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ABSTRACT
Background: Adiponectin gene expression is modulated by perox-
isome proliferator–activated receptor c, which is a transcription fac-
tor activated by unsaturated fatty acids.
Objective: We investigated the effect of the interaction between var-
iants at the ADIPOQ gene locus, age, sex, body mass index (BMI),
ethnicity, and the replacement of dietary saturated fatty acids (SFAs)
with monounsaturated fatty acids (MUFAs) or carbohydrates on serum
adiponectin concentrations.
Design: The RISCK (Reading, Imperial, Surrey, Cambridge, and
Kings) study is a parallel-design, randomized controlled trial. Serum
adiponectin concentrations were measured after a 4-wk high-SFA
(HS) diet and a 24-wk intervention with reference (HS), high-MUFA
(HM), and low-fat (LF) diets. Single nucleotide polymorphisms at the
ADIPOQ locus211391 G/A (rs17300539),210066 G/A (rs182052),
27734 A/C (rs16861209), and +276 G/T (rs1501299) were geno-
typed in 448 participants.
Results: In white Europeans, +276 T was associated with higher
serum adiponectin concentrations (n = 340; P = 0.006) and 210066
A was associated with lower serum adiponectin concentrations (n =
360; P = 0.03), after adjustment for age, BMI, and sex. After the
HM diet, 210066 G/G subjects showed a 3.8% increase (95% CI:
20.1%, 7.7%) and G/A+A/A subjects a 2.6% decrease (95% CI:
25.6%, 0.4%) in serum adiponectin (P = 0.006 for difference after
adjustment for the change in BMI, age, and sex). In 210066 G/G
homozygotes, serum adiponectin increased with age after the HM
diet and decreased after the LF diet.
Conclusion: In white 210066 G/G homozygotes, an HM diet may
help to increase adiponectin concentrations with advancing age. This
trial was registered at clinicaltrials.gov as ISRCTN29111298. Am
J Clin Nutr 2011;94:262–9.

INTRODUCTION

The metabolic syndrome is a complex disorder characterized by
abdominal obesity, insulin resistance, hypertension, dyslipidemia,
and inflammation (1). Observational evidence and intervention
studies indicated that saturated fat worsens, whereas monoun-
saturated and polyunsaturated fats improve, insulin sensitivity (2).
However, individuals show varying responses to dietary interven-
tions, which suggests that a significant gene · dietary interaction
occurs (3).

Adiponectin expressed in adipose tissue (4) is a potent insulin
sensitizer that regulates energy homeostasis and glucose tolerance

in the muscle and liver (5). Concentrations of circulating adipo-
nectin are reduced in obese subjects (6), and hypoadiponectinemia
appears to play an important causal role in insulin resistance, type
2 diabetes, and the metabolic syndrome (7–9). Adiponectin con-
centrations have a strong genetic component, with heritability
estimated between 30% and 50% (10). Associations with the adi-
ponectin concentration and/or the metabolic syndrome have been
reported for genetic variants at the ADIPOQ gene locus in many
studies (11–15). However, some of these associations could not be
confirmed by others (16–18). These inconsistencies may relate to
the interaction between the gene and environmental influences,
such as dietary intake. Such an interaction may also underpin
varied individual responses to diet in general.

Results from observational or weight-loss studies have sug-
gested that diets low in carbohydrates (19) and high in unsaturated
fat might increase adiponectin (20). Small intervention studies
that investigated macronutrient effects independent of weight loss
have been inconsistent (21–23). We aimed to discover whether
reduction of saturated fat in a diet while maintaining a stable
weight would increase serum adiponectin concentrations. We
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studied 448 participants at risk of developing the metabolic
syndrome in the RISCK (Reading, Imperial, Surrey, Cambridge,
and Kings) trial, which is a highly controlled dietary intervention
that is based on the replacement of saturated fat with either
carbohydrates or monounsaturated fat in isoenergetic diets (24).
Unsaturated fatty acids are ligands for the transcription factor
peroxisome proliferator–activated receptor c (PPARc) (25), which
up-regulates ADIPOQ gene expression (26) and directly increases
serum adiponectin concentrations (27). We hypothesized that
variants in ADIPOQ could interact with the dietary intake of
unsaturated fat to influence serum adiponectin in the absence of
a significant change in fat mass. We examined 4 single nucleotide
polymorphisms (SNPs) that we have previously shown to be sig-
nificantly associated with fasting serum adiponectin in 2 inde-
pendent samples: 211391 G/A (rs17300539) in the promoter,
2100066 G/A (rs182052) and 27734 A/C (rs16861209) in in-
tron 1, and +276 G/T (rs1501299) in intron 2 (28). The interaction
of the SNP genotype with age and sex in the determination of
serum adiponectin concentrations and measures of insulin sen-
sitivity was assessed at baseline and after 24 wk of a dietary
intervention in 366 white European subjects.

SUBJECTS AND METHODS

Subjects

Ethical approval for the RISCK study (ISRCTN29111298) was
granted from the National Research Ethics Service, and written
informed consent from participants was obtained, including sub-
sequent genetic analyses. Men and women (age range: 30–70 y)
recruited from the general population attended a clinic in a fasting
state at participating centers (the University of Reading, Imperial
College London, the University of Surrey, and the Medical Re-
search Council Human Nutrition Research Centre, University of
Cambridge and Kings College London). Eligibility for entry to the
study was assessed by a point system and implementation of ex-
clusion criteria described previously (24). A total of 47.5%of subjects
had the metabolic syndrome according to the criteria of the In-
ternational Diabetes Federation (29). A total of 549 subjects
completed the RISCK study. The current study involved 448 sub-
jects for whomDNA samples were available. Self-reported ethnicity
was recorded as white, South Asian, black African, or other.

Study design

A parallel 2 · 2 factorial design compared with a control in-
tervention was used. Subjects were randomly assigned to treat-
ments by using a computer-based minimization procedure to
balance assignments by age, sex, waist, and HDL cholesterol as
previously described (24). Power calculations were based on 113
subjects per group completing the study to give an 80% power to
detect a difference in means of 1 (·1024 mL � lU21 � min21) in
the index of insulin sensitivity (Si) at P = 0.005. The final sample
size, allowing for a dropout of 15%, was 130 per treatment group
with equal numbers recruited at each of the 5 centers. Inter-
vention diets were planned to provide similar intakes of dietary
energy but to vary in the amount and type of fats and carbo-
hydrates. All participants had a 4-wk run-in period during which
they consumed a high–saturated fat reference diet before being
randomly assigned to the reference diet or one of 4 isoenergetic
dietary interventions designed to lower saturated fat. For the pur-

poses of the current study the dietary intervention groups differing
in carbohydrate quality were combined to focus the analyses on the
manipulation of dietary fat, from which the effect on adiponectin
concentrations and the homeostatic model assessment of insulin
resistance was expected to be greater. The resulting 3 dietary
groups were as follows: a high–saturated fat (HS) reference diet
designed to reflect the saturated fat intake in a Western diet,
a high–monounsaturated fatty acid (MUFA) diet (HM) in which
saturated fatty acids (SFAs) were reduced and replaced with
MUFAs, and a low-fat (LF) diet in which SFAs were reduced
through the replacement of total fat with carbohydrates. The
target intake for total fat was 38% of energy in the HS and HM
diets and 28% of energy in the LF diet, with carbohydrate in-
takes of 45% and 55% of energy, respectively. The HM and LF
diets were designed to reduce dietary SFAs to 10% of energy
with a planned MUFA intake of 20% of energy in the HM diet
and 12% of energy in the LF diet and HS reference diet. The
dietary intervention was described in detail elsewhere (30).
Measurements made after the run-in diet were referred to as
baseline. All participants followed their randomly prescribed
diets for 24 wk, after which an additional blood sample was
collected and anthropometric variables were measured. Un-
weighed 4-d food diaries (3 weekdays and 1 weekend day) were
collected to record dietary intakes at baseline and in the third
and the final month of the intervention. Nutrient intakes were
estimated by using the food-composition database software
DINO (Medical Research Council Human Nutrition Research
Unit, Elsie Widdowson Laboratory, Cambridge, United King-
dom) as previously described (24). The weight (in light clothing)
and height (without shoes) of each subject were measured and
an indwelling venous cannula was inserted into the forearm.

Blood analytic methods

Blood samples for analysis were drawn after a minimum of an
8-h overnight fast, and serum was stored at245�C until analyzed.
Insulin sensitivity as measured by the intravenous glucose toler-
ance test (IVGTT) and the measurement of fasting glucose and
insulin were carried out as previously described (24). Glucose and
insulin were measured at the Nutritional Biochemistry Labora-
tory, Medical Research Council Human Nutrition Research. In-
sulin resistance was indirectly assessed by estimated homeostatic
model assessment of insulin resistance version 2 (HOMA2-IR)
with software from the Diabetes Trials Unit, University of Ox-
ford (http://www.dtu.ox.ac.uk/homa; Oxford, United Kingdom).
Fasted plasma phospholipid fatty acids were measured by gas
chromatography at the University of Reading as previously de-
scribed (30). Serum adiponectin analysis was carried out at
Unilever (Sharnbrook, United Kingdom) with the AutoDELFIA
time-resolved fluorescence–based immunoassay (Perkin Elmer,
Cambridge, United Kingdom). The immunoassay measured the
total (low, middle, and high molecular weight) human adipo-
nectin by using a mouse monoclonal anti-adiponectin antibody,
mouse monoclonal adiponectin biotinylated detection antibody,
and recombinant adiponectin (all from R&D systems, Abing-
don, United Kingdom) and streptavidin Europium conjugate
(Perkin Elmer). Tests of intra- and interassay CVs were per-
formed in replicates of 25. Intra- and interassay percentage CVs,
respectively, were as follows: 0.95 lg/mL: 7.2, 8.8; 2.88 lg/mL:
7.5, 8.2; and 8.60 lg/mL: 5.0, 1.4.
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DNA extraction and SNP genotyping

Buffy coats removed from blood samples were stored in
EDTA-coated tubes at 220�C. Genomic DNA was extracted
from 200 lL buffy coat with an Illustra blood genomic
prep mini spin kit (GE Healthcare, Amersham, United King-
dom) according to the manufacturer’s instructions. Four SNPs
at the ADIPOQ gene locus were genotyped [211391 G/A
(rs17300539),210066 G/A (rs182052),27734 C/A (rs16861209),
and +276 G/T (rs1501299)]. Their relative positions with respect
to the first coding base in exon 2 are indicated. Genotyping by
pyrosequencing (Qiagen, Crawley, Surrey, United Kingdom)
was performed in the 448 participants for whom DNA was
available. Primers and PCR conditions for genotyping can be
obtained upon request. We used internal controls, and accuracy
as assessed by the inclusion of duplicates in the arrays was
98%. Genotyping success rates were 98.1%, 83.5%, 84.9%, and
92.1%, respectively.

Statistical analyses

All genotype distributions were tested for deviation from the
Hardy-Weinberg equilibrium by a chi-square test with 1 df (P .
0.05). Statistical analyses were carried out with SPSS software
(version 17.0 for Windows; SPSS Inc, Chicago, IL). When needed,
variables were log transformed to obtain better approximations
of the normal distribution before analysis. Data were analyzed
by using analysis of covariance (ANCOVA), regressing follow-
up measures against baseline measures with ethnicity, baseline
age, sex, and diet as covariates. Outliers were excluded from the
ANCOVA and were defined as points .2.5 times the inter-
quartile range from the median on the transformed scale at
baseline, follow-up, or the change from baseline. All data pre-
sented in the text and tables are expressed as means or geometric
means 6 SDs or 95% CIs. The unadjusted effect of each diet is
expressed as the percentage change from the median value at
baseline with 95% CIs. Correlations are presented as Spear-
man’s r. Significance was accepted at P , 0.05.

RESULTS

Baseline characteristics of subjects

A total of 549 subjects completed the RISCK study. The ethnic
mix of subjects was typical of England and predominantly white,
with about one-fifth of subjects from ethnic minorities. On the
basis of self-reported ethnicity, individuals of white (80%), South
and Southeast Asian (9.5%), black African (8%), and other (2.5%)
ancestry were distinguished. The 448 individuals for whom DNA
samples were available were the subjects of this study, from which
participants in the other ethnic subgroup were excluded. The
characteristics of included subjects at baseline with respect to
ethnicity, age, body mass index (BMI), and insulin homeostatic
variables are presented in Table 1. After a 4-wk run-in period with
the HS diet, there were significant differences between men and
women in fasting glucose concentrations (higher in men) and
insulin sensitivity (lower in men).

Serum adiponectin with respect to age, BMI, and ethnicity

Regression analysis showed that adiponectin was positively
correlated with age (b = 0.217, P , 0.001) and was negatively
correlated with BMI (b = 20.161, P , 0.001). As shown in
Table 2, there was a significant increase in the geometric mean
serum adiponectin concentration with age after adjustment for
BMI, sex, and ethnicity. The serum adiponectin concentration
decreased with increasing BMI after adjustment for age, sex,
and ethnicity. There were highly significant differences with
respect to ethnicity after adjustment for BMI, age, and sex.
Adiponectin concentrations were significantly higher in white
Europeans than in South Asians (P = 0.001) and black Africans
(P = 0.001). Serum adiponectin concentrations were signifi-
cantly higher in women (11.16 6.2 lg/mL) than in men (8.5 6
4.1 lg/mL) (P , 0.001). However, there were no significant
interactions between sex · age (P = 0.697), sex · BMI (P =
0.139), or sex · ethnicity (P = 0.15) in the determination of
serum adiponectin concentrations.

TABLE 1

Characteristics of subjects in the RISCK (Reading, Imperial, Surrey, Cambridge, and Kings) study at baseline1

Characteristic All (n = 448) Men (n = 264) Women (n = 184) P (men vs women)

Ethnicity [n (%)]2 —

South Asian 44 (9.8) 25 (9.4) 19 (10.3)

Black African 38 (8.5) 28 (10.6) 10 (5.4)

White European 366 (81.7) 211 (80.0) 155 (84.3)

Age (y)3 52.5 6 9.9 53.6 6 10.2 51.8 6 9.5 0.05

BMI (kg/m2)3 28.8 6 4.7 28.5 6 3.9 28.9 6 5.2 0.43

Fasting insulin (pmol/L)4 60.4 6 52.1 63.4 6 40.8 58.2 6 58.7 0.10

Fasting glucose (mmol/L)3 5.7 6 0.8 5.9 6 0.9 5.5 6 0.6 ,0.001

Si (IVGTT) (mU � L21 � min21)4 2.7 6 2.7 2.4 6 1.9 2.9 6 3.1 0.001

HOMA2-IR4 1.3 6 0.7 1.3 6 0.8 1.3 6 0.7 0.54

1 Si (IVGTT), insulin sensitivity as measured by the intravenous glucose-tolerance test; HOMA2-IR, homeostatic

model assessment of insulin resistance version 2. Data are presented for all subjects who completed the study and for whom

DNA was available (n = 448). All variables were measured at baseline after a 4-wk run-in period on a reference high–

saturated fat diet. The significance of differences between men and women was determined by Student’s t test.
2 Self-reported.
3 Values are means 6 SDs.
4 Values are geometric means 6 SDs.
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Correlation of serum adiponectin with insulin sensitivity
measures

To establish any relation between serum adiponectin con-
centrations and insulin resistance in RISCK subjects, we tested
correlation between geometric mean adiponectin and insulin
homeostatic variables in all subjects at baseline. Serum adipo-
nectin was negatively correlated with HOMA2-IR (r = 20.38;
P , 0.001) and positively correlated with Si as measured by
IVGTT (r = 0.37; P , 0.001). We also determined the partial
correlation coefficient with adjustment for BMI, age, sex, and
ethnicity. The correlation was decreased but remained signifi-
cant [partial r for HOMA2-IR = 20.279 (P , 0.001); partial r
for Si = 0.323 (P , 0.001)].

SNP minor allele and genotype frequencies

We determined the minor allele frequencies (MAFs) and ge-
notype frequencies of the 4 SNPs typed at the ADIPOQ locus in
448 subjects stratified by ethnic group (see supplemental Table 1
under “Supplemental data” in the online issue). Genotype dis-
tributions for each SNP did not deviate from Hardy-Weinberg
expectations. Allele frequencies were compared with those listed
on the National Center for Biotechnology Information SNP da-
tabase (31). MAFs in white Europeans were as follows: 211391
G/A, 0.09; 210066 G/A, 0.38; 27734 C/A, 0.02; and +276 G/T,
0.24. The 211391 G/A (MAF: 0.02) was not expected to be
present in blacks, 210066 G/A (MAF: 0.32) was not as frequent
as expected in blacks [0.40 HapMap-Yoruba (YRI)], and the
27734 C/A frequency was lower than expected in Europeans
(MAF: 0.02) and blacks (MAF: 0.05) [0.09 HapMap-Western
European (CEU) and 0.13 HapMap-YRI, respectively]. The +276
G/T MAFs were as expected. There were no comparable data
available for South Asians.

ADIPOQ SNP genotype associations with serum
adiponectin and insulin homeostatic variables at baseline

In view of the small sample size of the south Asian and black
subgroups, we chose to focus our genetic investigation on thewhite

subjects (n = 366). Measurements of serum adiponectin, Si
measured by IVGTT, and HOMA2-IR at baseline (after the 4-wk
run-in period with the HS diet) with respect to 211391 G/A,
210066 G/A, 27734 C/A, and +276 G/T genotype groups are
shown in Table 3. Analysis of variance was used to test the as-
sociation between genotypes and phenotypic values adjusted for
BMI, age, and sex on the basis of a dominant model. Carriers of
the +276 T allele had significantly higher mean serum adiponectin
concentrations at baseline than did noncarriers (P = 0.006), and
carriers of the 210066 A allele had significantly lower serum
adiponectin concentrations than did noncarriers (P = 0.03) before
correction for multiple testing. After correction using 4-factor
analysis of variance, the association of serum adiponectin with the
210066 G/A genotype remained significant (P = 0.03) but not
with the +276 G/T genotype (P . 0.05). The +276 G/T and
210066 G/A genotypes did not significantly interact with age in
the determination of serum adiponectin concentrations at baseline
(P . 0.05). No phenotypes were significantly associated with
211391 G/A or 27734 A/C SNP genotypes at baseline (P .
0.05).

Changes in measured variables after dietary intervention

The RISCK study was designed to address the effects of diets
with different macronutrient compositions but similar energy
intakes tomeasure changes in the absence of a significant alteration
in weight. Subjects were randomly assigned to continuation on the
HS reference diet, or 24 wk on an isoenergetic diet in which
saturated fats were replaced with either MUFAs (HM diet) or
carbohydrates (LF diet). The diet during the run-in was monitored
by a weighed intake. There was no significant difference in intakes
of saturated fat between subjects who continued on the HS ref-
erence diet or were later assigned to the HM and LF diets (30).
Body weights were relatively stable. Additional information is
provided elsewhere (24, 30). Changes in percentages of SFA and
MUFAs differed between diets over the 24 wk of intervention. The
HM group had a significantly lower plasma phospholipid per-
centage of SFA than did the LF group and a higher percentage of
MUFAs, but other fatty acid classes [(n23) polyunsaturated fatty

TABLE 2

Serum adiponectin concentrations at baseline stratified by age, BMI, and ethnicity1

Age BMI Ethnicity2

Age group Adiponectin BMI group Adiponectin Ethnic group Adiponectin

lg/mL kg/m2 lg/mL lg/mL
,40 y [63] 8.5 (7.5, 9.7)3 ,25 [88] 11.4 (10.2, 12.6) South Asian [44] 7.5 (6.5, 8.7)

41–50 y [129] 8.4 (7.7, 9.2) 25–29 [210] 9.6 (8.9, 10.2) Black [38] 6.8 (5.8, 8.0)

51–60 y [148] 10.1 (9.3, 11.0) 30–35 [107] 8.7 (7.9, 9.5) White [366] 10.2 (9.7, 10.8)

61–70 y [108] 11.2 (10.2, 12.4) .35 [43] 8.9 (7.6, 10.3) — —

P value ,0.001 — 0.002 — ,0.001

Adjusted P value ,0.0014 — ,0.0015 — ,0.0016

1 Data are presented for subjects for whom DNA samples and serum adiponectin measurements were available (n =

448). n in brackets. All variables were measured at baseline after 4-wk run-in period on a reference high–saturated fat diet.

The significance of differences between age, BMI, and ethnic groups was determined by one-factor ANOVA (P values

without adjustments) or ANCOVA (P values with adjustments).
2 Self-reported.
3 Geometric mean; 95% CI in parentheses (all such values).
4 Adjusted for BMI, sex, and ethnicity.
5 Adjusted for age, sex, and ethnicity.
6 Adjusted for age, BMI, and sex.
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acids (PUFAs), (n26) PUFAs, and trans fatty acids] were not
affected (30). The mean serum adiponectin concentration was not
significantly different between diet groups [after the reference HS
diet (n = 85), the mean concentration was 9.2 lg/mL (95% CI:
8.2, 10.3 lg/mL); after the HM diet (n = 227), the mean con-
centration was 9.3 lg/mL (95% CI: 8.7, 10.0 lg/mL), and after
the LF diet (n = 235), the mean concentration was 9.6 lg/mL
(95% CI: 9.0, 10.2 lg/mL), with P = 0.44 after adjustment for
BMI, age, sex, and ethnicity]. Dietary interventions had no
significant effect on Si, which was unaltered after adjustment for
changes in weight (24).

Changes in adiponectin concentrations after dietary
intervention with respect to ADIPOQ SNP genotype

The 210066 G/A and +276 G/T genotypes were significantly
associated with serum adiponectin concentrations at baseline in
white subjects (Table 3). We investigated the significance of any
changes in adiponectin concentrations after the HM and LF diets
with respect to210066 G/A and +276 G/T genotypes. There was
no significant difference in the change after HM or LF diets with
respect to the +276 G/T genotype or after the LF diet with respect
to the 210066 G/A genotype. However, after the HM diet, there
was a significant difference in the change in serum adiponectin
concentrations between 210066 G/A genotype groups. The geo-
metric mean concentration (95% CI) at baseline was 10.4 lg/mL
(9.3, 11.6 lg/mL) in G/G subjects (n = 57) and 9.6 lg/mL (8.8,
10.4 lg/mL) in G/A+A/A subjects (n = 94). The geometric mean
adiponectin concentration (95% CI) at follow-up was 10.8 lg/mL
(9.7, 12.1 lg/mL) in G/G subjects and 9.3lg/mL (8.6, 10.2 lg/mL)
in G/A+A/A subjects. The 210066 G/G subjects showed an in-
crease of 3.8% (20.1%, 7.7%), and G/A+A/A subjects showed
a decrease of 22.6% (25.6%, 0.4%) after the HM diet. The dif-
ference in the percentage change between G/G homozygotes and
carriers of the A allele was significant (P = 0.006) after ad-
justment for changes in BMI, age, and sex. However, the gene ·
diet interaction in the determination of serum adiponectin con-
centrations was not significant (P = 0.12) after adjustment for
changes in BMI, age, and sex.

Changes in adiponectin concentrations after dietary
intervention with respect to age and 210066 G/A genotype

Wewere interested to determinewhether the significant increase
in serum adiponectin concentrations with age that we observed at
baseline (Table 2) was modified by dietary interventions. After
dietary treatments, the interaction between diet · age was not
significant in the determination of the change in concentrations
(P = 0.83) adjusted for changes in BMI and sex. We proceeded to
determine whether age and the 210066 G/A genotype interacted
to influence changes in adiponectin concentrations after dietary
interventions. Effects of HM and LF diets on the percentage
change in serum adiponectin concentrations in white 210066 G/G
homozygotes and A-allele carriers are compared in Figure 1.
Although there were inconsistent effects in the smallest number
of subjects in the group aged 35–40 y (n = 41), general trends
were evident across 10-y categories from age 41–70 y. In G/G
homozygotes .40 y of age, adiponectin concentrations in-
creased progressively after the HM diet and decreased after the
LF diet (Figure 1A). The difference in the percentage change in
serum adiponectin between G/G subjects on HM and LF diets inT

A
B
L
E
3

S
er
u
m

ad
ip
o
n
ec
ti
n
co
n
ce
n
tr
at
io
n
s
an
d
in
su
li
n
h
o
m
eo
st
at
ic

va
ri
ab
le
s
b
y
A
D
IP
O
Q

si
ng
le

n
u
cl
eo
ti
d
e
p
o
ly
m
o
rp
h
is
m

g
en
o
ty
p
e
in

w
h
it
e
E
u
ro
pe
an

su
b
je
ct
s
at

b
as
el
in
e1

2
1
1
3
91

G
/A

2
1
0
0
6
6
G
/A

2
7
7
3
4
C
/A

+
2
7
6
G
/T

P
h
en
o
ty
p
e

G
/G

G
/A
+
A
/A

P
G
/G

G
/A
+
A
/A

P
C
/C

C
/A
+
A
/A

P
G
/G

G
/T
+
T
/T

P

M
/F

(n
)

1
2
5
/1
4
1

1
7
/4
1

5
7
/7
5

9
5
/1
3
3

1
2
8
/1
52

3
/9

8
7
/1
0
9

5
5
/8
9

A
d
ip
o
n
ec
ti
n
(l
g
/m

L
)

9
.9

(9
.4
,
1
0
.5
)2

1
0
.7

(9
.6
,
1
1
.9
)

0
.2
4

1
0
.9

(1
0
.2
,
1
1
.8
)

9
.9

(9
.3
,
1
0
.4
)

0
.0
3
3
,4

1
0
.4

(9
.9
,
1
0
.9
)

1
0
.8

(8
.5
,
1
3
.8
)

0
.7
3

9
.6

(9
.1
,
1
0
.2
)

1
1
.0

(1
0
.2
,
1
1
.8
)

0
.0
06

3

S
i
(m

U
�L

2
1
�m

in
2
1
)

2
.7

(2
.5
,
2
.9
)

2
.5

(2
.1
,
2
.9
)

0
.2
8

2
.8

(2
.5
,
3
.2
)

2
.6

(2
.4
,
2
.9
)

0
.2
8

2
.7

(2
.5
,
2
.9
)

2
.4

(1
.7
,
3
.5
)

0
.5
6

2
.6

(2
.4
,
2
.9
)

2
.8

(2
.5
,
3
.1
)

0
.3
7

H
O
M
A
2
-I
R

2
.2

(2
.0
,
2
.3
)

2
.1

(1
.8
,
2
.4
)

0
.7
2

2
.0

(1
.8
,
2
.2
)

2
.2

(2
.1
,
2
.4
)

0
.1
1

1
.3

(1
.2
,
1
.4
)

1
.1

(0
.9
,
1
.4
)

0
.2
8

1
.3

(1
.3
,
1
.4
)

1
.2

(1
.1
,
1
.3
)

0
.0
7

1
S
i,
in
su
li
n
se
n
si
ti
v
it
y
;
H
O
M
A
2
-I
R
,
h
o
m
eo
st
at
ic

m
o
d
el

as
se
ss
m
en
t
o
f
in
su
li
n
re
si
st
an
ce

ve
rs
io
n
2
.
D
at
a
ar
e
p
re
se
n
te
d
fo
r
w
h
it
e
E
u
ro
pe
an

su
b
je
ct
s
fo
r
w
h
o
m

D
N
A

sa
m
pl
es

an
d
se
ru
m

ad
ip
o
n
ec
ti
n

m
ea
su
re
m
en
ts
w
er
e
av
ai
la
b
le

(n
=
3
6
6
).
A
ll
va
ri
ab
le
s
w
er
e
m
ea
su
re
d
at

b
as
el
in
e
af
te
r
4
-w

k
ru
n
-i
n
p
er
io
d
o
n
a
re
fe
re
n
ce

h
ig
h
–
sa
tu
ra
te
d
fa
t
d
ie
t.
A
ss
o
ci
at
io
n
s
w
er
e
te
st
ed

b
y
u
n
iv
ar
ia
te

A
N
O
V
A

o
n
th
e
b
as
is
o
f

a
d
o
m
in
an
t
m
od
el
.
P
va
lu
es

w
er
e
d
er
iv
ed

fr
o
m

g
eo
m
et
ri
c
m
ea
n
ad
ip
o
n
ec
ti
n
co
n
ce
n
tr
at
io
n
s,
S
i
as

m
ea
su
re
d
b
y
th
e
in
tr
av
en
o
u
s
g
lu
co
se

to
le
ra
n
ce

te
st
,
an
d
H
O
M
A
2
-I
R

va
lu
es
.
U
n
le
ss

o
th
er
w
is
e
in
di
ca
te
d
,

P
va
lu
es

w
er
e
n
o
t
si
gn
ifi
ca
nt

(P
.

0
.0
5)

af
te
r
ad
ju
st
m
en
t
fo
r
m
u
lt
ip
le

te
st
in
g
.

2
M
ea
n
;
9
5
%

C
I
in

p
ar
en
th
es
es

(a
ll
su
ch

va
lu
es
).

3
P
va
lu
e
ad
ju
st
ed

fo
r
B
M
I,
ag
e,

an
d
se
x
w
as

n
o
m
in
al
ly

si
g
n
ifi
ca
n
t
(P

,
0
.0
5
)
w
h
en

u
n
ad
ju
st
ed

fo
r
m
u
lt
ip
le

co
m
p
ar
is
o
n
s.

4
P
va
lu
e
re
m
ai
n
ed

si
g
n
ifi
ca
n
t
af
te
r
co
rr
ec
ti
o
n
fo
r
m
u
lt
ip
le

te
st
in
g
b
y
4
-f
ac
to
r
A
N
O
V
A

(P
=
0
.0
3)
.

266 ALSALEH ET AL



the oldest age group of 61–70 y was significant (P = 0.003). In
A-allele carriers there was little change in serum adiponectin
concentrations compared with at baseline with increasing age
after HM or LF diets (Figure 1B). The interaction between
gene · age · diet in the determination of change in serum adi-
ponectin concentration approached significance after adjustment
for sex and change in BMI (n = 303; P = 0.07) and remained
insignificant after correction for multiple testing. However, the
interaction between gene · age · diet · sex was not significant
(P = 0.67) after adjustment for change in BMI.

DISCUSSION

In this cohort of mainly overweight men and women, we have
shown significant effects of age, BMI, and ethnicity on serum
adiponectin concentrations and a novel influence of the ADIPOQ
210066 G/A genotype dependent on age and diet. After the HM
diet, G/G homozygotes showed a progressive increase in serum
adiponectin concentrations between 41–70 y of age, whereas after

the LF diet, there was a progressive decline in serum adiponectin
concentrations.

The significant increase in serum adiponectin concentrations that
we showed with age after adjustment for BMI was in agreement
with previous reports (32). Because insulin sensitivity declines with
age, this may reflect the development of a resistance or survival in
individuals with higher adiponectin concentrations. The inverse
relation that we showed with BMI is well known (33). Serum
adiponectin was significantly higher in white Europeans than in
South Asians and black Africans after adjustments. Inconsistent
correlations of adiponectin with BMI and age in white and black
women (34, 35) suggested that relations with obesity and insulin
sensitivity may not be generalizable to all ethnic groups. We fo-
cused our genetic investigation on white Europeans.

We previously observed strong associations of the 4 SNPs with
serum adiponectin concentrations in 2 much larger cohorts of
healthy white women (28). At baseline in the current study, we
showed higher mean serum adiponectin concentrations and lower
fasting insulin concentrations and HOMA2-IR in carriers of the
variant +276 T allele than in noncarriers. Significance disappeared
after adjustment for multiple testing; however, association of el-
evated adiponectin with +276T has been reported in several larger
studies (11, 12, 36). We showed that carriage of the variant
210066 A allele was associated with lower serum adiponectin
concentrations at baseline than in noncarriers. This result remained
significant after correction for multiple comparisons and was in
agreement with our previous finding (28) and the only other
report of –10066 G/A association (37). The remainder of our
study centered on this SNP. Although the association of elevated
adiponectin with the 211391 A allele was widely reported (13–
15, 37), we observed no association in RISCK subjects.

Most intervention studies have shown that a higher intake of
saturated fat was detrimental to maintaining insulin sensitivity
whereas unsaturated fat was beneficial (38). Various studies have
reported higher concentrations of adiponectin after diets rich in
unsaturated fat than in diets rich in carbohydrates or protein, al-
though these higher concentrations were not always accompanied
by significant changes in insulin sensitivity (19–21, 39). The re-
placement of SFA by isoenergetic MUFA or carbohydrate diets for
24 wk did not significantly improve adiponectin concen-
trations. We previously reported no significant effect on insulin
sensitivity after this dietary regimen (24). Small changes in
adiponectin concentrations after the dietary intervention may not
have been sufficient to affect insulin sensitivity, or the inter-
vention period may not have been long enough to produce an
effect. In a recent study, an interaction between the ADIPOQ
rs266729 (211377 C/G) genotype with SFAs, but not MUFAs or
PUFA, significantly affected the homeostatic model assessment
of insulin resistance. However, there were no significant effects
on serum adiponectin concentrations, which suggested that in-
sulin resistance did not reflect changes in the ADIPOQ gene
expression elicited by SFAs (40).

We hypothesized that the stratification by genotype might have
uncovered an influential interaction between dietary MUFAs
and ADIPOQ variants. There were no significant differences in
changes in serum adiponectin concentration after HM or LF diets
with respect to the +276 G/T genotype and none after the LF diet
with respect to 210066 G/A. However, after the HM diet, G/G
subjects had an increase of 3.8%, and G/A+A/A subjects had
a decrease of 2.6%. Although the difference in changes was

FIGURE 1. Effect of high–monounsaturated fatty acid (HM) and low-fat
(LF) diets on adiponectin concentrations with respect to210066 G/A genotype
and age in white subjects. Percentage changes (95% CI) in geometric mean
adiponectin concentration adjusted for change in BMI and sex are shown in
each age group after subjects consumed an HM (n = 151) or LF (n = 152) diet.
A: 210066 G/G (HM-GG and LF-GG) subjects (n = 111). B: 210066 G/A+
A/A (HM-G/A+A/A and LF-G/A+A/A) subjects (n = 192). (See supplemental
Table 2 under “Supplemental data” in the online issue for the numbers of
subjects in each mean.) The interaction between gene · age · diet in the
determination of changes in serum adiponectin concentrations as determined
by ANCOVAwas not significant after adjustment for changes in BMI (n = 303;
P = 0.07). *Significant difference in percentage change in serum adiponectin
between G/G subjects on HM and LF diets, P = 0.003.
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highly significant, the gene · diet interaction was not a signifi-
cant determinant of serum adiponectin concentrations. Activation
of PPARc by unsaturated fatty acids increases with the chain
length and degree of unsaturation (41). The switch from SFAs
to MUFAs could have led to the increased expression of the
ADIPOQ gene and serum adiponectin concentrations through
the increased availability of PPARc-activating MUFA ligands.
The peroxisome proliferator response element (PPRE) is 250
base pairs upstream of exon 1 (26) and lies in a linkage dis-
equilibrium block of 1.3 kb in length, bounded 5# by 211377 G/C
in the promoter and 3# by 210066 G/A in intron 1 (15). If the rare
210066 A allele was in linkage disequilibrium with a variant in the
PPRE, which reduced the affinity for the receptor, this could have
accounted for the higher serum adiponectin concentrations in re-
sponse to MUFAs in G/G homozygotes and the lower concentrations
in A allele carriers. The211391 G/A SNP, which was not associated
with adiponectin concentrations in RISCK subjects, lies upstream of
the LD block that contains the PPRE (15).

We were interested to discover whether the strong relation be-
tween adiponectin concentrations and age seen at baseline was
modified by diet. There was no significant diet · age interaction.We
then looked at whether age · genotype interaction was influential
after a dietary intervention. After the HM diet, 210066 G/G ho-
mozygotes showed a progressive increase in serum adiponectin
between 41–70 y of age, which culminated in a highly significant
difference in the oldest age group. After the LF diet, G/G homo-
zygotes showed a progressive fall. Both diets produced little effect
in carriers of the A allele. Serum adiponectin concentrations might
be expected to be lower in G/G subjects after the LF diet, in which
carbohydrates replaced PPARc-activating fatty acids that were
present in the HM diet. In carriers of the A allele, the substitution of
carbohydrates for MUFAs would have had little effect if the re-
duced affinity of the PPRE, rather than ligand activation, was the
rate-limiting step. This scenario is compatible with other reports of
lower serum adiponectin concentrations after high-carbohydrate
than after HM diets (19–21, 39). If aging is associated with the
development of adiponectin resistance, the change in adiponectin
amounts may reflect a capability to respond by increasing pro-
duction after an HM diet but not after a LF diet.

Few additional studies have investigated an effect of the in-
teraction between ADIPOQ SNP genotypes and dietary intakes
of fat on serum adiponectin concentrations. Male 211377 C/C
homozygotes had lower adiponectin concentrations than did C/C
women and were less insulin resistant after MUFA-rich and LF
diets than were carriers of the G allele (42). In the largest study
to date, there was no interaction between dietary fat and the
211391 G/A genotype in the determination of serum adipo-
nectin concentrations, but carriers of the A allele had lower BMI
than noncarriers when MUFAs comprised .13% of the total
energy intake (43).

The strength of our study was in its design as a randomized,
tightly controlled, feeding trial with high adherence and retention
rates and diets with a practical relevance to the general pop-
ulation. Limitations included a relatively small sample size and
changes in serum adiponectin concentrations associated with
genotype, which were small compared with those with BMI, age,
or sex. We measured total adiponectin rather than the most
bioactive high molecular weight form, but a strong correlation
has been shown between the 2 measures regardless of obesity
status or the dietary period (39). Awide interindividual variation

at baseline and in response to diets could have limited the sig-
nificance of some outcomes. Multiple testing remains a contro-
versial issue in the interpretation of association studies. Standard
multiple-correction methods are appropriate when several SNP
and phenotype associations are analyzed simultaneously, but
replication in other cohorts is the most reliable method to dis-
tinguish true from false-positive associations. If substantiated in
a larger sample, a recommendation to210066 G/G homozygotes
to substitute SFAs with MUFAs to maintain adiponectin con-
centrations with advancing years would be justified. Elucidation
of the effects of common SNPs in modifying the outcome of
dietary-intervention studies should help in the identification of
individuals at risk of complex disease who would benefit from
personalized dietary recommendations.
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