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Abstract It is well established that insulin-like growth
factor 1 (IGF-1) circulating levels correlate with age and
that heritability and influence of IGF-1 gene variation
on IGF-1 levels also well-known. However, the influ-
ence of age on the genetic factors determining IGF-1
levels is not clear. In this study, we compared heritability
estimates between younger (<52 years) and older
(>52 years) twins and tested: (a) whether single nucle-
otide polymorphisms (SNPs) lying within 100 kbp of
the IGF-1 gene are also associated with IGF-1 variation
and (b) whether associated SNPs show interaction with
age on IGF-1 levels. To achieve these aims, we mea-
sured plasma levels of IGF-1 and genotyped 18 SNPs
with minor allele frequency >0.1 in a large sample,
4,471 UK female twins. Heritability explained 42 % of
IGF-1 variation adjusted for age and in unadjusted sam-
ple was independent of age. Ten SNPs in four
haploblocks showed significant association with IGF-1

levels, with p=0.01–0.0005. The most distal SNP was
located up to 90 kbp from the IGF-1 gene. When their
age-dependent effects were examined, one SNP,
rs855203, showed significant (p=0.0009) age-
dependent interaction effect on IGF-1 levels variation.
This is the first study to test the age×genotype interac-
tion in IGF-1 levels. The genomic region marked by
rs855203 may consequently be of significance for fur-
ther molecular and pharmacogenetic research, in partic-
ular in advanced age.
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Introduction

Insulin-like growth factor 1 (IGF-1) is a polypeptide
product of the IGF-1 gene which is mapped to
12q23.2 human genomic region (HapMap project, re-
lease #28). It is most well-known because of its crucial
role in childhood development and involvement in a
variety of anabolic processes in adults. In adulthood,
the decreased levels of IGF-1 have important health and
life expectancy consequences. The regulation of IGF-1
circulating levels includes genetic and metabolic factors
(e.g., growth hormone (GH), insulin) nutritional status,
and disease-related physiological conditions (Caregaro
et al. 2001; Puche and Castilla-Cortazar 2012).

It is well established that IGF-1 circulating levels
correlate with age: They are maximal during puberty
and progressively decline in the course of adult life
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(Brabant andWallaschofski 2007; Friedrich et al. 2010).
Age-dependent decreased IGF-1 levels are significantly
associated and probably serve as casual factors in quite
diverse illnesses. For example, one of the largest studies
(>5,500 participants) of diabetes in young US adults
reported that low levels were significantly associated
with the disease even after adjustment for a variety of
other risk factors such as smoking, alcohol intake, body
mass index (BMI), hypertension, glomerular filtration
rate, and serum cholesterol (Teppala and Shankar 2010).
In agreement with this are studies concerning the rela-
tionship between IGF-1 levels and liver damage (Aksu
et al. 2013) and IGF-1-induced atheroprotective effect,
including reduction in oxidative stress and proinflam-
matory signaling, deteriorating with age and decreased
IGF-1 levels (Higashi et al. 2012). The former study
even suggested that circulating IGF-1 levels may have
predictive value for determining hepatic damage that
results from diabetes. On the other hand, it has been
shown repeatedly that this is a significant positive asso-
ciation between circulating IGF-1 levels and risk of
advanced colorectal adenoma, suggesting that IGF1 is
associated with a pivotal precursor to colorectal cancer
(Gao et al. 2012). IGF-1 is associated also with other
malignancies, including breast cancer (Lann and
LeRoith 2008; Endogenous Hormones and Breast
Cancer Collaborative Group 2010). It is therefore im-
portant to clarify to what extent blood levels of IGF-1
depend on intrinsic factors, in particular genetic factors,
and to what extent they are influenced by environmental
conditions.

The heritability estimates of IGF-1 level variation are
consistently statistically significant and range from 40 to
60 % depending on the sample (Lam et al. 2010;
Pantsulaia et al. 2005). However, the previous studies
estimated heritability of IGF-1 in samples comprising a
wide range of ages (from young to old). It is therefore
not known whether genetic/environmental effects on
IGF-1 variation differ across age groups—as has been
observed for some other biochemical factors. For exam-
ple, heritability estimates for circulating insulin, which
share both structural and functional similarities with
IGF-1, with high sequence identity and common recep-
tor kinases (Werner et al. 2008), have been shown to be
age dependent. In one study, heritability of insulin was
statistically significantly higher (p<0.05) among older
twins [h2=0.85 (0.69–0.92)] when compared to younger
twins [h2=0.75 (0.55–0.86)] (Poulsen et al. 2005). Sas
et al. (2012) recently detected a significant additive

genetic component in the regulation of baseline serum
levels of four key cytokines involved in the human
inflammatory response, IL-1β, IL-6, and IL-10, and
found that age acts as a moderator of the genetic influ-
ences in regulation of baseline IL-1β and TNF-α serum
levels. However, such data in general are limited and we
are not aware of similar estimates for IGF-1.
Consequently, the primary aim of this study was to
determine potential age dependence on the contribution
of genetic and environmental factors to IGF-1 level.

In addition to known significant genetic effects
(heritability) on IGF-1 variation, several single nucleo-
tide polymorphisms (SNPs) have been found to associ-
ate with IGF-1 circulating levels in both genome-wide
(Kaplan et al. 2011) and candidate gene association
studies (Patel et al. 2008; Fletcher et al. 2005; Canzian
et al. 2006; Al-Zahrani et al. 2006; Verheus et al. 2008).
However, all but one study (Rietveld et al. 2003) were
performed across a range of ages without taking into
account possible age-dependent effects. Furthermore,
the majority of such studies selected SNPs that lie inside
the IGF-1 gene or relatively proximal to the gene, not
extending beyond 40 kbp 5′ or 3′ from the IGF-1 locus
(Canzian et al. 2006; Al-Zahrani et al. 2006; Wong et al.
2005; Schumacher et al. 2010). Interestingly, a recent
study reported a significant association between circu-
lating IGF-1 and SNPs mapped to evolutionarily con-
served regions of the genome, extending as far as 70 kbp
from the IGF-1 gene (Palles et al. 2008). Since SNP
association studies at present explain only <5 % of IGF-
1 variation (Patel et al. 2008; Al-Zahrani et al. 2006), we
expanded our search for more distal SNPs relatively to
the 5′ and 3′ of the IGF-1 gene. We refined our search to
100 kbp from the IGF-1 gene. In addition, we tested
whether the DNA polymorphisms located at the IGF-1
locus and in its vicinity are associated with IGF-1 levels
and whether these associations have an age-dependent
trend.

Material and methods

Sample

All subjects included for the present study were from the
TwinsUK adult registry (http://www.twinsuk.ac.uk),
described in detail elsewhere (Moayyeri et al. 2013a,
b). In short, the registry includes 12,000 twins, 83 %
female, equal number of monozygotic (MZ) and
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dizygotic (DZ) twins, predominantly middle-aged and
older. Each volunteer was recruited regardless of any
preexisting diseases and gave informed consent.
Investigating a twin sample allows for an efficient way
to explore the shared genetic and environmental factors,
therefore estimating the proportion of variance in IGF-1
attributable to genetic variation versus the proportion that
is due to shared environment or unshared environment.
The current study included 4,471 individuals, all female
twins, consisting of 1,935 MZ twins (789 pairs, 357
unpaired singletons) and 2,536 DZ twins (1,149 pairs,
238 unpaired singletons) with age varying from 16 to
85 years. As accurate menopause status was not avail-
able for the time when the sample for IGF-1 was drawn,
menopause status was defined according to the average
menopause age of 52 years old (http://www.nhs.uk/
Conditions/Menopause/Pages/Introduction.aspx).

Biochemical assays

Venous blood samples were taken after an overnight fast.
Within 1 h of collection, samples were centrifuged to
obtain plasma, frozen in aliquots, and stored at −80 °C
until analyzed. IGF-1 levels were measured by sandwich
enzyme-linked immunosorbent assay (ELISA) using
DuoSet ELISA development kit (R&D Systems,
Minneapolis, MN, USA) and following manufacturer’s
instructions. All the observed measurements were above
the minimal detection sensitivity, 31.25 ng/ml. The inter-
and intra-assay coefficients of variation in our analyses
were 3.4 and 1.5 %, respectively.

SNP selection

The genotype data were based on genome-wide associ-
ation scans performed in the TwinsUK cohort previous-
ly using the Illumina (San Diego, CA, USA) 317K and
610K SNP arrays, with a call rate of genotype ≥98%. In
total, 18 SNPs were selected for this study, located
within the IGF-1 gene and up to 100 kbp upstream
and downstream from the gene. SNPs were tested for
association with inter-individual variation in IGF-1
levels. The criteria for SNP selection included minor
allele frequency and Hardy–Weinberg equilibrium
(HW), i.e., SNP with MAF<0.1 and/or significantly
deviating from HWexpectation (p≤0.01) was excluded
from the association analysis. Table 1 shows the sum-
mary of SNP selection, including their location
(HapMap project release #28).

Statistical and quantitative genetic analysis

Preliminary statistical analysis of IGF-1 and covariates
was performed using SPSS statistical package, version
19 (SPSS, Chicago, IL, USA). In this analysis, we
implemented first a series of invariable and then mul-
tivariable regression analyses with IGF-1 levels as
dependent variable. The independent covariates includ-
ed age, BMI, and body composition, namely fat and
lean body mass. Contribution of potential genetic fac-
tors and covariates to circulating IGF-1 levels in the
entire sample and within age ranges was done in two
steps using MAN package (MAN, Tel Aviv University,
Tel Aviv, Israel). MAN takes into account family struc-
ture of the sample The program allows simultaneous
estimation of the effect of covariates, e.g., age, BMI,
etc, as well as contribution of the major components of
variation such as additive genetic and environment
factors.

First, we decomposed the total observed phenotypic
variation into two major family components of varia-
tion: VAD—contribution of the additive genetic factors
and VTW—common familial environment shared by
twins. Unexplained by familial factors and covariates,
residual variation was defined as VRS. Next, we exam-
ined the contribution of each SNP on IGF-1 variation.
The SNP-specific genotypes were scored by the number
of minor alleles, as 0, 1 and 2, and the corresponding
regression coefficients (additive model) were estimated
in variance component analysis, using the previously
established best fitting and most parsimonious model.
That is, we tested independent linear increase (or dimi-
nution) of IGF-1 levels in relation to dose of minor
allele. In addition, for exploratory purposes, we gener-
ated an allele score from relatively independent (by
linkage disequilibrium (LD)) SNPs, combining the
number of effect alleles, as suggested by Gao et al.
(2013). We used four tag SNPs (rs2288378, rs35765,
rs855203, and rs7964748) each mapping to a different
haploblock. The scores were standardized by dividing
them by the total number of effect allele copies (eight in
this case). Thus, we created a new variable, SNP_score,
ranging from 0 to 1 and tested if the combined SNPs
showed stronger association with IGF-1 than each indi-
vidual SNP. The comparison of the models was made
using a likelihood ratio test (LRT).

Finally, we tested heritability×age and SNP×age
interaction effect on IGF-1 inter-individual variation to
establish whether the genetic effects are age dependent.
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Heritability×age effect was tested by stratifying into
two age groups of approximately equal size, taking
age 52 (mean age of menopause in UK women) as a
dividing point. Putative genetic factors were then com-
pared between these two groups. In order to determine
potential age×genotype interaction, an interaction term
was introduced as an additional parameter into the mod-
el, already containing age and genotype parameters.
Under the null hypothesis, assuming no interaction, the
genotype-specific regression coefficients (reflecting the
pattern of the IGF-1 age dependence) and/or corre-
sponding correlation coefficients (reflecting the strength
of dependence) were expected to be the same. The
hypothesis was tested by LRT, comparing the free pa-
rameter estimates to the restricted ones.

Results

The basic descriptive statistics of the sample is given in
Table 2 and includes information on IGF-1 levels,

anthropometric and dual-energy X-ray absorptiometry
(DXA) measurements of body mass, and composition
by zygosity. The sample included 4,471 individuals with
mean IGF-1 levels of 48.70±20.26 ng/ml and with age
range 18 to 84 (average 51.2)years. There was no sig-
nificant difference between the MZ and DZ twins. For
example, mean levels of IGF-1were 49.14±21.45 ng/ml
in MZ twins versus 48.36±19.29 ng/ml in DZ twins,
with p>0.05. Additionally, age and BMI of MZ twins
(52.00±14.34 years and 25.61±4.72 kg/m2) were very
similar to DZ twins (50.71±13.19 years and 25.88±
4.84 kg/m2, respectively), p>0.05 for both.

The distribution of IGF-1 showed significant devia-
tion from normality assumptions and was transformed
(square root transformation) to improve its distribution.
IGF-1 levels correlated significantly with age (r=−0.47,
p<0.001, Fig. 1), but not with BMI or its components
assessed by DXA, namely lean and fat body mass.
Consequently, the quantitative genetic analysis was per-
formed adjusting the IGF-1 variation for age. The
intraclass correlations in IGF-1 levels in both MZ and

Table 1 Study SNP position, genotype distribution, and main results of association analysis

Marker Position (bp)a Alleleb MAF Genotype frequency χ2 p value

AA AB BB

rs10860862 101310202 T 0.16 0.69 0.27 0.02 1.48 0.22

rs6214 101317699 T 0.40 0.34 0.48 0.16 0.31 0.51

rs978458 101326369 T 0.26 0.54 0.37 0.07 11.31 0.0007

rs2288378 101354138 T 0.25 0.55 0.37 0.06 11.98 0.0005

rs10735380 101368366 G 0.28 0.52 0.39 0.08 9.36 0.002

rs5742629 101381393 C 0.27 0.52 0.40 0.07 1.70 0.19

rs10778176 101387109 T 0.27 0.52 0.39 0.07 1.61 0.20

rs1019731 101388555 A 0.14 0.74 0.23 0.02 1.09 0.29

rs2162679 101395389 C 0.15 0.72 0.25 0.02 6.37 0.01

rs35766 101404603 C 0.15 0.71 0.26 0.02 6.99 0.008

rs35765 101405826 T 0.11 0.78 0.19 0.01 10.48 0.001

rs855211 101434940 A 0.15 0.70 0.26 0.02 6.95 0.008

rs4764702 101461236 G 0.14 0.73 0.24 0.02 1.49 0.22

rs35760 101474348 T 0.17 0.68 0.28 0.03 1.34 0.24

rs855205 101481996 T 0.15 0.71 0.25 0.02 2.72 0.09

rs855203 101482203 C 0.10 0.81 0.17 0.01 11.10 0.0008

rs1457596 101486637 A 0.11 0.78 0.19 0.01 9.16 0.002

rs7964748 101489459 G 0.18 0.67 0.29 0.03 8.07 0.004

MAF minor allele frequency
a SNP genomic position in base pairs according to HapMap project
bMinor allele, MAF, and χ2 test for association between the selected SNP and IGF-1 circulating levels, with accompanying p values
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DZ twins were statistically significant, and variance com-
ponent analysis gave a heritability estimate of 42±6 %
adjusted for age (Table 3). In addition, common twin
environment explained 10±5 % of the variation, which
was just marginally significant by LRT (p=0.048). Next
we divided the sample into two age groups according to
the average menopause status: younger (≤52 years) and
older (>52). By LRT, the heritability estimates in the best
fitting and most parsimonious models in both age groups
were similar and ranged between 0.53 and 0.56, while
common twin environment made no significant contribu-
tion to IGF-1 variation (Table 3).

Next we tested the hypothesis that IGF-1 variation is
associated with one more of the selected SNPs in the
IGF-1 gene including SNPs 5′ and 3′ from the IGF-1
locus. Of 18 SNPs selected for this analysis, ten SNPs
showed nominally significant association, with p values
in the range 0.01–0.0005. This is considerably more
than what is expected (<1) from type 1 error, assuming
nominal p=0.01, if the results were obtained by chance
only. The observed p values were all under 0.025, the
critical p value corrected for multiple testing using the
false discovery rate (FDR) method (Benjamini 2010).

The LD pattern among the ten SNPs, except
rs7964748, showed the presence of three different
haploblocks (Fig. 2). Within each block, SNPs signifi-
cantly associated with IGF-1 were in almost perfect LD
(D′>0.95). We selected three tag SNPs for each
haploblock: rs2288378, rs35765, rs855203, each with
the most significant p value observed in association
analysis with IGF-1. Additionally, rs7964748 posi-
tioned outside of the three haploblocks (virtually fourth
haploblock) was also selected. The effect alleles of these

four SNPs were combined to create a SNP_score (see
M&M), and their association with IGF-1 levels was
examined. Indeed, when included in a regressionmodel,
it showed clearly more significant association (p=4.42×
10−7) in comparison to the most significant individual
SNP (rs2288378, p=5×10−4).

To test genotype×age interactive effect on IGF-1
variation, we examined their multiplicative effect
(age×number of minor alleles) in a variance component
model already containing age and SNP effects as covar-
iates. Inclusion of rs855203 genotype-specific age-
dependent fitting of IGF-1 variation (Fig. 1) significant-
ly improved the model likelihood (p=0.009), and there-
fore, the null hypothesis of no SNP×age interaction was
rejected. Interaction terms for the three other SNPs and
SNP_score did not reach statistical significance. We

Table 2 Basic descriptive statistics of the study sample from TwinsUK

Trait MZ (N=1,935) DZ (N=2,536)

Mean Min Max SD Mean Min Max SD

Age (years) 52.00 17.11 84.54 14.34 50.71 18.41 84.44 13.19

IGF-1 (ng/ml) 49.14 2.11 196.278 21.45 48.36 3.845 149.25 19.29

Weight (kg) 66.88 37.90 128.100 12.31 68.127 35.10 140.89 13.12

BMI (kg/m2) 25.61 15.23 52.39 4.72 25.88 15.55 52.39 4.84

Fat body mass (kg) 24.33 5.67 67.51 8.55 24.60 6.00 65.03 8.85

Lean body mass (kg) 39.63 25.98 65.17 5.21 39.69 25.98 65.17 5.25

Comparison of MZ and DZ twins by Student's t test for quantitative continuous traits or by Mann–Whitney U test revealed no statistically
significant differences

MZ monozygotic, DZ dizygotic
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Fig. 1 Age-dependent variation of IGF-1 circulating levels in the
entire sample and stratified by SNP_rs855203 genotype. C/C
homozygote at minor allele (N=57), A/A homozygote at major
allele (N=3,630), AC heterozygote (N=770)
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compared genotype-specific slopes and correlations be-
tween the IGF-1 levels and age for each of the four
SNPs: rs855203, rs35765, rs2288378, and rs7964748
(Table 4). As seen, rs855203 genotype showed signifi-
cantly different patterns of IGF-1/age dependence as
estimated by their corresponding regression and corre-
lation coefficients. The others confirmed the indepen-
dent significant association of IGF-1 variation with age
and genotypes and showed no significant interaction

terms. Correlation coefficients differed significantly by
rs35765 genotypes. However, regression slopes were
virtually identical (Table 4).

Discussion

Circulating IGF-1 levels are known to be negatively
correlated with age, with a gradual decline during life

Fig. 2 Linkage disequilibrium (D′) plot of selected study SNPs. SNPs in rectangles are statistically significantly associated with circulating
IGF-1 levels. All SNPs have MAF>0.1

Table 3 Summary of variance component analysis of IGF-1 levels across age groups

Agea N r(MZ)* r(DZ)* χ2_corr VAD VTW VRS

All ages 4,471 0.55 0.31 88.8*** 0.42±0.06 0.10±0.05 0.47±0.02

16–52 years 2,086 0.52 0.28 18.8** 0.53±0.04 0 0.47±0.03

52–64 years 2,385 0.57 0.34 88.9*** 0.56±0.03 0 0.41±0.02

r(MZ) and r(DZ) are correlations between IGF-1 levels within twin pairs by zygosity. Parameter estimates, with their corresponding standard
errors, are given for best fitting and most parsimonious models in each analysis

*All correlations were significant at p<0.01; **p<0.001; ***p<0.0001
aAnalysis was conducted with simultaneous adjustment for age
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(Tiryakioglu et al. 2003; Brabant and Wallaschofski
2007; Friedrich et al 2010), which was also clearly
observed in the present study (Fig. 1). Although
the specific mechanisms affecting inter-individual
IGF-1 variation are still poorly understood, it has
been well documented that genetic factors contrib-
ute to circulating IGF-1 variation.While most studies
have examined the genetic effect across all age
groups, in this study we examined the effect of
age on heritability estimations and specific geno-
type IGF-1 interaction.

In a variance component analysis, additive genetic
factors (heritability) explained 42 % of total IGF-1
variation adjusted for age (Table 3). These estimates
are in good agreement with previously published heri-
tability estimates, ranging from 40 to 60 % (Lam et al.
2010; Pantsulaia et al. 2005; Harrela et al. 1996; Hong
et al. 1996). However, dividing our sample into younger
and older age groups revealed no significant trend in
heritability estimates. The groups showed similar heri-
tability estimates, of 0.53±0.04 and 0.56±0.03, and no
contribution of common twin environment was
detected.

Next, we examined individual SNP association with
IGF-1 variation. Of all the selected SNPs, we found ten
SNPs statistically significantly associated with IGF-1
levels, with the largest p=0.01, <0.025, the value

required for significance by FDR. The association sig-
nals may be divided in three haploblocks (Fig. 2). The
first one includes three SNPs located exclusively in the
intronic region. Since all three SNPs are in almost
perfect LD (averageD′>0.97), it was not surprising that
all three showed significant association with IGF-1
levels. This confirms a previous study, reporting elevat-
ed premenopausal serum IGF-1 levels in women homo-
zygous for the minor allele of rs978458 (Verheus et al.
2008). Haploblock-2 embraces rs35766 and rs35765,
known to be located in the promoter region, and
rs855211 mapping to 20 kbp upstream from rs35765.
All three were also found to be significantly associated
with IGF-1 levels (p=0.008–0.001). Marker rs35765
has been shown to be associated with IGF-1 levels with
a modest dominant effect (Canzian et al. 2006).
However, some of the SNPs were previously tested,
i.e., rs855211 (also rs35765 and rs2162679 from the
promoter region), but reported no association with
IGF-1 (Henningson et al. 2011). Note, however, they
were examined in a modest sample (n=325 versus 4,471
in our study) of young woman and that study may
simply have had insufficient power to detect an associ-
ation signal. Three more SNPs showed significant asso-
ciation with IGF-1, located in haploblock-3 (rs855203
and 1457596) and relatively far out of three blocks,
rs7964748.

Table 4 Variance component analysis of IGF1, testing for independent effect of age, SNP (additive model), and their interaction

VCAa—parameters of the model rs855203 rs35765 rs2288378 rs7964748

Regression parameters β1 (age) −0.46±0.01 −0.46±0.01 −0.46±0.01 −0.46±0.01
β2 (SNP) −0.10±0.03 0.09±0.03 0.07±0.02 0.07±0.02

β3 (age×SNP) −0.08±0.03 0 0 0

p1 value (LRT) <0.001 0.26 0.68 0.80

Correlationb (r) (N, p value) AA (major) 0.46 (3,630, <0.001) 0.48 (3,503, <0.001) 0.48 (2,516, <0.001) 0.48 (3,008, <0.001)

AB 0.53 (770, <0.001) 0.48 (883, <0.001) 0.45±0.01 (1,631, <0.001) 0.46 (1,292, <0.001)

BB (minor) 0.22 (57, 0.08) 0.24 (70, 0.03) 0.52±0.03 (307, <0.001) 0.49 (157, < 0.001)

p2 value (χ
2) AA/AB 0.009 0.241 0.20 0.22

AA/BB 0.020 0.008 0.18 0.43

AB/BB 0.004 0.010 0.09 0.32

V componentsc Given in Table 3

VCA variance component analysis; β1, β2, β3 regression coefficients reflecting effect of age, genotype, and age*; p1 value (LRT) likelihood
ratio test for heterogeneity of regression coefficients, showing genotype-specific age dependence of IGF-1 variation; p2 value (χ

2 ) pairwise
comparison of the corresponding genotype-specific correlations between IGF-1 level variations and age
a Testing effects of covariates on IGF-1 variation
b Presents genotype-specific correlation, by SNP, sample size, and p value for correlation coefficient estimate
c Variance component estimated in the entire sample and for “all ages” given in Table 3
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The significant associations of rs35766 and rs35765,
mapped to the IGF-1 gene promoter, are of a particular
interest. It will be important to clarify whether they
influence the promoter consensus sequence, thereby al-
ternating IGF-1 transcription, or are merely markers in
LD with other SNPs located in the promoter or nearby.
For example, rs35766 and rs35765 are in high LD with
rs35767 (D′=1, r2=0.85 and D′=0.97, r2=0.71, respec-
tively), which was not examined in our study, but which
has also been reported to be significantly associated with
IGF-1 levels in a large sample by the Breast and Prostate
Cancer Cohort Consortium (Patel et al. 2008).

The most remarkable findings of this study are the
detection of significant associations between IGF-1
levels and several SNPs, rs855203, rs1457596, and
rs7964748, located as far as 90 kbp from the IGF-1
structural locus and the significant contribution of
rs855203×age interaction to IGF-1 variation, not report-
ed previously in the literature. It is well-known that
regulatory sequences may be distant from the genes they
regulate. A previous study (Palles et al. 2008) observed
a significant association with a few SNPs distant from
the IGF-1 gene (>70 kbp) that lie in evolutionally con-
served regions. While they did not test the three SNPs
mentioned above, they did report a negative association
between rs10778177 and IGF-1 level variation. The
polymorphism rs10778177 is in perfect LD with SNP
rs4764702, which is located in the same haploblock as
SNPs rs855203 and rs1457596 and are relatively in high
LD (D′∼0.8). Therefore, a replication study will be
needed to strengthen our result of positive association
between rs855203 and rs1457596 and IGF-1 levels.
Other studies identified an enhancer element for the
STAT5 binding protein, a GH-activated IGF-1 gene
transcription factor, mapped ∼75 kbp from the IGF-1
gene (Chia et al. 2006; Wang and Jiang 2005). In our
study, the most proximal SNPs (including rs855203) lie
outside the evolutionally conserved region, defined by
the study of Palles et al. (2008) and the consensus
STAT5-binding site. We therefore suggest that regulato-
ry regions for the IGF-1 gene maybe positioned as far as
90 kbp from the IGF-1 gene. However, the functional
role of SNPs rs855203, rs1457596, and rs7964748 is
not known; we are not aware of any positive association
studies involving these SNPs.

In addition to the independent effect of all four SNPs
rs2288378, rs35765, rs855203, and rs7964748 with
IGF-1, we report an even stronger association with
IGF-1 levels when all four SNPs were combined as a

SNP score variable in comparison with each indepen-
dent SNP. Thus, each haploblock appears to contribute
individually to the genetic variation leading to a com-
mon genetic pathway, causing an IGF-1 level variation
among different individuals. However, the precise effect
each SNP contributes individually or in concert with the
other SNPs requires further investigation.

As mentioned, possible age×genotype interaction in
determination of IGF-1 variation was poorly document-
ed in the literature.We are aware of only one study, using
a small sample, reporting that only homozygous carriers
of the 192-bp alleles of the IGF-1 gene displayed an age-
related decline in circulating total IGF-1 levels, but not in
heterozygotes and non-carriers of the 192-bp allele
(Rietveld et al. 2003). While we did not genotype the
192-bp polymorphism, we selected several tag-SNPs,
covering the entire gene. Through them we obtained
clear evidence of possible rs855203-genotype×age in-
teraction. The variance component model neglecting this
interaction was significantly worse (p=0.009) than its
counterpart allowing for interaction. Interestingly, the
interaction concerned both genotype-specific regression
slope (beta) and correlation.

Our study has some limitations and certain advantages.
As mentioned above, IGF-1 levels may be influenced by
nutrition status, food supplements, preexisting disease,
and activity levels (Caregaro et al. 2001; Puche and
Castilla-Cortazar 2012) and hormone replacement therapy
(Figueroa et al. 2002). This information was not available
in our study and may have thrown up the associations
reported in this study. Since the study sample contains
only female twins, a main limitation of this study is
differences in environments between twins studied in
our study and singletons which represent the more general
population in addition to potential sex-related effects
(Vink et al. 2012). These environmental differences may
be due to shared uterine environment or the fact that MZ
twins reared together share many of the same experiences.
However, a study on lifestyle characteristics (Andrew
et al. 2001) showed no difference between twins and
singletons, suggesting that twin studies can be generalized
to the general population. Gender influence on IGF-1
levels still needs further investigation. It is possible that
IGF-1 levels are influenced by gender-specific factors,
such as estrogen levels (Ho et al. 2006). Yet, current data
suggest that sex differences in IGF-1 levels if they exist
are small in healthy individuals (Aimaretti et al. 2008;
Friedrich et al 2010). Moreover, using only females may
not necessarily be a limitation, but rather an advantage as
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it is not prone to potential genotype×sex interactions,
which are likely the rule rather than exception (Vink
et al. 2012). Similarly we note that recent study of a large
sample of Europeanwomen (Friedrich et al 2010) showed
that the effect of HRT on IGF-1 reference levels is negli-
gible. Additional important advantages of this study are
that we used a well-characterized cohort, consisting of a
large sample of 4,471 subjects. This gives a substantial
statistical power to determine small genetic effects in the
present sample, as well as wide range of ages to test our
major hypothesis. Previous studies performed on the
TwinsUK adult registry (http://www.twinsuk.ac.uk)
contributed to many collaborative GWAS showing their
genetic data are in keeping with others (Moayyeri et al.
2013a, b.

In conclusion, as in previous studies, we have iden-
tified a strong age effect in IGF-1 levels. We also con-
firmed a significant heritability of this growth factor.
This study is the first, however, to test whether the
genetic determination of IGF-1 variation is also age
dependent. We have identified several new polymor-
phisms located in a considerable distance from the
IGF-1 gene that appear to function as regulatory se-
quences for IGF-1 transcription factors. We found no
age effect on heritability estimates of IGF-1 variation,
and several tested SNPs although showed significant
association with IGF-1 variation also did not display
genotype×age effect. However, rs855203 marker
exerted clear genotype-dependent effect on pattern and
strength of IGF-1 variation associated with age. The
influence of the genomic region marked by rs855203
may be of significance for further molecular and phar-
macogenetic research in particular, in advanced age.
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