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Abstract

Background: Adiponectin, an adipocyte-specific secretory protein, is known to circulate as different isoforms
in the blood stream.
Methods: Using sucrose gradients and Western blotting on nondenaturing gels, adiponectin isoforms were ex-
amined in human serum, plasma, adipose tissue, and cells. The medium from human adipose tissue and hu-
man and mouse adipocytes were also examined for changes in isoform formation upon treatment with EGTA.
Results: Comparison of adiponectin complexes revealed distinct differences in distribution of high molecular
weight (HMW) forms between human serum and plasma, with an apparent difference in molecular weight.
Variation in molecular weight suggested a probable dissociation of the HMW isoforms in the presence of EDTA
in the plasma. Examination of human serum samples treated with EDTA or EGTA showed a partial dissocia-
tion of the HMW isoform, while the addition of excess calcium, but not magnesium, to human plasma resulted
in partial restoration of HMW adiponectin. When human adipose tissue–secreted adiponectin was treated with
EGTA, there was a decrease in the HMW isoform by 61% (� 1.89%) and a corresponding increase in low mo-
lecular weight (LMW) and middle molecular weight (MMW) isoforms, compared to untreated samples. Anal-
ysis of mouse and human adipocytes also showed a reduction in HMW isoforms with a corresponding increase
in MMW and LMW isoforms upon treatment with EGTA. The Simpson-Golabi-Behmel syndrome (SGBS) hu-
man adipocyte cell line, which primarily synthesizes LMW isoforms, produced increasing amounts of HMW
adiponectin upon treatment with calcium in a dose-dependent manner.
Conclusion: These data indicate that calcium promotes the formation of HMW adiponectin, and calcium se-
questration decreases HMW adiponectin. Because of the importance of HMW adiponectin in insulin sensitiv-
ity, these data demonstrate the importance of assay conditions and sample preparation in the measurement of
adiponectin isoforms.
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Introduction

OBESITY, INSULIN RESISTANCE, and type 2 diabetes are in-
creasingly prevalent worldwide1 and adipocyte secre-

tory proteins (adipokines), are associated with the develop-
ment of insulin resistance. Adiponectin is a major
adipokine,2 and low levels of adiponectin are linked to dia-
betes, insulin resistance, coronary heart disease, and meta-
bolic syndrome.3,4 A decrease in adiponectin expression is
also associated with murine models of altered insulin sensi-
tivity; administration of physiological relevant doses of
adiponectin partially ameliorates insulin resistance.5

Adiponectin is initially synthesized as a 30 kDa monomer
that is then assembled into more complex isoforms that are

secreted and circulate in the blood. These isoforms have been
identified as low molecular weight (LMW), middle molecu-
lar weight (MWM) and high molecular weight (HMW).6,7

The biological activity of adiponectin and the association
with insulin sensitivity is largely coupled with formation 
of the higher order structure, and post- translational 
modifications such as glycosylation and hydroxylation have
been shown to be critical for function.6,8 The higher order
oligomeric complexes of adiponectin also require the for-
mation of a disulfide bond at Cys-399 and in a recent study
by Scherer and coworkers10 it is found that this cysteine
residue is responsible for covalent bond formation with the
ER chaperone ERp44 that plays a major role in the assembly
of higher order forms of adiponectin. The HMW isoform
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varies among different species and Waki and coworkers7

speculated that the difference is due to low homology in the
variable amino terminal region of adiponectin which con-
tains the cysteine residue critical for complex formation. Mu-
tations within human adiponectin collagen- like domain,
G84R and G90S, have been shown to cause impairment of
HMW formation which may contribute to the development
of hypoadiponectinemia and diabetes.7 Treatment of patients
with the PPAR� agonist thiazolidinedione (TZD) increased
total adiponectin levels by 2-3 fold, primarily due to an in-
crease in the HMW isoform, which correlated with increased
insulin sensitivity.6,11,12

Calcium ions play a central role in regulation of various
physiological processes, including muscle contraction, cell
adhesion, cell division and growth, ion transport, protein
folding, protein degradation, gene transcription, apoptosis,
exocytosis and many others.13 In addition, a number of pro-
teins, such as members of the S100 family of calcium bind-
ing proteins, are known to form higher order oligomers in a
calcium dependent manner.14 MRP8 and MRP14 are mem-
bers of the S100 family of calcium binding proteins, and post-
translational modification of MRP8 and MRP14 results in
(MRP/MRP14)2 tetramers with calcium binding increasing
upon multimerization.15

In this study, we examined the adiponectin isoforms pres-
ent in human serum and EDTA- plasma. EDTA is specifi-
cally known to chelate divalent cations such as magnesium,
manganese, Zinc and calcium which act as cofactors for dif-
ferent enzymes. Based on the differences observed between
serum and plasma adiponectin we compared adiponectin
isoforms secreted from adipose tissue and adipocytes fol-
lowing calcium chelation or addition. In all cases, calcium
chelators reduced the level of HMW isoforms, while the ad-
dition of calcium increased formation of HMW adiponectin.

Materials and Methods

Subject recruitment

To obtain adipose tissue for this study, subcutaneous fat
biopsies were performed on 4 nondiabetic subjects (3 females
and 1 male) who were recruited by local advertisement. All
subjects provided written, informed consent under a proto-
col that was approved by the Institutional Review Board of
University of Arkansas for Medical Sciences (UAMS) and
was conducted at the UAMS General Clinical Research Cen-
ter. Subjects were generally healthy without any history of
liver or kidney dysfunction. A history of cardiovascular dis-
ease and the use of aspirin or antiinflammatory medications
were a contraindication for the study.

Treatment of serum and plasma samples

Subjects reported fasting to the General Clinical Research
Center, and blood was drawn into standard red top vaccu-
tainer tubes yielding either serum or purple top vaccutainer
tubes containing 4.2 mM EDTA yielding plasma. To explore
the differences in serum and plasma adiponectin isoforms,
the serum samples were treated with 5 mM EDTA or EGTA
(Sigma-Aldrich, St. Louis, MO) for 30 to 40 minutes in a 37°C
water bath. Conversely, excess amounts (20 mM) of CaCl2
(Fisher Scientific, Pittsburgh, PA) and MgCl2 (20 mM) were
added to plasma samples prior to analysis by polyacryl-

amide gel electrophoresis in 4% to 20% Criterion Precast Gels
under nondenaturing and nonreducing conditions.

Adipose tissue adiponectin secretion and EGTA treatment

Adipose tissue (150 mg) collected from biopsy, was minced
and incubated with 1 mL of serum-free DMEM with 20 mM
HEPES (pH 7.4) at 37°C under sterile tissue culture condi-
tions. Following a 24-hour incubation the sample was briefly
spun in a microfuge to separate tissue and medium, and the
tissue was homogenized in radioimmuno precipitation as-
say (RIPA) lysis buffer containing 1mM phenylmethylsul-
fonyl fluoride (PMSF). EGTA (5mM) was added to the
medium as well as the tissue lysate and incubated for 30 to
40 minutes in a 37°C water bath. The EGTA-treated and un-
treated samples were then layered on top of a 5% to 20% su-
crose gradient and centrifuged as described in “Sucrose gra-
dient sedimentation analysis.”

Adipocyte isolation and EGTA treatment

To study adiponectin secretion from adipocytes in vitro,
cells from either human or mouse adipose tissue were iso-
lated as described previously.16 Equal volumes of adipocytes
were incubated in 500 �L Dulbecco’s modified Eagle’s
medium (DMEM) with 20 mM HEPES (pH 7.4,) at 37°C un-
der sterile tissue culture conditions. After 24 hours the cells
were spun at 800 rpm for 2 minutes and the medium was
separated. The cells were then homogenized with RIPA ly-
sis buffer containing 1mM PMSF. EGTA (5 mM) was added
to the cell lysate and to the medium for 30 to 40 minutes in
a 37°C water bath before layering over a sucrose gradient.

Cell culture

Human preadipocytes, originally derived from the stromal
fraction of subcutaneous adipose tissue of an infant with Simp-
son-Golabi-Behmel syndrome (SGBS), were cultured as de-
scribed previously.17,18 Briefly, SGBS cells were maintained in
DMEM:F12 (Invitrogen, Carlsbad, CA) containing 10% fetal
calf serum (FCS) and 1% penicillin/streptomycin. For experi-
mental purposes, cells were plated and allowed to reach con-
fluence before adding differentiation medium (DMEM:F12
with dexamethasone 25 nM (Sigma-Aldrich); IBMX 500 �M
(Sigma-Aldrich); rosiglitazone 2 �M; human transferrin 0.01
mg/mL (Sigma-Aldrich); insulin 2 � 10�8 M (Novo Nordisk,
Princeton, NJ); cortisol 10�7 M (Sigma-Aldrich); T3 0.2 nM
(Sigma-Aldrich); biotin 33 mM (Sigma-Aldrich) and pan-
tothenate 17 mM (Sigma-Aldrich)) for 4 days. Cell medium
was then changed to an adipogenic medium (DMEM:F12 with
human transferrin 0.01 mg/mL; insulin 2 � 10�8 M; cortisol
10�7 M; T3 0.2 nM; biotin 33 mM and pantothenate 17 mM)
for 2 days or until the cells were ready for treatment.
DMEM:F12 contains CaCl2 at a concentration of 1.05 mM. For
experimental purposes, CaCl2 (2 mM, 5 mM, and 10 mM) was
added to the cells in DMEM:F12 medium on day 6 of differ-
entiation and incubated overnight before collection.

Sucrose gradient sedimentation analysis

To study adiponectin isoforms, plasma, serum and cell
lysate or secreted protein fractions were separated using a
sucrose gradient, followed by Western blotting with an-
tiadiponectin antibody (R&D Systems, Minneapolis, MN) af-
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ter nondenaturing and non-reducing gel electrophoresis. Su-
crose gradients (5%–20%) were formed in 5 mL centrifuge
tubes as described previously (Beckman, Palo Alto, CA).12

To reduce the amount of IgG in the sample, serum and
plasma samples were precleared with Protein G and Protein
A (Roche, Indianapolis, IN) prior to analyses. Each mL of
serum or plasma samples were precleared with 50 �L each
of Protein A and Protein G and placed on a rotator for an
hour. Precleared serum or plasma samples (100 �L) and cul-
ture medium or lysate (1 mL) were then layered on top of
the gradient and spun at 50,000 rpm for 6 hours at 4°C in an
SW50 rotor in a Beckman L8-80 ultracentrifuge. Equal frac-
tions of 250 �L were collected successively from the top of
the gradients. Each of the sucrose gradient fractions was then
again treated with Protein G for an hour to remove any re-
maining IgG.

Western blot and densitometry

Samples were loaded and run on 4% to 20% Criterion Pre-
cast Gels (Bio-Rad, Hercules, CA) and transferred onto
Trans-Blot Transfer Medium (Bio-Rad). One lane on each gel
contained molecular weight markers (Benchmark prestained
protein ladder, Invitrogen, or Himark Prestained HMW Pro-
tein Standard) varying between 181 and 5.7 kDa and 500 and
121 kDa on Tris glycine gels, respectively. Anti–human or
anti–mouse adiponectin (R & D System) and donkey anti-

goat IgG horseradish peroxidase (HRP; Santa Cruz Biotech-
nology, Santa Cruz, CA) were used for Western Blot detec-
tion. Adiponectin isoforms detected in Figures 1, 3, 4 and 5
were quantified with ImageQuant TL (Amersham Bio-
sciences, Piscataway, NJ) software and expressed as a per-
centage of total control adiponectin levels. A secondary an-
tibody reaction with donkey anti-goat IgG HRP was done
separately on each of the blots to see the presence of any
nonspecific binding (data not shown).

Statistics

All data were expressed as the means (�SEM), and the
Student t test was used for statistical analysis, with the level
of statistical significance set at P less than 0.05.

Results

Human serum and plasma differ in distribution of 
HMW adiponectin

To identify subtle differences in isoforms, serum and
plasma from the same subjects were examined using sucrose
density gradient separation followed by SDS-PAGE and
Western blotting. As shown in Figure 1A, serum and plasma
display a difference in HMW distribution when separated
on a sucrose density gradient. The HMW isoforms of
adiponectin in serum sedimented mainly in the bottom
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FIG. 1. Human serum and plasma differ in distribution of HMW adiponectin in a sucrose density gradient. (A) Repre-
sentative gradient gel of human serum and plasma from the same subject. The different adiponectin isoforms were identi-
fied by a 5% to 20% sucrose density gradient centrifugation and analyzed by nonreducing and nondenaturing gel SDS-
PAGE followed by Western blotting. The migration of the HMW (above 279 kDa), MMW (between 164 and 121 kDa) and
LMW (below 121 kDa) isoforms of adiponectin are indicated, along with the top and bottom of the sucrose gradient. (B)
Sucrose gradient fraction (# 11) of serum and plasma run adjacent to each other in two consecutive lanes. (C) Densitomet-
ric analysis of the different complexes of adiponectin in serum and plasma expressed as percentage of total adiponectin.
Results are the mean � SEM of 4 independent experiments.



(denser) fractions of the gradient (fractions 11–16 while in
plasma, the HMW complexes demonstrated a shift to the
middle portion of the gradient (fractions 6–11). In addition,
the migration of the adiponectin isoform on the gels was dif-
ferent. HMW adiponectin from plasma migrated as a dou-
blet or triplet. To better compare the migration on the gel, a
single fraction from the sucrose gradient (fraction #11) from
both serum and plasma was run adjacent to each other. As
shown in Figure 1B, the HMW form of adiponectin in serum
migrated as a single band of about 485 kDa, consistent with
the previous demonstration of HMW adiponectin as an 18-
mer.19 From plasma, however, HMW adiponectin was rep-
resented by 2-3 bands, all of which migrated faster, consis-
tent with the progressive loss of 30 kDa subunits.

From the sucrose gradients, we quantitated the adipo-
nectin isoforms using densitometry, dividing the fractions
into HMW, MMW, and LMW. As shown in Figure 1C, quan-
titation of the different adiponectin isoforms in serum
showed 30% � 1.06 HMW, 60% � 1.29 MMW, and 10% �
1.56 of isoforms were in the LMW range. From EDTA-
plasma, the percentage from the HMW fraction was slightly
less (18% � 1.67 of total adiponectin), and the fraction from
LMW was slightly higher 20% � 1.11, however these changes
were not statistically significant.

Because of these differences in adiponectin isoforms be-
tween serum and plasma, we examined the effects of EDTA
and calcium sequestration on adiponectin isoform formation.

Calcium but not magnesium is involved in HMW formation
of adiponectin

To distinguish the roles of calcium and magnesium in
HMW isoform formation, we examined the effects of two
metal ion chelators EDTA and EGTA, as well as CaCl2 or
MgCl2, on human serum and plasma. Serum samples were
treated with either EDTA or EGTA, the latter of which specif-
ically chelates only calcium ions. In serum, the major band
is the HMW band at about 485 kDa, and a minor band at

about 460 kDA is often seen. Compared to untreated control
serum, both chelators resulted in a loss of the 485 kDa band,
and an increase in the appearance of faster- migrating bands
(Figure 2A lanes 2 and 3) suggesting that calcium, and not
magnesium, is required for formation of HMW structures of
adiponectin.

To further assess the specific roles of calcium or magne-
sium in adiponectin oligomer stability, CaCl2 and MgCl2
were added in molar excess to EDTA in the plasma samples.
Addition of CaCl2 (20 mM, Figure 2B lane 3) led to the for-
mation of HMW isoforms of adiponectin, compared with
control (Figure 2B, lane 1), whereas, addition of MgCl2 (20
mM, Figure 2B, lane 4) did not increase the HMW isoform.
Dialysis of the plasma in DMEM tissue culture medium,
which contains calcium at a concentration of 1.8 mM, also
supported the formation of HMW form of adiponectin (Fig-
ure 2B, lane 2). Human adipose tissue explants secrete pre-
dominantly HMW adiponectin into the medium (Figure 2C),
and two bands are usually noted when this material is ex-
amined on a non-denaturing gel. The addition of EGTA (5
mM, Figure 2C, lane 2) to culture medium following secre-
tion from human adipose tissue explants disrupted the 485
kDa HMW isoform into a slightly faster migrating isoform,
and subsequent dialysis of EGTA-treated medium against
normal culture medium was found to restore the level of
HMW isoform to that of untreated controls (lane 3 of Figure
2C).

Adiponectin secreted from human adipose tissue explants
is also sensitive to EGTA

To further characterize the effect of EGTA on HMW
adiponectin isoforms, conditioned media resulting from in-
cubation of human adipose tissue explants were analyzed by
sucrose gradient sedimentation, polyacrylamide gel elec-
trophoresis, and Western blot. In a manner similar to that
described above, the adiponectin in adipose tissue condi-
tioned media was quite sensitive to calcium sequestration.
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FIG. 2. Formation of HMW adiponectin in human serum, plasma and adipose tissue secretions in presence and absence
of calcium. (A) Representative blot of human serum treated with 5 mM EGTA (Lane 2) or 5 mM EDTA (Lane 3) compared
to untreated (Lane 1) when analyzed by nonreducing and nondentauring gel SDS-PAGE and Western blotting. (B) Repre-
sentative blot of human plasma untreated (lane 1) followed by dialysis of plasma in DMEM medium, which contains CaCl2
at 1.8 mM (lane 2), addition of excess of CaCl2 (20 mM) or MgCl2 (20 mM) to plasma are shown in lane 3 and lane 4, ana-
lyzed by nonreducing and nondentauring gel SDS-PAGE and Western blotting. (C) Adipose tissue secretion of adiponectin
in DMEM medium (lane 1). EGTA treatment (5 mM) of adipose tissue secretion is shown in lane 2, followed by EGTA-
treated adipose tissue secretion dialyzed in DMEM medium in lane 3. The HMW isoforms (above 279 kDa) are indicated
with the arrows (k). The blots are representative of 4 independent experiments.



When adipose tissue conditioned medium was treated with
EGTA, there was a substantial shift in isoforms, with a 61%
� 1.89 reduction in the HMW isoform of adiponectin com-
pared to controls (P � 0.05; Figures 3A and 3B), with a cor-
responding increase in MMW and LMW isoforms. Table 1
shows the percentages of the different isoforms of
adiponectin before and after EGTA treatment in the human
adipose tissue conditioned medium.

HMW isoform of adiponectin is sensitive to treatment with
EGTA in mouse adipocytes

As described by us previously, different species and dif-
ferent cells secrete different proportions of HMW adipo-
nectin.12 To determine whether the requirement for calcium
in HMW adiponectin formation is species dependent, we ex-
amined adiponectin production in mouse primary adipocyte
cultures. Adipocytes were prepared as described in Materi-
als and Methods and incubated for 24 hours, followed by the
removal of conditioned medium. Treatment of the medium

with EGTA (5 mM) led to a substantial decrease in HMW
isomers in the mouse adipocyte conditioned medium (Fig-
ure 4A) with a corresponding increase in MMW and LMW
isomers compared with controls when analyzed in a sucrose
gradient followed by SDS-PAGE and Western blotting.

Densitometric analysis of the different adiponectin iso-
forms before and after EGTA treatment showed a 73% � 1.45
decrease (P � 0.05) in the HMW isoforms with a corre-
sponding increase in medium and low molecular weight iso-
forms. (Figure 4B, Table 1). These results demonstrate that
calcium plays a role in stabilizing the HMW isoform of
adiponectin in both humans and mice.

Formation of HMW adiponectin in human adipocyte cell
cultures is calcium dependent

A useful human adipocyte cell line is the SBGS cell line,
which produces primarily LMW isoforms, with little HMW
adiponectin detected in cell lysate.12 To determine the effect
of calcium on adiponectin isoform formation in this cell line
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TABLE 1. SUMMARY OF THE PERCENTAGES OF DIFFERENT ISOFORMS OF ADIPONECTIN IN PRESENCE AND

ABSENCE OF EGTA TREATMENT WITH RESPECT TO TOTAL ADIPONECTIN

Treatment HMW (%) MMW (%) LMW (%)

Human Adipose tissue Control 52.3 � 2.05 20.6 � 1.75 28.3 � 3.03
EGTA 20.2 � 0.935 31.1 � 3.12 63.1 � 4.08

Mouse adipocytes Control 68.28 � 2.05 14.81 � 1.11 16.9 � 3.55
EGTA 18.64 � 0.935 27.26 � 2.56 65.95 � 4.67

FIG. 3. Decreased HMW adiponectin secretion with EGTA treatment in vitro. (A). Conditioned medium from control and
EGTA (5 mM)-treated human adipose tissue was separated in a 5% to 20% sucrose density gradient and adiponectin iso-
forms were identified by Western blotting under nondenaturing and nonreducing conditions. The top and bottom of the
sucrose gradient is noted along with identification of the adiponectin bands referred to as HMW (above 181 kDa), MMW
(between 181 and 115 kDa) and LMW (below 82 kDa). (B) Densitometric analysis of the different complexes of adiponectin
expressed as a percentage of total adiponectin with no EGTA added. Results are the mean � SEM of 2 independent ex-
periments. Significant differences are indicated by *, compared to control, and † for comparisons between before and after
EGTA treatments (P � 0.05).



that does not normally form much HMW isoform, we added
exogenous CaCl2 (2 mM, 5 mM, and 10 mM) to SGBS cul-
tures for approximately 16 hours. As described in Materials
and Methods, cells cultured in medium containing 1.05 mM
calcium. The addition of supplemental calcium led to in-

creased formation of HMW adiponectin in a dose-dependent
manner while a corresponding decrease in the MMW and
LMW bands (Figures 5A and B). These results demonstrate
that calcium enhances the formation of HMW adiponectin
in a cell type that normally produces very little.
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FIG. 4. Effect of EGTA treatment on adiponectin isoforms in mouse adipocytes. (A). Adiponectin isoforms from mouse
adipocytes were separated by 5% to 20% sucrose density gradient centrifugation and analyzed by nondenaturing and nonre-
ducing gradient gel SDS-PAGE followed by Western blotting. The top and bottom of the sucrose gradient is noted, along with
identification of the adiponectin bands referred to as HMW (above 181 kDa), MMW (between 181 and 115 kDa) and LMW
(below 82 kDa). (B). Quantitative analysis by densitometry of the HMW, MMW, and LMW isoforms expressed as a percent-
age of total adiponectin with no EGTA added. Results are the mean � SEM of 2 independent experiments. Significant dif-
ferences are indicated by *, compared to control, and † for comparisons between before and after EGTA treatments (P � 0.05).

FIG. 5. Effect of calcium treatment on adiponectin HMW isoform in SGBS cells. (A) Representative blot of SGBS cell lysate
from day 6 differentiated cells. As described in Methods, cells were cultured in medium containing 1.05 mM CaCl2, and
additional CaCl2, in the concentration indicated, was then added to the medium for 16 hours and analyzed by nondena-
turing and nonreducing gel SDS-PAGE and Western blotting. (B) Densitometric analysis of the HMW (above 181 kDa),
MMW (181 to 115k Da), and LMW (82 to 62k Da) adiponectin for each treatment of calcium expressed as percentage of
control HMW, MMW, and LMW. Results are the means � SEM of 3 independent experiments. Significant differences are
indicated by *, compared to control, and † for comparisons between different concentration of CaCl2 added (P � 0.05).



Discussion

Adiponectin is expressed at a high level in adipose tissue
and is an important adipokine associated with insulin sen-
sitivity and protection from vascular disease.3 The synthesis
and assembly of adiponectin is complex. Following synthe-
sis of the adiponectin monomer, the protein is assembled into
trimers, hexamers, and 18-mer HMW isoforms,19–21 In sev-
eral studies, the HMW isoform of adiponectin was the pre-
dominant secreted form in human sera and correlated best
with protection from features of metabolic syndrome and
correlated strongly with improved insulin sensitivity after
treatment of subjects with thiazolidinediones.6,20

The present study was undertaken following the obser-
vation of differences in HMW adiponectin complexes on a
sucrose gradient when comparing serum and EDTA-plasma.
When serum and plasma were fractionated on a sucrose gra-
dient, the HMW isoforms of adiponectin in serum were
found in the denser regions of the gradient and migrated
slower on the nondenaturing gel than the isoforms from
plasma. When the HMW, MMW, and LMW bands from
serum and plasma were grouped and quantitated, there were
no significant differences between serum and plasma, even
though the adiponectin isoforms from plasma were slightly
different.

Adiponectin is initially synthesized as a 30 kDa peptide
that is rapidly assembled into trimers, hexamers, and HMW
octadecamers.7,19 However, other studies have noted that the
HMW, MMW, and LMW forms on nondenaturing gels are
often composed of multiple closely migrating bands.7 In our
studies, the HMW adiponectin from serum was present pre-
dominantly as a band at approximately 485 kDa, which
would correspond to an 18-mer, given the limitations of mo-
lecular weight determination on our gel system. In plasma,
however, the HMW complexes were noted to have several
faster migrating bands. Although this method is not precise
in the determination of molecular weight, the HMW iso-
forms from plasma appeared to differ from each other by
one, two, or more adiponectin subunits, and would suggest
that HMW adiponectin in plasma exist as 17-mers, 16-mers,
and other forms.

Because this change in adiponectin isoforms was due to
the collection of blood in EDTA, we wondered whether this
was due to the chelation of divalent cations. EDTA and
EGTA are known to chelate metal ions in 1:1 metal-to-
EDTA/EGTA ratio, although EGTA preferentially binds cal-
cium with a significantly greater affinity than other divalent
cations. As observed in Figure 2A, the addition of EDTA or
EGTA to serum samples was found to cause a reduction in
size of the HMW adiponectin by approximately one
oligomer, resulting in an adiponectin oligomeric pattern that
resembled EDTA plasma. Conversely, the addition of cal-
cium, but not magnesium, to EDTA-plasma samples resulted
in a formation of HMW isoforms that were not normally
present. Dialysis of plasma samples in the presence of
DMEM medium containing calcium at 1.8 mM concentration
was also found to reverse the effect of EDTA. Thus, this study
clearly demonstrates that the formation of the fully devel-
oped, complex HMW structure of adiponectin is influenced
by the presence of calcium.

In previous studies, the predominant adiponectin secre-
tory product from human adipose tissue was the HMW

form.12 When EGTA was added to medium conditioned
from human adipose tissue, again there was a change in the
HMW isoforms, as shown in Figure 2C. This was more ap-
parent when the adiponectin isoforms from the conditioned
medium of human and mouse adipocytes were separated on
a sucrose gradient where more of MMW or LMW isoforms
was found to be aggregated at the middle and top of the gra-
dient in the EGTA treated samples (Figures 3A and 4A). Thus
we provide here evidence for the requirement of calcium in
HMW complex formation of adiponectin.12

The carboxyl domain of adiponectin is homologous to the
C1q complement-related proteins which are characterized by
a globular head at the C-terminus. C1q plays a major role in
immunity and is able to bind a variety of components due
to its globular domain (gC1q) 22. The crystal structure of
adiponectin revealed a link between tumor necrosis factor
(TNF), which is also implicated in the induction of insulin
resistance, and gC1q proteins. Adiponectin belongs to this
newly designated C1q and TNF superfamily.23,24 Scherer and
coworkers have submitted a structure to the protein data
bank that indicates the C-terminal region of mouse
adiponectin binds calcium and forms the adiponectin 30k Da
complex (Protein Data Bank codes 1C28 and 1C3H;
gi:40889029). In addition, Ca2�-bound and Ca2�-free forms
of mouse adiponectin gC1q domain have been determined
showing structural differences.23,24

Calcium-dependent oligomerization of HMW isoforms of
adiponectin suggests that a binding site for calcium exists in
the adiponectin protein sequence. Different calcium binding
motifs are known,25,26 the most common being the helix-
loop-helix structural motif27–29 in their calcium binding sites
flanked by the two alpha helices termed the EF hand. The
calcium-coordinating residues of the loop are commonly as-
partates forming a DxDxD motif.30 EF hand motifs direct cal-
cium binding by cellular proteins occurring either upstream
of predicted alpha helices and are associated with regulat-
ing large conformational changes in the helical domain func-
tion in a cooperative manner.30–33 Although there is signifi-
cant sequence variation in the calcium binding region of
different calcium binding proteins, a preference for aspartate
at the first, third and fifth position is always evident. Such a
sequence (DNDND), beginning amino acid 227 is present in
the C-terminal region of adiponectin (Accession # NM
004797; GI: 44890057) that might mediate the role played by
calcium in adiponectin oligomerization. Leukert and
coworkers14 have shown that mutations in this C terminal
EF hand loop of S100A9 decreased calcium binding and
tetramerization of dimers in presence of calcium failed to oc-
cur. Further Sen and coworkers33 in a recent study in ro-
tavirus NSP5 have shown that the DXDXD motif in the C
terminal helix serves as a calcium switch and mutagenesis
of any DXDXD motif abolishes the ability to bind calcium
and regulate cellular function. As a consequence deletion of
the DNDND sequence present on the C-terminal part of the
adiponectin gene is required to further elucidate the role of
calcium in HMW adiponectin formation.

The effect of Ca2� and Mg2� on the interaction of
adiponectin with lipopolysaccharide (LPS) was investigated
by Peake and coworkers, who demonstrated that the antiin-
flammatory properties of adiponectin may be mediated
through direct binding to LPS 34. Both EGTA and EDTA in-
creased the binding of adiponectin to LPS at pH 5.0 to 6.0,
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whereas the addition of Ca2� or Mg2� inhibited binding.
This suggests that quaternary structure is affected by these
cations and is an important factor for selective binding and
function. However, the authors propose that HMW
adiponectin is the predominant LPS-binding isoform, and
that reduction and alkylation, resulting in trimer, abolishes
such binding. These results appear to be contradictory to our
own findings as we report here that Ca2� increases HMW
adiponectin formation and EDTA/EGTA diminishes it. The
differences in findings may be explained by variations in ex-
perimental procedures, such as pH and the use of recombi-
nant adiponectin.

A similar finding of calcium-induced aggregation has been
noticed in the surfactant protein A present in the alveolar
fluid and is very similar to adiponectin in that it possesses
a collagenous domain and a globular domain.14,35 In plants,
GAD (glutamate decarboxylase) has been shown to form
higher order oligomerization with transient elevations in cy-
tosolic calcium concentration.36

Calcium is known to play an important role in the differ-
entiation of adipocytes in a biphasic manner. Increasing in-
tracellular calcium inhibits early stage differentiation, while
late stage differentiation and lipid accumulation are in-
creased.37 Previously we demonstrated that pioglitazone, a
thiazolidinedione (TZD) known to improve insulin sensitiv-
ity in humans, increased the secretion of HMW adiponectin
from human adipose tissue and adipocytes.12 TZDs are also
known to affect calcium channel function resulting in lower
blood pressure in hypertensive rats.38,39 Whether pioglita-
zone modulates intracellular calcium in adipocytes which in-
fluences formation of HMW adiponectin remains to be de-
termined. It is known that insulin stimulates adiponectin
secretion at both early and late phases in its secretory path-
way, possibly corresponding to adiponectin export from the
endoplasmic reticulum and to exocytosis of adiponectin se-
cretory vesicles.40 Further studies are required to gain a bet-
ter understanding of the role of endoplasmic reticulum cal-
cium levels in adiponectin maturation and folding, and its
effect on adiponectin secretion in the exocytic pathway.

In summary, this study examined the adiponectin iso-
forms in serum and plasma, and in the medium from
adipocytes, and determined that the formation of the fully
developed HMW complex is dependent on the availability
of calcium. HMW adiponectin is the isoform most strongly
associated with insulin sensitivity, and the stabilization of
this complex by calcium may be important in adiponectin
biologic activity. This study demonstrates for the first time
that analysis of adiponectin in blood can be affected by the
specific specimen collection method, and these data suggest
that serum, as opposed to EGTA plasma, is a superior spec-
imen type for adiponectin analysis because of the absence of
metal chelating agents that can modify the oligomeric struc-
ture of adiponectin.
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