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Abstract

Adiponectin is an obesity related protein that mediates the risk of type 2 diabetes in obese individuals with its
anti-inflammatory and insulin-sensitizing properties. To date, five functional variations have been identified in the
adiponectin gene. However, these variations are rare, and fail to fully explain adiponectin variability, suggesting
unidentified causal variations exist. Thus, our objective was to identify novel, potentially functional amino
acid-changing variations in ADIPOQ exonic regions and relate them to oligomeric forms of adiponectin in serum.
We sequenced ADIPOQ exons in 30 adolescents chosen from a school-based cohort based on serum adiponectin
and insulin levels. Four coding region changes were identified: a methionine initiation skip (MIS), P32L, R55C, and
Y111H, of which R55C and Y111H have been previously identified. Individuals with the novel variations and R55C
had low levels of adiponectin and decreased adiponectin oligomerization compared to adolescents with similar
body mass index and insulin levels. Further, bioinformatic analysis predicted putative functionality of these
variations. In our study, Y111H was unrelated to total circulating adiponectin or adiponectin oligomerization. Given
the disruption of adiponectin oligomerization in the individuals with MIS, P32L, and R55C coding changes, these
variations may lead to increased metabolic disease risk and warrant further examination in larger cohorts.
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Introduction
Obesity is a major problem in the United States with
over two thirds of adults and one third of adolescents
classified as overweight or obese Ogden et al. (2012).
While excess weight is a risk factor for type 2 diabetes,
most obese individuals do not develop type 2 diabetes
(T2D) (Boyle et al. 2010; Eckel et al. 2011; Writing
Group for the Search for Diabetes in Youth Study Group
et al. 2007). Adiponectin may help explain the increased
T2D risk in some obese individuals. Adiponectin has
anti-inflammatory and insulin-sensitizing properties, and
low adiponectin levels precede development of insulin
resistance and T2D (Hotta et al. 2001; Lindsay et al.
2002). Mechanistically, adiponectin facilitates insulin
actions in peripheral tissues by activating AMP kinase

and p38 MAPK (Combs et al. 2001; Yamauchi et al.
2002). However, adiponectin’s effects on insulin sensitiv-
ity are more clinically relevant in obese individuals.
In lean individuals Martin et al. (2005) and mice
Maeda et al. (2002), adiponectin concentrations are
not associated with insulin sensitivity; yet, in the con-
text of obesity adiponectin concentrations show
strong association with insulin levels (Maeda et al. 2002;
Martin et al. 2005).
Adiponectin is coded by ADIPOQ (NCBI GeneID

9370) located at 3q27. ADIPOQ single nucleotide varia-
tions (SNVs) have been associated with T2D (p < 10-2),
insulin resistance (p < 10-2), and serum adiponectin
(p < 10-8) (Vasseur et al. 2002; Filippi et al. 2004; Hivert
et al. 2008; Mackevics et al. 2006; Mousavinasab et al.
2006). Adiponectin multimerizes resulting in four circu-
lating oligomeric forms: trimers (LMW), hexamers
(MMW), high molecular weight (HMW), and very high
molecular weight (VHMW) complexes Tsao et al. (2002).
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HMW and VHMW complexes are most active bio-
logically Pajvani et al. (2004). To date, five causal SNVs
have been described (R55H, G84R, G90S, R112C,
and R131H). These SNVs are associated with hypo-
adiponectinemia, impaired adiponectin multimerization,
and T2D (Waki et al. 2003; Takahashi et al. 2000;
Jungtrakoon et al. 2011). However, these SNVs are
rare and fail to fully explain adiponectin variability, sug-
gesting unidentified causal SNVs exist.
Thus, our objective is to identify novel and known

ADIPOQ coding changes and relate them to oligomeric
forms of adiponectin. By sequencing ADIPOQ in adoles-
cents with extreme serum adiponectin levels (high or
low), we enriched our study group for non-synonymous
ADIPOQ SNVs. In this article, we present ADIPOQ cod-
ing region variations and their effect on adiponectin
oligomerization. While the impact of these SNVs may be
masked in lean individuals, once validated in mechanis-
tic studies, these mutations could be included in a
metric used by clinicians to council at-risk children on
their increased risk for insulin resistance before they be-
come overweight and insulin-insensitive.

Results
Four non-synonymous SNVs were identified: a methio-
nine initiation skip (c.130 G > A abbreviated as MIS),
P32L, R55C, and Y111H (Figure 1). Each SNV was
present as a heterozygote and found in a single individ-
ual. Three of the 4 SNVs (MIS, P32L, and R55C) were
identified among the 10 (30% success rate) individuals
with the lowest 1 percent of adiponectin in our cohort
very low serum adiponectin. In the NHLBI’s Exome Pro-
ject, only 21 non-synonymous ADIPOQ changes
were identified in 5138 individuals: a 0.4 percent success
rate. Selecting individuals with the lowest adiponectin
levels to sequence led to a statistically significant en-
richment for non-synonymous changes as compared
to the NHLBI sequencing project (Fisher’s exact test
p value < 10-5).
Individuals with coding SNVs exhibited phenotypic

heterogeneity with respect to BMI and insulin (Table 1),

but glucose values were clinically normal and thus not
presented. Interestingly, individuals with adiponectin
SNVs and low adiponectin values had impaired
oligomerization as evidenced by Western blots (Figure 2)
and oligomeric ELISAs (Table 2) even when accounting
for variability in BMI and insulin.

Identification of novel adiponectin SNV: MIS
Our participant with MIS had the lowest adiponectin in
the cohort; however, this individual exhibited normal
adiposity (CDC BMI percentile < 85) and insulin. Based
on Western blot, there was little HMW and no very
HMW (VHMW) adiponectin; ELISA confirmed these
findings with only 2.7% of adiponectin coming from
HMW. SIFT and PolyPhen-2 suggests that this change
could be tolerated and benign, respectively, at a protein
level. However, this variation is predicted to eliminate
the first 39 amino acids (p.Met1_Trp39del, www.expasy.
ch.spdbv) which would eliminate the signaling pep-
tide component of the protein (http://www.uniprot.org/
uniprot/Q15848).

Identification of novel adiponectin SNV: P32L
The individual with P32L exhibited low (below the 1st
percentile of the cohort) adiponectin and was hyperinsu-
linemic and overweight (BMI between CDC 85th and
95th percentiles). Based on the Western Blot, this indi-
vidual also had very low VHMW adiponectin, in con-
trast to both of her insulin resistant match and insulin
sensitive mismatch controls, but surprisingly similar to
the individual with MIS (Figure 2). Based on the ELISA,
this individual had substantially lower HMW adiponec-
tin oligomers (27%) as compared to her match and mis-
match controls (41% and 49%, respectively). Because the
SNV falls within the hypervariable region of ADIPOQ
(Figure 1), the SIFT prediction that this amino acid is
not highly conserved is expected (Table 3). In agreement
with our biological findings, the PolyPhen-2 score pre-
dicts that this change is possibly damaging (Table 3).

Identification of adiponectin SNV R55C
Our participant with R55C had low adiponectin and was
insulin resistant and was obese (BMI ≥ CDC 95th per-
centile). This SNV was recently reported as part of the
NHLBI Exome Project, but no phenotypic information
was provided. Western blot shows a lack of VHMW and
little HMW adiponectin, with a significant LMW band
at 2μL (Figure 2). At 4μL, a double LMW band is
observed, perhaps indicating a dimer, which was not
seen in other samples. From the ELISA, HMW adipo-
nectin is not detectable. Strikingly, the SIFT/Polyphen-2
scores for this mutation predict a damaging/probably
damaging effect equal in magnitude to the causal R112C
mutation (Table 3).
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Figure 1 ADIPOQ gene structure and location of identified
coding changes. MIS, P32L, R55C, and Y111H. K is the position of a
hydroxylated and glycosylated lysine. C is the position of a cysteine
forming disulfide bonds.
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Identification of adiponectin SNV Y111H
The individual with this previously reported SNV had
Type 1 Diabetes and total adiponectin levels above our
cohort mean. This individual was lean and showed no
differences in circulating oligomeric structures relative
to either her match or mismatch controls. SIFT and
PolyPhen-2 scores for this change predict that Y111H is
tolerated and benign (Table 3).

Discussion
As adiponectin is associated with obesity-related risk of
T2D and is strongly determined by genetic factors, our
objective was to identify novel and known ADIPOQ cod-
ing changes and relate their relationship to oligomeric
forms of adiponectin. Using an extreme discordant phe-
notyping approach, four non-synonymous heterozygous
ADIPOQ changes were identified, two of which were
novel. By sequencing individuals with extremely low
serum adiponectin levels we enriched the sample for
non-synonymous SNVs as compared to a sample
sequenced without respect to adiponectin levels. Three
of the four SNVs exhibited impaired oligomerization
consistent with bioinformatic predicted functional effect.
Once biologically validated, these variations could be
used to identify individuals at-risk of obesity related in-
sulin resistance and T2D.
In the three index individuals with non-synonymous

SNVs and low serum adiponectin level, BMI and insulin
levels exhibited variability; 2 of the 3 individuals were
obese and hyperinsulinemic. Yet, the oligomeric patterns
in these three index individuals were consistent with
reduced HMW adiponectin compared to individuals

Table 1 Demographic Characteristics of Individuals with Variations (SNV) and Matched Controls

SNV Subjecta Age Sex Race Puberty BMI (kg/m2) BMI Z Insulin (pmol/l)

MIS Index 14.7 M W Post 21.7 0.67 25.6

Match – A 14.9 M W Post 21.4 0.54 44.0

Match - B 15.1 M W Post 22.3 0.74 133.7

P32L Index 12.8 F W Peri 23.1 1.19 330.9*

Match - A 12.6 F W Peri 22.9 1.19 202.7*

Match - B 13.0 F W Peri 22.3 0.99 112.9

R55C Index 13.4 M B Peri 33.3 2.38 350.2*

Match - A 13.7 M B Peri 35.9 2.51 330.6*

Match - B 13.7 M B Peri 29.1 2.04 84.9

Y111H Index 11.8 F W Peri 18.3 0.14 74.0

Match - A 12.0 F W Peri 18.5 0.17 77.8

Match - B 12.1 F W Peri 18.7 0.20 25.3

5th - 95th Percentilesb 10.8 – 17.9 16.5 – 34.6 −1.02 – 2.35 35.0 – 348.2

* Insulin resistant.
a “Index” refers to the individual carrying the variation noted. Both Match - A and Match - B subjects were sequenced to verify that they did not harbor non
synonymous SNVs in ADIPOQ. Match- A refers to the individual selected to match the Index individual by age, sex, race, puberty status, BMI and insulin levels.
Match – B refers to the individual selected to match the Index by age, sex, race, puberty status, and BMI, but to be as divergent on insulin levels. b Percentiles
derived from the larger cohort of 2501 children.
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Figure 2 Adiponectin oligomerization in serum using Western
blotting on non-reducing gels. C, negative control of loading
buffer only. V, individual with variation. M, matched control. MM,
mismatched control. Due to the low concentrations of adiponectin
in some samples, gels were run using two different concentrations
(Panel A: 2uL, Panel B: 4 uL).
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with similar insulin levels, suggesting a potential domin-
ant negative effect. MIS and P32L have not been
reported in dbSNP135, the Human Gene Mutation
Database at the Institute of Medical Genetics in Cardiff,
or the NHLBI Exome Project. P32L and R55C were both
predicted to be potentially damaging by PolyPhen. For
P32L, reduced functionality may be due to the proximity
of the SNV to a conserved lysine (K33) and a cysteine
(C36) known to form disulfide bonds (Figure 1) Waki
et al. (2003). R55C was initially reported as part of
NHLBI’s Exome Sequence Project (rs138227502,

frequency 0.1%), but no phenotypic information was
provided. R55C introduces a novel cysteine 19 amino
acids downstream of C36, potentially affecting disulfide
bond formation. Interestingly, in Thai T2D patients, a
similar SNV, R55H resulted in substantially reduced
HMW formation as compared to wild type Jungtrakoon
et al. (2011). On the other hand, neither SIFT nor Poly-
Phen predicted a damaging effect of MIS. However, it is
important to recognize that PolyPhen does not account
for the amine portion of ADIPOQ where this variation
occurs. Indeed, adiponectin missing the N-terminal

Table 2 Quantification of serum adiponectin and oligomerization

SNV Subjecta RIA ELISA

Total (μg/ml) Total (ug/ml) HMW + MMW (ug/ml) HMW (ug/ml) MMW (ug/ml) LMW (ug/ml) % HMW

MIS Index 0.6 1.1 0.4 0.03 0.37 0.7 0.03

Match – A 11.6 7.5 5.5 2.9 2.6 2 0.39

Match - B 3.1 2.6 1.7 0.5 1.2 0.9 0.19

P32L Index 2.3 2.2 1.3 0.6 0.7 0.9 0.27

Match - A 12.3 6.4 4.9 2.6 2.3 1.5 0.41

Match - B 12.7 7 5.3 3.4 1.9 1.7 0.49

R55C Index 1.2 4.3 0.4 0 0.4 3.9 0.00

Match - A 4.9 3.4 2 0.7 1.3 1.4 0.21

Match - B 11.1 4.8 3.1 1.9 1.2 1.7 0.40

Y111H Index 13.6 6 5.1 2.6 2.5 0.9 0.43

Match - A 13.2 8.7 7.3 4.3 3 1.4 0.49

Match - B 12.6 8.3 6.3 3.7 2.6 2 0.45

Total adiponectin (Total APN), high molecular weight adiponectin (HMW APN), medium molecular weight adiponectin (MMW APN), and low molecular weight
adiponectin (LMW APN) were measured by ELISA for each SNV in the subject with the variant and a matched and mismatched control. %HMW: the percentage of
adiponectin present in the high molecular weight form.
a “Index” refers to the individual carrying the variation noted. Both Match A and Match B subjects were sequenced to verify that they did not harbor non
synonymous SNVs in ADIPOQ. Match- A refers to the individual selected to match the Index individual by age, sex, race, puberty status, BMI and insulin levels.
Match – B refers to the individual selected to match the Index by age, sex, race, puberty status, and BMI, but to be as divergent on insulin levels. b Percentiles
derived from the larger cohort of 2501 children.

Table 3 In silico assessment of rare ADIPOQ variations (SNV)

SNV POS rs number SIFT PolyPhen-2

Prediction Score Median Information
Content

#
Seqs

HdivPred HDivProb HvarPred HVarProb

MIS 186570850 – - - - - Benign 0.141 Benign 0.028

P32L 186570942 – Tolerated* 0.11* 2.32 99 Possibly
Damaging

0.956 Possibly
Damaging

0.478

R55C 186571010 rs138227502 Damaging 0.05 2.22 163 Probably
Damaging

1 Probably
Damaging

1

Y111H 186572089 rs17366743 Tolerated 0.55 2.15 185 Benign 0.006 Benign 0.012

R112C 186572092 rs79645624 Damaging 0.05 2.15 185 Probably
Damaging

1 Probably
Damaging

0.947

SIFT and PolyPhen-2 were utilized to predict the possible impact of amino acid substitutions on the structure and function of ADIPOQ (ESNP00000389814,
NP_001171271.1). Position (POS) is based on NCBI Build 37. R112C is the mutation known to cause Adiponectin deficiency Takahashi et al. (2000). SIFT: The SIFT
Score ranges from 0 to 1. The amino acid substitution is predicted damaging if the score is < = 0.05, and tolerated if the score is >0.05. The Median Information
Content gives the diversity of the sequences used for prediction. The # Seqs gives the number of sequences that have an amino acid that the position of
prediction. There were insufficient sequences to predict the effect of MIS using the SIFT algorithm. *Given the fact that P32L falls in a evolutionary hyper variable
region, the tolerated prediction is expected. PolyPhen-2: the naive Bayes posterior probability that a given mutation is damaging and reports estimates of false
positive (the chance that the mutation is classified as damaging when it is in fact non-damaging) and true positive (the chance that the mutation is classified as
damaging when it is indeed damaging). HdivPred and HVarPred are predictions based upon distinct learning sets.

Kottyan et al. SpringerPlus 2012, 1:66 Page 4 of 8
http://www.springerplus.com/content/1/1/66



region, similar to MIS, has reduced ability to inhibit
collagen-induced platelet aggregation and diet induced
hepatic steatosis Ujiie et al. (2006). Further, the presence
of a normal metabolic profile in our subject is consistent
with the adiponectin knockout mouse, whose insulin
and glucose remained normal until placed on a high-fat
diet Maeda et al. (2002).
Y111H has been reported (rs17366743) (Vasseur et al.

2002; Waki et al. 2003; Kretowski et al. 2005), with a
minor allele frequency of 5.8%. While previous reports
suggest adiponectin levels were reduced with this SNV
(Vasseur et al. 2002; Kretowski et al. 2005), the individ-
ual with this change had adiponectin levels above the
mean for our cohort consistent with higher adiponectin
levels seen in individuals with Type I diabetes (Morales
et al. 2004; Frystyk et al. 2005). Further, this SNV did
not appear to alter adiponectin oligomeric distribution.
In this paper, we report identification of three puta-

tively functional heterozygous ADIPOQ SNVs after se-
quencing ten individuals with the lowest adiponectin in
our cohort. Given our high rate of success in identifying
coding SNVs, sequencing candidate genes and an ex-
treme phenotype approach may be an excellent mechan-
ism to complement current exome sequencing
approaches. Importantly, our approach identified rare
heterozygous non-synonymous SNVs; evaluation of
these heterozygous non-synonymous changes can be
challenging in exome sequencing data as previous
studies have demonstrated that thousands of non-
synonymous SNVs may be present in any one individual
Wheeler et al. (2008). Given the large number of non-
synonymous heterozygous changes, the likelihood of
any one heterozygous SNV being overlooked might be
quite substantial. Indeed, while R55C was identified in
the NHLBI exome sequencing project, there are no
studies examining its effect. This could be a problem
for adiponectin as all functional SNVs are heterozy-
gous (Jungtrakoon et al. 2011; Kondo et al. 2002;
Vasseur et al. 2002).
As adiponectin plays an important role in mediating

obesity related insulin resistance (Martin et al. 2005;
Maeda et al. 2002) especially the high molecular weight
forms Pajvani et al. (2004), identification of functional
adiponectin variations could have substantial clinical
implications. Specifically, if these variations cause hypoa-
diponectinemia, then individuals with these changes
may need to be counseled to more aggressively maintain
a healthy weight and low carbohydrate diet, as these
individuals will be at highest risk for hyperinsulinemia
and T2D. However, one limitation of this study is the
small sample size examined, so it is not possible to as-
certain from this study whether these variations may
occur in other patients and lead to the same findings
with regard to oligomerization. It is therefore important

to validate these findings biologically and clinically first.
For example, examining adiponectin serum levels and
oligomerization in the 21 individuals from NHLBI’s
Exome Sequencing Project with an R55C variation could
provide additional support that this variation is likely
functional.
It is important to recognize that while this investiga-

tion focused on coding changes that potentially affect
adiponectin levels and oligomerization, other variations
exist in the 5’ regions of the gene that are associated
with adiponectin gene expression or serum levels. In
particular, we and others have reported that variations
between 10 kb and 12 kb upstream of the ADIPOQ tran-
scription start site may alter adiponectin levels (Woo
et al. 2006; Heid et al. 2010; Gupta et al. 2012), and
proximal promoter polymorphisms have been implicated
as well Laumen et al. (2009). Because individuals were
selected for sequencing and Western blotting based only
on phenotype, many also harbored various promoter re-
gion, synonymous and intronic variations previously
genotyped in this population Woo et al. (2006). How-
ever, in a randomly selected set of 54 individuals from
this cohort (data not shown), only one individual had
HWM as low as our individual with P32L and none as
low as our individuals with R55C and MIS. Thus, it is
unlikely that these other variations are responsible for
the very low HWM adiponectin present in our indivi-
duals with structural changes.

Conclusions
In summary, we identified two novel non-synonymous
ADIPOQ variations using an extreme phenotype sequen-
cing approach. Individuals with these novel variations
had low adiponectin and exhibited reduced HMW struc-
tures compared to individuals without these variations.
Although each variation is present in the heterozygous
state, the effects may be dominant negative. This study
highlights the utility of sequencing individuals with ex-
treme phenotypic values to discover novel coding
changes. These variations may provide important clues
to the relationships among ADIPOQ genetic variations,
adiponectin oligomeric distribution, and total circulating
adiponectin levels. Indeed, future studies might well
demonstrate that rare potentially causal changes identi-
fied in this study contribute to the statistical association
of more common variations with metabolic phenotypes
in larger populations.

Methods
Human subjects protection
This study was approved by Cincinnati Children’s
Hospital Medical Center Institutional Review Board.
All participants or parents/guardians provided written
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informed consent. Subjects under 18 years of age
provided assent.

Population
The overall study design is an extreme phenotype ap-
proach (Figure 3). Briefly, 30 participants with abnormal
adiponectin levels or specific phenotypes were selected
for ADIPOQ sequencing; 10 with the lowest adiponectin
levels (range 0.6 – 2.5 μg/mL), 10 with the highest
adiponectin levels (range 19.9 – 29.15 μg/mL), 5 diabetic
(4 T2D, 1 T1D) and 5 with insulin resistance (range
127 – 1327 pmol/L insulin). Of these individuals 48 per-
cent were male, the mean age was 14.4 years, and there
were equal numbers of blacks and whites.
All 30 participants were selected from a larger cohort

of 1196 black and white students who had adiponectin
levels assayed Martin et al. (2005). The 1196 participants
were, in turn, randomly selected from a study of 2501
students from the Princeton City School District (Cin-
cinnati, OH), who were enrolled from grades five
through 12 to participate in a school-based study of
carbohydrate metabolism Dolan et al. (2005). Height and
weight were measured and blood samples were
collected.

Laboratory assays
Fasting serum insulin, glucose, and adiponectin were
assayed as described previously (Martin et al. 2005;
Dolan et al. 2005). Oligomeric adiponectin assays (West-
ern Blots and ELISAs) were performed in 12 individuals.
For Western Blots, SDS-PAGE was performed according
to Laemmli’s method Laemmli (1970). Sample buffer for

non-reducing, non-heat-denaturing conditions was 2%
SDS, 50 mM Tris–HCl pH 6.8, and 10% glycerol. Sam-
ples were incubated overnight in sample buffer at 4°C
and separated using 4-12% SDS-PAGE gradient gels
(Jules, Inc., Milford, CT) at 80 V constant voltage. Pro-
teins separated by SDS-PAGE were transferred to nitro-
cellulose membranes and blocked with Tris-buffered
saline with 0.5% Tween containing 3% skim milk and
incubated with a polyclonal antibody specific for human
ADIPOQ (0.2 ug/ml; R&D Systems, Minneapolis, MN)
overnight at room temperature. After rigorous washing,
membranes were incubated with HRP-conjugated poly-
clonal donkey-anti-goat IgG (1:5000; Chemicon, Teme-
cula, CA) for 1 hour at room temperature. Bands were
detected using chemiluminescent detection reagent
(Pierce, Rockford, IL) and exposure to x-ray film (Amer-
sham, UK). LMW, MMW and HMW bands were classi-
fied as ~75kD, 135–150 kD and ~300 kD, respectively,
consistent with previous reports (Pajvani et al. 2004;
Waki et al. 2003); an observed higher kD band was clas-
sified as very high molecular weight (VHMW). To fur-
ther explore oligomeric profiles, we used ALPCO HMW
and Total Adiponectin ELISA per manufacturer’s
instructions (ALPCO, Salem, NH) Ebinuma et al. (2006).

Sequencing
DNA was extracted from frozen buffy coat using the
Magnesil system (Promega Corporation, Madison, WI)
automated on a KingFisher96 magnetic bead manipula-
tor (Thermo Electron, Waltham, MA). Primers to amp-
lify the ADIPOQ coding region (exon 2 and the 50 end of
exon 3, Table 4) were designed using ExonPrimer

Figure 3 Study design led to enrichment for subjects with missense changes.
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(http://ihg.gsf.de/ihg/ExonPrimer.html). The 1,954 bp
fragment was amplified from 50 ng of genomic DNA
using AmpliTaq Gold PCR system (Applied Biosystems,
Foster City, CA) modified from standard conditions by
increasing annealing temperature to 65°C and extension
time to 3 minutes. PCR primers and nucleotides were
enzymatically removed from the amplicon before direct
sequencing using ExoSAP-IT (GE Healthcare, Fairfield,
CT). A total of 4 sequencing reactions were performed
to obtain bidirectional-sequencing of the entire
coding region (primers in Table 4) using BigDye v3.1
Terminator kit on a 3730xl DNA Analyzer (Applied
Biosystems). SNV analysis was performed using
Mutation Surveyor v2.61 software (SoftGenetics, State
College, PA).
Individuals with non-synonymous coding changes

were matched by age (± 6 months), puberty stage, sex,
and race to individuals from the larger cohort. One con-
trol (Match-A) was chosen with similar BMI Z-score
and insulin, given demographic matching. A second con-
trol (Match-B) was chosen, matching on demographic
variables and BMI Z-score, but differing on insulin.
Matched controls were sequenced to ensure they did
not harbor ADIPOQ coding changes.

Statistical analysis
BMI Z-score was calculated from CDC growth charts.
Insulin resistance was defined as insulin levels >95%ile
of lean individuals in the overall 2501-student cohort
with the same race, sex and puberty stage Dolan et al.
(2005). To determine whether individuals with ADIPOQ
coding changes exhibited extreme phenotypes, we calcu-
lated the 5th and 95th percentiles for age, adiponectin,
insulin, glucose, and BMI Z-score, using our cohort of
1196 students Martin et al. (2005). To compare the fre-
quency of detecting non-synonymous SNVs to a public
database (NHLBI Exome Sequencing Project), we used
Fisher Exact Test.

In silico investigation of non-synonymous SNVs
Two online bioinformatics tools, SIFT (http://sift.jcvi.org/)
and PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/),
were used to predict the possible impact of amino acid
substitutions on the structure and function of ADIPOQ
using physical and comparative considerations. SIFT

examines the evolutionary conservation of variations
while PolyPhen2 predicts putative damaging effects of
non-synonymous SNVs. SIFT predicts a damaging effect if
the scaled probability score (SIFT score) is less than 0.05;
otherwise, the algorithm predicts that the SNV will be tol-
erated (Adzhubei et al. 2010; Ng and Henikoff 2003;
Kumar et al. 2009). PolyPhen-2 uses eight sequence-based
and three structure-based predictive features to calculate
the naïve Bayes posterior probability that a given mutation
will be damaging and qualitatively predicts that it will be
benign, possibly damaging, or probably damaging (Zou
et al. 2011; Flanagan et al. 2010).

Abbreviations
MIS: Methionine initiation skip; T2D: Type 2 Diabetes; SNV: Single nucleotide
variation; LMW: Trimer; MMW: Hexamer; HMW: High Molecular Weight;
VHMW: Very High Molecular Weight; BMI: Body Mass Index; CDC: Centers for
Disease Control.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors reviewed the manuscript and provided critical intellectual insight.
LCK, JGW, LJM: Drafted and revised the manuscript. JGW, LJM: Performed
statistical analyses. LMD, LJM, JGW, NAC: Overall study design. MK: Designed
and performed sequencing analyses. WB: Designed, validated, and
performed laboratory (western blots and ELISAs) assays, Provided
interpretation of findings. LCK, JGW, LJM: Performed bioinformatic analyses
for predicted functional effect. NAC, LMD: Identified clinically relevant
hyperinsulinemia, interpretation of findings. All authors read and approved
the final manuscript.

Acknowledgements
We thank PSD Study participants and families and our research team. This
study was supported by the American Diabetes Association 7-03-CD-06 (LJM,
JGW) and NIH/NIDDK R01-DK59183 (LMD). The funding bodies had no role
in the design of the study, collection and analysis of the data, or writing of
the paper.

Received: 14 September 2012 Accepted: 8 December 2012
Published: 14 December 2012

References
Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,

Kondrashov AS, Sunyaev SR (2010) A method and server for predicting
damaging missense mutations. Nat Methods 7(4):248–249

Boyle JP, Thompson TJ, Gregg EW, Barker LE, Williamson DF (2010) Projection of
the year 2050 burden of diabetes in the US adult population: dynamic
modeling of incidence, mortality, and prediabetes prevalence. Population
health metrics 8:29. doi:10.1186/1478-7954-8-29

Combs TP, Berg AH, Obici S, Scherer PE, Rossetti L (2001) Endogenous glucose
production is inhibited by the adipose-derived protein Acrp30. J Clin Invest
108(12):1875–1881

Dolan LM, Bean J, D’Alessio D, Cohen RM, Morrison JA, Goodman E, Daniels SR
(2005) Frequency of abnormal carbohydrate metabolism and diabetes in a
population-based screening of adolescents. J Pediatr 146(6):751–758

Ebinuma H, Miyazaki O, Yago H, Hara K, Yamauchi T, Kadowaki T (2006) A novel
ELISA system for selective measurement of human adiponectin multimers by
using proteases. Clin Chim Acta 372(1–2):47–53

Eckel RH, Kahn SE, Ferrannini E, Goldfine AB, Nathan DM, Schwartz MW, Smith RJ,
Smith SR (2011) Obesity and type 2 diabetes: what can be unified and what
needs to be individualized? J Clin Endocrinol Metab 96(6):1654–1663

Filippi E, Sentinelli F, Trischitta V, Romeo S, Arca M, Leonetti F, Di Mario U, Baroni
MG (2004) Association of the human adiponectin gene and insulin
resistance. Eur J Hum Genet 12(3):199–205

Table 4 ADIPOQ amplification and sequencing primers

Primer Sequence Used for
PCR

Used for
Sequencing

ADIPOQ-F GAGATGGACGGAGTCCTTTGTAGG X X

ADIPOQ-R CTGGTCATGTTTGTGAAGCTCCC X X

ADIPOQ-1 ACACTCATCCTTGGAAGACCAACC X

ADIPOQ-2 CCACAGGGATGGTAATTTAGGCTG X

Kottyan et al. SpringerPlus 2012, 1:66 Page 7 of 8
http://www.springerplus.com/content/1/1/66

http://ihg.gsf.de/ihg/ExonPrimer.html
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://dx.doi.org/10.1186/1478-7954-8-29


Flanagan SE, Patch AM, Ellard S (2010) Using SIFT and PolyPhen to predict loss-
of-function and gain-of-function mutations. Genet Test Mol Biomarkers 14
(4):533–537

Frystyk J, Tarnow L, Hansen TK, Parving HH, Flyvbjerg A (2005) Increased serum
adiponectin levels in type 1 diabetic patients with microvascular
complications. Diabetologia 48(9):1911–1918

Gupta AC, Misra R, Sakhuja P, Singh Y, Basir SF, Sarin SK (2012) Association of
adiponectin gene functional polymorphisms (−11377C/G and +45 T/G) with
nonalcoholic fatty liver disease. Gene 496(1):63–67

Heid IM, Henneman P, Hicks A, Coassin S, Winkler T, Aulchenko YS, Fuchsberger
C, Song K, Hivert MF, Waterworth DM, Timpson NJ, Richards JB, Perry JR,
Tanaka T, Amin N, Kollerits B, Pichler I, Oostra BA, Thorand B, Frants RR, Illig T,
Dupuis J, Glaser B, Spector T, Guralnik J, Egan JM, Florez JC, Evans DM,
Soranzo N, Bandinelli S et al (2010) Clear detection of ADIPOQ locus as the
major gene for plasma adiponectin: results of genome-wide association
analyses including 4659 European individuals. Atherosclerosis 208(2):412–420

Hivert MF, Manning AK, McAteer JB, Florez JC, Dupuis J, Fox CS, O’Donnell CJ,
Cupples LA, Meigs JB (2008) Common variants in the adiponectin gene
(ADIPOQ) associated with plasma adiponectin levels, type 2 diabetes, and
diabetes-related quantitative traits: the Framingham Offspring Study.
Diabetes 57(12):3353–3359

Hotta K, Funahashi T, Bodkin NL, Ortmeyer HK, Arita Y, Hansen BC, Matsuzawa Y
(2001) Circulating concentrations of the adipocyte protein adiponectin are
decreased in parallel with reduced insulin sensitivity during the progression
to type 2 diabetes in rhesus monkeys. Diabetes 50(5):1126–1133

Jungtrakoon P, Plengvidhya N, Tangjittipokin W, Chimnaronk S, Salaemae W,
Chongjaroen N, Chanprasert K, Sujjitjoon J, Srisawat C, Yenchitsomanus PT
(2011) Novel adiponectin variants identified in type 2 diabetic patients reveal
multimerization and secretion defects. PLoS One 6(10):e26792

Kondo H, Shimomura I, Matsukawa Y, Kumada M, Takahashi M, Matsuda M, Ouchi
N, Kihara S, Kawamoto T, Sumitsuji S, Funahashi T, Matsuzawa Y (2002)
Association of adiponectin mutation with type 2 diabetes: a candidate gene
for the insulin resistance syndrome. Diabetes 51(7):2325–2328

Kretowski A, Gugala K, Okruszko A, Wawrusiewicz-Kurylonek N, Gorska M (2005)
Single Nucleotide Polymorphisms in exon 3 of the adiponectin gene in
subjects with type 2 diabetes mellitus. Rocz Akad Med Bialymst 50:148–150

Kumar P, Henikoff S, Ng PC (2009) Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm. Nat
Protoc 4(7):1073–1081

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227(5259):680–685

Laumen H, Saningong AD, Heid IM, Hess J, Herder C, Claussnitzer M, Baumert J,
Lamina C, Rathmann W, Sedlmeier EM, Klopp N, Thorand B, Wichmann HE,
Illig T, Hauner H (2009) Functional characterization of promoter variants of
the adiponectin gene complemented by epidemiological data. Diabetes 58
(4):984–991

Lindsay RS, Funahashi T, Hanson RL, Matsuzawa Y, Tanaka S, Tataranni PA,
Knowler WC, Krakoff J (2002) Adiponectin and development of type 2
diabetes in the Pima Indian population. Lancet 360(9326):57–58

Mackevics V, Heid IM, Wagner SA, Cip P, Doppelmayr H, Lejnieks A, Gohlke H,
Ladurner G, Illig T, Iglseder B, Kronenberg F, Paulweber B (2006) The
adiponectin gene is associated with adiponectin levels but not with
characteristics of the insulin resistance syndrome in healthy Caucasians. Eur J
Hum Genet 14(3):349–356

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, Matsuzawa
Y (2002) Diet-induced insulin resistance in mice lacking adiponectin/ACRP30.
Nat Med 8(7):731–737

Martin LJ, Woo JG, Daniels SR, Goodman E, Dolan LM (2005) The relationships of
adiponectin with insulin and lipids Are strengthened with increasing
adiposity. J Clin Endocrinol Metab 90(7):4255–4259

Morales A, Wasserfall C, Brusko T, Carter C, Schatz D, Silverstein J, Ellis T, Atkinson
M (2004) Adiponectin and leptin concentrations may aid in discriminating
disease forms in children and adolescents with type 1 and type 2 diabetes.
Diabetes Care 27(8):2010–2014

Mousavinasab F, Tahtinen T, Jokelainen J, Koskela P, Vanhala M, Oikarinen J,
Keinanen-Kiukaanniemi S, Laakso M (2006) Common polymorphisms (single-
nucleotide polymorphisms SNP + 45 and SNP + 276) of the adiponectin
gene regulate serum adiponectin concentrations and blood pressure in
young Finnish men. Mol Genet Metab 87(2):147–151

Ng PC, Henikoff S (2003) SIFT: Predicting amino acid changes that affect protein
function. Nucleic Acids Res 31(13):3812–3814

Ogden CL, Carroll MD, Kit BK, Flegal KM (2012) Prevalence of obesity and trends
in body mass index among US children and adolescents, 1999–2010. JAMA
307(5):483–490

Pajvani UB, Hawkins M, Combs TP, Rajala MW, Doebber T, Berger JP, Wagner JA,
Wu M, Knopps A, Xiang AH, Utzschneider KM, Kahn SE, Olefsky JM, Buchanan
TA, Scherer PE (2004) Complex distribution, not absolute amount of
adiponectin, correlates with thiazolidinedione-mediated improvement in
insulin sensitivity. J Biol Chem 279(13):12152–12162

Takahashi M, Arita Y, Yamagata K, Matsukawa Y, Okutomi K, Horie M, Shimomura
I, Hotta K, Kuriyama H, Kihara S, Nakamura T, Yamashita S, Funahashi T,
Matsuzawa Y (2000) Genomic structure and mutations in adipose-specific
gene, adiponectin. Int J Obes Relat Metab Disord 24(7):861–868

Tsao TS, Murrey HE, Hug C, Lee DH, Lodish HF (2002) Oligomerization state-
dependent activation of NF-kappa B signaling pathway by adipocyte
complement-related protein of 30 kDa (Acrp30). J Biol Chem 277(33):29359–
29362

Ujiie H, Oritani K, Kato H, Yokota T, Takahashi I, Maeda T, Masaie H, Ichii M,
Kamada Y, Tamura S, Kihara S, Funahashi T, Tomiyama Y, Kanakura Y (2006)
Identification of amino-terminal region of adiponectin as a physiologically
functional domain. J Cell Biochem 98(1):194–207

Vasseur F, Helbecque N, Dina C, Lobbens S, Delannoy V, Gaget S, Boutin P,
Vaxillaire M, Lepretre F, Dupont S, Hara K, Clement K, Bihain B, Kadowaki T,
Froguel P (2002) Single-nucleotide polymorphism haplotypes in the both
proximal promoter and exon 3 of the APM1 gene modulate adipocyte-
secreted adiponectin hormone levels and contribute to the genetic risk for
type 2 diabetes in French Caucasians. Hum Mol Genet 11(21):2607–2614

Waki H, Yamauchi T, Kamon J, Ito Y, Uchida S, Kita S, Hara K, Hada Y, Vasseur F,
Froguel P, Kimura S, Nagai R, Kadowaki T (2003) Impaired multimerization of
human adiponectin mutants associated with diabetes. Molecular structure
and multimer formation of adiponectin. J Biol Chem 278(41):40352–40363

Wheeler DA, Srinivasan M, Egholm M, Shen Y, Chen L, McGuire A, He W, Chen YJ,
Makhijani V, Roth GT, Gomes X, Tartaro K, Niazi F, Turcotte CL, Irzyk GP,
Lupski JR, Chinault C, Song XZ, Liu Y, Yuan Y, Nazareth L, Qin X, Muzny DM,
Margulies M, Weinstock GM, Gibbs RA, Rothberg JM (2008) The complete
genome of an individual by massively parallel DNA sequencing. Nature 452
(7189):872–876

Woo JG, Dolan LM, Deka R, Kaushal RD, Shen Y, Pal P, Daniels SR, Martin LJ (2006)
Interactions between noncontiguous haplotypes in the adiponectin gene
ACDC are associated with plasma adiponectin. Diabetes 55(2):523–529

Writing Group for the Search for Diabetes in Youth Study Group, Dabelea D, Bell
RA, D’Agostino RB, Jr., Imperatore G, Johansen JM, Linder B, Liu LL, Loots B,
Marcovina S, Mayer-Davis EJ, Pettitt DJ, Waitzfelder B (2007) Incidence of
diabetes in youth in the United States. JAMA 297(24):2716–2724

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 BB, Kadowaki T (2002) Adiponectin stimulates
glucose utilization and fatty-acid oxidation by activating AMP-activated
protein kinase. Nat Med 8(11):1288–1295

Zou M, Baitei EY, Alzahrani AS, Parhar RS, Al-Mohanna FA, Meyer BF, Shi Y (2011)
Mutation prediction by PolyPhen or functional assay, a detailed comparison
of CYP27B1 missense mutations. Endocrine 40(1):14–20

doi:10.1186/2193-1801-1-66
Cite this article as: Kottyan et al.: Novel variations in the adiponectin
gene (ADIPOQ) may affect distribution of oligomeric complexes.
SpringerPlus 2012 1:66.

Kottyan et al. SpringerPlus 2012, 1:66 Page 8 of 8
http://www.springerplus.com/content/1/1/66


	Abstract
	Introduction
	Results
	Identification of novel adiponectin SNV: MIS
	Identification of novel adiponectin SNV: P32L
	Identification of adiponectin SNV R55C
	Identification of adiponectin SNV Y111H

	Discussion
	Conclusions
	Methods
	Human subjects protection
	Population
	Laboratory assays
	Sequencing
	Statistical analysis
	In silico investigation of non-synonymous SNVs

	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

