

is oxidized in the non-functional form.  This would further suggest that the regulation of 

disulfide bond formation in the endoplasmic reticulum is extremely well regulated.  One 
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likely reason for this regulation could be the inhibition of large amounts of H2O2 in the 

endoplasmic reticulum generated by Ero1-Lα. 

Hydrogen Peroxide 

Besides the canonical pathway of disulfide bond formation described above, other 

pathways have been discovered.  One of the major questions in the field of oxidative 

protein folding is how the ER disposes of peroxide generated by disulfide bond formation 

(190).  Hydrogen peroxide generates disulfide bond formation through a cysteine sulfenic 

acid intermediate (178, 190).  Recently, it was found in vitro that hydrogen peroxide 

facilitated disulfide bond oxidation and native protein formation of bovine pancreatic 

trypsin inhibitor (BPTI) (190).  Whereas, an oxidizing glutathione redox buffer leads to 

formation of disulfide bonds, but not to the fully native tertiary structure of BPTI (190).  

These in vitro data suggest that H2O2 may be a potential source of oxidizing equivalences 

in the ER.  

 Recently, PDI peroxidases, GPx7 and GPx8 has been identified and characterized 

by Nguyen et.al. that assist in oxidation of disulfide bonds dependent on hydrogen 

peroxide (191).  They showed that adding PDI, H2O2, and either GPx7 or GPx8 to 

denatured, reduced BPTI, they were able to increase native formation of BPTI faster than 

by PDI, GPx7 or GPx8 with H2O2 alone (191). They further showed that Ero1-Lα and 

GPx7 and/or GPx8 interact by using bimolecular fluorescence complementation (BiFC) 

technology (191).  These data suggest another intracellular mechanism for productive 
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disulfide bond formation by enhancing the oxidation of PDI using PDI peroxidases 

coupled with H2O2 from Ero1-Lα. 

Glutathione 

Glutathione may influence disulfide bond formation inside the endoplasmic 

reticulum.  Glutathione is present at millimolar quantities inside the ER (178).  The 

relative ratio of reduced to oxidized glutathione (GSH:GSSG) is estimated to be around 

1:1 – 3:1 in the ER (177).  In contrast, GSH:GSSG ratio in the cytosol is estimated to be 

30:1 to 100:1 (177).  The ER is more oxidizing than the surrounding cytosol.  Originally, 

oxidized GSSG was thought to be the cellular oxidant, due to its high concentrations in 

the endoplasmic reticulum.  However, with the discovery of Ero1-Lα (described above), 

the role of GSSG in catalyzing oxidation of disulfide bonds in the ER was questioned.  It 

has been shown that GSSG can oxidize reduced PDI with a second order rate constant of 

s 188 M -1s-1, suggestive of a potential mechanism for oxidizing PDI in vivo (190).    In 

vitro, disulfide bonds can be introduced to protein substrates by GSSG, however, proteins 

may not assume the correct final tertiary structure (190).   

Reduced glutathione (GSH) is able to reduce disulfide bonds in vivo.  In an 

elegant study by Chakravarthi and Bulleid, they showed that by decreasing the cellular 

glutathione, intracellular oxidation of proteins increases, however, an increase in non-

native disulfide bond formation was observed (192).  This effect was also observed in a 

similar study by Molteni et.al. (193).  It is possible that GSH could inhibit non-native 

oxidation of proteins by forming mixed disulfide bonds with proteins.  Bass et.al. 
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determined that over half of the glutathione in the ER is covalently linked with many 

proteins via mixed disulfide bond formation (194).  One of the possible reasons for 

glutathionylating a protein may be to assist in correcting non-native disulfide bonds.  

Taken together, these data suggest that oxidized glutathione does not appear to be an 

oxidant intracellularly, but reduced glutathione likely influences the formation of proper 

disulfide bonds in vivo by either reducing non-native disulfide bonds or protecting the 

free thiols by forming mixed disulfide bonds.    

Zinc is involved in various cellular processes 

Zinc plays a role in a variety of biochemical processes.  Using bioinformatics, it 

has been reported that an estimated 10% of proteins potentially bind zinc in vivo (195).  

Among the different classes that were identified were transcription factors (30%), 

hydrolases (12%), ligases (9%), oxidoreductases (1%), lyases (1%), signal (7%), 

transport/storage (4%), structural (2%), DNA-repair/replication/translation (1%), no 

function associated “zinc-finger” (13%),  and proteins of unknown function (14%) (195).  

These data suggest that zinc interaction can affect both catalytic and structural properties 

of a variety of enzymes. 

Zinc coordination in proteins plays an important role in the structure and catalysis 

of various proteins (196).  The amino acids that can coordinate zinc include cysteine (S-

donor), aspartate (O-donor), gluatate (O-donor), and histidine (N-donor).  Additionally, 

water can act as a ligand in the coordination of zinc.  Generally, zinc generally forms a 

trigonal or tetrahedral arrangement of ligands.  In tetrahedral geometries, at least one 

cysteine is the ligand in around 97% of the proteins and the other amino acids are 
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histidines (195).  In the other 3% of tetrahedral coordination, its either histidines and/or 

aspartate/glutamate coordinate the zinc molecules (195).  In a trigonal conformation, 

activated water can also act as a ligand as in the case of carbonic anhydrase (197).     

Zn2+ coordination to cysteines can be modulated by redox state 

The importance of cysteine in controlling zinc levels is illustrated by the redox 

activity of cysteine residues.  As described above, cysteine residues can be involved in 

the coordination of Zn2+.  Generally, in the tetrahedral arrangement, at least one cysteine 

is involved but up to four thiols can coordinate zinc (198).  The difference between 

cysteines and histidines or glutamates/aspartates is the ability to become oxidized.  As 

only reduced thiols/cysteines can coordinate zinc, oxidation of disulfide bonds release 

zinc (198).  Oxidation can lead to decreased activity of enzymes that require Zn-S 

coordination for structure stabilization or catalysis.  Increased intracellular zinc during 

oxidizing conditions are known to inhibit certain enzymes that contain cysteine active 

sites such as protein tyrosine phosphatases (199), caspases (200), and Ca2+ -ATPase 

(201).  Taken together, the redox environment surrounding at least two cysteines can 

have detrimental effects intracellularly when the cysteines are oxidized. 

Zinc colocalizes to the secretory pathway and the mitochondria 

Zinc is found at high concentrations in the mitochondria, the endoplasmic 

reticulum, and in the Golgi apparatus (202, 203).  Using both high (Zinpyr-1) and low 

dissociation constant (Newport Green) zinc-specific indicators, Stork et.al showed that 

high concentrations of zinc localize to the ER (202).  To show that the reporters were 
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zinc specific, treatment with the zinc-specific chelator (TPEN), decreased the florescent 

signal (202).  In another study, Tomat et.al. showed that free zinc localizes to both the 

mitochondria and golgi apparatus using organelle-specific fluorescence reporters (203).  

Additionally, free zinc concentrations are higher in insulin-secretory granules than in the 

cytosol of pancreatic β-cells using fluorescence resonance energy transfer (FRET) 

technology (204).  These data suggest that zinc does localize to the mitochondria and 

secretory pathway. 

Zinc levels are decreased in type 2 diabetes 

Decreased zinc levels have been associated with type 2 diabetes in mouse (205) 

and humans (206-208).  Interestingly, treating type 2 diabetic mice or humans with zinc 

complexes leads to decreased glucose levels (209-211).  Additionally, treating db/db 

(genetically) obese mice with zinc led to a decrease in fasting serum glucose 

concentrations (212), suggestive of decreased hepatic glucose output, one of the main 

functions of adiponectin (21, 22).  Another possible explanation for decreased glucose 

levels is the interaction between zinc and insulin.  Zinc deficiency is associated with a 

decrease in insulin secretion (213).  The ability of zinc to decrease insulin secretion could 

be due to the interaction between zinc and insulin in the secretory granules located within 

the β-cells of the pancreas (214).  Zinc stabilizes and inhibits the precipitation of 

hexameric insulin, which is present in high quantities in β-cells (215, 216).  Taken 

together, these data suggest that decreased serum zinc levels could be part of the 

pathophysiology of type 2 diabetes, however, at the current time, it is still not completely 

understood (217). 
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An explanation of the dissertation format. 

This dissertation has been prepared according to the guidelines provided in the 

University of Arizona Graduate College Manual for Electronic Theses and Dissertations.  

This work is presented in four chapters and three appendices.  Each appendix contains a 

reprint of an already previously published paper in a peer-reviewed journal or a 

manuscript that has been submitted.  The problem, its context and a literature review is 

included in Chapter I.  Chapter II describes the present study including a summary of the 

main conclusions of the papers appended to this dissertation.  Chapter III - V includes 

data that supports the overall conclusions of the paper, but is not currently published or 

submitted.  The conclusion and future studies are included in Chapter VI.  My 

contribution to each paper in the appendices is detailed below: 

Appendix A:  I solely performed each experiment except the MS/MS (Chris Jones, Dr. 

Wysocki’s group), and dynamic light scattering (Dr. Tsu-Shuen Tsao).  Intellectual 

contributions were attributed to Ellene Mashalidis, Martha Nunez, and Andrew C. 

Hausrath.  I purified the adiponectin used in this study except for the MS/MS data, which 

was purified by David Wert.   I was also responsible for creating the final figures and 

writing the initial draft of this manuscript.  Dr. Tsu-Shuen Tsao provided oversight for 

the project and revised the manuscript prior to submission. 

Appendix B:  My effort in this paper is solely performing the experiments related to 

figures 2, 4, 5, and supplementary figure 1.  Pamela Malinowski and I performed the 

experiment related to figure 1.  Rebecca Giron, under my supervision, performed the 

experiment in figure 4.  I created the figures and wrote the initial versions of the 
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manuscript.  Dr. Tsu-Shuen Tsao provided oversight for the project and revised the 

manuscript prior to submission. 

Appendix C:  I was solely responsible for the performing all experiments, except for 

Figure 7.  Karina Schnittker performed the final two replicates for Figure 7 to evaluate 

the statistical significance of Figure 7.  I wrote the initial drafts of the manuscript.  Dr. 

Andrew Hausrath contributed intellectually to the project.  Dr. Tsu-Shuen Tsao provided 

oversight for the project and edited the final manuscript, prior to submission. 
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CHAPTER II:  PRESENT STUDY 

 The methods, results, and conclusions of part of this study are included as 

appendices A-C in this dissertation.  The summary of the most important findings in each 

appendix are described below: 

Disulfide-Dependent Self-Assembly of Adiponectin Octadecamers from 
Trimers and Presence of Stable Octadecameric Adiponectin Lacking 
Disulfide Bonds in Vitro (Appendix A) 
 

Summary:  In an effort to obtain trimers for initial formation experiments, we observed 

that adiponectin spontaneously oligomerizes from reduced trimers after removal of 

reducing reagent.  We observed that disulfide bond formation is necessary for the 

assembly to HMW adiponectin.  We showed this through increasing oxidation and 

subsequent oligomerization to HMW adiponectin using hydrogen peroxide.  In contrast, I 

inhibited adiponectin oligomerization and disulfide bond formation by using the thiol 

alkylating agent, iodoacetamide.  In this article, we further showed that disulfide bonds 

are not necessary for octadecamer stability through comparative native-PAGE and non-

reducing SDS-PAGE, dynamic light scattering, and collision induced dissociation mass 

spectrometry.  Lastly, we showed that oxidized hexamer oligomerizes to the octadecamer 

at a far slower rate than reduced adiponectin species.  Collectively, these data suggest that 

disulfide bonds are necessary for oligomerization, but do not play a structural role in the 

purified octadecamer.  Furthermore, these data suggest that complete oxidation of 

disulfide bonds in the hexamer inhibits further octadecamer formation.   
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Role of Redox Environment on the Oligomerization of Higher Molecular 
Weight Adiponectin (Appendix B) 
 

Summary:  The second paper entitled, “Role of Redox Environment on the 

Oligomerization of Higher Molecular Weight Adiponectin”, has been submitted to BMC 

Biochemistry.  We originally hypothesized that prevailing redox environment could 

dictate either hexamer or octadecamer formation from trimer.  Contrary to this 

hypothesis, we found that by slowly creating an oxidizing environment by equilibrating 

reassembly reactions in various concentrations of DTT, adiponectin did not discriminate 

between the hexamer or octadecamer isoforms of adiponectin.  We additionally 

performed an experiment where the redox environment was immediately changed.  We 

found that at oxidizing conditions (-120, -140, and -160 mV), oxidation of adiponectin 

was fast and led to formation of primarily trimers or hexamers with small amounts of 

octadecamer formation.  At -180 mV, disulfide bond formation was slower, but upon 

oxidation, both the hexamer and HMW formed along with a significant amount of 

trimers.  At -200 and -220 mV, disulfide bond formation was hampered, which led to 

decreased oligomerization.  Interestingly, we also observed using higher reduction 

potentials or diamide treatment led to oxidized adiponectin, but a significant portion of 

adiponectin was present in the trimeric form.  These data suggested that under immediate 

oxidizing conditions adiponectin oligomerizes to the hexamer or remains in trimer.  In 

this paper, we showed that disulfide bond rearrangement either by low concentrations of 

βME or increasing concentrations of total glutathione led to increased HMW assembly.  

Collectively, these data suggest that oxidation of adiponectin does not discriminate 
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between the oligomeric state.  In addition to oxidized hexamer not being able to 

oligomerize to the octadecamer (first paper), we also determined that oxidized trimer 

cannot oligomerize to the octadecamer.  However, both can reoligomerize by disulfide 

bond rearrangement.   

Zinc Enhances the Formation of Octadecameric Adiponectin but Decreases 
the Rate of Disulfide Bond Formation (Appendix C) 
 

Summary:  The third paper entitled, “Zinc enhances the formation of octadecameric 

adiponectin but decreases the rate of disulfide bond formation,” assisted in helping us 

further understand the oligomerization process of adiponectin.  In this report, we 

observed that EDTA, DTPA, and neocuproine partially inhibited the oligomerization to 

the octadecamer, but high concentrations of EDTA did not collapse the octadecamer to 

lower ordered oligomers.  We followed up on the EDTA/DTPA/neocuproine experiments 

and noticed that zinc can specifically enhance the oligomerization to the octadecamer 

when compared with copper, magnesium, and calcium.  We found that the increase in 

HMW adiponectin is due to the inhibition of disulfide bond formation in the early stages 

of oligomerization.  We also observed that increasing the starting concentration of 

adiponectin influences the oligomerization of the octadecamer, presumably by enhancing 

the inter-trimer interactions, which could lead to the formation of higher-ordered 

oligomers.  These data collectively suggest that the rate of disulfide bond formation is 

important in the assembly process to octadecamer, potentially by allowing trimeric 

adiponectin subunits to come together. 
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CHAPTER III:  ASCORBIC ACID INCREASES THE FORMATION 
OF HMW ADIPONECTIN POTENTIALLY THROUGH 

ALTERATION OF ER REDOX STATE. 
 

Introduction: 

Data presented in this dissertation (Chapter II) suggest that disulfide bond 

formation is important in the oligomerization process of the higher-ordered structures of 

adiponectin.  More importantly, the rate of disulfide bond formation or disulfide bond 

rearrangement can increase the amount of HMW adiponectin that is assembled.  We 

wanted to assess the possibility that altering the redox environment of the ER in 3T3-L1 

adipocytes could influence adiponectin oligomer distribution.  To alter the ER redox 

environment, we used the ascorbate/dehydroascorbate redox couple, which localizes to 

the ER (218).  Previously, we observed that treating differentiated 3T3-L1 adipocytes 

with high concentrations of either ascorbic acid (reduced form) or dehydroascorbate 

(oxidized form) led to an increase in the HMW isoform of adiponectin (TS Tsao, 

personal communication).  Ascorbic acid is a cofactor for prolyl hydroxylase (219).  As 

hydroxylation and glycosylation are necessary for oligomerization to the HMW form of 

adiponectin (30), we assessed the hydroxylation profiles of each oligomer after ascorbic 

acid treatment and did not observe a difference in the different oligomers (TS Tsao, 

personal communication).  Therefore, we analyzed the potential alteration of redox 

environment of HMW adiponectin.  To evaluate changes in the ER, we probed for Ero1-

Lα, an ER resident protein whose mobility on a non-reducing SDS-PAGE is changed 

dependent on the disulfide bond linkages which it can form (186).  Additionally, we 

63



assayed the assembly of adiponectin in the presence of ascorbic acid and 

dehydroascorbate. 

Materials and Methods 

Ero1-Lα analysis after ascorbic acid treatment of differentiated 3T3-L1 adipocytes - 

Cultured 3T3-L1 murine adipocytes were differentiated as described previously (220).  

Differentiated 3T3-L1 adipocytes replenished with serum-free Opti-MEM plus 2.5%BSA 

were incubated in the presence of ascorbic acid (150 mg/L) for 4 hrs or for 45 min with 

DTT (5 mM) or diamide (5 mM) at 37ºC.  After incubation, cells were washed twice with 

chilled PBS, pH 7.6, and lysed in 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% 

NP-40, 0.25% deoxycholate, 0.1% SDS, Complete protease inhibitor cocktail (Roche) 

and 5 mM 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS).  Lysates were 

immediately precipitated in 10% trichloroacetic acid and centrifuged.  Precipitated pellets 

were washed 3 times in 70% acetone and resuspended in 5 mM Hepes, 5% SDS, pH 7.2, 

and 9 mM AMS.  Solubilized samples were heated in 1X LDS sample loading buffer 

(Invitrogen) with or without 50 mM DTT before fractionated in 10% Bis-Tris gels 

(Invitrogen).  Polyclonal antibody against Ero1-Lα was purchased from Novus 

Biologicals (Littleton, CO). 

Reassembly of octadecameric adiponectin in the presence of ascorbic or 

dehydroascorbate - Purified octadecameric adiponectin dissolved in 1x PBS, pH 7.6 

(0.25 mg/ml) was treated with 10mM DTT for 2 hours at 37°C.  Subsequently, the 

sample was treated with 50mM glycine for a final pH of approximately 4 for 30 min at 
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37°C to complete collapse the octadecameric adiponectin species to trimer.  Samples 

were then dialyzed into 1x PBS, pH 7.6, in the absence or presence of 100 mg/L of 

dehydroascorbate or 100 mg/L ascorbate.  At the end of 3 hours of dialysis, samples were 

removed and placed at 4 degrees.  For native electrophoresis, concentrated loading buffer 

was added.  NEM (final concentration = 15 mM) was added to the denatured sample prior 

to heat denaturation.   

Results 

 Ascorbic acid induces a shift in Ero1-Lα redox state – As described in the 

introduction, treatment of cultured 3T3-L1 adipocytes with ascorbic acid led to an 

increase in HMW adiponectin secretion without effecting hydroxylation (TS Tsao, 

personal communication).  Ascorbic acid and its oxidized form, dehydroascorbate, are 

known to induce protein thiol oxidation in the ER (221).  To evaluate the potential role of 

redox environment in enhancing octadecamer oligomerization, we probed for the ER 

resident protein, Ero1-Lα, whose migration profile on non-reducing SDS-PAGE is 

changed based on different intramolecular disulfide bond arrangements (193, 222).  Ta 

analyze the potential role of ascorbic acid in modulating redox environment, we treated 

differentiated 3T3-L1 adipocytes with 150 mg/ml ascorbic acid.  As determined by Ero1-

Lα migration differences, the ascorbic acid treatment, led to a shift in Ero1-Lα redox 

state, when compared with the control (Figure 3.1).  These data suggest that addition of 

ascorbic acid to cultured adipocytes may lead to redox changes in the ER. 
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 Ascorbate or dehydroascorbate treatment increases the assembly of the 

octadecamer and oxidation of adiponectin - To determine if ascorbic acid could be 

enhancing the oligomerization to the octadecamer directly, we allowed oligomerization to 

occur in the presence or absence of ascorbate or dehydroascorbate in the dialysis buffer.  

Surprisingly, we observed that either 575 μM dehydroascorbate (oxidized form) or 

ascorbate (reduced form) in the dialysis buffer enhanced the oligomerization to the 

octadecamer (Figure 3.2A) and oxidation of adiponectin dimers (Figure 3.2B).  These 

data suggest that ascorbic acid or dehydroascorbate can modulate the formation of HMW 

adiponectin during assembly by increasing oxidation.  The mechanism by which this 

occurs is currently unknown. 

Discussion 

 Ascorbic acid acts as both a pro- and anti-oxidant in the ER.  Ascorbic acid is 

converted to dehydroascorbate (DHA) in the cytoplasm by an unknown ascorbate oxidase 

(221).  After conversion, DHA is selectively imported into the ER, where it can oxidize 

PDI or protein thiols (221, 223).  The oxidation of PDI or protein dithiols by DHA yields 

oxidized PDI/Protein and ascorbic acid, the reduced form.  Under this system, ascorbic 

acid would lead to a preferential oxidation of proteins in the ER primarily by conversion 

to dehydroascorbate, primarily.  Eventually, this reaction would increase the 

concentration of ascorbic acid and potentially lead to a more reduced environment.  Due 

to this potential dual role of ascorbic acid in oxidative protein folding suggests that we 

cannot conclude if it is leading to the change in the overall redox environment change as 

depicted in Figure 3.1.  To evaluate the role of redox environment changes in the ER, the 
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reduction potential would need to be analyzed in real time.  This ability of monitoring 

redox state changes in the ER is possible using an ER-localized redox sensitive GFP, 

which we have procured in our lab and are currently characterizing.    

The ability of both ascorbic acid and dehydroascorbate to oxidize and increase the 

assembly to HMW adiponectin appears to be confusing as ascorbic acid and 

dehydroascorbate represent a redox couple and are the reduced and oxidized forms, 

respectively.  Dehydroascorbate has been shown previously to be an oxidant for proteins 

and PDI (223-227) and could potentially explain the reason for increased oxidation and 

assembly of the octadecameric adiponectin species and may.  These data further suggest 

that DHA could function as an oxidant of adiponectin disulfides in vivo.  Confusingly, 

ascorbic acid led to an increase in the oxidation as well.  Ascorbic acid is largely 

considered as an anti-oxidant.  However, ascorbic acid can also act as an oxidant, 

indirectly (228).  To become an oxidant, ascorbic acid reacts with either Fe3+ or Cu2+ to 

yield Fe2+ or Cu1+.  The resultant reduced metals (Fe2+ or Cu1+) can then react with trace 

hydrogen peroxide to generate hydroxyl radical (OH·) and hydroxide ion (OH-), also 

known as a Fenton reaction.  Although metals or hydrogen peroxide were not added to 

the reaction in Figure 3.2, trace amounts could exist from a contaminated water source or 

from the addition of the contaminated buffer salts with trace metals.  It has also been 

reported that ascorbic acid can react with molecular oxygen to generate hydrogen 

peroxide and/or dehydroascorbate via a superoxide intermediate (229).  This latter 

reaction could explain the increased oxidation of adiponectin and subsequent 

oligomerization to the octadecamer in the presence of ascorbic acid.  

67



Figures 

 

 

 

Figure 3.1 – Migration of Ero1-Lα isoforms after treatment with 150 
mg/L ascorbic acid.  Differentiated 3T3-L1 adipocytes were treated 
with 150 mg/L ascorbic acid for 4 hrs. at 37 °C.  Afterwards, the media 
was removed and the cells were washed with chilled PBS before lysis 
in 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 
0.25% deoxycholate, 0.1% SDS, Complete protease inhibitor cocktail 
(Roche) and 5 mM 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic 
acid (AMS).  AMS was added to alkylate the thiols to minimize further 
oxidation-reduction reactions.  Lysates were immediately precipitated 
in trichloroacetic acid and washed three time in 70% acetone.  The 
pellet was dissolved in 5 mM Hepes, 5% SDS, pH 7.2, and 9 mM 
AMS and denatured by addition of loading buffer and heat  for at least 
10 min.  To completely reduce the Ero1-Lα present in the cells, 50 mM 
DTT was used.  The primary antibody used in this study was anti-
Ero1-Lα from Novus Biologicals. 

anti-Ero1-Lα 
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Figure 3.2  -  Reassmbly of adiponectin octadecamer in the 
presence of ascorbic acid or dehydroascorbate.  Purified 
octadecamer was collapsed to trimer by sequential incubations 
in DTT and low pH.  Subsequently, the samples were dialyzed 
into PBS or PBS containing either 575 μM dehydroascorbate 
(DHA) or ascorbic acid (AA).  Samples were dialyzed for 3 
hours.  Upon removal, NEM was added to inhibit further 
disulfide exchange.  Oligomerization states of adiponectin 
were analyzed by (A) Native PAGE.  Oxidized dimers or 
reducecd monomers were analyzed after separation by (B) 
non-reducing SDS-PAGE.  Proteins were detected by 
coomassie brilliant blue staining.   
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CHAPTER IV: CHELATORS ARE UNABLE TO COLLAPSE 
ADIPONECTIN COMPLEXES IN VARIOUS MAMMALIAN 

SPECIES 

Introduction 

 HMW adiponectin from various species is insensitive to chelators. It has been 

established that HMW adiponectin collapses to hexamer under low pH conditions, but 

does not collapse under basic pH conditions (26, 29, 43, 125).  Histidine has the ability to 

coordinate metals under physiological conditions, but cannot under low pH conditions 

due to protonation of the imidazole side chain (230).  We hypothesized that metals could 

be involved in the molecular forces that hold individual hexamers together in the final 

HMW adiponectin structure (230).  In Appendix C, we show that the EDTA is unable to 

collapse purified bovine octadecamer even in the presence of 100 mM EDTA, suggestive 

that divalent cations are not sufficient to hold individual hexamers together in the 

octadecamer.  To ensure that this data holds true in vivo, we analyzed the effect of 

chelators on adiponectin complex distribution from different serum.  Consistent with the 

data from purified bovine HMW adiponectin, we found that chelators were unable to 

collapse adiponectin in human and mouse serum.  These data are not published in 

Appendix C. 

Materials and Methods 

Treatment of serum with chelating agents - Samples from either human or mouse were 

treated with different chelators under different conditions as described in the results 

section. 
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Separation and detection of adiponectin oligomers  – Adiponectin complexes from serum 

were separated in 7% Tris-Acetate Gels as described previously (125).  To detect 

adiponectin, proteins were transferred to a nitrocellulose membrane in a semi-dry transfer 

apparatus (Hoefer, Inc., Holliston, MA) in 25 mM Tris pH 8.3, 192 mM glycine, and 

15% methanol.  Filters were blocked in Tris-buffer saline supplemented with 10% non-

fat dried milk, pH 7.5 and probed overnight with a rabbit anti-serum raised against 

recombinant globular adiponectin (expressed and purified as previously described (132)) 

diluted at 1:2000 in the same blocking buffer followed by washing and incubation with 

horseradish peroxidase – conjugated anti-rabbit antibody (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA).  After extensive washing, the membranes were 

treated with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific) and exposed to blue x-ray films. 

Results 

Human serum and plasma adiponectin do not collapse in the presence of chelators.  To 

determine if human serum adiponectin complexes are stable in the presence of metal 

chelators, we incubated human serum with either 5, 25, or 100 mM EDTA or EGTA for 

30 min at 37 °C.  We observed that adiponectin complexes in human serum did not 

collapse to lower-ordered oligomers (Figure 4.1).  However, in human plasma, it appears 

that intensity of the octadecameric adiponectin isoform  might be slightly lower in 

EGTA, but it is not apparent if it collapses into lower-ordered oligomers. 
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Mouse serum adiponectin does not collapse to lower-ordered oligomers in the presence 

of chelators.  In addition to human serum adiponectin, we also tested the ability of 100 

mM EDTA to collapse mouse serum adiponectin complexes after overnight incubation.  

Similar to human serum adiponectin, mouse serum adiponectin did not collapse to lower 

ordered oligomers  after overnight treatment (Figure 4.2A).  EDTA is highly negatively 

charged and may not have access to the metal due to electrostatic repulsion.  To eliminate 

the role of charge in possible inaccessibility, we used 1,10 phenanthroline, another  metal 

chelator that is neutral.  Treatment of mouse serum with 10 mM 1,10 phenanthroline over 

24 hours did not lead to redistribution of the adiponectin oligomers in mouse serum 

(Figure 4.2B), similar to EDTA treatment. 

.   To further explore the possibility of a potential divalent cation stabilizing the 

interaction between individual hexamers, we reasoned that increasing the temperature 

may induce  localized denaturing  which may expose the divalent cation to chelation by 

either EDTA or 1,10 phenanthroline.   In line with this reasoning, we incubated mouse 

serum adiponectin in the presence of 10 mM 1,10-phenanthroline or 100 mM EDTA at 

55 °C for the timepoints indicated.  Even at this high temperature, we did not observe a 

redistribution of the adiponectin oligomers in mouse serum (Figure 4.3). 

Discussion 

 Our original impetus for studying metals in the stability of the octadecamer rose 

from the fact that adiponectin octadecamer collapses to hexamer with low pH treatment.  

We hypothesized that metal could stabilize interactions between individual hexamers in 
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the mature octadecamer.  The data presented here suggest that divalent cations are not 

sufficient for stability of adiponectin complexes either in vitro (Appendix C, Figure 1) or 

in vivo (Figures 4.1 – Figures 4.3).  However, metals are known to coordinate amino 

acids in proteins with high affinity (198, 231, 232), and thus may not allow the formation 

of the EDTA-divalent cation complex and collapse the HMW isoform of adiponectin.  

Therefore, it is possible that divalent cations can still stabilize the octadecamer, but our 

current assays are unable to answer that question.   

 Although we are unable to detect divalent cations in the stability of individual 

hexamers in the octadecamer, two pieces of evidence suggest that metal can or may be 

able to bind to octadecameric adiponectin.  In our study (Appendix C, Figures 2 and 3), 

we showed that addition of EDTA or DTPA led to decreased assembly to the HMW 

species of adiponectin when compared with the control.  This would suggest that divalent 

cations chelated by EDTA or DTPA inhibit the reassembly of the octadecamer could be 

present in the starting octadecamer.  The other piece of evidence that suggests that 

octadecamer can bind zinc is in the purification process of adiponectin.  In the initial step 

of purification, adiponectin is isolated by using immobilized metal affinity 

chromatography coupled with Zn2+.  Therefore, adiponectin has the ability to bind zinc, 

but the coordinating residues are not currently known.  Adiponectin contains a His-X-X-

His motif that is known to coordinate metals (230).  Further biochemical assays such as 

EXAFS can be employed to understand if a divalent cation is located in native 

octadecameric adiponectin.  
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Figures 

  

Figure 4.1.  Human serum treated with various concentrations of 
ethylenediaminetetraacetic acid (EDTA) or ethylene glycol tetraacetic acid 
(EGTA).  Samples were incubated with the indicated concentration of 
chelator for 30 min at 37 °C.  Oligomeric complexes were separated in 7% 
Tris-Acetate under native conditions.   
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Figure 4.2.  Mouse serum treated with (A) EDTA or (B) 1,10-
phenanthroline.  Mouse serum was treated with 100 mM EDTA for 18 hrs 
at the temperatures indicated.  Similarly, mouse serum samples were 
treated with 10 mM 1,10-Phenanthroline for the indicated times at 25 °C or 
37 °C.  As 1,10-phenanthroline is not soluble in aqueous solutions, the 
stock was dissolved in 100% ethanol.  To control for ethanol degradation 
of adiponectin, 4% ethanol was added and incubated for similar times as 
indicated.  Adiponectin was detected using anti-globular adiponectin 
antibody. 
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Figure 4.3.  Mouse adiponectin complexes in the 
presence of 1,10-phenanthroline and EDTA at 55 °C.  
Mouse serum was incubated with 10 mM 1,10-
phenanthroline (Phen) or 100 mM EDTA for the 
indicated times at 55 °C.  The 1,10-phenanthroline 
stock was dissolved in 100% ethanol.  To account for 
adiponectin degradation caused by ethanol, a control 
sample containing 4% ethanol was included. 
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CHAPTER V:  ADIPONECTIN OLIGOMERIZATION FROM 
MOUSE TRIMERS IN THE PRESENCE OF DTT OR ΒME. 

Introduction 

 Adiponectin oligomerizes into three primary isoforms: trimer, hexamer, and 

higher molecular weight (HMW).  For a majority of the oligomerization experiments 

described in this dissertation, the reducing reagent had to be removed either by dialysis or 

buffer exchange using microcon concentrators.  During the course of these 

oligomerization studies, we observed that mouse trimer expressed from HEK293T cells 

spontaneously formed aggregates of adiponectin after treatment with either DTT or βME, 

without removal of reducing reagents.  Although aggregates can be detected on native 

gels, there are hexamer and HMW bands that can be clearly observed.  These data 

suggest that mouse adiponectin trimers spontaneously aggregate or oligomerize to higher-

ordered structures after reduction of disulfide bonds, without the need for subsequent 

oxidation.  Taken together, oligomerization to higher-ordered oligomers of adiponectin 

may be thermodynamically favorable in mouse trimeric adiponectin under reducing 

conditions as opposed to bovine adiponectin.  

Materials and Methods 

Production of mouse adiponectin trimer – Mouse adiponectin trimer was purified from 

HEK293T cells as described previously (25). 

Experiments involving trimer reoligomerization – Purified mouse trimer was incubated 

with various concentrations of DTT or βME as described in separate experiments as 
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described in the results section or in the figure legends.  Adiponectin oligomers were 

separated in 7% Tris-Acetate gels as described previously (125). 

Results 

Addition of DTT and βME to mouse trimer forms aggregates/higher-ordered structures of 

adiponectin – As described in the introduction, previous oligomerization studies using 

purified bovine adiponectin were done by reducing HMW to trimer by incubations in 

DTT and low pH, followed by removal of reducing reagent by dialysis or buffer 

exchange using ultra-filtration.  In contrast to these results, we observed that adiponectin 

mouse trimer derived from transfected HEK293T cells could spontaneously aggregate or 

oligomerize to higher-ordered structures.  We observed that aggregation or 

oligomerization was dose-dependent as aggregation/oligomerization increased with 

increasing amounts of DTT or βME (Figure 5.1).  Treatment with DTT caused greater 

aggregation than βME (Figure 5.1), likely due to the fact that DTT reduces disulfides 

better than βME due to its propensity to form a intramolecular cyclic disulfide (233).   

Removal of reducing reagents by dialysis does not increase yield of HMW species – The 

data presented in Figure 5.1 suggests that reducing conditions led to spontaneous 

formation of higher-ordered oligomers of adiponectin from trimers.   However, some 

adiponectin remained in trimers, and other higher-molecular weight species.  The data 

presented in this dissertation show that bovine adiponectin assembles into the 

octadecamer following removal of reducing agents.  We wanted to assay if dialysis to 

remove the DTT or βME would increase assembly of the intermediate oligomers of the 
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mouse trimeric adiponectin.  We observed that dialyzing away the reducing reagents did 

not lead to redistribution of the adiponectin oligomeric complexes (Figure 5.2).  Taken 

together, these data suggest that mouse trimeric adiponectin forms into stable adiponectin 

complexes under reduced conditions that do not further assemble when the reducing 

reagent is removed.    

Discussion 

 These data suggest that HMW adiponectin may be the lowest energy isoform. 

Interestingly, high concentrations of either βME or DTT were required to collapse HMW 

bovine adiponectin to trimer (125).  Furthermore, we demonstrated that mature bovine 

octadecamer adiponectin is stable in the absence of disulfide bonds (125).  The data 

presented in this chapter demonstrate that trimeric adiponectin can spontaneously 

oligomerize into higher-ordered oligomers under reducing conditions (Figures 5.1 and 

5.2).  To further assess the spontaneity of oligomerization from trimer in other species, 

bovine trimer would need to be generated from HEK-293T cells as a majority of bovine 

adiponectin is present in the octadecameric form.  However, at present, these data suggest 

that the HMW isoform of adiponectin may represent the lowest energy conformer of 

adiponectin.   

Disulfide bond formation may be necessary to control for aggregation of 

adiponectin oligomers during formation.  Reduction of the disulfide bonds in mouse 

trimeric adiponectin led to aggregation of adiponectin oligomers that increased as more 

DTT was added (Figure 5.1).  The data presented in the appendices of this dissertation 
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demonstrate that disulfide bonds are necessary for the oligomerization process of bovine 

adiponectin. The rate of formation or the isomerization of disulfide bonds in the assembly 

process to the octadecamer could allow for controlled oligomerization so that adiponectin 

does not aggregate intracellularly.   
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Figures 

  

  

Figure 5.1.  Mouse trimeric adiponectin after 
treatment with reducing agents.  Recombinant 
mouse adiponectin trimer derived from transfected 
HEK-293T cells were treated with either DTT or 
βME at the concentrations indicated for 1 hr at 
37°C.  Adiponectin complexes were separated in 
7% Tris-Acetate native PAGE gels. 
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Figure 5.2.  Mouse trimeric adiponectin after 
DTT/βME treatment and subsequent dialysis.  
Recombinant mouse trimeric adiponectin  
generated from HEK-293T were treated with 10 
mM DTT or 20 mM βME for 45 min at 37 °C.  
Following treatment, the samples were dialyzed 
against PBS to remove the reducing reagents.   
Adiponectin complexes were separated in 7% 
Tris-Acetate gels under native conditions.   
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CHAPTER VI: CONCLUSIONS AND FUTURE DIRECTIONS 

General conclusions 

Decreased serum levels of the adipocyte-secreted hormone adiponectin are 

associated with obesity, type 2 diabetes and coronary artery disease (17, 20, 234, 235).  

One of the complicating factors associated with studying adiponectin’s effect in these 

disease states is that it oligomerizes into three predominant isoforms: trimer, hexamer, 

and HMW species (24, 26).  Numerous studies have shown an inverse correlation 

between HMW adiponectin levels and insulin resistance (32-35).  Currently, the cause of 

the decrease of HMW adiponectin is not known.  Recent data have suggested that 

impaired adiponectin formation in the endoplasmic reticulum (ER) represents one such 

possibility (37, 40, 236).  In line with these data, it has been postulated that increased 

HMW adiponectin could result from a “more productive folding environment” inside the 

ER (37).  However, without a clear understanding of the assembly process of adiponectin, 

this hypothesis cannot be tested.  In this thesis, I have developed an assay that allows for 

studying the assembly process of HMW adiponectin in vitro.   

Using the in vitro assay described in this dissertation, we are beginning to 

understand the assembly process to HMW adiponectin.  Disulfide bonds play an 

important role in the assembly of the adiponectin (125)(Figure 6.1).  However, the rate of 

disulfide bond formation also dictates the assembly pathways of adiponectin.  

Unproductive disulfide bond formation leads to formation of hexamer and/or trimer, 

whereas, productive disulfide bond formation leads to formation of the octadecamer.  A 

description of these pathways is described below. 
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Unproductive disulfide bond formation and oligomerization to hexamer and trimer 

 Unproductive disulfide bond formation leads to formation of hexamer and trimer.  

The data in this dissertation suggest that an immediate oxidizing environment leads to 

unproductive disulfide bond formation as both the trimer and hexamer were the 

predominant isoforms.  The unproductive disulfide bond formation likely leads to 

oxidized trimer (1 disulfide bond, 1 free thiol) and/or fully oxidized hexamer (3 disulfide 

bonds) with minimal assembly to the octadecamer.  Immediate oxidizing conditions 

could represent one potential cause of decreased HMW levels in obesity and insulin 

resistance.   

Figure 6.1 - General model of adiponectin oligomerization from data generated 
in this work.  Original drawing of adiponectin complexes was done by Cheryl 
Ryan. 
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Productive disulfide bond formation and oligomerization to the octadecamer 

 The data presented in this dissertation suggest that productive disulfide bond 

formation can lead to the HMW isoform (Figure 6.1).  Briefly, to accomplish productive 

disulfide bond formation, individual trimers associate via a disulfide bond.  At the same 

time, the cysteines in adiponectin need to be at least partially reduced so that another 

trimer can become covalently linked.  This process continues until the octadecamer is 

formed (3mer6mer9mer12mer15mer18mer).  To enhance productive 

disulfide bond formation, zinc or other potential chaperones (see In vivo implications) 

may lead to inhibition of initial disulfide bond formation which allows the partially 

reduced intermediates to form before oxidation.  Our data also suggest that unproductive 

disulfide formation to hexamer or trimer can still form HMW through disulfide bond 

isomerization.  Taken together, our data suggest that productive disulfide bond formation 

or isomerization leads to increased HMW adiponectin assembly.   

Thermodynamics of adiponectin assembly 

 The assembly of HMW adiponectin is at least partially thermodynamically driven.  

We observed that octadecamer forms before hexamer in the initial studies of adiponectin 

oligomerization (125).  Additionally, we observed a fully reduced octadecameric species 

of adiponectin using a variety of biochemical and biophysical approaches (125).  The 

strongest evidence for HMW being the most thermodynamically favorable isoform is that 

we observed adiponectin preferentially assembled into the octadecamer after βME was 

added to oxidized hexamers.  Whereas, when no βME was added to oxidized hexamer, 

octadecamer assembled at a far slower rate.  Protein folding and assembly is generally 
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described as an energy landscape and is generally depicted as a protein folding funnel 

(237-239).  In the protein folding funnel, the native structure is assumed to be the lowest 

in energy (bottom of the funnel).   As a protein folds/assembles into the native structure, 

there are local minima where the protein conformation is stable and may not achieve the 

final native state due to energy barriers.  The data  presented in this dissertation suggest 

that the oxidized hexamer and oxidized trimer form into the HMW isoform of 

adiponectin at a far slower rate than reduced trimer or hexamer.  I propose that the 

oxidized hexamer and oxidized trimer may be the local minima that are higher in energy 

than the HMW isoform (Figure 6.2), but cannot assemble into the HMW structure due to 

an energy barrier.  To overcome the energy barrier, the disulfide bonds need to be 

reduced and subsequently oxidized and/or isomerized to the HMW isoform which could 

represent the lowest in free energy. However, the ability of hexamer to oligomerize to the 

octadecamer at a slow rate may suggest that an alternative pathway may exist for 

oligomerization that does not require the reduction of disulfide bonds.  Taken together, 

these data suggest that thermodynamics may play a role in the oligomerization process of 

HMW adiponectin. 
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Kinetics of adiponectin assembly – Necessity of productive disulfide bond 
formation in the oligomerization of HMW adiponectin 
 

 The assembly of adiponectin is also dependent on the rate of disulfide bond 

formation.  We have shown that disulfide bonds are necessary for the oligomerization to 

HMW adiponectin (125).  However, the rate at which disulfide bonds form can affect the 

oligomeric distribution of adiponectin. We observed increased HMW assembly when the 

reducing agent was slowly removed by dialysis.  In contrast, when an oxidizing redox 

buffer was added immediately to reduced trimer, oxidized hexamer and trimer were the 

predominant isoform that was observed.  Therefore, immediate oxidizing conditions lead 

to oxidized trimer and hexamer.  However, if we slow down the rate of initial oxidation 

Figure 6.2  – Hypothetical thermodynamic protein folding 
funnel of adiponectin assembly. 
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by adding zinc as evidenced in Appendix C, we observe increased formation of HMW 

adiponectin.  Taken together, these data suggest the rate of disulfide bond formation 

influences the oligomeric distribution of adiponectin. 

In vivo implications 

The common thread connecting the papers in this dissertation is the ability of 

disulfide bonds to modulate the oligomerization of adiponectin.  As described above, we 

proposed a model whereby adiponectin oligomerizes to the octadecamer by forming 

disulfide bonds between intermediates, but free thiols are still necessary for further 

oligomerization processes (Figure 6.1).  Additionally, unproductive disulfide bond 

formation leads to preferential assembly to the trimer and hexamer.  As these experiments 

were conducted in vitro, we suggest potential roles of proteins involved in increasing 

productive disulfide bond formation and the oligomerization to the higher-ordered 

oligomeric forms of adiponectin (40, 121, 122).  This section details how the results from 

this dissertation may potentially apply in vivo (Depicted in Figure 6.3).   
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ERp44 

ERp44 is one of the proteins localized to the ER that functions in enhancing the 

oligomerization of adiponectin.  ERp44 contains a thioredoxin-like motif (CXXS) instead 

of the canonical CXXC thioredoxin motif, which allows thiols to form a mixed disulfide 

with client proteins and is called thiol-mediated retention (TMR).  TMR by ERp44 was 

shown to form a mixed disulfide bond with the N-terminal C22 in adiponectin that is 

displaced by association between Ero1-Lα and ERp44 (121, 124).  The data in this 

dissertation suggest that the rate of disulfide bond formation influences the 

oligomerization process of adiponectin.  In the oxidizing environment of the ER, we 

propose that disulfide bond formation of adiponectin occurs before the octadecamer 

complex can fully assemble yielding a potential oxidized dead-end in the oligomerization 

Figure 6.3  Potential in vivo pathways of adiponectin oligomerization 
with chaperones in the ER.  Original adiponectin drawings were done by 
Cheryl Ryan. 
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process of adiponectin.  It is likely that ERp44 can protect the N-terminal cysteine in 

adiponectin from prematurely oxidizing, thus allowing the octadecamer to assemble 

before complete oxidation occurs. These data suggest that decreased levels of these 

chaperones may lead to decreased formation of HMW.  In line with this hypothesis, it has 

been shown that ERp44 and its preferred partner, Ero1-Lα, are decreased in a genetic 

(ob/ob) mouse model of obesity and diabetes.  Additionally, the levels of ERp44 and 

Ero1-Lα, were increased after treatment with a PPARγ agonist, a known treatment for 

diabetes, which was associated with an increase in the levels of HMW adiponectin (121).  

We postulate that ERp44 could be influencing assembly of HMW adiponectin by 

decreasing the ability of adiponectin to become prematurely oxidized. 

DsbA-L 

DsbA-L has also been identified as a protein that increases HMW formation and 

secretion (40).  DsbA-L contains a thioredoxin-like motif (SXXS instead of CXXC in 

thioredoxin) that cannot perform oxidation-reduction reactions like PDI or other 

oxidoreductases (40).  Overexpression or repression of DsbA-L led to increased or 

decreased secretion of HMW adiponectin, respectively (40).  Interestingly, this effect was 

abrogated when the adiponectin oligomerization mutant, C22S, was co-expressed (40).  

Additionally, when the N-terminal serine (S16) was changed to an alanine, HMW 

secretion was decreased (26).  These data suggest that the association between DsbA-L 

and adiponectin is likely dependent on the cysteine (adiponectin) and serine (DsbA-L) 

interaction.  As thiolate ions can form hydrogen bonds with the hydroxyl group of serine 

(240-242), the serines on DsbA-L could protect the reduced cysteines (thiolates) of 
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adiponectin from becoming prematurely oxidized thus allowing the HMW complex to 

form before oxidation occurs.  Coincidentally, DsbA-L levels are decreased in obese 

humans and rodents (40).  The potential inability of DsbA-L to protect the cysteines of 

adiponectin from oxidation could explain why HMW adiponectin levels are decreased in 

the obese and type 2 diabetic disease states. 

DsbA-L led to increased total cellular protein of adiponectin without adiponectin 

mRNA levels (40).  Likewise, overexpressing or knocking down DsbA-L levels led to 

increased or decreased protein levels of adiponectin, without affecting adiponectin 

transcript levels (40).  This rules out a role for DsbA-L affecting expression of 

adiponectin making affects on assembly a likely candidate.  If DsbA-L is modulating 

HMW formation through protecting the thiolates of adiponectin cysteines, then perhaps 

premature oxidation leads to incorrect disulfide bond formation, which leads to ER 

associated degradation (ERAD) (243) of adiponectin.  Taken together, these data show 

that the serine to cysteine interaction could be important to the stability of adiponectin 

during HMW assembly.   

Succination 

 Succination of adiponectin may preclude formation of disulfide bonds in 

adiponectin.  It has been reported that under high glucose conditions, adiponectin is 

succinated at C22 (110), the cysteine required for adiponectin oligomerization (24, 26).  

This occurs by nucleophilic attack of a thiolate on the double bonded carbon of fumarate, 

a TCA cycle intermediate (108).  Blatnik et.al. showed that succination of 

glyceraldehyde-3-phosphate dehydrogenase is irreversible (108).  Therefore, irreversible 
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succination of adiponectin may lead to complete inhibition of disulfide bond formation.  

Given the importance of disulfide bond formation in the assembly of the octadecamer as 

described in this dissertation, succination would prevent oligomerization of HMW 

adiponectin.  Additionally, Frizzell et.al. showed that succinated adiponectin is not 

secreted from the cell (110).  Therefore, succination of adiponectin represents a possible 

cause of the decreased HMW levels in obesity and type 2 diabetes. 

Zinc 

Zn2+  has been shown to be localized in the endoplasmic reticulum and Golgi 

apparatus in the secretory pathway (202, 203).  In this work, we show that zinc could 

enhance the formation of the octadecamer by initially inhibiting disulfide bond formation.  

A possible role of zinc in the secretory pathway could be to stabilize thiolates so that 

premature oxidation does not occur in adiponectin or other proteins, which could be 

detrimental to further oligomerization as detailed in this dissertation.  Interestingly, zinc 

levels are decreased in individuals with diabetes mellitus (206-208), but increased in 

other studies (244).  Furthermore, treatment with zinc complexes leads to decreased 

serum glucose levels (209-211).  These data provide a potential mechanism of decreased 

serum glucose levels after zinc treatment by increasing assembly of HMW adiponectin in 

adipocytes. 

Overall redox state of the ER 

ER stress is present in the adipose tissue and liver of genetic and diet-induced 

models of obesity (245).  Although the exact cause of ER stress is unknown, alteration of 
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the redox state represents one possibility (246, 247).  In an elegant study by Malhotra 

et.al., they showed that misfolded proteins, but not de novo disulfide bond formation 

(which generates hydrogen peroxide), elicit reactive oxygen species (ROS) and ER stress 

(248).  This effect can be mitigated using antioxidants (248).  Therefore, in the adipose 

tissue, ER stress in the obese and diabetic phenotypes could be associated with ROS and 

a more oxidizing environment in the ER.  These conditions could lead to premature 

oxidation of adiponectin which would lead to inhibition of octadecamer assembly as 

described in this dissertation.  Taken together, generation of ROS during ER stress could 

lead to decreased assembly of the octadecamer. 

Chaperones may protect adiponectin cysteines from premature oxidation under 

oxidative stress.  As described above, the role of ERp44 and DsbA-L may be protecting 

the cysteine from oxidation during oxidative stress.  Additionally, we showed that 

oxidized hexamer can form the octadecamer through disulfide bond rearrangement.  In 

vivo, one of the major proteins involved in disulfide bond isomerization is PDI (178).  To 

isomerize disulfide bonds, PDI needs to be reduced (178).   It is possible that under 

oxidative stress, the thioredoxin domain (CXXC) is oxidized in PDI and unable to 

isomerize improper disulfide bonds thus leading to inhibition of octadecamer assembly.  

Decreased intracellular levels of PDI or other PDI family members could lead to 

decreased HMW levels in the obese and diabetic phenotypes. 

Future directions 

 ERp44, Ero1-Lα, and DsbA-L have been identified in enhancing HMW 

oligomerization (40, 121, 122).  Using our in vitro assay, we may be able to further 
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define the roles of these chaperones in various redox conditions.  We have obtained 

plasmids of ERp44 (Dr. Roberto Sitia), Ero1-Lα (Dr. Roberto Sitia), DsbA-L (Dr. Feng 

Liu), and PDI (Dr. Lloyd Ruddock) to use in our in vitro assays.  One hypothesis from 

this dissertation is that immediate oxidizing conditions lead to formation of hexamer 

and/or trimer.  To address the roles of ERp44, Ero1-Lα, and DsbA-L in this process, we 

could incubate reduced adiponectin trimer with these proteins, subject the reaction to 

oxidizing conditions, and then monitor the oligomerization process of adiponectin as 

described in this dissertation. 

The ERp44-adiponectin complex could yield trimers due to the stability of the 

covalent mixed disulfide bond under oxidizing conditions.  However, addition of Ero1-

Lα may lead to formation of the octadecamer as it is the preferred binding partner of 

ERp44 (124).  These data would suggest that ERp44 is a chaperone for adiponectin under 

oxidizing conditions and that Ero1-Lα is able to allow for the octadecameric complex to 

form and be secreted.  Data generated in this experiment could suggest that the mixed 

disulfide bond between ERp44 and adiponectin is present to discourage premature 

oxidation of adiponectin.   

 The use of the in vitro assay described in this work could also potentially define 

the role of DsbA-L in the oligomerization process.  In our assay, DsbA-L may lead to 

increased oligomerization of the octadecamer through a potential hydrogen bond between 

the serine in DsbA-L and cysteine in adiponectin under oxidizing conditions.  This 

interaction could inhibit unproductive disulfide bond formation.  To definitively show 

that the serines in DsbA-L and adiponectin interact, the thioredoxin-like domain 

94



(S16XXS) of DsbA-L could be replaced with cysteines.  Liu et.al. determined that the N-

terminal S16 was responsible for increasing HMW adiponectin formation (40).  We 

would predict that if S16 (DsbA-L) is substituted to cysteine, mixed disulfide bond 

formation would occur between DsbA-L.  To assay for mixed disulfide bond formation, 

non-reducing SDS-PAGE could be used.  As a negative control, we could substitute the 

S19 to cysteine.  Liu et.al. showed that the S19A substitution had no effect on the 

oligomerization of the octadecamer (40).  Therefore, we would predict that mixed 

disulfide bond formation would not occur in the S19C mutant.  These experiments could 

directly assess the role and location of DsbA-L’s effect on adiponectin oligomerization.  

 In this dissertation, we have described that octadecamer can also form under 

oxidizing conditions with disulfide bond isomerization.  In this study, we used βME and 

glutathione to induce disulfide bond rearrangement.  Although reduced glutathione can 

reduce non-native disulfide bond formation in vivo (192), βME does not exist in vivo.  

Protein disulfide isomerase (PDI) is located in the ER and isomerizes non-native disulfide 

bonds both in vitro and in vivo (178, 249, 250) .  Instead of using βME, reduced PDI 

could be added to oxidized hexamer or trimer to determine if PDI can potentially assist in 

the assembly to the octadecamer from hexamer in vitro. 

 Lastly, it would be interesting to understand how altering redox conditions in the 

ER affect the interactions in these proteins in 3T3-L1 adipocytes.  To create a more 

oxidizing environment, the gamma-glutamylcysteine synthetase inhibitor buthionine 

sulfoxamine (BSO) may be used.  Gamma-glutamylcysteine synthetase is the first 

enzymatic step in the synthesis of reduced glutathione.  BSO has been used previously 
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used and it created a lower GSH/GSSG ratio (more oxidizing) environment along with an 

increase in reactive oxygen species (251).  To ensure that the treatment led to an 

oxidizing environment, redox sensitive green fluorescent protein (roGFP) would have to 

be employed to allow real time redox measurements.  Redox sensitive GFP allows for 

readout of the reduced and oxidized forms of the protein in various cellular compartments 

(252).  For our studies, the redox sensitive GFP would need an ER localization signal, 

wherein, we could ascertain the redox changes in the ER.  It would be interesting to 

determine the interaction between ERp44 or DsbA-L and adiponectin under these 

chemically induced oxidizing conditions.  To address the interaction between these 

proteins in vivo, co-immunoprecipitation experiments could be done. 

Instead of using BSO to generate an oxidizing environment, we could 

alternatively overexpress the constitutively active oxidoreductase Ero1-Lα (C131A).  The 

regulatory cysteine variant, C131A, allows for a more oxidizing environment as there 

would be no redox control of Ero1-Lα as described in the introduction (186).  One 

potential downfall of this experiment is the constitutively active Ero1-Lα may lead to 

increased HMW adiponectin being secreted due to its association with ERp44 (121, 124).  

However, it would be interesting to monitor adiponectin complexes using co-

immunoprecipitations. 

To generate reducing environments in the ER, the dominant negative mutant 

(C394A) of Ero1-Lα may be used.  The cysteine at C394 is responsible for shuttling 

electrons between the outer disulfide bond pair and FAD.  Therefore, this mutant would 
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render Ero1-Lα inactive.  Because it is inactive, this mutant can lead to a more reducing 

environment in the ER as electrons are passed from Ero1-Lα to oxygen (253).  It would 

be interesting to analyze the effect of this mutant on association of adiponectin with 

ERp44 and DsbA-L.  One potential pitfall of this experiment is that the reducing 

environment elicited from this mutant may not be enough to sufficiently overcome the 

oxidizing environment of the ER.   

In conclusion, disulfide bonds are important in the oligomerization process from 

trimer to octadecamer, but not in the stability of the oxidized octadecamer.  The data 

presented in this dissertation suggest that oligomerization to the HMW species is 

dependent on productive disulfide bond formation, where trimeric adiponectin subunits 

are covalently linked by disulfide bonds while maintaining the other cysteines reduced 

(Figure 6.1).  These data also suggest that unproductive disulfide bond formation, where 

trimers, hexamers or other intermediates are fully oxidized, can inhibit further 

oligomerization to the octadecamer.  However, oligomerization can proceed from 

hexamer or trimer through disulfide bond isomerization.  Additionally, our data suggest 

that zinc may act in vivo to protect the reduced cysteines of adiponectin from premature 

oxidation.  Taken together, this work could lead to developing potential hypotheses that 

can be tested in vivo to understand why HMW adiponectin levels are decreased in type 2 

diabetes.   

  

97



REFERENCES 

1. CDC. (2011) National Diabetes Fact Sheet, 2011, Atlanta, GA. 

2. DeFronzo, R. A. (1988) Lilly lecture 1987. The triumvirate: beta-cell, muscle, 
liver. A collusion responsible for NIDDM, Diabetes 37, 667-687. 

3. Defronzo, R. A. (2009) Banting Lecture. From the triumvirate to the ominous 
octet: a new paradigm for the treatment of type 2 diabetes mellitus, Diabetes 58, 
773-795. 

4. Ahluwalia, I. B., Mack, K. A., Murphy, W., Mokdad, A. H., and Bales, V. S. 
(2003) State-specific prevalence of selected chronic disease-related 
characteristics--Behavioral Risk Factor Surveillance System, 2001, MMWR 
Surveill Summ 52, 1-80. 

5. Kershaw, E. E., and Flier, J. S. (2004) Adipose tissue as an endocrine organ, J 
Clin Endocrinol Metab 89, 2548-2556. 

6. Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and Friedman, J. M. 
(1994) Positional cloning of the mouse obese gene and its human homologue, 
Nature 372, 425-432. 

7. Campfield, L. A., Smith, F. J., Guisez, Y., Devos, R., and Burn, P. (1995) 
Recombinant mouse OB protein: evidence for a peripheral signal linking 
adiposity and central neural networks, Science 269, 546-549. 

8. Halaas, J. L., Gajiwala, K. S., Maffei, M., Cohen, S. L., Chait, B. T., Rabinowitz, 
D., Lallone, R. L., Burley, S. K., and Friedman, J. M. (1995) Weight-reducing 
effects of the plasma protein encoded by the obese gene, Science 269, 543-546. 

9. Pelleymounter, M. A., Cullen, M. J., Baker, M. B., Hecht, R., Winters, D., Boone, 
T., and Collins, F. (1995) Effects of the obese gene product on body weight 
regulation in ob/ob mice, Science 269, 540-543. 

10. de Luca, C., and Olefsky, J. M. (2008) Inflammation and insulin resistance, FEBS 
Lett 582, 97-105. 

11. Arner, E., Westermark, P. O., Spalding, K. L., Britton, T., Ryden, M., Frisen, J., 
Bernard, S., and Arner, P. (2010) Adipocyte turnover: relevance to human adipose 
tissue morphology, Diabetes 59, 105-109. 

12. Qatanani, M., and Lazar, M. A. (2007) Mechanisms of obesity-associated insulin 
resistance: many choices on the menu, Genes Dev 21, 1443-1455. 

98



13. Scherer, P. E., Williams, S., Fogliano, M., Baldini, G., and Lodish, H. F. (1995) A 
novel serum protein similar to C1q, produced exclusively in adipocytes, J Biol 
Chem 270, 26746-26749. 

14. Hu, E., Liang, P., and Spiegelman, B. M. (1996) AdipoQ is a novel adipose-
specific gene dysregulated in obesity, J Biol Chem 271, 10697-10703. 

15. Maeda, K., Okubo, K., Shimomura, I., Funahashi, T., Matsuzawa, Y., and 
Matsubara, K. (1996) cDNA cloning and expression of a novel adipose specific 
collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1), Biochem 
Biophys Res Commun 221, 286-289. 

16. Nakano, Y., Tobe, T., Choi-Miura, N. H., Mazda, T., and Tomita, M. (1996) 
Isolation and characterization of GBP28, a novel gelatin-binding protein purified 
from human plasma, J Biochem 120, 803-812. 

17. Arita, Y., Kihara, S., Ouchi, N., Takahashi, M., Maeda, K., Miyagawa, J., Hotta, 
K., Shimomura, I., Nakamura, T., Miyaoka, K., Kuriyama, H., Nishida, M., 
Yamashita, S., Okubo, K., Matsubara, K., Muraguchi, M., Ohmoto, Y., 
Funahashi, T., and Matsuzawa, Y. (1999) Paradoxical decrease of an adipose-
specific protein, adiponectin, in obesity, Biochem Biophys Res Commun 257, 79-
83. 

18. Yokota, T., Oritani, K., Takahashi, I., Ishikawa, J., Matsuyama, A., Ouchi, N., 
Kihara, S., Funahashi, T., Tenner, A. J., Tomiyama, Y., and Matsuzawa, Y. 
(2000) Adiponectin, a new member of the family of soluble defense collagens, 
negatively regulates the growth of myelomonocytic progenitors and the functions 
of macrophages, Blood 96, 1723-1732. 

19. Ouchi, N., Kihara, S., Arita, Y., Okamoto, Y., Maeda, K., Kuriyama, H., Hotta, 
K., Nishida, M., Takahashi, M., Muraguchi, M., Ohmoto, Y., Nakamura, T., 
Yamashita, S., Funahashi, T., and Matsuzawa, Y. (2000) Adiponectin, an 
adipocyte-derived plasma protein, inhibits endothelial NF-kappaB signaling 
through a cAMP-dependent pathway, Circulation 102, 1296-1301. 

20. Weyer, C., Funahashi, T., Tanaka, S., Hotta, K., Matsuzawa, Y., Pratley, R. E., 
and Tataranni, P. A. (2001) Hypoadiponectinemia in obesity and type 2 diabetes: 
close association with insulin resistance and hyperinsulinemia, J Clin Endocrinol 
Metab 86, 1930-1935. 

21. Berg, A. H., Combs, T. P., Du, X., Brownlee, M., and Scherer, P. E. (2001) The 
adipocyte-secreted protein Acrp30 enhances hepatic insulin action, Nat Med 7, 
947-953. 

99



22. Combs, T. P., Berg, A. H., Obici, S., Scherer, P. E., and Rossetti, L. (2001) 
Endogenous glucose production is inhibited by the adipose-derived protein 
Acrp30, J Clin Invest 108, 1875-1881. 

23. Ouchi, N., Kihara, S., Arita, Y., Maeda, K., Kuriyama, H., Okamoto, Y., Hotta, 
K., Nishida, M., Takahashi, M., Nakamura, T., Yamashita, S., Funahashi, T., and 
Matsuzawa, Y. (1999) Novel modulator for endothelial adhesion molecules: 
adipocyte-derived plasma protein adiponectin, Circulation 100, 2473-2476. 

24. Tsao, T. S., Tomas, E., Murrey, H. E., Hug, C., Lee, D. H., Ruderman, N. B., 
Heuser, J. E., and Lodish, H. F. (2003) Role of disulfide bonds in 
Acrp30/adiponectin structure and signaling specificity. Different oligomers 
activate different signal transduction pathways, J Biol Chem 278, 50810-50817. 

25. Tsao, T. S., Murrey, H. E., Hug, C., Lee, D. H., and Lodish, H. F. (2002) 
Oligomerization state-dependent activation of NF-kappa B signaling pathway by 
adipocyte complement-related protein of 30 kDa (Acrp30), J Biol Chem 277, 
29359-29362. 

26. Pajvani, U. B., Du, X., Combs, T. P., Berg, A. H., Rajala, M. W., Schulthess, T., 
Engel, J., Brownlee, M., and Scherer, P. E. (2003) Structure-function studies of 
the adipocyte-secreted hormone Acrp30/adiponectin. Implications fpr metabolic 
regulation and bioactivity, J Biol Chem 278, 9073-9085. 

27. Suzuki, S., Wilson-Kubalek, E. M., Wert, D., Tsao, T. S., and Lee, D. H. (2007) 
The oligomeric structure of high molecular weight adiponectin, FEBS Lett 581, 
809-814. 

28. Winder, W. W. (2008) Can patients with type 2 diabetes be treated with 5'-AMP-
activated protein kinase activators?, Diabetologia 51, 1761-1764. 

29. Hada, Y., Yamauchi, T., Waki, H., Tsuchida, A., Hara, K., Yago, H., Miyazaki, 
O., Ebinuma, H., and Kadowaki, T. (2007) Selective purification and 
characterization of adiponectin multimer species from human plasma, Biochem 
Biophys Res Commun 356, 487-493. 

30. Wang, Y., Lam, K. S., Chan, L., Chan, K. W., Lam, J. B., Lam, M. C., Hoo, R. 
C., Mak, W. W., Cooper, G. J., and Xu, A. (2006) 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 281, 16391-16400. 

31. Wang, Y., Xu, A., Knight, C., Xu, L. Y., and Cooper, G. J. (2002) 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 277, 19521-19529. 

100



32. Pajvani, U. B., Hawkins, M., Combs, T. P., Rajala, M. W., Doebber, T., Berger, J. 
P., Wagner, J. A., Wu, M., Knopps, A., Xiang, A. H., Utzschneider, K. M., Kahn, 
S. E., Olefsky, J. M., Buchanan, T. A., and Scherer, P. E. (2004) Complex 
distribution, not absolute amount of adiponectin, correlates with 
thiazolidinedione-mediated improvement in insulin sensitivity, J Biol Chem 279, 
12152-12162. 

33. Lara-Castro, C., Luo, N., Wallace, P., Klein, R. L., and Garvey, W. T. (2006) 
Adiponectin multimeric complexes and the metabolic syndrome trait cluster, 
Diabetes 55, 249-259. 

34. Seino, Y., Hirose, H., Saito, I., and Itoh, H. (2007) High molecular weight 
multimer form of adiponectin as a useful marker to evaluate insulin resistance and 
metabolic syndrome in Japanese men, Metabolism 56, 1493-1499. 

35. Basu, R., Pajvani, U. B., Rizza, R. A., and Scherer, P. E. (2007) Selective 
downregulation of the high molecular weight form of adiponectin in 
hyperinsulinemia and in type 2 diabetes: differential regulation from nondiabetic 
subjects, Diabetes 56, 2174-2177. 

36. Zhu, N., Pankow, J. S., Ballantyne, C. M., Couper, D., Hoogeveen, R. C., Pereira, 
M., Duncan, B. B., and Schmidt, M. I. (2010) High-molecular-weight adiponectin 
and the risk of type 2 diabetes in the ARIC study, J Clin Endocrinol Metab 95, 
5097-5104. 

37. Wang, Z. V., and Scherer, P. E. (2008) DsbA-L is a versatile player in 
adiponectin secretion, Proc Natl Acad Sci U S A 105, 18077-18078. 

38. Sharabi, Y., Oron-Herman, M., Kamari, Y., Avni, I., Peleg, E., Shabtay, Z., 
Grossman, E., and Shamiss, A. (2007) Effect of PPAR-gamma agonist on 
adiponectin levels in the metabolic syndrome: lessons from the high fructose fed 
rat model, Am J Hypertens 20, 206-210. 

39. Rasouli, N., Yao-Borengasser, A., Miles, L. M., Elbein, S. C., and Kern, P. A. 
(2006) Increased plasma adiponectin in response to pioglitazone does not result 
from increased gene expression, Am J Physiol Endocrinol Metab 290, E42-E46. 

40. Liu, M., Zhou, L., Xu, A., Lam, K. S., Wetzel, M. D., Xiang, R., Zhang, J., Xin, 
X., Dong, L. Q., and Liu, F. (2008) A disulfide-bond A oxidoreductase-like 
protein (DsbA-L) regulates adiponectin multimerization, Proc Natl Acad Sci U S 
A 105, 18302-18307. 

41. Yamauchi, T., Kamon, J., Waki, H., Terauchi, Y., Kubota, N., Hara, K., Mori, Y., 
Ide, T., Murakami, K., Tsuboyama-Kasaoka, N., Ezaki, O., Akanuma, Y., 
Gavrilova, O., Vinson, C., Reitman, M. L., Kagechika, H., Shudo, K., Yoda, M., 
Nakano, Y., Tobe, K., Nagai, R., Kimura, S., Tomita, M., Froguel, P., and 

101



Kadowaki, T. (2001) The fat-derived hormone adiponectin reverses insulin 
resistance associated with both lipoatrophy and obesity, Nat Med 7, 941-946. 

42. Kern, P. A., Di Gregorio, G. B., Lu, T., Rassouli, N., and Ranganathan, G. (2003) 
Adiponectin expression from human adipose tissue: relation to obesity, insulin 
resistance, and tumor necrosis factor-alpha expression, Diabetes 52, 1779-1785. 

43. Schraw, T., Wang, Z. V., Halberg, N., Hawkins, M., and Scherer, P. E. (2008) 
Plasma adiponectin complexes have distinct biochemical characteristics, 
Endocrinology 149, 2270-2282. 

44. Peake, P. W., Kriketos, A. D., Campbell, L. V., Shen, Y., and Charlesworth, J. A. 
(2005) The metabolism of isoforms of human adiponectin: studies in human 
subjects and in experimental animals, Eur J Endocrinol 153, 409-417. 

45. Waki, H., Yamauchi, T., Kamon, J., Ito, Y., Uchida, S., Kita, S., Hara, K., Hada, 
Y., Vasseur, F., Froguel, P., Kimura, S., Nagai, R., and Kadowaki, T. (2003) 
Impaired multimerization of human adiponectin mutants associated with diabetes. 
Molecular structure and multimer formation of adiponectin, J Biol Chem 278, 
40352-40363. 

46. Groop, L. C., Bonadonna, R. C., DelPrato, S., Ratheiser, K., Zyck, K., Ferrannini, 
E., and DeFronzo, R. A. (1989) Glucose and free fatty acid metabolism in non-
insulin-dependent diabetes mellitus. Evidence for multiple sites of insulin 
resistance, J Clin Invest 84, 205-213. 

47. Ferrannini, E., Simonson, D. C., Katz, L. D., Reichard, G., Jr., Bevilacqua, S., 
Barrett, E. J., Olsson, M., and DeFronzo, R. A. (1988) The disposal of an oral 
glucose load in patients with non-insulin-dependent diabetes, Metabolism 37, 79-
85. 

48. DeFronzo, R. A., Gunnarsson, R., Bjorkman, O., Olsson, M., and Wahren, J. 
(1985) Effects of insulin on peripheral and splanchnic glucose metabolism in 
noninsulin-dependent (type II) diabetes mellitus, J Clin Invest 76, 149-155. 

49. Pendergrass, M., Bertoldo, A., Bonadonna, R., Nucci, G., Mandarino, L., Cobelli, 
C., and Defronzo, R. A. (2007) Muscle glucose transport and phosphorylation in 
type 2 diabetic, obese nondiabetic, and genetically predisposed individuals, Am J 
Physiol Endocrinol Metab 292, E92-100. 

50. DeFronzo, R. A., Ferrannini, E., and Simonson, D. C. (1989) Fasting 
hyperglycemia in non-insulin-dependent diabetes mellitus: contributions of 
excessive hepatic glucose production and impaired tissue glucose uptake, 
Metabolism 38, 387-395. 

102



51. Baron, A. D., Schaeffer, L., Shragg, P., and Kolterman, O. G. (1987) Role of 
hyperglucagonemia in maintenance of increased rates of hepatic glucose output in 
type II diabetics, Diabetes 36, 274-283. 

52. Gromada, J., Brock, B., Schmitz, O., and Rorsman, P. (2004) Glucagon-like 
peptide-1: regulation of insulin secretion and therapeutic potential, Basic Clin 
Pharmacol Toxicol 95, 252-262. 

53. Drucker, D. J. (2006) The biology of incretin hormones, Cell Metab 3, 153-165. 

54. Drucker, D. J., and Nauck, M. A. (2006) The incretin system: glucagon-like 
peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors in type 2 
diabetes, Lancet 368, 1696-1705. 

55. Meier, J. J., and Nauck, M. A. (2006) Incretins and the development of type 2 
diabetes, Curr Diab Rep 6, 194-201. 

56. Nauck, M., Stockmann, F., Ebert, R., and Creutzfeldt, W. (1986) Reduced incretin 
effect in type 2 (non-insulin-dependent) diabetes, Diabetologia 29, 46-52. 

57. Schwartz, M. W., Woods, S. C., Porte, D., Jr., Seeley, R. J., and Baskin, D. G. 
(2000) Central nervous system control of food intake, Nature 404, 661-671. 

58. Porte, D. (2006) Central regulation of energy homeostasis, Diabetes 55, S155-
S160. 

59. Bruning, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M., Orban, P. C., 
Klein, R., Krone, W., Muller-Wieland, D., and Kahn, C. R. (2000) Role of brain 
insulin receptor in control of body weight and reproduction, Science 289, 2122-
2125. 

60. Plum, L., Belgardt, B. F., and Bruning, J. C. (2006) Central insulin action in 
energy and glucose homeostasis, J Clin Invest 116, 1761-1766. 

61. Ingalls, A. M., Dickie, M. M., and Snell, G. D. (1950) Obese, a new mutation in 
the house mouse, J Hered 41, 317-318. 

62. Sivitz, W. I., Walsh, S. A., Morgan, D. A., Thomas, M. J., and Haynes, W. G. 
(1997) Effects of leptin on insulin sensitivity in normal rats, Endocrinology 138, 
3395-3401. 

63. Shimomura, I., Hammer, R. E., Ikemoto, S., Brown, M. S., and Goldstein, J. L. 
(1999) Leptin reverses insulin resistance and diabetes mellitus in mice with 
congenital lipodystrophy, Nature 401, 73-76. 

103



64. Peterson, J. M., Wei, Z., and Wong, G. W. (2010) C1q/TNF-related protein-3 
(CTRP3), a novel adipokine that regulates hepatic glucose output, J Biol Chem 
285, 39691-39701. 

65. Steppan, C. M., Bailey, S. T., Bhat, S., Brown, E. J., Banerjee, R. R., Wright, C. 
M., Patel, H. R., Ahima, R. S., and Lazar, M. A. (2001) The hormone resistin 
links obesity to diabetes, Nature 409, 307-312. 

66. McTernan, P. G., McTernan, C. L., Chetty, R., Jenner, K., Fisher, F. M., Lauer, 
M. N., Crocker, J., Barnett, A. H., and Kumar, S. (2002) Increased resistin gene 
and protein expression in human abdominal adipose tissue, J Clin Endocrinol 
Metab 87, 2407. 

67. Smith, S. R., Bai, F., Charbonneau, C., Janderova, L., and Argyropoulos, G. 
(2003) A promoter genotype and oxidative stress potentially link resistin to 
human insulin resistance, Diabetes 52, 1611-1618. 

68. Osawa, H., Yamada, K., Onuma, H., Murakami, A., Ochi, M., Kawata, H., 
Nishimiya, T., Niiya, T., Shimizu, I., Nishida, W., Hashiramoto, M., Kanatsuka, 
A., Fujii, Y., Ohashi, J., and Makino, H. (2004) The G/G genotype of a resistin 
single-nucleotide polymorphism at -420 increases type 2 diabetes mellitus 
susceptibility by inducing promoter activity through specific binding of Sp1/3, 
Am J Hum Genet 75, 678-686. 

69. Osawa, H., Onuma, H., Ochi, M., Murakami, A., Yamauchi, J., Takasuka, T., 
Tanabe, F., Shimizu, I., Kato, K., Nishida, W., Yamada, K., Tabara, Y., 
Yasukawa, M., Fujii, Y., Ohashi, J., Miki, T., and Makino, H. (2005) Resistin 
SNP-420 determines its monocyte mRNA and serum levels inducing type 2 
diabetes, Biochem Biophys Res Commun 335, 596-602. 

70. Janke, J., Engeli, S., Gorzelniak, K., Luft, F. C., and Sharma, A. M. (2002) 
Resistin gene expression in human adipocytes is not related to insulin resistance, 
Obes Res 10, 1-5. 

71. Kielstein, J. T., Becker, B., Graf, S., Brabant, G., Haller, H., and Fliser, D. (2003) 
Increased resistin blood levels are not associated with insulin resistance in 
patients with renal disease, Am J Kidney Dis 42, 62-66. 

72. Rajala, M. W., Obici, S., Scherer, P. E., and Rossetti, L. (2003) Adipose-derived 
resistin and gut-derived resistin-like molecule-beta selectively impair insulin 
action on glucose production, J Clin Invest 111, 225-230. 

73. Satoh, H., Nguyen, M. T., Miles, P. D., Imamura, T., Usui, I., and Olefsky, J. M. 
(2004) Adenovirus-mediated chronic "hyper-resistinemia" leads to in vivo insulin 
resistance in normal rats, J Clin Invest 114, 224-231. 

104



74. Qi, Y., Nie, Z., Lee, Y. S., Singhal, N. S., Scherer, P. E., Lazar, M. A., and 
Ahima, R. S. (2006) Loss of resistin improves glucose homeostasis in leptin 
deficiency, Diabetes 55, 3083-3090. 

75. Banerjee, R. R., Rangwala, S. M., Shapiro, J. S., Rich, A. S., Rhoades, B., Qi, Y., 
Wang, J., Rajala, M. W., Pocai, A., Scherer, P. E., Steppan, C. M., Ahima, R. S., 
Obici, S., Rossetti, L., and Lazar, M. A. (2004) Regulation of fasted blood 
glucose by resistin, Science 303, 1195-1198. 

76. Mertens, I., and Van Gaal, L. F. (2002) Obesity, haemostasis and the fibrinolytic 
system, Obes Rev 3, 85-101. 

77. Juhan-Vague, I., Alessi, M. C., Mavri, A., and Morange, P. E. (2003) 
Plasminogen activator inhibitor-1, inflammation, obesity, insulin resistance and 
vascular risk, J Thromb Haemost 1, 1575-1579. 

78. Ma, L. J., Mao, S. L., Taylor, K. L., Kanjanabuch, T., Guan, Y., Zhang, Y., 
Brown, N. J., Swift, L. L., McGuinness, O. P., Wasserman, D. H., Vaughan, D. 
E., and Fogo, A. B. (2004) Prevention of obesity and insulin resistance in mice 
lacking plasminogen activator inhibitor 1, Diabetes 53, 336-346. 

79. Lijnen, H. R., Alessi, M. C., Van Hoef, B., Collen, D., and Juhan-Vague, I. (2005) 
On the role of plasminogen activator inhibitor-1 in adipose tissue development 
and insulin resistance in mice, J Thromb Haemost 3, 1174-1179. 

80. Festa, A., D'Agostino, R., Jr., Tracy, R. P., and Haffner, S. M. (2002) Elevated 
levels of acute-phase proteins and plasminogen activator inhibitor-1 predict the 
development of type 2 diabetes: the insulin resistance atherosclerosis study, 
Diabetes 51, 1131-1137. 

81. Bastard, J. P., Maachi, M., Van Nhieu, J. T., Jardel, C., Bruckert, E., Grimaldi, A., 
Robert, J. J., Capeau, J., and Hainque, B. (2002) Adipose tissue IL-6 content 
correlates with resistance to insulin activation of glucose uptake both in vivo and 
in vitro, J Clin Endocrinol Metab 87, 2084-2089. 

82. Vozarova, B., Weyer, C., Hanson, K., Tataranni, P. A., Bogardus, C., and Pratley, 
R. E. (2001) Circulating interleukin-6 in relation to adiposity, insulin action, and 
insulin secretion, Obes Res 9, 414-417. 

83. Pickup, J. C., Mattock, M. B., Chusney, G. D., and Burt, D. (1997) NIDDM as a 
disease of the innate immune system: association of acute-phase reactants and 
interleukin-6 with metabolic syndrome X, Diabetologia 40, 1286-1292. 

84. Stith, R. D., and Luo, J. (1994) Endocrine and carbohydrate responses to 
interleukin-6 in vivo, Circ Shock 44, 210-215. 

105



85. Tsigos, C., Papanicolaou, D. A., Kyrou, I., Defensor, R., Mitsiadis, C. S., and 
Chrousos, G. P. (1997) Dose-dependent effects of recombinant human 
interleukin-6 on glucose regulation, J Clin Endocrinol Metab 82, 4167-4170. 

86. Wallenius, V., Wallenius, K., Ahren, B., Rudling, M., Carlsten, H., Dickson, S. 
L., Ohlsson, C., and Jansson, J. O. (2002) Interleukin-6-deficient mice develop 
mature-onset obesity, Nat Med 8, 75-79. 

87. Kristiansen, O. P., and Mandrup-Poulsen, T. (2005) Interleukin-6 and diabetes: 
the good, the bad, or the indifferent?, Diabetes 54 Suppl 2, S114-124. 

88. Kamimura, D., Ishihara, K., and Hirano, T. (2003) IL-6 signal transduction and its 
physiological roles: the signal orchestration model, Rev Physiol Biochem 
Pharmacol 149, 1-38. 

89. Hotamisligil, G. S., Shargill, N. S., and Spiegelman, B. M. (1993) Adipose 
expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin 
resistance, Science 259, 87-91. 

90. Cheung, A. T., Ree, D., Kolls, J. K., Fuselier, J., Coy, D. H., and Bryer-Ash, M. 
(1998) An in vivo model for elucidation of the mechanism of tumor necrosis 
factor-alpha (TNF-alpha)-induced insulin resistance: evidence for differential 
regulation of insulin signaling by TNF-alpha, Endocrinology 139, 4928-4935. 

91. Hirosumi, J., Tuncman, G., Chang, L., Gorgun, C. Z., Uysal, K. T., Maeda, K., 
Karin, M., and Hotamisligil, G. S. (2002) A central role for JNK in obesity and 
insulin resistance, Nature 420, 333-336. 

92. Hotamisligil, G. S., Peraldi, P., Budavari, A., Ellis, R., White, M. F., and 
Spiegelman, B. M. (1996) IRS-1-mediated inhibition of insulin receptor tyrosine 
kinase activity in TNF-alpha- and obesity-induced insulin resistance, Science 271, 
665-668. 

93. Aguirre, V., Uchida, T., Yenush, L., Davis, R., and White, M. F. (2000) The c-Jun 
NH(2)-terminal kinase promotes insulin resistance during association with insulin 
receptor substrate-1 and phosphorylation of Ser(307), J Biol Chem 275, 9047-
9054. 

94. Uysal, K. T., Wiesbrock, S. M., Marino, M. W., and Hotamisligil, G. S. (1997) 
Protection from obesity-induced insulin resistance in mice lacking TNF-alpha 
function, Nature 389, 610-614. 

95. Yang, Q., Graham, T. E., Mody, N., Preitner, F., Peroni, O. D., Zabolotny, J. M., 
Kotani, K., Quadro, L., and Kahn, B. B. (2005) Serum retinol binding protein 4 
contributes to insulin resistance in obesity and type 2 diabetes, Nature 436, 356-
362. 

106



96. Gavi, S., Stuart, L. M., Kelly, P., Melendez, M. M., Mynarcik, D. C., Gelato, M. 
C., and McNurlan, M. A. (2007) Retinol-binding protein 4 is associated with 
insulin resistance and body fat distribution in nonobese subjects without type 2 
diabetes, J Clin Endocrinol Metab 92, 1886-1890. 

97. Graham, T. E., Yang, Q., Bluher, M., Hammarstedt, A., Ciaraldi, T. P., Henry, R. 
R., Wason, C. J., Oberbach, A., Jansson, P. A., Smith, U., and Kahn, B. B. (2006) 
Retinol-binding protein 4 and insulin resistance in lean, obese, and diabetic 
subjects, N Engl J Med 354, 2552-2563. 

98. Cho, Y. M., Youn, B. S., Lee, H., Lee, N., Min, S. S., Kwak, S. H., Lee, H. K., 
and Park, K. S. (2006) Plasma retinol-binding protein-4 concentrations are 
elevated in human subjects with impaired glucose tolerance and type 2 diabetes, 
Diabetes Care 29, 2457-2461. 

99. Wong, G. W., Krawczyk, S. A., Kitidis-Mitrokostas, C., Revett, T., Gimeno, R., 
and Lodish, H. F. (2008) Molecular, biochemical and functional characterizations 
of C1q/TNF family members: adipose-tissue-selective expression patterns, 
regulation by PPAR-gamma agonist, cysteine-mediated oligomerizations, 
combinatorial associations and metabolic functions, Biochem J 416, 161-177. 

100. Tsao, T. S., Lodish, H. F., and Fruebis, J. (2002) ACRP30, a new hormone 
controlling fat and glucose metabolism, Eur J Pharmacol 440, 213-221. 

101. Reid, K. B., Gagnon, J., and Frampton, J. (1982) Completion of the amino acid 
sequences of the A and B chains of subcomponent C1q of the first component of 
human complement, Biochem J 203, 559-569. 

102. Shapiro, L., and Scherer, P. E. (1998) The crystal structure of a complement-1q 
family protein suggests an evolutionary link to tumor necrosis factor, Curr Biol 8, 
335-338. 

103. Jones, E. Y., Stuart, D. I., and Walker, N. P. (1989) Structure of tumour necrosis 
factor, Nature 338, 225-228. 

104. Eck, M. J., and Sprang, S. R. (1989) The structure of tumor necrosis factor-alpha 
at 2.6 A resolution. Implications for receptor binding, J Biol Chem 264, 17595-
17605. 

105. Engel, J., and Prockop, D. J. (1991) The zipper-like folding of collagen triple 
helices and the effects of mutations that disrupt the zipper, Annu Rev Biophys 
Biophys Chem 20, 137-152. 

106. Frank, S., Boudko, S., Mizuno, K., Schulthess, T., Engel, J., and Bachinger, H. P. 
(2003) Collagen triple helix formation can be nucleated at either end, J Biol Chem 
278, 7747-7750. 

107



107. Radjainia, M., Wang, Y., and Mitra, A. K. (2008) Structural polymorphism of 
oligomeric adiponectin visualized by electron microscopy, J Mol Biol 381, 419-
430. 

108. Blatnik, M., Thorpe, S. R., and Baynes, J. W. (2008) Succination of proteins by 
fumarate: mechanism of inactivation of glyceraldehyde-3-phosphate 
dehydrogenase in diabetes, Ann N Y Acad Sci 1126, 272-275. 

109. Nagai, R., Brock, J. W., Blatnik, M., Baatz, J. E., Bethard, J., Walla, M. D., 
Thorpe, S. R., Baynes, J. W., and Frizzell, N. (2007) Succination of protein thiols 
during adipocyte maturation: a biomarker of mitochondrial stress, J Biol Chem 
282, 34219-34228. 

110. Frizzell, N., Rajesh, M., Jepson, M. J., Nagai, R., Carson, J. A., Thorpe, S. R., and 
Baynes, J. W. (2009) Succination of thiol groups in adipose tissue proteins in 
diabetes: succination inhibits polymerization and secretion of adiponectin, J Biol 
Chem 284, 25772-25781. 

111. Berg, R. A., and Prockop, D. J. (1973) The thermal transition of a non-
hydroxylated form of collagen. Evidence for a role for hydroxyproline in 
stabilizing the triple-helix of collagen, Biochem Biophys Res Commun 52, 115-
120. 

112. Chopra, R. K., and Ananthanarayanan, V. S. (1982) Conformational implications 
of enzymatic proline hydroxylation in collagen, Proc Natl Acad Sci U S A 79, 
7180-7184. 

113. Vitagliano, L., Berisio, R., Mazzarella, L., and Zagari, A. (2001) Structural bases 
of collagen stabilization induced by proline hydroxylation, Biopolymers 58, 459-
464. 

114. Bann, J. G., and Bachinger, H. P. (2000) Glycosylation/Hydroxylation-induced 
stabilization of the collagen triple helix. 4-trans-hydroxyproline in the Xaa 
position can stabilize the triple helix, J Biol Chem 275, 24466-24469. 

115. Wang, Y., Lam, K. S., Yau, M. H., and Xu, A. (2008) Post-translational 
modifications of adiponectin: mechanisms and functional implications, Biochem J 
409, 623-633. 

116. Richards, A. A., Stephens, T., Charlton, H. K., Jones, A., Macdonald, G. A., 
Prins, J. B., and Whitehead, J. P. (2006) Adiponectin multimerization is 
dependent on conserved lysines in the collagenous domain: evidence for 
regulation of multimerization by alterations in posttranslational modifications, 
Mol Endocrinol 20, 1673-1687. 

117. Wang, Y., Lu, G., Wong, W. P., Vliegenthart, J. F., Gerwig, G. J., Lam, K. S., 
Cooper, G. J., and Xu, A. (2004) Proteomic and functional characterization of 

108



endogenous adiponectin purified from fetal bovine serum, PROTEOMICS 4, 
3933-3942. 

118. Peake, P. W., Hughes, J. T., Shen, Y., and Charlesworth, J. A. (2007) 
Glycosylation of human adiponectin affects its conformation and stability, J Mol 
Endocrinol 39, 45-52. 

119. Sato, C., Yasukawa, Z., Honda, N., Matsuda, T., and Kitajima, K. (2001) 
Identification and adipocyte differentiation-dependent expression of the unique 
disialic acid residue in an adipose tissue-specific glycoprotein, adipo Q, J Biol 
Chem 276, 28849-28856. 

120. Richards, A. A., Colgrave, M. L., Zhang, J., Webster, J., Simpson, F., Preston, E., 
Wilks, D., Hoehn, K. L., Stephenson, M., Macdonald, G. A., Prins, J. B., Cooney, 
G. J., Xu, A., and Whitehead, J. P. (2010) Sialic acid modification of adiponectin 
is not required for multimerization or secretion but determines half-life in 
circulation, Mol Endocrinol 24, 229-239. 

121. Wang, Z. V., Schraw, T. D., Kim, J. Y., Khan, T., Rajala, M. W., Follenzi, A., 
and Scherer, P. E. (2007) Secretion of the adipocyte-specific secretory protein 
adiponectin critically depends on thiol-mediated protein retention, Mol Cell Biol 
27, 3716-3731. 

122. Qiang, L., Wang, H., and Farmer, S. R. (2007) Adiponectin secretion is regulated 
by SIRT1 and the endoplasmic reticulum oxidoreductase Ero1-L alpha, Mol Cell 
Biol 27, 4698-4707. 

123. Anelli, T., Alessio, M., Mezghrani, A., Simmen, T., Talamo, F., Bachi, A., and 
Sitia, R. (2002) ERp44, a novel endoplasmic reticulum folding assistant of the 
thioredoxin family, EMBO J 21, 835-844. 

124. Anelli, T., Alessio, M., Bachi, A., Bergamelli, L., Bertoli, G., Camerini, S., 
Mezghrani, A., Ruffato, E., Simmen, T., and Sitia, R. (2003) Thiol-mediated 
protein retention in the endoplasmic reticulum: the role of ERp44, EMBO J 22, 
5015-5022. 

125. Briggs, D. B., Jones, C. M., Mashalidis, E. H., Nunez, M., Hausrath, A. C., 
Wysocki, V. H., and Tsao, T. S. (2009) Disulfide-dependent self-assembly of 
adiponectin octadecamers from trimers and presence of stable octadecameric 
adiponectin lacking disulfide bonds in vitro, Biochemistry 48, 12345-12357. 

126. Kobayashi, H., Ouchi, N., Kihara, S., Walsh, K., Kumada, M., Abe, Y., 
Funahashi, T., and Matsuzawa, Y. (2004) Selective suppression of endothelial cell 
apoptosis by the high molecular weight form of adiponectin, Circ Res 94, e27-31. 

127. Xu, A., Chan, K. W., Hoo, R. L., Wang, Y., Tan, K. C., Zhang, J., Chen, B., Lam, 
M. C., Tse, C., Cooper, G. J., and Lam, K. S. (2005) Testosterone selectively 

109



reduces the high molecular weight form of adiponectin by inhibiting its secretion 
from adipocytes, J Biol Chem 280, 18073-18080. 

128. Ebinuma, H., Miyazaki, O., Yago, H., Hara, K., Yamauchi, T., and Kadowaki, T. 
(2006) A novel ELISA system for selective measurement of human adiponectin 
multimers by using proteases, Clin Chim Acta 372, 47-53. 

129. Hotta, K., Funahashi, T., Arita, Y., Takahashi, M., Matsuda, M., Okamoto, Y., 
Iwahashi, H., Kuriyama, H., Ouchi, N., Maeda, K., Nishida, M., Kihara, S., Sakai, 
N., Nakajima, T., Hasegawa, K., Muraguchi, M., Ohmoto, Y., Nakamura, T., 
Yamashita, S., Hanafusa, T., and Matsuzawa, Y. (2000) Plasma concentrations of 
a novel, adipose-specific protein, adiponectin, in type 2 diabetic patients, 
Arterioscler Thromb Vasc Biol 20, 1595-1599. 

130. Shetty, S., Kusminski, C. M., and Scherer, P. E. (2009) Adiponectin in health and 
disease: evaluation of adiponectin-targeted drug development strategies, Trends 
Pharmacol Sci 30, 234-239. 

131. Wolf, A. M., Wolf, D., Rumpold, H., Enrich, B., and Tilg, H. (2004) Adiponectin 
induces the anti-inflammatory cytokines IL-10 and IL-1RA in human leukocytes, 
Biochem Biophys Res Commun 323, 630-635. 

132. Fruebis, J., Tsao, T. S., Javorschi, S., Ebbets-Reed, D., Erickson, M. R., Yen, F. 
T., Bihain, B. E., and Lodish, H. F. (2001) 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 98, 2005-2010. 

133. Tomas, E., Tsao, T. S., Saha, A. K., Murrey, H. E., Zhang Cc, C., Itani, S. I., 
Lodish, H. F., and Ruderman, N. B. (2002) 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 
99, 16309-16313. 

134. Matsuzawa, Y., Funahashi, T., Kihara, S., and Shimomura, I. (2004) Adiponectin 
and metabolic syndrome, Arterioscler Thromb Vasc Biol 24, 29-33. 

135. Whitehead, J. P., Richards, A. A., Hickman, I. J., Macdonald, G. A., and Prins, J. 
B. (2006) Adiponectin--a key adipokine in the metabolic syndrome, Diabetes 
Obes Metab 8, 264-280. 

136. Ouchi, N., Shibata, R., and Walsh, K. (2006) Cardioprotection by adiponectin, 
Trends Cardiovasc Med 16, 141-146. 

137. Goldstein, B. J., Scalia, R. G., and Ma, X. L. (2009) Protective vascular and 
myocardial effects of adiponectin, Nat Clin Pract Cardiovasc Med 6, 27-35. 

110



138. Heidemann, C., Sun, Q., van Dam, R. M., Meigs, J. B., Zhang, C., Tworoger, S. 
S., Mantzoros, C. S., and Hu, F. B. (2008) Total and high-molecular-weight 
adiponectin and resistin in relation to the risk for type 2 diabetes in women, Ann 
Intern Med 149, 307-316. 

139. Fisher, F. F., Trujillo, M. E., Hanif, W., Barnett, A. H., McTernan, P. G., Scherer, 
P. E., and Kumar, S. (2005) Serum high molecular weight complex of adiponectin 
correlates better with glucose tolerance than total serum adiponectin in Indo-
Asian males, Diabetologia 48, 1084-1087. 

140. Hirose, H., Yamamoto, Y., Seino-Yoshihara, Y., Kawabe, H., and Saito, I. (2010) 
Serum high-molecular-weight adiponectin as a marker for the evaluation and care 
of subjects with metabolic syndrome and related disorders, J Atheroscler Thromb 
17, 1201-1211. 

141. Lee, J. M., Kim, S. R., Yoo, S. J., Hong, O. K., Son, H. S., and Chang, S. A. 
(2009) The relationship between adipokines, metabolic parameters and insulin 
resistance in patients with metabolic syndrome and type 2 diabetes, J Int Med Res 
37, 1803-1812. 

142. von Eynatten, M., Lepper, P. M., and Humpert, P. M. (2007) Total and high-
molecular weight adiponectin in relation to metabolic variables at baseline and in 
response to an exercise treatment program: comparative evaluation of three 
assays: response to Bluher et al, Diabetes Care 30, e67; author reply e68. 

143. Bluher, M., Brennan, A. M., Kelesidis, T., Kratzsch, J., Fasshauer, M., Kralisch, 
S., Williams, C. J., and Mantzoros, C. S. (2007) Total and high-molecular weight 
adiponectin in relation to metabolic variables at baseline and in response to an 
exercise treatment program: comparative evaluation of three assays, Diabetes 
Care 30, 280-285. 

144. Hara, K., Horikoshi, M., Yamauchi, T., Yago, H., Miyazaki, O., Ebinuma, H., 
Imai, Y., Nagai, R., and Kadowaki, T. (2006) Measurement of the high-molecular 
weight form of adiponectin in plasma is useful for the prediction of insulin 
resistance and metabolic syndrome, Diabetes Care 29, 1357-1362. 

145. Yamamoto, Y., Hirose, H., Saito, I., Nishikai, K., and Saruta, T. (2004) 
Adiponectin, an adipocyte-derived protein, predicts future insulin resistance: two-
year follow-up study in Japanese population, J Clin Endocrinol Metab 89, 87-90. 

146. Nakashima, R., Kamei, N., Yamane, K., Nakanishi, S., Nakashima, A., and 
Kohno, N. (2006) Decreased total and high molecular weight adiponectin are 
independent risk factors for the development of type 2 diabetes in Japanese-
Americans, J Clin Endocrinol Metab 91, 3873-3877. 

111



147. Aso, Y., Yamamoto, R., Wakabayashi, S., Uchida, T., Takayanagi, K., 
Takebayashi, K., Okuno, T., Inoue, T., Node, K., Tobe, T., Inukai, T., and 
Nakano, Y. (2006) Comparison of serum high-molecular weight (HMW) 
adiponectin with total adiponectin concentrations in type 2 diabetic patients with 
coronary artery disease using a novel enzyme-linked immunosorbent assay to 
detect HMW adiponectin, Diabetes 55, 1954-1960. 

148. von Eynatten, M., Humpert, P. M., Bluemm, A., Lepper, P. M., Hamann, A., 
Allolio, B., Nawroth, P. P., Bierhaus, A., and Dugi, K. A. (2008) High-molecular 
weight adiponectin is independently associated with the extent of coronary artery 
disease in men, Atherosclerosis 199, 123-128. 

149. Inoue, T., Kotooka, N., Morooka, T., Komoda, H., Uchida, T., Aso, Y., Inukai, T., 
Okuno, T., and Node, K. (2007) High molecular weight adiponectin as a predictor 
of long-term clinical outcome in patients with coronary artery disease, Am J 
Cardiol 100, 569-574. 

150. Korner, A., Pazaitou-Panayiotou, K., Kelesidis, T., Kelesidis, I., Williams, C. J., 
Kaprara, A., Bullen, J., Neuwirth, A., Tseleni, S., Mitsiades, N., Kiess, W., and 
Mantzoros, C. S. (2007) Total and high-molecular-weight adiponectin in breast 
cancer: in vitro and in vivo studies, J Clin Endocrinol Metab 92, 1041-1048. 

151. Horiguchi, A., Ito, K., Sumitomo, M., Kimura, F., Asano, T., and Hayakawa, M. 
(2008) Decreased serum adiponectin levels in patients with metastatic renal cell 
carcinoma, Jpn J Clin Oncol 38, 106-111. 

152. Kadowaki, T., and Yamauchi, T. (2005) Adiponectin and adiponectin receptors, 
Endocr Rev 26, 439-451. 

153. Yamauchi, T., Kamon, J., Minokoshi, Y., Ito, Y., Waki, H., Uchida, S., 
Yamashita, S., Noda, M., Kita, S., Ueki, K., Eto, K., Akanuma, Y., Froguel, P., 
Foufelle, F., Ferre, P., Carling, D., Kimura, S., Nagai, R., Kahn, B. B., and 
Kadowaki, T. (2002) Adiponectin stimulates glucose utilization and fatty-acid 
oxidation by activating AMP-activated protein kinase, Nat Med 8, 1288-1295. 

154. Pettus, B. J., Chalfant, C. E., and Hannun, Y. A. (2002) Ceramide in apoptosis: an 
overview and current perspectives, Biochim Biophys Acta 1585, 114-125. 

155. Holland, W. L., Miller, R. A., Wang, Z. V., Sun, K., Barth, B. M., Bui, H. H., 
Davis, K. E., Bikman, B. T., Halberg, N., Rutkowski, J. M., Wade, M. R., 
Tenorio, V. M., Kuo, M. S., Brozinick, J. T., Zhang, B. B., Birnbaum, M. J., 
Summers, S. A., and Scherer, P. E. (2011) Receptor-mediated activation of 
ceramidase activity initiates the pleiotropic actions of adiponectin, Nat Med 17, 
55-63. 

112



156. Holland, W. L., and Summers, S. A. (2008) Sphingolipids, insulin resistance, and 
metabolic disease: new insights from in vivo manipulation of sphingolipid 
metabolism, Endocr Rev 29, 381-402. 

157. Hug, C., Wang, J., Ahmad, N. S., Bogan, J. S., Tsao, T. S., and Lodish, H. F. 
(2004) T-cadherin is a receptor for hexameric and high-molecular-weight forms 
of Acrp30/adiponectin, Proc Natl Acad Sci U S A 101, 10308-10313. 

158. Kubota, N., Terauchi, Y., Yamauchi, T., Kubota, T., Moroi, M., Matsui, J., Eto, 
K., Yamashita, T., Kamon, J., Satoh, H., Yano, W., Froguel, P., Nagai, R., 
Kimura, S., Kadowaki, T., and Noda, T. (2002) Disruption of adiponectin causes 
insulin resistance and neointimal formation, J Biol Chem 277, 25863-25866. 

159. Maeda, N., Shimomura, I., Kishida, K., Nishizawa, H., Matsuda, M., Nagaretani, 
H., Furuyama, N., Kondo, H., Takahashi, M., Arita, Y., Komuro, R., Ouchi, N., 
Kihara, S., Tochino, Y., Okutomi, K., Horie, M., Takeda, S., Aoyama, T., 
Funahashi, T., and Matsuzawa, Y. (2002) Diet-induced insulin resistance in mice 
lacking adiponectin/ACRP30, Nat Med 8, 731-737. 

160. Ma, K., Cabrero, A., Saha, P. K., Kojima, H., Li, L., Chang, B. H., Paul, A., and 
Chan, L. (2002) Increased beta -oxidation but no insulin resistance or glucose 
intolerance in mice lacking adiponectin, J Biol Chem 277, 34658-34661. 

161. Pajvani, U. B., and Scherer, P. E. (2003) Adiponectin: systemic contributor to 
insulin sensitivity, Curr Diab Rep 3, 207-213. 

162. Yamauchi, T., Kamon, J., Waki, H., Imai, Y., Shimozawa, N., Hioki, K., Uchida, 
S., Ito, Y., Takakuwa, K., Matsui, J., Takata, M., Eto, K., Terauchi, Y., Komeda, 
K., Tsunoda, M., Murakami, K., Ohnishi, Y., Naitoh, T., Yamamura, K., Ueyama, 
Y., Froguel, P., Kimura, S., Nagai, R., and Kadowaki, T. (2003) Globular 
adiponectin protected ob/ob mice from diabetes and ApoE-deficient mice from 
atherosclerosis, J Biol Chem 278, 2461-2468. 

163. Combs, T. P., Pajvani, U. B., Berg, A. H., Lin, Y., Jelicks, L. A., Laplante, M., 
Nawrocki, A. R., Rajala, M. W., Parlow, A. F., Cheeseboro, L., Ding, Y. Y., 
Russell, R. G., Lindemann, D., Hartley, A., Baker, G. R., Obici, S., Deshaies, Y., 
Ludgate, M., Rossetti, L., and Scherer, P. E. (2004) A transgenic mouse with a 
deletion in the collagenous domain of adiponectin displays elevated circulating 
adiponectin and improved insulin sensitivity, Endocrinology 145, 367-383. 

164. Otabe, S., Yuan, X., Fukutani, T., Wada, N., Hashinaga, T., Nakayama, H., 
Hirota, N., Kojima, M., and Yamada, K. (2007) Overexpression of human 
adiponectin in transgenic mice results in suppression of fat accumulation and 
prevention of premature death by high-calorie diet, Am J Physiol Endocrinol 
Metab 293, E210-218. 

113



165. Yamauchi, T., Kamon, J., Ito, Y., Tsuchida, A., Yokomizo, T., Kita, S., 
Sugiyama, T., Miyagishi, M., Hara, K., Tsunoda, M., Murakami, K., Ohteki, T., 
Uchida, S., Takekawa, S., Waki, H., Tsuno, N. H., Shibata, Y., Terauchi, Y., 
Froguel, P., Tobe, K., Koyasu, S., Taira, K., Kitamura, T., Shimizu, T., Nagai, R., 
and Kadowaki, T. (2003) Cloning of adiponectin receptors that mediate 
antidiabetic metabolic effects, Nature 423, 762-769. 

166. Yamauchi, T., Nio, Y., Maki, T., Kobayashi, M., Takazawa, T., Iwabu, M., 
Okada-Iwabu, M., Kawamoto, S., Kubota, N., Kubota, T., Ito, Y., Kamon, J., 
Tsuchida, A., Kumagai, K., Kozono, H., Hada, Y., Ogata, H., Tokuyama, K., 
Tsunoda, M., Ide, T., Murakami, K., Awazawa, M., Takamoto, I., Froguel, P., 
Hara, K., Tobe, K., Nagai, R., Ueki, K., and Kadowaki, T. (2007) Targeted 
disruption of AdipoR1 and AdipoR2 causes abrogation of adiponectin binding 
and metabolic actions, Nat Med 13, 332-339. 

167. Tsuchida, A., Yamauchi, T., Ito, Y., Hada, Y., Maki, T., Takekawa, S., Kamon, J., 
Kobayashi, M., Suzuki, R., Hara, K., Kubota, N., Terauchi, Y., Froguel, P., 
Nakae, J., Kasuga, M., Accili, D., Tobe, K., Ueki, K., Nagai, R., and Kadowaki, 
T. (2004) Insulin/Foxo1 pathway regulates expression levels of adiponectin 
receptors and adiponectin sensitivity, J Biol Chem 279, 30817-30822. 

168. Mao, X., Kikani, C. K., Riojas, R. A., Langlais, P., Wang, L., Ramos, F. J., Fang, 
Q., Christ-Roberts, C. Y., Hong, J. Y., Kim, R. Y., Liu, F., and Dong, L. Q. 
(2006) APPL1 binds to adiponectin receptors and mediates adiponectin signalling 
and function, Nat Cell Biol 8, 516-523. 

169. Wang, C., Xin, X., Xiang, R., Ramos, F. J., Liu, M., Lee, H. J., Chen, H., Mao, 
X., Kikani, C. K., Liu, F., and Dong, L. Q. (2009) Yin-Yang regulation of 
adiponectin signaling by APPL isoforms in muscle cells, J Biol Chem 284, 31608-
31615. 

170. Charlton, H. K., Webster, J., Kruger, S., Simpson, F., Richards, A. A., and 
Whitehead, J. P. (2010) ERp46 binds to AdipoR1, but not AdipoR2, and 
modulates adiponectin signalling, Biochem Biophys Res Commun 392, 234-239. 

171. Toyama, T., Nakamura, H., Harano, Y., Yamauchi, N., Morita, A., Kirishima, T., 
Minami, M., Itoh, Y., and Okanoue, T. (2004) PPARalpha ligands activate 
antioxidant enzymes and suppress hepatic fibrosis in rats, Biochem Biophys Res 
Commun 324, 697-704. 

172. Inoue, I., Goto, S., Matsunaga, T., Nakajima, T., Awata, T., Hokari, S., Komoda, 
T., and Katayama, S. (2001) The ligands/activators for peroxisome proliferator-
activated receptor alpha (PPARalpha) and PPARgamma increase Cu2+,Zn2+-
superoxide dismutase and decrease p22phox message expressions in primary 
endothelial cells, Metabolism 50, 3-11. 

114



173. Maddux, B. A., See, W., Lawrence, J. C., Jr., Goldfine, A. L., Goldfine, I. D., and 
Evans, J. L. (2001) Protection against oxidative stress-induced insulin resistance 
in rat L6 muscle cells by mircomolar concentrations of alpha-lipoic acid, Diabetes 
50, 404-410. 

174. Rudich, A., Tirosh, A., Potashnik, R., Khamaisi, M., and Bashan, N. (1999) 
Lipoic acid protects against oxidative stress induced impairment in insulin 
stimulation of protein kinase B and glucose transport in 3T3-L1 adipocytes, 
Diabetologia 42, 949-957. 

175. Brownlee, M. (2001) Biochemistry and molecular cell biology of diabetic 
complications, Nature 414, 813-820. 

176. Denzel, M. S., Scimia, M. C., Zumstein, P. M., Walsh, K., Ruiz-Lozano, P., and 
Ranscht, B. (2010) T-cadherin is critical for adiponectin-mediated 
cardioprotection in mice, J Clin Invest 120, 4342-4352. 

177. Hwang, C., Sinskey, A. J., and Lodish, H. F. (1992) Oxidized redox state of 
glutathione in the endoplasmic reticulum, Science 257, 1496-1502. 

178. Hatahet, F., and Ruddock, L. W. (2009) Protein disulfide isomerase: a critical 
evaluation of its function in disulfide bond formation, Antioxid Redox Signal 11, 
2807-2850. 

179. Zhang, K., and Kaufman, R. J. (2008) From endoplasmic-reticulum stress to the 
inflammatory response, Nature 454, 455-462. 

180. Biteau, B., Labarre, J., and Toledano, M. B. (2003) ATP-dependent reduction of 
cysteine-sulphinic acid by S. cerevisiae sulphiredoxin, Nature 425, 980-984. 

181. Tu, B. P., Ho-Schleyer, S. C., Travers, K. J., and Weissman, J. S. (2000) 
Biochemical basis of oxidative protein folding in the endoplasmic reticulum, 
Science 290, 1571-1574. 

182. Tu, B. P., and Weissman, J. S. (2004) Oxidative protein folding in eukaryotes: 
mechanisms and consequences, J Cell Biol 164, 341-346. 

183. Frand, A. R., and Kaiser, C. A. (1999) Ero1p oxidizes protein disulfide isomerase 
in a pathway for disulfide bond formation in the endoplasmic reticulum, Mol Cell 
4, 469-477. 

184. Frand, A. R., and Kaiser, C. A. (1998) The ERO1 gene of yeast is required for 
oxidation of protein dithiols in the endoplasmic reticulum, Mol Cell 1, 161-170. 

185. Appenzeller-Herzog, C., and Ellgaard, L. (2008) In vivo reduction-oxidation state 
of protein disulfide isomerase: the two active sites independently occur in the 
reduced and oxidized forms, Antioxid Redox Signal 10, 55-64. 

115



186. Appenzeller-Herzog, C., Riemer, J., Christensen, B., Sorensen, E. S., and 
Ellgaard, L. (2008) A novel disulphide switch mechanism in Ero1alpha balances 
ER oxidation in human cells, EMBO J 27, 2977-2987. 

187. Baker, K. M., Chakravarthi, S., Langton, K. P., Sheppard, A. M., Lu, H., and 
Bulleid, N. J. (2008) Low reduction potential of Ero1alpha regulatory disulphides 
ensures tight control of substrate oxidation, EMBO J 27, 2988-2997. 

188. Tavender, T. J., and Bulleid, N. J. (2010) Molecular mechanisms regulating 
oxidative activity of the Ero1 family in the endoplasmic reticulum, Antioxid 
Redox Signal 13, 1177-1187. 

189. Lundstrom, J., and Holmgren, A. (1993) Determination of the reduction-oxidation 
potential of the thioredoxin-like domains of protein disulfide-isomerase from the 
equilibrium with glutathione and thioredoxin, Biochemistry 32, 6649-6655. 

190. Karala, A. R., Lappi, A. K., Saaranen, M. J., and Ruddock, L. W. (2009) Efficient 
peroxide-mediated oxidative refolding of a protein at physiological pH and 
implications for oxidative folding in the endoplasmic reticulum, Antioxid Redox 
Signal 11, 963-970. 

191. Nguyen, V. D., Saaranen, M. J., Karala, A. R., Lappi, A. K., Wang, L., Raykhel, 
I. B., Alanen, H. I., Salo, K. E., Wang, C. C., and Ruddock, L. W. (2011) Two 
Endoplasmic Reticulum PDI Peroxidases Increase the Efficiency of the Use of 
Peroxide during Disulfide Bond Formation, J Mol Biol 406, 503-515. 

192. Chakravarthi, S., and Bulleid, N. J. (2004) Glutathione is required to regulate the 
formation of native disulfide bonds within proteins entering the secretory 
pathway, J Biol Chem 279, 39872-39879. 

193. Molteni, S. N., Fassio, A., Ciriolo, M. R., Filomeni, G., Pasqualetto, E., Fagioli, 
C., and Sitia, R. (2004) Glutathione limits Ero1-dependent oxidation in the 
endoplasmic reticulum, J Biol Chem 279, 32667-32673. 

194. Bass, R., Ruddock, L. W., Klappa, P., and Freedman, R. B. (2004) A major 
fraction of endoplasmic reticulum-located glutathione is present as mixed 
disulfides with protein, J Biol Chem 279, 5257-5262. 

195. Andreini, C., Banci, L., Bertini, I., and Rosato, A. (2006) Counting the zinc-
proteins encoded in the human genome, J Proteome Res 5, 196-201. 

196. Auld, D. S. (2001) Zinc coordination sphere in biochemical zinc sites, Biometals 
14, 271-313. 

197. Christianson, D. W., and Cox, J. D. (1999) Catalysis by metal-activated hydroxide 
in zinc and manganese metalloenzymes, Annu Rev Biochem 68, 33-57. 

116



198. Maret, W. (2006) Zinc coordination environments in proteins as redox sensors 
and signal transducers, Antioxid Redox Signal 8, 1419-1441. 

199. Haase, H., and Maret, W. (2003) Intracellular zinc fluctuations modulate protein 
tyrosine phosphatase activity in insulin/insulin-like growth factor-1 signaling, Exp 
Cell Res 291, 289-298. 

200. Maret, W., Jacob, C., Vallee, B. L., and Fischer, E. H. (1999) Inhibitory sites in 
enzymes: zinc removal and reactivation by thionein, Proc Natl Acad Sci U S A 96, 
1936-1940. 

201. Hogstrand, C., Verbost, P. M., and Wendelaar Bonga, S. E. (1999) Inhibition of 
human erythrocyte Ca2+-ATPase by Zn2+, Toxicology 133, 139-145. 

202. Stork, C. J., and Li, Y. V. (2010) Zinc release from thapsigargin/IP3-sensitive 
stores in cultured cortical neurons, J Mol Signal 5, 5. 

203. Tomat, E., Nolan, E. M., Jaworski, J., and Lippard, S. J. (2008) Organelle-specific 
zinc detection using zinpyr-labeled fusion proteins in live cells, J Am Chem Soc 
130, 15776-15777. 

204. Vinkenborg, J. L., Nicolson, T. J., Bellomo, E. A., Koay, M. S., Rutter, G. A., and 
Merkx, M. (2009) Genetically encoded FRET sensors to monitor intracellular 
Zn2+ homeostasis, Nat Methods 6, 737-740. 

205. Levine, A. S., McClain, C. J., Handwerger, B. S., Brown, D. M., and Morley, J. E. 
(1983) Tissue zinc status of genetically diabetic and streptozotocin-induced 
diabetic mice, Am J Clin Nutr 37, 382-386. 

206. Kinlaw, W. B., Levine, A. S., Morley, J. E., Silvis, S. E., and McClain, C. J. 
(1983) Abnormal zinc metabolism in type II diabetes mellitus, Am J Med 75, 273-
277. 

207. Al-Maroof, R. A., and Al-Sharbatti, S. S. (2006) Serum zinc levels in diabetic 
patients and effect of zinc supplementation on glycemic control of type 2 
diabetics, Saudi Med J 27, 344-350. 

208. Pai, L. H., and Prasad, A. S. (1988) Cellular zinc in patients with diabetes 
mellitus, Nutrition Research 8, 889-897. 

209. Yoshikawa, Y., Ueda, E., Miyake, H., Sakurai, H., and Kojima, Y. (2001) 
Insulinomimetic bis(maltolato)zinc(II) complex: blood glucose normalizing effect 
in KK-A(y) mice with type 2 diabetes mellitus, Biochem Biophys Res Commun 
281, 1190-1193. 

210. Adachi, Y., Yoshida, J., Kodera, Y., Kiss, T., Jakusch, T., Enyedy, E. A., 
Yoshikawa, Y., and Sakurai, H. (2006) Oral administration of a zinc complex 

117



improves type 2 diabetes and metabolic syndromes, Biochem Biophys Res 
Commun 351, 165-170. 

211. Adachi, Y., Yoshida, J., Kodera, Y., Kato, A., Yoshikawa, Y., Kojima, Y., and 
Sakurai, H. (2004) A new insulin-mimetic bis(allixinato)zinc(II) complex: 
structure-activity relationship of zinc(II) complexes, J Biol Inorg Chem 9, 885-
893. 

212. Simon, S. F., and Taylor, C. G. (2001) Dietary zinc supplementation attenuates 
hyperglycemia in db/db mice, Exp Biol Med (Maywood) 226, 43-51. 

213. Quarterman, J., Mills, C. F., and Humphries, W. R. (1966) The reduced secretion 
of, and sensitivity to insulin in zinc-deficient rats, Biochem Biophys Res Commun 
25, 354-358. 

214. Chausmer, A. B. (1998) Zinc, insulin and diabetes, J Am Coll Nutr 17, 109-115. 

215. Emdin, S. O., Dodson, G. G., Cutfield, J. M., and Cutfield, S. M. (1980) Role of 
zinc in insulin biosynthesis. Some possible zinc-insulin interactions in the 
pancreatic B-cell, Diabetologia 19, 174-182. 

216. Dunn, M. F. (2005) Zinc-ligand interactions modulate assembly and stability of 
the insulin hexamer -- a review, Biometals 18, 295-303. 

217. Jansen, J., Karges, W., and Rink, L. (2009) Zinc and diabetes--clinical links and 
molecular mechanisms, J Nutr Biochem 20, 399-417. 

218. Csala, M., Braun, L., Mile, V., Kardon, T., Szarka, A., Kupcsulik, P., Mandl, J., 
and Banhegyi, G. (1999) Ascorbate-mediated electron transfer in protein thiol 
oxidation in the endoplasmic reticulum, FEBS Lett 460, 539-543. 

219. Stassen, F. L., Cardinale, G. J., and Udenfriend, S. (1973) Activation of prolyl 
hydroxylase in L-929 fibroblasts by ascorbic acid, Proc Natl Acad Sci U S A 70, 
1090-1093. 

220. Stephens, J. M., Lee, J., and Pilch, P. F. (1997) Tumor necrosis factor-alpha-
induced insulin resistance in 3T3-L1 adipocytes is accompanied by a loss of 
insulin receptor substrate-1 and GLUT4 expression without a loss of insulin 
receptor-mediated signal transduction, J Biol Chem 272, 971-976. 

221. Csala, M., Margittai, E., and Banhegyi, G. (2010) Redox control of endoplasmic 
reticulum function, Antioxid Redox Signal 13, 77-108. 

222. Bertoli, G., Simmen, T., Anelli, T., Molteni, S. N., Fesce, R., and Sitia, R. (2004) 
Two conserved cysteine triads in human Ero1alpha cooperate for efficient 
disulfide bond formation in the endoplasmic reticulum, J Biol Chem 279, 30047-
30052. 

118



223. Saaranen, M. J., Karala, A. R., Lappi, A. K., and Ruddock, L. W. (2010) The role 
of dehydroascorbate in disulfide bond formation, Antioxid Redox Signal 12, 15-
25. 

224. Givol, D., Goldberger, R. F., and Anfinsen, C. B. (1964) Oxidation and Disulfide 
Interchange in the Reactivation of Reduced Ribonuclease, J Biol Chem 239, 
PC3114-3116. 

225. Steiner, D. F., and Clark, J. L. (1968) The spontaneous reoxidation of reduced 
beef and rat proinsulins, Proc Natl Acad Sci U S A 60, 622-629. 

226. Venetianer, P., and Straub, F. B. (1964) The Mechanism of Action of the 
Ribonuclease-Reactivating Enzyme, Biochim Biophys Acta 89, 189-190. 

227. Wells, W. W., Xu, D. P., Yang, Y. F., and Rocque, P. A. (1990) Mammalian 
thioltransferase (glutaredoxin) and protein disulfide isomerase have 
dehydroascorbate reductase activity, J Biol Chem 265, 15361-15364. 

228. Buettner, G. R., and Jurkiewicz, B. A. (1996) Catalytic metals, ascorbate and free 
radicals: combinations to avoid, Radiat Res 145, 532-541. 

229. Scarpa, M., Stevanato, R., Viglino, P., and Rigo, A. (1983) Superoxide ion as 
active intermediate in the autoxidation of ascorbate by molecular oxygen. Effect 
of superoxide dismutase, J Biol Chem 258, 6695-6697. 

230. Chakrabarti, P. (1990) Geometry of interaction of metal ions with histidine 
residues in protein structures, Protein Eng 4, 57-63. 

231. Sellin, S., and Mannervik, B. (1984) Metal dissociation constants for glyoxalase I 
reconstituted with Zn2+, Co2+, Mn2+, and Mg2+, J Biol Chem 259, 11426-
11429. 

232. Jackson, G. S., Murray, I., Hosszu, L. L., Gibbs, N., Waltho, J. P., Clarke, A. R., 
and Collinge, J. (2001) Location and properties of metal-binding sites on the 
human prion protein, Proc Natl Acad Sci U S A 98, 8531-8535. 

233. Getz, E. B., Xiao, M., Chakrabarty, T., Cooke, R., and Selvin, P. R. (1999) A 
comparison between the sulfhydryl reductants tris(2-carboxyethyl)phosphine and 
dithiothreitol for use in protein biochemistry, Anal Biochem 273, 73-80. 

234. Dzielinska, Z., Januszewicz, A., Wiecek, A., Demkow, M., Makowiecka-Ciesla, 
M., Prejbisz, A., Kadziela, J., Mielniczuk, R., Florczak, E., Janas, J., Januszewicz, 
M., and Ruzyllo, W. (2003) Decreased plasma concentration of a novel anti-
inflammatory protein--adiponectin--in hypertensive men with coronary artery 
disease, Thromb Res 110, 365-369. 

119



235. Kumada, M., Kihara, S., Sumitsuji, S., Kawamoto, T., Matsumoto, S., Ouchi, N., 
Arita, Y., Okamoto, Y., Shimomura, I., Hiraoka, H., Nakamura, T., Funahashi, T., 
and Matsuzawa, Y. (2003) Association of hypoadiponectinemia with coronary 
artery disease in men, Arterioscler Thromb Vasc Biol 23, 85-89. 

236. Wolf, G. (2008) New insights into thiol-mediated regulation of adiponectin 
secretion, Nutr Rev 66, 642-645. 

237. Dill, K. A., and Chan, H. S. (1997) From Levinthal to pathways to funnels, Nat 
Struct Biol 4, 10-19. 

238. Onuchic, J. N., Socci, N. D., Luthey-Schulten, Z., and Wolynes, P. G. (1996) 
Protein folding funnels: the nature of the transition state ensemble, Fold Des 1, 
441-450. 

239. Cheung, M. S., Chavez, L. L., and Onuchic, J. N. (2004) The energy landscape 
for protein folding and possible connections to function, Polymer 45, 547-555. 

240. Gregoret, L. M., Rader, S. D., Fletterick, R. J., and Cohen, F. E. (1991) Hydrogen 
bonds involving sulfur atoms in proteins, Proteins 9, 99-107. 

241. Jemth, P., and Mannervik, B. (2000) Active site serine promotes stabilization of 
the reactive glutathione thiolate in rat glutathione transferase T2-2. Evidence 
against proposed sulfatase activity of the corresponding human enzyme, J Biol 
Chem 275, 8618-8624. 

242. Coggan, M., Flanagan, J. U., Parker, M. W., Vichai, V., Pearson, W. R., and 
Board, P. G. (2002) Identification and characterization of GSTT3, a third murine 
Theta class glutathione transferase, Biochem J 366, 323-332. 

243. Hoseki, J., Ushioda, R., and Nagata, K. (2010) Mechanism and components of 
endoplasmic reticulum-associated degradation, J Biochem 147, 19-25. 

244. Kruse-Jarres, J. D., and Rukgauer, M. (2000) Trace elements in diabetes mellitus. 
Peculiarities and clinical validity of determinations in blood cells, J Trace Elem 
Med Biol 14, 21-27. 

245. Ozcan, U., Cao, Q., Yilmaz, E., Lee, A. H., Iwakoshi, N. N., Ozdelen, E., 
Tuncman, G., Gorgun, C., Glimcher, L. H., and Hotamisligil, G. S. (2004) 
Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes, 
Science 306, 457-461. 

246. Banhegyi, G., Benedetti, A., Csala, M., and Mandl, J. (2007) Stress on redox, 
FEBS Lett 581, 3634-3640. 

247. Lai, E., Teodoro, T., and Volchuk, A. (2007) Endoplasmic reticulum stress: 
signaling the unfolded protein response, Physiology (Bethesda) 22, 193-201. 

120



248. Malhotra, J. D., Miao, H., Zhang, K., Wolfson, A., Pennathur, S., Pipe, S. W., and 
Kaufman, R. J. (2008) Antioxidants reduce endoplasmic reticulum stress and 
improve protein secretion, Proc Natl Acad Sci U S A 105, 18525-18530. 

249. Schwaller, M., Wilkinson, B., and Gilbert, H. F. (2003) Reduction-reoxidation 
cycles contribute to catalysis of disulfide isomerization by protein-disulfide 
isomerase, J Biol Chem 278, 7154-7159. 

250. Walker, K. W., Lyles, M. M., and Gilbert, H. F. (1996) Catalysis of oxidative 
protein folding by mutants of protein disulfide isomerase with a single active-site 
cysteine, Biochemistry 35, 1972-1980. 

251. Guo, R., Ma, H., Gao, F., Zhong, L., and Ren, J. (2009) Metallothionein alleviates 
oxidative stress-induced endoplasmic reticulum stress and myocardial 
dysfunction, J Mol Cell Cardiol 47, 228-237. 

252. Merksamer, P. I., Trusina, A., and Papa, F. R. (2008) Real-time redox 
measurements during endoplasmic reticulum stress reveal interlinked protein 
folding functions, Cell 135, 933-947. 

253. Mezghrani, A., Fassio, A., Benham, A., Simmen, T., Braakman, I., and Sitia, R. 
(2001) Manipulation of oxidative protein folding and PDI redox state in 
mammalian cells, EMBO J 20, 6288-6296. 

 

 

121



APPENDIX A: 

 DISULFIDE-DEPENDENT SELF-ASSEMBLY OF ADIPONECTIN 
OCTADECAMERS FROM TRIMERS AND PRESENCE OF STABLE 

OCTADECAMERIC ADIPONECTIN LACKING DISULFIDE 
BONDS IN VITRO 
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Reproduced with permission from Briggs, D. B., Jones, C. M., Mashalidis, E. H., Nunez, 
M., Hausrath, A. C., Wysocki, V. H., and Tsao, T. S. (2009) Disulfide-dependent self-
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Abstract 
Background 

 Adiponectin is an adipocyte-secreted hormone with insulin-sensitizing and anti-

inflammatory actions.  The assembly of trimeric, hexameric, and higher molecular weight 

(HMW) species of adiponectin is a topic of significant interest because physiological 

actions of adiponectin are oligomer-specific.  In addition, adiponectin assembly is an 

example of oxidative oligomerization of multi-subunit protein complexes in endoplasmic 

reticulum (ER). 

Results 

 We previously reported that trimers assemble into HMW adiponectin via 

intermediates stabilized by disulfide bonds, and complete oxidation of available cysteines 

locks adiponectin in hexameric conformation.  In this study, we examined the effects of 

redox environment on the rate of oligomer formation and the distribution of oligomers. 

Reassembly of adiponectin under oxidizing conditions accelerated disulfide bonding but 

favored formation of hexamers over the HMW species.  Increased ratios of HMW to 

hexameric adiponectin could be achieved rapidly under oxidizing conditions by 

promoting disulfide rearrangement. 

Conclusions 

 Based upon these observations, we propose oxidative assembly of multi-subunit 

adiponectin complexes in a defined and stable redox environment is favored under 

oxidizing conditions coupled with high rates of disulfide rearrangement. 
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Background 

The adipocyte-secreted hormone adiponectin contributes to the maintenance of 

whole body insulin action and normal cardiovascular and endothelial functions [1-7].  

Adiponectin homo-oligomerizes into different isoforms: trimer, hexamer and several 

higher molecular weight (HMW) species, the largest and the most abundant of which is 

the octadecamer [8-10].  Trimeric adiponectin, the basic building block of all oligomers, 

is held together by strong hydrophobic interactions among the three monomers in the 

globular head domain and by triple helical coils in the collagenous domain [11].  The 

HMW adiponectin species are decreased in insulin resistance to a larger extent than the 

other isoforms [12-16].  In contrast, treatment with thiazolidinediones (TZD), a class of 

drugs that are used for treatment of type 2 diabetes, increases HMW adiponectin 

concentration in circulation [16, 17].  Changes in gene expression alone could not 

account for TZD-stimulated increase in HMW adiponectin levels [17], therefore it is 

important to understand the mechanisms that impair the formation of HMW adiponectin 

in adipocytes. 

Disulfide bonds play an important role in the oligomerization of adiponectin.  

Adiponectin contains two conserved cysteines:  one in the globular head of adiponectin 

and the one at the N-terminal portion [10].  Previous studies have shown that the non-

solvent accessible cysteine in the globular head of adiponectin does not influence 

adiponectin oligomerization [10], whereas the cysteine near the N-terminus (C22 residue 

in mature murine adiponectin) mediates oligomerization into the hexamer and 

octadecameric isoforms of adiponectin [10, 18, 19].  The trimeric isoform of adiponectin 
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contains a dimer linked by an intra-trimer disulfide bond and a monomer [10].  In 

contrast, the cysteines in N-terminal regions of adiponectin hexamers and octadecamers 

are fully oxidized as disulfides [10].  In previous studies, mutation of C22 to either 

alanine or serine precludes formation of the higher-ordered oligomers [10, 18, 19].  

Intriguingly, recent gel filtration chromatography showed that large complexes of 

adiponectin could exist following treatment with reducing agents [20].  Using high 

resolution gel electrophoresis, dynamic light scattering, and collision-induced 

dissociation nano-electrospray ionization mass spectrometry, we showed definitively that 

octadecameric HMW adiponectin is stable in absence of disulfide bonds [21].  We 

addressed this paradox in our previous report by demonstrating that although disulfide 

bonds are not required for stability of the mature HMW species, they are necessary for 

oligomerization [21].  Disulfide bonds likely provide the covalent linkages needed to 

stabilize intermediate oligomers in the step-wise addition of subunits during the 

expansion of oligomers.  Consistent with this conclusion, fully oxidized adiponectin 

hexamers lacking free thiols assembled into octadecamers at an extremely slow rate when 

compared with that of reduced trimers undergoing disulfide formation during assembly 

[21].  

Given the importance of disulfide bonds in the assembly of HMW adiponectin, 

we hypothesized that redox conditions can affect the distribution of adiponectin 

oligomers through changes in the rate of and pattern of disulfide formation.  To test this 

hypothesis, we monitored oligomerization of adiponectin under various redox conditions.  

Under conditions with low reduction potential, adiponectin did not undergo oxidative 
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assembly in a physiologically relevant time frame.  Under oxidizing conditions, the 

predominant oligomers were hexamers and trimers that oligomerized poorly into larger 

species.  We found that conditions favoring rearrangement of disulfide bonds led to 

robust and relatively rapid formation of HMW adiponectin.  Taken together, our data 

provide a redox-based model for oxidative assembly of a multi-subunit adiponectin 

protein complex and may implicate ER redox environment alteration as a contributing 

factor in decreased levels of HMW adiponectin in insulin–resistant disease states.  Our 

data also provide potential mechanisms for understanding the previously observed effects 

of the ER oxidoreductase Ero1-Lα and chaperones DsbA-L and ERp44 on adiponectin 

production [22-24].  

 

Results  
Effect of slower oxidation rate on oligomer distribution during adiponectin re-

oligomerization 

 We previously showed the main function of disulfide bonds in oxidative 

oligomerization of adiponectin is to stabilize intermediate oligomers and that fully 

oxidized hexamers oligomerized to HMW adiponectin at a much slower rate than reduced 

trimers [21].  This led us to hypothesize that adiponectin oligomerization into HMW or 

hexameric isoforms could be modulated by the prevailing redox environment.  

Specifically, our model predicts that oxidizing conditions will accelerate disulfide 

bonding and favor the formation of fully oxidized hexamers that are unable to assemble 

further into HMW adiponectin.  To test this hypothesis, we performed re-oligomerization 
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experiments in which the rate of disulfide formation was slowed by decreasing the rate of 

DTT removal.  Following collapse to trimers by reduction with 5 mM DTT and lowering 

of pH to 4, reassembly of HMW adiponectin was examined as reactions were exchanged 

into varying concentrations of DTT in PBS at pH 7.4.  As reactions were dialyzed into 

increasing concentrations of DTT, decreased formation of both octadecameric and 

hexameric adiponectin were observed, with hexamer formation affected to a greater 

extent than octadecamer formation (Figure 1A).  The increased susceptibility of hexamers 

to reduction could be explained by the inherent stability of reduced octadecamer [21].  

Alternatively, the inter-trimer disulfide bonds between hexamers are more susceptible to 

reduction than those in the HMW complex [18].   Formation of octadecamers and 

hexamers was accompanied by oxidation of reduced monomers to disulfide-bonded 

dimers (Figure 1B).  As the concentration of DTT increased, the amount of reduced 

monomer increased at the expense of oxidized dimer, indicating reduced rates of 

disulfide formation (Figure 1B).  This increase in reduced monomers compared to 

oxidized dimers is accompanied by a decrease in the conversion of trimers to larger 

species (Figure 1A).  These results demonstrate that decreased rate of disulfide bonding 

led to decreased formation of both HMW and hexameric adiponectin formation.  

Complete removal of DTT did not inhibit HMW adiponectin formation at the expense of 

hexamers (Figure 1A).  These results do not support the notion that modulating the rate of 

disulfide bond formation could result in preferential formation of HMW adiponectin over 

hexamers or vice versa. 

Defining the reduction potential of adiponectin oligomerization 

144



To better define the role of redox environment on adiponectin oligomerization, we 

performed re-oligomerization experiments in a series of glutathione-based redox buffers 

with varying reduction potentials bracketing the reported ER reduction potential of -180 

mV [25].  In these experiments, DTT added to reduce purified octadecamers was 

removed prior to start of reassembly reactions by addition of oxidized glutathione.  For 

each reduction potential, pilot experiments were first performed to ensure sufficient time 

was given to allow adiponectin redox state to reach equilibrium (data not shown).  To 

minimize the effect of oxygen on oxidation, DTT removal and subsequent re-

oligomerization assays were carried out in an anaerobic chamber.  In contrast to the 

results in Figure 1 in which re-assembly was allowed to proceed by slow and gradual 

removal of reducing agents, in these experiments reducing agents were removed before 

re-oligomerization began by incubation in glutathione-based buffers, resulting in 

decreased levels of HMW adiponectin relative to hexamers or trimers under all redox 

conditions tested (Figure 2A).  Oxidation of adiponectin reached equilibrium faster and to 

a larger extent as the reduction potential increased from -220 to -120 mV (Figure 2B).  At 

-220 and -200 mV, the rate of adiponectin oxidation was slowest and the concentrations 

of reduced monomers the highest among the reduction potentials tested (Figure 2B).  

Trimers predominated under these conditions (Figure 2A).  At -140 and -120 mV, nearly 

all adiponectin molecules became disulfide-bonded within 2 hrs of incubation and 

majority of reassembled oligomers were hexamers (Figure 2A and 2B).  At -180 and -160 

mV, the rate and extent of adiponectin oxidation were moderate compared with either 

extremes, yet the predominant oligomers were trimers or hexamers with small amounts of 

145



HMW adiponectin upon prolonged incubation (Figure 2A and 2B).  These data indicate 

that in the physiologically relevant glutathione redox buffer with reduction potentials 

ranging from -220 to -120 mV, oxidation was either too slow to promote significant 

formation of HMW adiponectin in a reasonable time frame or too fast to allow 

intermediates to grow by forming additional disulfide bonds before becoming completely 

oxidized. 

Inability of adiponectin trimers to oligomerize under highly oxidizing conditions 

One potential explanation for lack of HMW adiponectin formation in glutathione 

based redox buffers is incomplete oxidation of adiponectin.  Even at -120 mV reduction 

potential, significant amounts of adiponectin monomers remained (Figure 2B).  These 

monomers could be in either the glutathionylated or free thiol forms, and likely form the 

trimers that were also present at significant levels at -120 mV (Figure 2A).  To assure that 

the reduction potential was high enough to completely oxidize adiponectin, we repeated 

adiponectin reassembly experiments at reduction potentials as high as +40 mV, and found 

that hexamers were still the predominant species and small amounts of adiponectin 

monomers remained (Figure S1A and S1B). 

Adiponectin monomers that remained at high reduction potentials might be 

glutathionylated.  To address the possibility that glutathionylated adiponectin has a higher 

reduction potential than disulfide-bonded adiponectin, we used diamide, which oxidizes 

adiponectin without mixed disulfide formation, as the oxidizing agent in our re-

oligomerization reactions.  As shown in Figure 3, 25 mM diamide added to reduced 

trimers failed to completely oxidize adiponectin, as evidenced by abundant monomers 
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following diamide treatment (Figure 3B), and resulted in much of the adiponectin trapped 

in trimers rather than proceeding to HMW adiponectin (Figure 3A).  These data suggest 

that the remaining cysteine in partially oxidized adiponectin trimer (consisting of a 

disulfide bonded dimer and a reduced monomer) has an unusually high reduction 

potential; very tiny amounts of reduced glutathione are all that is required to keep it 

reduced.  If the remaining cysteine in a partially oxidized trimer is buried and 

inaccessible to solvent, it could result in it having a high reduction potential.  Partially 

oxidized adiponectin trimer may exist in a conformation that precludes oligomerization, 

which could contribute to impaired assembly of HMW adiponectin under highly 

oxidizing conditions. 

Facilitation of HMW adiponectin by disulfide rearrangement 

The data presented above indicate that oxidation of reduced adiponectin trimers 

proceeds faster under oxidizing conditions, and that under these conditions hexamers are 

the predominant adiponectin oligomer.  However, assembly of HMW adiponectin could 

occur over time in absence of net adiponectin oxidation under many conditions tested.  In 

Figure 2, HMW adiponectin accumulated over time at -160 mV without overt changes in 

the ratio of dimers to monomers, suggesting that adiponectin oligomerization could 

proceed under oxidizing conditions via disulfide rearrangement.  We therefore tested 

whether increasing concentrations of glutathione at a fixed redox potential could enhance 

adiponectin oligomerization by promoting disulfide rearrangement.  Increasing 

concentrations of total glutathione but maintaining the reduction potential constant at -

120 mV led to increased ratios of HMW versus hexameric adiponectin (Figure 4A).  In 
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reactions with higher total glutathione concentrations, the increased levels of 

octadecamers were associated with decreased levels of hexamers and trimers (Figure 4A).  

The levels of adiponectin dimers and monomers did not significantly change with 

increasing concentrations of total glutathione (Figure 4B), indicating net oxidation states 

were not altered by glutathione levels.  Additionally, glutathionylation of adiponectin 

increased with higher concentrations of total glutathione, consistent with increased 

disulfide rearrangement (Figure 4C and 4D). 

To further assess if disulfide rearrangement leads to oligomerization into HMW 

adiponectin, we first prepared oxidized hexamers by reducing the pH of the purified 

octadecamers to 4 in absence of reducing agents.  Subsequently, varying concentrations 

of βME were added to partially reduce adiponectin and allow disulfide rearrangement to 

occur.  After amounts of reduced adiponectin reach equilibrium following addition of 

βME, any oligomerization that takes place in absence of net oxidation or reduction is 

most likely the result of disulfide rearrangement.  Interestingly, 100 μM βME led to 

immediate reduction of small amounts of adiponectin without promoting immediate 

octadecamer formation (Figure 5A and 5B).  However, after 60 min of incubation, the 

octadecamer began to assemble, and continued to increase until 240 min (Figure 5A).  

During this time period the concentrations of oxidized dimers and reduced monomers 

remained constant (Figure 5B), indicating lack of net oxidation or reduction.  Similar 

patterns of adiponectin assembly and oxidation were observed with the addition of 500 

μM βME (Figure 5A and 5B).  At 5 mM βME, HMW species re-oligomerized within 5 

min (Figure 5A). 
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The hexamers in Figure 5A and 5B migrated in a diffuse manner in native gels.  

In contrast to previous experiments in which the glycine used for octadecamer collapse 

was either removed by dialysis or diluted in PBS, the combination of the use of Tris-base 

to neutralize the reactions and the presence of high concentrations of glycine likely 

caused hexamers to migrate diffusely.  To demonstrate that hexamers indeed decreased at 

the expense of HMW and trimeric adiponectin following reduction by βME, separate 

experiments were performed in which the reactions were dialyzed against PBS at pH 7 

for 3 hrs prior to addition of βME.  As shown in Figure 5C and 5D, upon neutralization 

by dialysis, 5 mM βME led to decreased levels of hexamers along with increased 

octadecamers and trimers, indicating reduction of hexamers and reassembly of 

adiponectin octadecamers.  In general, increased proportions of reduced adiponectin 

resulted in faster re-oligomerization of HMW adiponectin and resulted in higher levels of 

octadecameric and trimeric species at the expense of hexamers, pointing to disulfide 

rearrangement facilitating adiponectin oligomerization. 

 

Discussion 

Low serum levels of HMW adiponectin are associated with obesity and insulin 

resistance [12-16].  It has been suggested that this selective decrease is due to a 

suboptimal folding environment in the ER [26].  We have attempted to analyze the de 

novo formation of HMW adiponectin from the trimer in order to build a detailed model of 

adiponectin assembly that could explain in vivo data at molecular detail and to suggest 

additional cell-based experiments to validate the model.  Recently, we reported that 
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oligomerization to HMW adiponectin occurs through partially reduced intermediates 

stabilized by disulfide bonds [21].  The results led us to postulate that excessively 

oxidizing conditions would accelerate disulfide bonding and favor the formation of fully 

oxidized hexamers that are unable to assemble further into HMW adiponectin.  

Conversely, an optimal redox condition that balances a moderately reducing redox 

potential with a sufficiently rapid rate of oxidation would lead to preferential 

accumulation of HMW adiponectin in a timely manner.  To test these hypotheses, we 

monitored oligomerization of adiponectin under various redox conditions.  Surprisingly, 

we did not find such an optimal redox condition.  Redox potentials were either too low to 

lead to significant oxidative assembly in a physiological relevant time frame or too high 

to generate high amounts of HMW adiponectin.  Large amounts of HMW adiponectin 

were possible only when reassembly reactions were carried out under oxidizing 

conditions in which disulfide rearrangement could occur rapidly. 

Several lines of evidence indicate that disulfide rearrangement is crucial for 

assembly of HMW adiponectin.  First, increasing total glutathione concentrations under 

oxidizing conditions led to increased formation of HMW adiponectin (Figure 4).  Second, 

hexamers unable to oligomerize into HMW adiponectin could do so after some of the 

disulfide bonds in hexamers were reduced, resulting in appearance of trimers and 

octadecamers (Figure 5).  Third, majority of intracellular adiponectin exists as hexamers 

or trimers [20].  It is possible that disulfide rearrangement represents the rate-limiting 

step in converting hexamers to HMW species.  Lastly, whereas slow rates of disulfide 

bond formation during gradual removal of reducing agents led to robust reassembly of 
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HMW adiponectin (Figure 1), complete removal of reducing agents followed by rapid 

oxidation favored hexamers (Figures 2 and S1).  In our previous study, reassembly of 

large amount of HMW adiponectin was possible because the oxidizing agent used in 

many of the experiments, hydrogen peroxide, was introduced into reactions slowly by 

dialysis [21].  Rapid disulfide exchange was possible under these conditions in which 

oxidation occurred slowly at first but allowed to reach completion following complete 

removal of reducing agents. 

Under highly oxidizing conditions, sizable amounts of trimers were unable to 

oligomerize further into either hexamers or HMW adiponectin (Figures 3 and S1).  These 

trimers likely contain intra-trimer disulfide bonds that do not allow formation of higher-

order oligomers.  Adiponectin contains a collagen domain that forms a triple helix among 

three monomers, although the architecture of the collagen domains in the higher-order 

adiponectin oligomers remains unknown.  Formation of a disulfide bond within a trimer 

could lock the conformation of the collagen domain and limits the flexibility of the triple 

helical coil at the N-terminal end of the molecule.  If an intra-trimer disulfide bond forms 

before an inter-trimer disulfide bond, further oligomerization may be halted.  

Alternatively, if inter-trimer disulfide bonds form before intra-trimer disulfide bonds, 

then additional oligomerization could take place.  Disulfide rearrangement could 

facilitate oligomerization by exchanging intra-trimer disulfide bonds with inter-trimer 

disulfide bonds. 

In addition to conformational constraints described above, the inability of 

adiponectin trimers to assemble into larger oligomers could be caused by inaccessibility 
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of the unpaired cysteine near the N-terminus to solvent.  While direct evidence in support 

of this hypothesis is currently lacking, prior work indicates that isolated trimers do not 

assemble into larger species spontaneously.  We have previously transfected HEK 293T 

cells with mouse adiponectin cDNA in an expression vector and purified adiponectin 

oligomers secreted from transfected cells [9].  In addition to hexamers and octadecamers, 

trimers were also secreted from transfected 293T cells.  These trimers were shown to 

consist of one monomer and one disulfide-bonded dimer [10] and did not convert to 

another oligomer following purification by ion exchange and gel filtration 

chromatography [9].  In addition, it was previously shown that when semi-purified 

human serum adiponectin trimers were injected into rabbit veins, there was no conversion 

to other oligomers in blood after 30 hrs [27]. 

Even though redox conditions were relatively reducing in both Figure 5 (after 

βME addition) and the rightmost panel of Figure 2, the distribution of oligomers differed.  

Rearrangement of hexamers in Figure 5 led to predominantly octadecamers while 

reassembly from trimers at -200 and -220 mV did not lead to significant amounts of 

octadecamers (Figure 2A).  This likely reflects kinetic differences in the rate of 

oligomerization.  When two hexamers collide and undergo disulfide rearrangement, the 

products are likely one nonamer (9mer) and one trimer.  In general, disulfide 

rearrangements between a growing oligomer with a hexamer will result in an even larger 

oligomer and a trimer.  This is supported by results in Figure 5 in which the assembly of 

octadecamers from hexamers invariably led to formation of trimers.  In contrast, when a 

growing oligomer collides with a trimer and undergoes rearrangement (as in Figure 2A), 
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the products are a rearranged oligomer of original size and a trimer that used to be part of 

a larger oligomer.  As a result, assembly from hexamers should be significantly faster 

than from trimers.  Given the importance of hexamer as an intermediate in the assembly 

of octadecamer, redox regulation of hexamer formation is likely a highly important 

aspect of adiponectin oligomerization. 

Results in Figure 1 and in our prior publication [21] led us to propose that self-

assembly of adiponectin octadecamers proceeds spontaneously through partially reduced 

intermediates.  This conclusion requires re-examination in light of current results 

showing trapping of adiponectin oligomerization at trimeric and hexameric states in 

oxidizing environment (Figures 2 and 3).  Adiponectin oligomerization to octadecamers 

requires disulfide bonds to stabilize intermediate oligomers.  Thus the question of 

whether adiponectin oligomerization is a spontaneous process depends on whether 

disulfide bond formation in adiponectin is spontaneous.  Redox reactions consist of two 

half-reactions, one oxidizing and the other reducing, thus disulfide formation cannot take 

place unless oxidizing equivalents are present along with reduced thiols.  Disulfide bond 

formation is spontaneous in the presence of electron acceptors with higher reduction 

potential.  In the adiponectin reassembly and oxidation experiments in which reducing 

agents were removed gradually by dialysis (Figure 1), the identity of the immediate 

electron acceptor is not clear although we hypothesize that molecular oxygen was the 

ultimate electron acceptor.  Reduction of molecular oxygen to water has a high standard 

reduction potential of 0.85 V [28], making oxidation of thiols to disulfides a highly 

favored and spontaneous process.  In subsequent experiments where oxidized glutathione 
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and diamide are electron acceptors (Figures 2 and 3, respectively), we observed that 

presence of electron acceptors with high reduction potential is not sufficient for 

oligomerization to octadecamer.  Assembly of adiponectin likely follows the well-

established free energy funnel paradigm for protein folding [29, 30].  As an intermediate 

oligomer grows by forming disulfide bonds with additional subunits, it may fall into one 

of the numerous local minima in the energy landscape.  It is possible that to get out from 

a low energy trap, an assembly intermediate needs to be reduced once again.  In this case 

oligomerization of adiponectin octadecamers would appear to be spontaneous under 

conditions where disulfide rearrangement could take place. 

These in vitro results suggest the need to protect adiponectin from forming intra-

trimer disulfide bonds in vivo.  ERp44 and DsbA-L are ER chaperones that were 

previously shown to influence adiponectin oligomer distribution [22, 24].  ERp44 forms 

mixed disulfides with adiponectin [24], which could prevent intra-trimer disulfide 

formation.  The role of glutathionylation in increasing oligomerization of the 

octadecamer under oxidizing conditions (Figure 4) could be analogous to the role of 

ERp44 in forming mixed disulfides with adiponectin in vivo.  DsbA-L contains a SXXS 

motif in its thioredoxin-like domain instead of CXXC [22].  The hydroxyl groups in 

DsbA-L may protect thiol groups from adjacent adiponectin monomers from forming a 

disulfide bond.  Decreased production of total and HMW adiponectin associated with 

insulin resistance may be due in part to decreased cellular levels of ERp44 and DsbA-L.  

A 50% reduction in serum HMW adiponectin was associated with an approximately 80% 

decrease in adipose tissue ERp44 in the genetically obese and insulin-resistant ob/ob 
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mice [24].  Decreased serum and adipose tissue adiponectin were also associated with 

decreased amounts of adipose tissue DsbA-L protein and mRNA in mice fed a high-fat 

diet [22].  In a small cohort of humans, total serum adiponectin concentrations were 

positively correlated with adipose tissue DsbA-L mRNA expression and protein levels of 

DsbA-L were found to be reduced in obese and overweight individuals [22].  In contrast, 

treatment with peroxisome proliferator-activated receptor-gamma (PPARγ) agonists, 

commonly prescribed anti-diabetic medication known to increase insulin sensitivity and 

serum HMW adiponectin [16], increased ERp44 and DsbA-L protein concentrations in, 

respectively, mouse adipose tissue [24] and cultured adipocytes [22]. 

It is unclear at the present if decreased levels of ERp44 and DsbA-L associated 

with obesity and insulin resistance represent particular manifestations of overall 

dysfunction in the ER compartment.  ER stress characterized by induction of unfolded 

protein response takes place in adipocytes and hepatocytes of obese animals and 

contributes to the development of insulin resistance [31].  It is possible that obesity-

related decrease in HMW adiponectin production is in part due to ER stress independent 

of changes in ERp44 or DsbA-L.  This could occur as chaperones like BiP are tasked to 

shield increasing amounts of unfolded proteins and making them unavailable to assist in 

the proper folding of adiponectin.  In addition, it was shown recently that onset of 

pharmacologically- or nutritionally-induced ER stress in yeast led to a more reducing ER 

redox state [32].  If induction of unfolded protein response in adipocytes is also 

accompanied by a more reduced ER redox environment, it could affect the rates of 

disulfide bond formation and/or rearrangement during assembly of HMW adiponectin 
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oligomers.  It is possible that impaired adiponectin oligomerization associated with 

insulin resistance is linked by an altered ER redox state. 

 

Conclusions 

This report further analyzes the role of disulfide bond formation in adiponectin 

oligomerization.  Our results emphasize the importance of conditions that promote inter-

trimer disulfide bonds, including an oxidizing redox environment with sufficient amounts 

of redox couples for disulfide rearrangement, suggesting that regulation of redox 

environment in adipocytes is a potential target for future treatments against type 2 

diabetes. 

 

Methods 
Oligomerization state of reassembled adiponectin following dialysis into defined 

concentrations of DTT 

Adiponectin octadecamers with minor amounts of hexamers were purified from 

bovine serum as previously described [21].  Purified adiponectin at 0.25 mg/mL was 

treated with 5 mM dithiothreitol (DTT) for 2 hrs at 37ºC, followed by addition of glycine 

(final concentration 50 mM) to lower the pH to around 4 and further incubated for 30 min 

at 37ºC to collapse to trimers.  The samples were then placed in MINI-Dialysis units 

(Pierce, Rockford, IL) and dialyzed into PBS at pH 7.6 containing 5, 1, 0.2, 0.04, or 

0.008 mM DTT.  Samples were removed for oligomerization and oxidation state analysis 

using native and denaturing PAGE as described previously [21] after 6 and 18 hrs of 
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dialysis.  Dialysis buffer was replenished at 6, 12, and 18 hrs with newly formulated 

buffer containing fresh DTT.  For native PAGE analysis, samples were diluted in 

concentrated native gel loading buffer and immediately subjected to electrophoresis or 

treated with 10 mM thiol-inactivating agent N-ethylmaleimide (NEM) for 20 min at 37°C 

and frozen at -20ºC until electrophoresis.  For non-reducing denaturing PAGE analysis, 

samples were treated with 10 mM NEM at 37°C for 20 min and frozen at -20ºC until 

electrophoresis.  Samples were denatured at 85ºC for 20 min in SDS-PAGE gel loading 

buffer without reducing agents.  The assignments of trimers, hexamers, and octadecamers 

in native gels were independently confirmed using native mass spectrometry [21] and gel 

filtration chromatography [9].  The oligomerization states of nonamers (9mers) and 

dodecamers (12mers) were extrapolated from linear fitting of graphs in which the 

migration distances of the known trimers, hexamers, and octadecamers in native gels 

were plotted against the natural log of monomer number. 

Oligomerization state of adiponectin reassembled in glutathione-based redox 

buffers 

Purified octadecameric adiponectin was first reduced in 10 mM DTT for 1 hr at 

37ºC.  DTT was then removed by 6 rounds of buffer exchange into PBS supplemented 

with 5 mM reduced glutathione (GSH) using 30 kD molecular weight cut off Amicon 

Ultra 0.5 mL centrifugal filter units (Millipore, Billerica, MA).  To completely collapse 

18mers to trimers, the DTT-free samples were then incubated in 50 mM glycine at pH 4 

for at least 15 min at room temperature.  The samples were subsequently neutralized back 

to pH 7 by a 12.8-fold dilution in PBS to restore adiponectin concentration to 0.25 
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mg/mL.  Following neutralization, aliquots were placed in different ratios of GSH and 

oxidized glutathione (GSSG) corresponding to reduction potentials of -120, -140, -160, -

180, -200, and -220 mV.  The Nernst equation for GSH/GSSG couple, E = E°’ – 

(RT/nF)([GSH]2/[GSSG]), was applied to calculate the ratios of GSH and GSSG needed 

to maintain reactions at specific reduction potentials.  The value of -240 mV was used for 

the GSH/GSSG couple standard reduction potential [33].  The total cysteine equivalents 

in each reaction was between 1 to 3 mM.  The samples were incubated at 25ºC for the 

time indicated until the ratios of dimers to monomers reached equilibrium.  Upon 

proceeding to completion, the reactions were quenched in 10 mM NEM and stored at -

20ºC until analyses.  The portion of the procedure from DTT removal to reaction 

quenching by NEM was carried out in an anaerobic chamber (Coy Laboratory Products, 

Grass Lake, MI) using degassed buffers to minimize oxidation by atmospheric oxygen.  

Experiments in which the reduction potentials were stretched from -155 mV to +40 mV 

differed from the rest in two aspects: DTT was removed by dialysis into PBS at pH 7.6 

and total concentrations of glutathione were 10 mM. 

 To assess the effect of glutathione concentration on adiponectin oligomerization, 

reduced trimers were prepared following removal of DTT using centrifugal filter units as 

described above and incubated in 2, 5, 10, or 15 mM total glutathione for indicated 

amounts of time at room temperature with reduction potential maintained at -120 mV.  In 

addition to oligomerization and oxidation state analysis by PAGE and Coomassie 

staining, aliquots of the reactions were subjected to non-reducing denaturing SDS-PAGE, 

transferred to nitrocellulose membranes, and probed for glutathionylation of adiponectin 
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using an anti-GSH primary antibody (Arbor Assays, Ann Arbor, MI) followed by a an 

infrared conjugated secondary antibody (LI-COR Biosciences, Lincoln, NE) 

Oligomerization state of adiponectin reassembled in presence of diamide 

Purified adiponectin was collapsed to trimers by sequential incubations at 37ºC in 

10 mM DTT for 1 hr at pH 7 and 50 mM glycine for 30 min at pH 4.  The samples were 

neutralized by dilution in PBS and diamide was added to experimental groups at a final 

concentration of 25 mM prior to dialysis against PBS.  Equal volumes of 20 mM NEM 

were added at the end of each time point.  Oligomerization and oxidation states were 

determined as described above. 

Reassembly of HMW adiponectin from hexamers treated with βME 

Hexamers were generated by treating purified HMW adiponectin with 50 mM 

glycine at pH 4 and incubated at 37°C for at least 15 min.  Upon neutralization in Tris-

base, βME was added to the reactions at final concentrations of 100 μM, 500 μM and 5 

mM and incubated for 4 hrs at 25°C.  At each time point, aliquots were removed for 

native and non-reducing denaturing PAGE.  Samples for non-reducing SDS-PAGE were 

first treated with 20 mM NEM prior to heat denaturation.  In separate experiments, βME-

mediated reassembly reactions were performed after the samples were neutralized by 

dialysis against PBS at pH 7 for 3 hrs instead of addition of Tris-base. 

Native and denaturing PAGE analysis of adiponectin oligomers 

Adiponectin oligomers were fractionated in 7% polyacrylamide gels under native 

conditions as previously described [21].  The oxidation states of the cysteine residue near 
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the N-terminus of adiponectin were determined by non-reducing denaturing PAGE [21].  

All experiments were performed minimally three times, and figures presented are 

representative of the results. 
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Figure Legends 

Figure 1.  Re-oligomerization of adiponectin following dialysis into defined 

concentrations of DTT.  (A) Native PAGE of adiponectin oligomers after collapse to 

trimers and subsequent re-oligomerization as concentrations of DTT were equilibrated 

from 5 mM to 0.008, 0.04, 0.2, 1, or 5 mM by dialysis over an 18-hr period.  (B) Non-

reducing denaturing SDS-PAGE analysis to identify the oxidation state of adiponectin as 

either in the disulfide-bonded dimer state or reduced monomer state in each of the 

different conditions.  Oligomerization and oxidation states were examined at 6 and 18 

hrs.  The redox state of adiponectin was fixed by adding NEM to the sample at the end of 

reassembly reactions.  3mer: trimer; 6mer: hexamer; 9mer: nonamer; 12mer: dodecamer; 

18mer: octadecamer.  The number of monomers in trimers, hexamers, and octadecamers 

in native gels were independently verified using native mass spectrometry and gel 

filtration chromatography (data not shown).  The number of monomers in nonamers and 

dodecamers were determined by extrapolation of migration distances of known oligomers 

in native gels as described in Methods. 

Figure 2.  Redox titration of adiponectin oligomerization in glutathione-based 

redox buffers.  (A) Native PAGE of adiponectin oligomers after collapse to trimers and 

subsequent incubation in various reduction potentials and time points as indicated.  (B) 

Non-reducing denaturing SDS-PAGE analysis of disulfide-bonded dimers or reduced 

monomers at various time points.  Purified bovine octadecameric adiponectin was 

collapsed to trimers as described in Methods.  After collapse, different ratios of oxidized 

and reduced glutathione at reduction potentials ranging from -120 to -220 mV were 

167



added and allowed to incubate in an anaerobic chamber for up to 48 hrs.  The total 

concentration of glutathione in each condition ranged from 1 to 3 mM.  At each time 

point, aliquots were removed and further disulfide bond exchange was halted by 

treatment with NEM. 

Figure 3.  Re-oligomerization of adiponectin following diamide treatment.  (A) 

Native PAGE of adiponectin oligomers after treatment with diamide followed by dialysis 

into PBS.  (B) Non-reducing SDS-PAGE analysis of oxidized dimers and reduced 

monomers at indicated time points.   Bovine octadecameric adiponectin was collapsed to 

trimers as described in Methods.  Subsequently, the samples were treated with PBS or 25 

mM diamide and allowed to dialyze against PBS for the indicated amount of time.  To fix 

the redox state of adiponectin, NEM was added and stored at 4°C until analysis. 

Figure 4.  Re-oligomerization of adiponectin in 2, 5, 10, and 15 mM total 

glutathione at a constant reduction potential of -120 mV.  (A) Native PAGE of 

adiponectin oligomers after collapse and subsequent incubation in various concentrations 

of glutathione kept at a reduction potential of -120 mV.  (B) Non-reducing denaturing 

SDS-PAGE analysis of disulfide-bonded dimers and reduced monomers of the same 

reactions.  (C) Western blot analysis of adiponectin glutathionylation under non-reducing 

denaturing conditions.  Anti-glutathione primary antibody was purchased from Arbor 

Assays.  (D) Ponceau S stain of the blot in C prior to blocking.   Purified bovine 

octadecamer was collapsed to trimers as described in Methods.  After collapse and 

removal of DTT, adiponectin was allowed to re-oligomerize in the presence of 2, 5, 10, 

or 15 mM total glutathione concentrations held at a constant reduction potential of -120 
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mV.   Experiments were performed in anaerobic conditions to minimize the oxidizing 

effects of atmospheric oxygen.  At each time point, NEM was added prior to removal of 

samples from anaerobic chamber.  α-GSH: anti-GSH antibody; GS-Monomer: 

glutathionylated monomer. 

Figure 5.  Re-oligomerization of hexameric adiponectin after treatment with βME.  

(A) Native PAGE of adiponectin oligomers after collapse of octadecamers to hexamers at 

pH 4 and subsequent neutralization in Tris-buffer and treatment with various 

concentrations of βME.  (B) Non-reducing denaturing SDS-PAGE analysis of 

adiponectin dimers and monomers in reassembly reactions in part A.  (C) Native PAGE 

analysis of adiponectin oligomers after collapse of octadecamers to hexamers at pH 4 and 

re-neutralization by dialysis against PBS followed by subsequent treatment with either 5 

mM βME or PBS as control.  (D) Non-reducing denaturing SDS-PAGE analysis of redox 

states of adiponectin oligomers in part C.  Samples were removed and treated with NEM 

at the various time points to quench reactions. 
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Abstract 

 Adiponectin, a hormone secreted from adipocytes, has been shown to protect 

against development of insulin resistance, ischemia-reperfusion injury, and inflammation 

in endothelium and adipose tissue.  Adiponectin assembles into multiple oligomeric 

isoforms: trimers, hexamers and several higher molecular weight (HMW) species.  Of 

these isoforms, the HMW species are selectively decreased during the onset of type 2 

diabetes.  Despite the critical role of HMW adiponectin in insulin responsiveness, the 

assembly process of HMW adiponectin is poorly understood.  In this report, we 

investigated the role of divalent cations in adiponectin assembly.  Purified adiponectin 

octadecamers (18mers), the largest and most abundant HMW species, did not collapse to 

lower molecular weight oligomers after treatment with high concentrations of 

ethylenediaminetetraacetic acid (EDTA), but treatment with EDTA or another metal 

chelator diethylene triamine pentaacetic acid inhibited the oligomerization of adiponectin 

18mers from trimers in vitro.  Zn2+ specifically increased the formation of HMW 

adiponectin from trimers when compared with Cu2+, Mg2+, and Ca2+.  Previously we have 

shown that disulfide bond formation is critical for the oligomerization of adiponectin.  

Surprisingly, we observed that Zn2+ inhibited the disulfide bond formation early in the 

oligomerization process.  We hypothesize that initial decreases in disulfide bond 

formation rates could allow adiponectin subunits to associate before becoming locked in 

fully oxidized conformations incapable of further oligomerization.  This hypothesis is 

supported by enhanced 18mer formation with increasing concentrations of starting 
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trimers.  These data demonstrate that zinc stimulates oligomerization of HMW 

adiponectin and possibly other disulfide-dependent protein assembly processes. 
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 Adiponectin is an adipocyte-secreted hormone with insulin-sensitizing, 

cardioprotective, and anti-inflammatory functions (1-6).  Adiponectin homo-oligomerizes 

into several isoforms: trimer, hexamer, and higher molecular weight (HMW) species (7-

9), the largest of which is an octadecamer (18mer) (7).  Of these oligomers, a decrease in 

HMW adiponectin is most closely associated with a variety of disease states including 

type 2 diabetes and obesity (10-14), and its levels are predictive of future development of 

type 2 diabetes (15).  The reason for this decrease is presently unknown.  Adiponectin 

complexes do not interconvert in serum (3, 16, 17), suggesting the cause for decreased 

HMW adiponectin associated with insulin resistance states lies in decreased production 

and secretion from adipocytes.  These data underlie the importance of studying how 

adiponectin oligomerizes into the HMW species. 

 Relatively little is known regarding adiponectin oligomerization mechanisms and 

the molecular interactions responsible for maintaining the structure of the HMW 

oligomers.  Adiponectin monomers spontaneously trimerize into a globular head 

stabilized by strong hydrophobic interactions (18) with a triple helical collagenous tail 

(8).  To generate oligomers larger than trimers, formation of disulfide bonds between 

conserved cysteine residues located near the N-terminus of adjacent adiponectin 

molecules are necessary (3, 9, 17).  We showed recently that while disulfide bonds do 

contribute to the structural integrity of octadecameric adiponectin, the 18mers are stable 

in physiological buffer in the absence of disulfide bonds (19).  These results indicate that 

disulfide bonds are necessary for the oligomerization process, with their presumed role 

being stabilization of intermediate assembly oligomers. 
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 HMW adiponectin collapses to hexamers when pH is lowered to 5 or below but is 

stable under alkaline conditions (3, 16, 19, 20).  Although pKa perturbation within 

proteins’ local environment can lead to exceptions, a titration event near pH 5 to 6 

suggests protonation of histidine residues’ imidazole groups is responsible for disruption 

of HMW adiponectin structure.  Electron microscopy based structural analysis suggests 

extensive interactions near the N-terminus of adiponectin 18mers (21).  There are two 

conserved histidines located near the N-terminal end of the collagenous domain of each 

adiponectin monomer for a total of six histidine residues per trimer.  These two histidines 

are spaced to form an HXXH motif, a sequence pattern associated with metal-binding 

(22).  This observation led us to hypothesize that acidic pH could result in protonation of 

metal-chelating histidine residues in adiponectin, thereby releasing the putative 

coordinated metal and collapsing the HMW complex. 

 In this study, we examined the requirement for metals in adiponectin 

oligomerization using a previously developed and tested in vitro assembly assay.  The 

advantage of this system is that it allows us to assess the effects of specific conditions on 

HMW adiponectin assembly while avoiding the complexity of studying protein folding 

and assembly in vivo.  Using this system, we found that metal chelators 

ethylenediaminetetraacetic acid (EDTA) and diethylene triamine pentaacetic acid 

(DTPA) inhibited the assembly of 18mers from trimers while Zn2+, but not Cu2+, Mg2+, or 

Ca2+, specifically enhanced formation of 18mers.  One mechanism by which zinc 

facilitates adiponectin oligomerization is decreased rate of disulfide formation which 

likely resulted in less trimers becoming oxidized and trapped in a conformation incapable 
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of further oligomerization.  Taken together, our data demonstrates that zinc plays an 

important role in the oxidative assembly of HMW adiponectin. 

Experimental Procedures 

Purification of HMW adiponectin 

 HMW adiponectin was purified from calf serum (Invitrogen, Carlsbad, CA) or 

fetal bovine serum (Atlanta Biologicals, Atlanta, GA) as described previously (19).  

Purified bovine adiponectin consists primarily of 18mers with small amounts of 

hexamers as determined by gel filtration chromatography (8) and native nano-

electrospray ionization mass spectrometry (19). 

Native PAGE and non-reducing SDS-PAGE analysis of adiponectin 

 Samples for native PAGE were prepared and separated in 7% Tris-acetate gels as 

previously documented (19).  Samples for non-reducing SDS-PAGE were prepared and 

separated in 11% Tris-glycine SDS-PAGE gels as described previously (19).  Prior to 

heat denaturation, molar excess N-ethylmaleimide (NEM) was added at the described 

concentrations to protect adiponectin cysteine residues from becoming oxidized and the 

disulfides from the reducing agents present in assembly reactions.  Native gels were 

stained using GelCode Blue Stain Reagent (Thermo Fisher Scientific, Rockford, IL) per 

manufacturer’s protocol.  SDS-PAGE gels were stained by Coomassie Brilliant Blue G-

250 and destained in 25% methanol/10% acetic acid.  Stained gels were scanned and 

intensity of protein bands quantitated using the LI-COR Odyssey Imaging System (LI-

COR Biosciences, Lincoln, NE).  Due to diffuse trimeric adiponectin bands on native 
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gels, we calculated the amount of the various oligomers of adiponectin by dividing the 

integrated intensity by the area of the region of interest.  The intensities of the dimer and 

monomer bands on denaturing gels were used to calculate mass ratios of adiponectin 

dimers to monomers and in turn the mass ratios were multiplied by 0.5 to obtain the mole 

ratios of dimers to monomers.  Oligomeric states of adiponectin in native gels were 

determined by comparing their migration distances to those of defined standards whose 

oligomer states were independently verified by gel filtration chromatography or native 

nano-electrospray ionization mass spectrometry (8, 19).  Native immunoblot analysis of 

adiponectin was performed by transferring adiponectin oligomers fractionated under 

native conditions in 7% Tris-acetate gels to nitrocellulose filters at 1 mAmp per cm2 gel 

area for 90 min in a semi-dry transfer apparatus (Hoefer, Inc., Holliston, MA) in 25 mM 

Tris pH 8.3, 192 mM glycine, and 15% methanol.  Filters were blocked in Tris-buffer 

saline supplemented with 10% non-fat dried milk, pH 7.5 and probed overnight with a 

rabbit anti-serum raised against recombinant globular adiponectin (expressed and purified 

as previously described (23)) diluted at 1:2000 in the same blocking buffer followed by 

washing and incubation with horseradish peroxidase – conjugated anti-rabbit antibody 

(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA).  After extensive 

washing, the membranes were treated with SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Fisher Scientific) and exposed to blue x-ray films. 

Adiponectin oligomerization assays based on gradual removal of reducing agent 

 Purified HMW adiponectin at 10 µM monomer concentration was collapsed to 

trimers in 200 mM β-mercaptoethanol (βME) for 1 hr at 37 ºC.  Following the particular 
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treatments in different experiments (described in detail in the Results section), individual 

reactions were transferred to MINI-Dialysis units (Thermo Fisher Scientific) and 

reassembly of adiponectin oligomers was initiated by dialysis against PBS to remove 

βME and allow disulfide bond formation.  Concentration of adiponectin was adjusted to 5 

µM monomers and that of βME to 100 mM at the start of the reassembly reaction.  

Aliquots of samples undergoing dialysis were removed at specific time points and 

degrees of adiponectin oligomerization and oxidation were determined by native and 

non-reducing SDS-PAGE, respectively, as described above.  For native analysis of 

adiponectin oligomerization states, samples were removed from dialysis and 4X sample 

loading buffer (400 mM Tris-HCl pH 8.6, 40% glycerol, and 0.01% bromophenol blue) 

was added to give a final concentration of 1X.  Samples were placed on ice until the 

completion of the time course, then all of the samples were analyzed on native gels.  For 

non-reducing denaturing analysis of adiponectin disulfide-bonding states, aliquots were 

removed from dialysis units and NEM was immediately added at a 2:1 molar excess of 

βME concentration before dialysis and incubated at 25 ºC for 20 min to alkylate thiols 

present in adiponectin and remaining βME to fix redox states. 

 In oligomerization experiments requiring faster rates of adiponectin oxidation, 

purified HMW adiponectin in PBS (10 µM monomer) was first treated with lower 

concentrations of βME (50 mM) for at least 45 min at 37 ºC, then concentrated glycine 

was added to adjust pH to 4 (final glycine concentration approximately 50 mM) and 

incubated for an additional 30 min at 37 ºC.  After equal volumes of PBS at pH 7.6 were 

added to re-neutralize the samples to pH 7, various chelators and divalent cations were 
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added and allowed to incubate for a minimum of 10 min at 25 ºC before start of dialysis 

against PBS.  To accelerate disulfide bond formation, H2O2 was added to the PBS dialysis 

buffer at a final concentration of 1 mM.  Concentration of adiponectin was adjusted to 5 

µM monomers and that of βME to 25 mM at the start of the reassembly reaction.  

Samples were collected at 1 and 3 hrs after the start of dialysis and treated in 50 mM 

NEM before frozen at -80 ºC until native and non-reducing SDS-PAGE analyses. 

Adiponectin oligomerization assay in redox buffer with defined reduction potential 

 Purified HMW adiponectin (10 μM monomer) was treated with 10 mM DTT for a 

minimum of 1 hr at 37 ºC or overnight at 4 ºC.  Afterwards, the DTT was removed by 

diluting the samples to 0.5 mL with PBS containing a minimum of 1.67 mM reduced 

glutathione (GSH) and with pH adjusted to approximately 6 by addition of glycine to 25 

mM, and centrifuged down to 50 µl in Amicon Ultra-0.5 centrifugal filter units with 30 

kDa molecular weight cut-off (Millipore, Billerica, MA).  This procedure was repeated 

six times.  Following DTT removal, the concentration of glycine was increased to 50 mM 

to further reduce the pH to 4 and incubated for 15 min at 25 ºC to collapse to trimers.  

The pH of the reactions was then returned to 7 by 10-fold dilution in PBS.  Subsequently 

zinc chloride (final concentration 10 µM) or deionized water was added and incubated for 

another 10 min at 25 ºC.  Oligomerization of adiponectin was initiated by addition of 

oxidized glutathione (GSSG) to a final concentration of 1.32 mM.  With dilution of GSH 

concentration to 0.34 mM, the reduction potential of the reactions was -120 mV.  

Following incubation for the indicated amount of time at 25 ºC, aliquots of reactions were 

removed and redox states fixed by addition of NEM to 10 mM.  Oligomerization and 
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oxidation states of adiponectin were determined using native and non-reducing SDS-

PAGE analyses described above. 

Adiponectin reoligomerization assays with hexamers as starting substrate 

 Purified HMW adiponectin (10 μM monomer) was collapsed to hexamers by 

decreasing the pH to 4 in 75 mM glycine and incubated for 30 min at 37 °C.  The 

samples were divided and allowed to incubate for a minimum of 15 min at 37 °C in the 

absence or presence of 10 μM ZnCl2.   The samples were then neutralized by adding 1.5-

fold volume of PBS at pH 7.6 (final monomer concentration of adiponectin was 4 μM).  

To initiate reoligomerization, βME was added to the hexamers at a final concentration of 

2 mM and incubated at 37 °C.  Samples were removed at 5, 15, 60 and 120 min after 

βME addition.  NEM (20 mM final concentration) was added to fix the redox state of 

adiponectin and the samples were immediately frozen at -80 °C.  Oligomerization and 

oxidation states of adiponectin were determined using native and non-reducing SDS-

PAGE analyses as described above.     

Effect of adiponectin concentration on distribution of reassembled oligomers 

 Purified HMW adiponectin (10 µM monomer) was treated with 10 mM DTT at 

37 ºC for 1 hr followed by adjustment of pH to 4 in 50 mM glycine to generate trimers.  

The reactions were then dialyzed against PBS in an anaerobic chamber for 3 to 4 hrs to 

lower DTT and glycine concentrations and to return to neutral pH.  After dialysis, the 

adiponectin samples were serially diluted to three different trimer concentrations, 2.67, 

1.33, and 0.67 µM, and allowed to re-oligomerize in the presence of 3 mM H2O2 for 45 
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min at 25 ºC.  H2O2 was directly added to the samples rather than introduced slowly 

through dialysis to facilitate rapid reoligomerization.  Reactions were quenched in 3 mM 

NEM and frozen until electrophoresis.  Equal amounts of adiponectin were loaded onto 

gels to ease comparison among samples with different protein concentrations. 

Statistical Analysis 

 Data are presented as mean ± SE.  Statistical comparisons between one treatment 

group and the corresponding control group were performed using Student’s paired, two-

tailed, t-test while those between the two groups over several time points were 

determined by two-way ANOVA with replication.  In experiments with more than one 

treatment group the differences between one particular treatment group and the controls 

and those between different treatment groups were assessed using one-way repeated-

measures ANOVA with Tukey HSD post-hoc test.  The particular statistical analyses 

applied to the results in specific experiments are described in legends to Figures. 

Results 

EDTA does not collapse purified HMW adiponectin in absence of reducing agents at 

neutral pH. 

Prior studies showed that HMW adiponectin collapses to hexamers under mildly 

acidic conditions (3, 16, 19, 20).  As detailed in the Introduction, protonation of 

functional groups capable of coordinating divalent cations could underlie pH sensitivity 

of HMW adiponectin.  To determine if divalent cation coordination contributes to the 

structural stability of HMW adiponectin, we treated purified bovine HMW adiponectin at 
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0.1 µM monomer concentration with 5, 10, or 100 mM of the divalent cation chelator 

EDTA for 1 hr at 37 ºC and subsequently assessed adiponectin oligomer states by native 

immunoblot analysis as described in Experimental Procedures.  We observed that EDTA 

at concentrations as high as 100 mM was not able to collapse the octadecameric isoform 

of adiponectin (Figure 1), but lowering the pH of the samples to 4 did convert 18mers to 

hexamers.  We also observed that treating mouse or human serum with 100 mM EDTA at 

37 ºC for 30 min had no effect on the distribution of adiponectin complexes (data not 

shown). 

Divalent cation chelators inhibit the oligomerization of octadecameric adiponectin. 

It is possible that EDTA was unable to collapse purified adiponectin 18mers in a 

manner similar to low pH treatment (Figure 1) because of tighter binding between zinc 

and 18mers or inaccessibility to zinc binding sites.  Adiponectin trimers will be less 

likely to have high affinity for zinc or buried zinc-binding sites than 18mers, therefore we 

asked if metals could play a role in the assembly of HMW adiponectin from trimers.  To 

answer this question we collapsed purified HMW adiponectin to trimers by treatment 

with 200 mM βME then added 20 mM EDTA and assayed oligomerization of 

adiponectin by dialysis to remove βME over a period of 3 hrs.  Treatment with 20 mM 

EDTA led to a decrease in the oligomerization of adiponectin 18mers (47.1 ± 2.2% 

versus 34.9 ± 1.4% of total oligomers by mass at 180 min for the control and EDTA-

treated samples, respectively, Figure 2A and 2C).  While EDTA treatment had no effect 

on hexamer levels (Figure 2A and 2D), the decrease in 18mer formed was accompanied 

by higher concentrations of trimers in the EDTA-treated samples (17.2 ± 1.7% versus 
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30.7 ± 4.2% at 180 min for the control and EDTA-treated samples, respectively, Figure 

2A and 2E). 

Previously we showed that oligomerization of adiponectin was accelerated when 

disulfide bond formation was enhanced by H2O2 and abrogated when thiols were 

alkylated (19).  To determine if EDTA-induced inhibition of adiponectin oligomerization 

was caused by decreased disulfide formation, we examined the levels of oxidized dimers 

and reduced monomers in reassembly reactions over a 3-hr period.  Despite its inhibitory 

effect on adiponectin oligomerization, presence of 20 mM EDTA led to increased molar 

ratios of dimers to monomers (3.49 ± 0.04 versus 2.80 ± 0.26 at 180 min, Figure 2B and 

2F) consistent with increased disulfide bond formation.  Taken together, these data 

suggest that one or more divalent cations that are chelated by EDTA may facilitate 

adiponectin assembly despite the decreased rate of disulfide formation. 

To ensure that high concentrations of EDTA did not inhibit adiponectin 

oligomerization by directly binding to adiponectin and physically blocking the 

association between its subunits, we performed the oligomerization assay in the presence 

of lower concentrations of EDTA (5 mM) and even lower concentrations (100 μM) of 

DTPA and neocuproine.  DTPA and neocuproine chelate specific metals with higher 

stability constants than EDTA (24-26).  The concentration of βME used to collapse 

HMW adiponectin was correspondingly decreased and pH was lowered to 4 to complete 

the collapse to trimers.  Upon collapse to trimers, the samples were re-neutralized to pH 7 

prior to addition of EDTA, DTPA, or neocuproine and assembly reactions were started 
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by dialysis to remove βME as described in Experimental Procedures.  As disulfide bond 

formation is necessary for adiponectin oligomerization (19), 1 mM hydrogen peroxide 

was included in dialysis buffer to accelerate oxidation of adiponectin, but no additional 

chelators were added to dialysis buffer.  We observed that oligomerization of trimers in 

the presence of 100 μM DTPA led to decreased 18mer formation compared with control 

reactions without DTPA (2.1 ± 0.4% versus 11.9 ± 3.9% of total assembled oligomers by 

mass, p < 0.05 in one-way repeated-measures ANOVA with Tukey HSD post-hoc test) 

after 3 hrs (Figure 3A and 3C).   There was a strong tendency for oligomerization 

reactions with 5 mM EDTA to exhibit decreased concentrations of 18mers (3.8 ± 0.8% of 

all oligomers, p=0.08) after 3 hrs (Figure 3A and 3C).  Neocuproine, a 1,10-

phenanthroline derivative with methyl groups at the 2 and 9 positions originally identified 

as a cuprous copper chelator (26), was not as effective as DTPA or EDTA in decreasing 

formation of 18mers (Figure 3A and 3C), but presence of each of the three chelators in 

oligomerization reactions resulted in decreased proportions of 9mers and increased 

proportions of hexamers generated (Figure 3A, 3E, and 3F).  Interestingly, addition of 

EDTA (2.3 ± 0.2), neocuproine (2.0 ± 0.2), or DTPA (1.9 ± 0.2) was associated with a 

significant increase (p<0.05) in the dimer to monomer ratio of adiponectin when 

compared with control (1.3 ± 0.1) (Figure 3B and 3H).  Collectively, the chelator-induced 

alterations in the distribution toward increased hexamers and decreased higher oligomers 

during reassembly reactions suggest a role of divalent cations in the enhancement of 

octadecameric adiponectin oligomerization. 

Zinc selectively enhances the oligomerization of octadecameric adiponectin. 
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EDTA and DTPA bind to Zn2+, Cu2+, Ca2+, and Mg2+ with varying affinities (25), 

therefore, we assessed oligomerization of adiponectin after treatment with these divalent 

cations.  The counter ion for all reactions was chloride.  After collapsing HMW 

adiponectin to trimers by incubation in βME followed by lowering of pH to 4 as 

described in Experimental Procedures, 10 μM of the various metal ions or 5 mM EDTA, 

as a negative control, were added to individual reactions and allowed to incubate for at 

least 10 min at 25 ºC.  Reassembly reactions were then initiated by dialysis against PBS, 

pH 7.6, containing 1 mM H2O2.  After 3 hrs in dialysis, samples with prior Zn2+ treatment 

showed on average a 370% and a 62% increase in the proportion of 18mers and 12mers, 

respectively, compared with controls (Figure 4A, 4C, and 4D).  Notably, no differences 

in the concentrations of adiponectin dimers and monomers were observed (Figure 4B and 

4H), indicating that adiponectin redox status did not change.  The other divalent cations 

tested did not affect the oligomerization or oxidation of adiponectin during reassembly 

(Figure 4).  These data indicate a prominent and specific role for zinc in enhancing 

adiponectin oligomerization in vitro. 

Zinc inhibits disulfide bond formation in adiponectin. 

Oligomerization and oxidation of adiponectin in the reassembly experiments 

described above proceeded gradually as reducing agents were removed and oxidizing 

agents introduced by dialysis.  We next asked if in zinc ions can enhance adiponectin 

18mer formation when reducing agents were first removed before reoligomerization was 

started by direct incubation in defined redox buffers.  After treatment with DTT to reduce 

disulfide bonds and before lowering of pH to 4 to fully collapse purified HMW 

192



adiponectin, DTT was removed by successive rounds of dilution in PBS and 

concentration in centrifugal filter units as described in Experimental Procedures.  Upon 

neutralization by dilution in PBS, collapsed adiponectin was allowed to re-oligomerize in 

the presence or absence of 10 µM zinc chloride in the physiologically relevant 

glutathione redox buffer maintained at a relatively oxidizing -120 mV reduction potential, 

which is conducive to disulfide bond formation.  As shown in Figure 5A, based on 

averages of two independent experiments, the addition of Zn2+ increased the abundance 

of adiponectin 18mers and at the 2-hr time point by 145.5%.  The increased assembly of 

18mers was accompanied by a decrease in hexamer and trimer concentrations 2 hrs into 

incubation with the glutathione redox couple (12.1% and 24.5%, respectively, compared 

with control reactions lacking zinc, Figure 5A).  We were unable to completely prevent 

disulfide bond formation during removal of DTT by repeated dilution and centrifugation 

(Figure 5B).  Nevertheless, incubation in glutathione redox buffer did lead to increased 

disulfide bond formation by 2 hrs and no differences in dimer and monomer levels were 

observed between zinc-treated and control groups at all time points (Figure 5B).  These 

results indicate that zinc can enhance adiponectin oligomerization under defined redox 

conditions. 

Our data support the role of zinc in enhancing oligomerization of the 

octadecameric isoform, but does not suggest the mechanism by which this occurs.  Zinc 

and other metals are known to coordinate with reduced cysteines in metallothioneins and 

other proteins (27, 28).  We therefore postulated that zinc could be keeping the cysteines 

in adiponectin reduced during the oligomerization process.  We previously showed that 
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fully oxidized hexamers undergo additional oligomerization to 18mers poorly because 

additional disulfide bonding needed to stabilize intermediate 9mers and 12mers could not 

occur (19).  As shown in Figure 5B, the oxidation states of adiponectin are similar 

between zinc-treated and control groups from 2 to 6 hour, indicating the assembly 

reaction had reached completion before the first time point.  It is possible that effects of 

zinc on adiponectin redox state could be occurring at earlier time points when more 

cysteines are available to coordinate Zn2+.  To investigate assembly and oxidation at 

earlier time points, we examined adiponectin oligomerization and redox states at 10, 20, 

30, 45, 60 and 120 min after initiating the reaction by incubating in glutathione redox 

buffer kept at -120 mV.  The addition of zinc to the reaction led to a lower oxidized-

dimer-to-reduced-monomer-ratio at time points from 10 to 45 min (Figure 6B and 6H).  

These results are indicative of reduced disulfide bond formation rate.  The mole ratios of 

dimers to monomers in reactions containing Zn2+ were 43%, 57%, and 65% of those in 

reactions without Zn2+ at, respectively, 20, 30, and 45 min time points (p < 0.05 in 

Student’s paired, two-tailed, t-tests).  At 60 and 120 min, the dimer-to-monomer-mole-

ratios were similar between reactions with or without Zn2+ (Figure 6B and 6H).  

Interestingly, oligomerization of adiponectin 18mers accelerated during the 0 to 60 

minute time span (p < 0.05 in two-way ANOVA with replications, Figure 6).  Similar to 

the results in Figure 5A, higher proportions of adiponectin 18mers were observed at 120 

min following treatment with zinc (24.5 ± 4.6% versus 8.7 ± 3.6% for controls, Figure 

6A and 6C).  These data suggest that zinc enhances oligomerization of adiponectin by 

decreasing the rate of disulfide bond formation. 
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Zinc-mediated enhancement of adiponectin oligomerization is diminished under thiol-

limited conditions. 

 Results in Figure 6 showed that disulfide bond formation was no longer inhibited 

by Zn2+ 60 to 120 min after initiation of reoligomerization, when concentrations of 

reduced monomers became decreased relative to oxidized dimers.  We reasoned this 

could be due to decreased availability of thiols to coordinate Zn2+ leading to the loss of 

inhibition to form disulfide bonds.  To determine whether or not the effect of zinc on 

adiponectin oligomerization depends upon high concentrations of free thiols, we 

performed reassembly experiments under conditions in which dimers predominated over 

monomers at the beginning of reoligomerization.  Purified HMW adiponectin was 

collapsed to hexamers by addition of glycine to reach pH of 4.  Reoligomerization to 

18mers was initiated by adding βME to a final concentration of 2 mM in the absence or 

presence of 10 µM ZnCl2.  βME caused a portion of adiponectin to become reduced by 

15 min and amounts of oxidized dimers and reduced monomers reached a steady state 

mole ratio of 0.6-0.7 to 1 by 1 hr (Figure 7B and 7F).  These experiments were performed 

in the presence of βME where reassembly of adiponectin 18mers occurred by 

rearrangement of hexamers into higher oligomers and trimers.  In contrast to 

reoligomerization reactions in which there were more monomers than dimers as 

substrates (Figures 5 and 6), zinc only had marginal effects on the formation of 18mers 

(Figure 7A and 7C) when starting conditions contained higher proportions of oxidized 

dimers (Figure 7B and 7F).  These results are consistent with the hypothesis that the 
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ability of zinc to promote adiponectin oligomerization is due to inhibition of disulfide 

formation when concentrations of trimers in a reduced state are high. 

Increased trimer concentrations during reoligomerization favors 18mer formation. 

We previously showed that fully oxidized hexamers re-oligomerized into 18mer 

poorly and the function of disulfide bond formation in adiponectin oligomerization is to 

stabilize intermediate oligomers (19).  Decreased rates of disulfide bond formation in the 

early time points during reassembly may allow adiponectin subunits to associate with 

each other before oligomerization states are fixed by oxidation, thereby leading to 

increased proportions of 18mers.  To test this hypothesis, we examined the relationship 

between initial trimer concentrations and the degree of oligomerization during 

adiponectin reassembly.  Through mass action, increasing initial trimer concentration 

should promote interaction between adiponectin subunits and drive oligomerization as 

does decreasing the rate of disulfide bond formation.  As shown in Figure 8A, 8C, and 

8D, progressively higher initial trimer concentrations led to increased absolute 18mer 

abundance and also increased ratios of 18mers to hexamers (0.50 ± 0.07, 0.35 ± 0.04, and 

0.10 ± 0.01 for the 2.67, 1.33, and 0.67 µM trimer concentrations, respectively).  This 

effect was independent of adiponectin redox state as the relative proportions of disulfide-

bonded dimers and reduced monomers remained similar among reactions with different 

starting trimer concentrations (Figure 8B and 8D).  These data suggest that adiponectin 

concentration influences the distribution of octadecamers and hexamers by favoring the 

inter-trimer disulfide bonding that stabilizes assembly intermediates. 
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Discussion 

Numerous studies have found that serum levels of HMW adiponectin are lower in 

individuals with type 2 diabetes and obesity when compared to normal individuals (10-

14).  Inefficient production is a potential reason for the observed decrease in serum levels 

of HMW adiponectin (16, 29, 30), underscoring the importance of studying the 

mechanism of adiponectin assembly.  Here we report the divalent cation zinc specifically 

promotes oligomerization of adiponectin 18mers in vitro.  Our data point to inhibition of 

unproductive disulfide bond formation as a likely mechanism for enhanced adiponectin 

oligomerization. 

While disulfide bonds are critical in the formation of HMW adiponectin, fully 

oxidized hexamers are unable to oligomerize further (19).  Results in Figure 6 of the 

present study suggest that other oligomers including trimers also oligomerize poorly after 

becoming oxidized.  Under the highly oxidizing conditions of -120 mV, oligomerization 

from trimers occurred at a fast rate but plateaued quickly (Figure 6).  Similar results were 

obtained even at +40 mV (data not shown).  Overall all, in contrast to reassembly assays 

in which oligomerization proceeded slowly via dialysis of reducing agents (Figures 2 to 

4), those occurring under defined and oxidizing conditions exhibited poor 18mer 

formation unless zinc was added (Figures 5 and 6).  These data indicate that although 

disulfide bonds are necessary for adiponectin oligomerization, excessively rapid disulfide 

formation impairs the assembly of 18mers.  The data suggest two types of disulfide 

bonding in adiponectin oligomerization – those that are productive toward formation of 
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18mers and those that are unproductive.  Productive disulfide bonds are those between 

trimers or those between an assembly intermediate and a trimer about to join it to make a 

larger oligomer.  Unproductive disulfide bonds are those within a trimer or those within a 

trimeric subunit of an intermediate oligomer.  As unproductive disulfide bond formation 

has pseudo first order kinetics and productive disulfide bond formation has second order 

kinetics, rapid disulfide bonding under oxidizing conditions without increased 

interactions between trimers will favor unproductive disulfide bonds and lead to oxidized 

assembly intermediates with fixed oligomerization state.   

This line of reasoning led to the hypothesis that the ability of zinc to enhance 

oligomerization of 18mers may be related to decreased rate of disulfide bond formation.  

Indeed, as shown in Figure 6, presence of zinc decreased the rate of disulfide bond 

formation during the initial time points of the adiponectin reoligomerization assay.  It is 

significant that the effect of zinc on disulfide formation is limited to the early stages of 

adiponectin reoligomerization.  The concentrations of monomers with free thiols relative 

to dimers with disulfides were higher at early time points (Figure 6B and 6H), suggesting 

Zn2+ interacted with thiols in adiponectin.  Coordination of Zn2+ by cysteine and histidine 

residues is a well studied biochemical phenomenon (31).  There are six conserved 

histidines per adiponectin trimer (two per monomer) located near the N-terminal end of 

the collagenous domain close to the disulfide-bonding cysteine and some of these could 

assist in coordinating Zn2+ in conjunction with a thiolate ion.  Stabilization of thiolate 

ions by Zn2+ could decrease their reactivity and thereby reduce the rate of disulfide bond 

formation.  As reduced adiponectin became disulfide-bonded, the concentration of free 
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thiols dropped correspondingly and resulting in decreased availability to interact with 

Zn2+.  This could explain why zinc had no effect on the rate of disulfide bond formation 

at later time points when concentrations of disulfide-bonded dimers exceeded those of 

reduced monomers (Figure 6B and 6H).  As rapid disulfide formation is forestalled by 

interaction between zinc and thiolate ions, sufficient time is given for trimers or 

intermediate oligomers to associate with each other leading to more frequent productive 

disulfide bonding and enhanced adiponectin oligomerization in presence of zinc.  

Consistent with this interpretation, zinc-mediated enhancement of adiponectin 

oligomerization is less apparent in reoligomerization reactions that had lower starting 

concentrations of free thiols (Figure 7).  Taken together, the data in Figures 6 and 7 

suggest that the mechanism by which zinc decreases disulfide bond formation rate in 

adiponectin is stabilization of the reduced form of adiponectin. 

An alternative explanation for the observed relationship between zinc-mediated 

increase in oligomerization and decrease in the rate of disulfide bond formation (Figure 

6) is elevated glutathionylation of adiponectin.  Our data cannot rule out the possibility 

that zinc could increase the reaction rate between reduced trimer and oxidized glutathione 

leading to increased concentrations of glutathionylated adiponectin.  It is difficult to 

distinguish unmodified adiponectin monomers from glutathionylated adiponectin using 

SDS-PAGE, thus the decreased ratios of dimer to monomer associated with zinc 

treatment (Figure 6B and 6H) could be due to increased glutathionylation.  However, 

increased glutathionylation is unlikely to be solely responsible for the effects on zinc on 

adiponectin assembly because zinc was able to promote formation of 18mers in those 

199



reoligomerization experiments in which oxidized glutathione was not the electron 

acceptor for disulfide formation (Figures 4 and 7).  Regardless of the mechanisms by 

which zinc decreases the rate of disulfide bond formation between adiponectin 

monomers, prevention of excessively rapid disulfide bonding is most likely responsible 

for increased adiponectin oligomerization.  Either direct stabilization of thiolate ions or 

glutathionylation will allow more time for adiponectin subunits to associate with each 

other before being locked in an oxidized conformation unable to further oligomerize. 

The inhibition of premature or excessively rapid disulfide bond formation in 

adiponectin may be the mechanism by which known adiponectin interacting proteins 

support HMW adiponectin formation.  The cysteine residue responsible for higher-order 

adiponectin oligomerization is reversibly modified in vivo.  ERp44 retains adiponectin in 

the ER by forming mixed disulfides with it through the conserved cysteine residue near 

the N-terminus (9, 32).  Adiponectin is eventually released by disulfide exchange with 

Ero1-Lα (32).  The same cysteine residue has also been reported to be succinated while 

adiponectin remains inside cells (33).  The adiponectin-interacting chaperone DsbA-L 

has been shown to promote formation and secretion of HMW adiponectin (29).  

Originally identified as a member of the glutathione S-transferase family, DsbA-L 

contains two thioredoxin-like domains with serines in place of the redox-active cysteines 

that normally exist in the reactive center catalyzing disulfide exchanges (29).  

Substitution of the first serine in the SXXS motif of DsbA-L with alanine decreased the 

ability of DsbA-L to promote adiponectin oligomerization (29), suggesting that hydroxyl 
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groups, which are capable of hydrogen bonding with thiolate ions, may protect 

adiponectin from premature oxidation and allow subsequent oligomerization to 18mers. 

The original impetus for the present study was the observation that lowering of 

pH below 5 resulted in collapse of HMW adiponectin to hexamers (3, 16, 19, 20).  This 

observation prompted us to hypothesize that coordination of metal ions by histidine 

residues could stabilize HMW adiponectin.  Metal ions often serve structural roles in 

proteins and have been shown to mediate protein-protein interactions (34, 35).  Although 

the data in the study do not directly support metal coordination as a stabilizing force in 

maintaining HMW adiponectin structure, they do not contradict that hypothesis either.  

EDTA treatment did not collapse mature adiponectin 18mer (Figure 1), but interactions 

between metals and proteins often have high affinity (31, 36, 37) and are thus difficult to 

disrupt by chelators.  If metal coordination does indeed play a role in structural 

stabilization of HMW adiponectin, it is most likely not sufficient for the formation of 

18mers.  Hexamers generated by pH-induced 18mer collapse re-oligomerize back to 

18mers at extremely slow rates upon neutralization (19), suggesting restoration of 

adiponectin’s charge state alone is not sufficient to effect oligomerization.  Nevertheless, 

these results do not address whether metal coordination is necessary for structural 

stability of adiponectin oligomers or their assembly. 

The observations that treatment with EDTA or DTPA decreased formation of 

adiponectin 18mers in reoligomerization reactions (Figures 2 and 3) are consistent with 

divalent cations having a structural role in stabilization of HMW adiponectin.  They are 
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also consistent with zinc-mediated decrease in disulfide bond formation rate as a 

mechanism for enhanced oligomerization.  Decreased formation of adiponectin 18mers 

following EDTA and DTPA treatments were associated with increased ratios of dimers to 

monomers indicating increased oxidation (Figures 2 and 3).  DTPA, a chelator similar in 

structure to EDTA but with 100 times stronger affinity to some divalent cations including 

zinc and copper (25), inhibited adiponectin oligomerization and led to increased 

adiponectin oxidation at concentration as low as 100 µM (Figure 3). 

Although a preponderance of evidence points to a selective decrease in the HMW 

isoforms of adiponectin associated with insulin resistance (11, 14, 38-40), the 

mechanisms are unclear.  While many studies have shown decreased expression of 

adiponectin at the transcriptional level in disease states (41, 42), altered expression often 

does not lead to corresponding changes in the levels of circulating adiponectin protein 

(30, 43-45).  Such discrepancy could be due to differences in adiponectin oligomer 

assembly and secretion.  Our data indicate that adiponectin protein concentration is 

important in the oligomerization of 18mers (Figure 8).  Increasing the concentration of 

reduced adiponectin trimers would favor productive inter-trimer disulfide bond formation 

without affecting unproductive intra-trimer disulfide bonds and thereby lead to increased 

18mers without changes in hexamers.  As concentration differences represent another 

factor in determining the distribution of adiponectin oligomers, it may partially explain 

the often observed discrepancy between adiponectin mRNA expression and circulating 

oligomer levels (30, 43-45). 
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While amounts of total zinc are relatively high in most cells, the intracellular 

concentration of free zinc is thought to be extremely low with most zinc ions bound to 

proteins (46).  Studies using fluorescent probes with 0.7 nM dissociation constant for zinc 

have shown that ER, Golgi, and mitochondria likely have higher concentrations of free 

zinc or zinc bound comparatively less tightly to proteins than the rest of the cell (47-49).  

Thus it is plausible for zinc to modulate adiponectin oligomerization in vivo.  Disruption 

of zinc transport into the secretory pathway or culturing under zinc-deficient conditions 

predispose cells to the development of ER stress (50).  In addition to underscoring the 

structural importance of zinc in protein folding, these prior studies could be interpreted in 

light of our current results to suggest a role for zinc in modulating the rate of disulfide 

formation in the secretory pathway.  In a manner reminiscent of protein chaperones, zinc 

may influence protein folding and/or complex assembly by reducing the rate of disulfide 

bonding.  Such speculation requires examination of zinc’s role in disulfide formation in 

proteins other than adiponectin. 

In summary, we demonstrated that zinc enhances the oligomerization of HMW 

adiponectin in vitro.  One mechanism by which this occurs is decreased rate of disulfide 

bond formation.  These results illustrate a need to study the potential role of zinc as a 

chaperone for HMW adiponectin formation in vivo. 
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Figure Legends 

 

Figure 1.  Stability of adiponectin in EDTA.  Purified bovine adiponectin (0.1 µM 

monomer equivalent) was incubated in the indicated concentrations of EDTA at pH 7 or 

in 50 mM glycine at pH 4 for 1 hr at 37 ºC.  Adiponectin oligomers were separated by 

native PAGE and their amounts determined by immunoblot analysis as described in 

Experimental Procedures.  The figure is composed of three different portions of the same 

exposure (separated by dividing lines) and is representative of three independent 

experiments. 

 

Figure 2.  Reassembly of adiponectin oligomers after treatment with 20 mM EDTA.  

Purified HMW adiponectin was collapsed to trimers by incubation in 200 mM βME for 1 

hr at 37 ºC.  Following collapse, EDTA (20 mM final concentration) or PBS was added 

and incubated for 30 min at 37 ºC.  The individual oligomerization reactions were then 

started by dialysis against PBS.  At 30, 60, 120, and 180 min into dialysis, samples were 

removed for (A) Native PAGE analysis of oligomer distribution and (B) Non-reducing 

SDS-PAGE analysis of adiponectin redox states as oxidized dimers or reduced 

monomers.  Average abundance of (C) 18mers, (D) hexamers, and (E) trimers as 

percentages of total oligomers by mass was plotted against time in dialysis.  The extent of 

adiponectin oxidation during oligomerization reactions is depicted as (F) mole ratios of 

dimers to monomers.  Data in panels C to F were averaged from three independent 
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experiments and presented as mean ± SE.  Asterisks (*) denote p<0.001 between 

treatment groups in two-way ANOVA with replications. 

 

Figure 3.  Reassembly of adiponectin oligomers after treatment with three different 

chelating agents, DTPA, EDTA, and neocuproine.  Purified HMW adiponectin was 

collapsed to trimers by sequential incubations in 50 mM βME at pH 7 and in 50 mM 

glycine at pH 4 for 30 min at 37°C each.  Upon neutralization with PBS, the samples 

were treated with 100 μM DTPA, 5 mM EDTA, or 100 μM neocuproine (Neo.) for at 

least 15 min at 25°C.  Samples were then dialyzed against PBS containing 1 mM H2O2 

for 3 hrs.  At 1 hr and 3 hrs, aliquots of reactions were quenched with NEM and assessed 

for (A) oligomer distribution using native PAGE and (B) redox states using non-reducing 

SDS-PAGE.  Panels C to G are bar graph representations of percentages of (C) 18mers, 

(D) 12mers, (E) 9mers, (F) hexamers, and (G) trimers by mass at the 3-hr time point 

averaged from four independent experiments.  Redox states of adiponectin during 

oligomerization are represented as (H) mole ratios of dimers to monomers.  Asterisks (*) 

and double asterisks (**) denote, respectively, p < 0.05 and 0.01 between control and 

specific chelator-treated groups using one-way repeated-measures ANOVA with Tukey 

HSD post-hoc test. 

 

Figure 4.  Reassembly of adiponectin oligomers after treatment with zinc, copper, 

magnesium, calcium or EDTA.  HMW adiponectin was collapsed to trimers and allowed 

to reoligomerize as described in Experimental Procedures and in legends to Figure 3 
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except the trimers were treated with 10 μM ZnCl2, CuCl2, MgCl2, or CaCl2 prior to 

dialysis.  At 1 and 3 hrs into dialysis, samples were removed, quenched with NEM, and 

analyzed using (A) Native PAGE analysis for oligomer distribution and (B) non-reducing 

SDS-PAGE analysis for redox states as oxidized dimers or reduced monomers.  Average 

abundances of (C) 18mers, (D) 12mers, (E) 9mers, (F) hexamers, and (G) trimers from 

three experiments as percentages of total oligomers by mass at the 3-hr time point are 

represented as bar graphs.  Adiponectin oxidation states in oligomerization reactions are 

shown as (H) mole ratios of dimers to monomers.  As only zinc appears to have any 

effect on adiponectin oligomerization, paired, two-tailed, Student’s t-test was used assess 

statistical significance between each of the treated groups and untreated controls.  

Asterisks (*) denote p<0.05. 

 

Figure 5.  Reassembly of adiponectin oligomers in glutathione-based redox buffer 

maintained at -120 mV reduction potential after treatment with zinc chloride.  Purified 

HMW adiponectin was reduced by incubation in 10 mM DTT, which was subsequently 

removed by repeated buffer exchange in centrifugal filtration units as described in 

Experimental Procedures.  Upon collapse in pH 4 and re-neutralization, reassembly of 

adiponectin oligomers was started by addition of oxidized and reduced glutathione at 

final concentrations of 1.32 mM and 0.34 mM, respectively.  After 2, 4, and 6 hrs in 

glutathione-based redox buffers, samples were removed and analyzed for (A) adiponectin 

oligomerization states using native PAGE and (B) redox states using non-reducing SDS-

PAGE. 
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Figure 6.  Initial rates of adiponectin reoligomerization and oxidation in glutathione 

redox buffer.  Collapse and reassembly of HMW adiponectin in presence and absence of 

Zn2+ were performed as detailed in Experimental Procedures and in legends to Figure 5.  

Samples were removed at 10, 20, 30, 45, 60, and 120 min after start of reoligomerization 

in glutathione redox couple, quenched in 10 mM NEM, and assayed for (A) oligomer 

distribution using native PAGE and (B) redox states using non-reducing SDS-PAGE.  

Average abundance of (C) 18mers, (D) hexamers, and (E) trimers as percentages of total 

oligomers by mass during reoligomerization reactions in the absence (closed squares, ◼) 

or the presence (open squares, ◼) of zinc was plotted against time.  The extent of 

adiponectin oxidation during reoligomerization reactions is represented as (F) mole ratios 

of dimers to monomers.  Data in panels C to F were averaged from three independent 

experiments and presented as mean ± SE.  Asterisk (*) denotes p<0.001 between zinc-

treated and control groups in two-way ANOVA with replications.  Double asterisks (**) 

denotes p<0.05 between zinc-treated and control groups in paired Student’s t-test. 

 

Figure 7.  Rearrangement of adiponectin oligomers in presence of zinc.  HMW 

adiponectin was collapsed to hexamers by incubation in 75 mM glycine, pH 4, for 30 min 

at 37 °C.  Subsequently, the samples were treated with either PBS or 10 μM ZnCl2 for 10 

min at 37 °C.  The reactions were divided and incubated with 2 mM βME or PBS for an 

additional 5, 15, 60, and 120 min.  At each time point samples were quenched in 20 mM 

NEM and subjected to (A) native PAGE analysis to assess adiponectin oligomer 
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distribution and (B) non-reducing SDS-PAGE analysis to determine levels of oxidized 

dimer and reduced monomer forms of adiponectin.  Levels of (C) 18mers, (D) hexamers, 

and (E) trimers as percentages of total adiponectin by mass averaged from three 

independent experiments are plotted against time after addition of βME.  Extent of 

adiponectin reduction by βME over time is shown as (F) mole ratios of dimer to 

monomer.  Solid lines (▬) represent samples treated in 2 mM βME.  Dashed lines (---) 

represent controls mocked treated with PBS.  Open squares (□) represent samples treated 

with ZnCl2 while closed triangles (▲) represent samples mocked treated with PBS.  

Asterisk (*) denotes p<0.05 between zinc- and PBS-treated groups matched for βME 

treatment using two-way ANOVA with replications. 

 

Figure 8.  Effect of starting trimer concentrations on adiponectin reoligomerization.  

Purified HMW adiponectin was collapsed to trimers by sequential treatments in 10 mM 

DTT and 50 mM glycine, pH 4 for 30 min at 37°C each and then dialyzed against PBS in 

an anaerobic chamber for at least 3 hrs to remove DTT and to return pH to 7.  The 

samples were diluted to 2.67, 1.33, and 0.67 μM trimers using PBS.  Adiponectin 

oxidation and reoligomerization were initiated by 3 mM H2O2 and allowed to proceed for 

45 min at 25°C before the reactions were analyzed using  (A) native PAGE analysis for 

oligomer distribution and (B) non-reducing SDS-PAGE for redox states.  (C) Absolute 

amounts of 18mers as percentages of total adiponectin by mass and (D) extent of 

adiponectin oligomerization as ratios of 18mer to hexamer abundance are represented as 

bar graphs.  Redox states of adiponectin are shown as (E) mole ratios of dimers to 
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monomers.  Although concentrations of trimers differed in each reaction, same amounts 

of adiponectin were loaded unto native and denaturing gels to ease comparison among 

samples.  Results were averaged from three independent experiments.  Asterisks (*) and 

double asterisk (**) denote, respectively, p < 0.05 and 0.01 against the 0.67 µM starting 

trimer group in one-way repeated measures ANOVA. 
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