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Department of Medical Sciences (M.L., A.-C.S., O.L.), Uppsala University, SE-751 05 Uppsala, Sweden; Bone and Mineral
Unit (E.S.O.), Department of Medicine, Oregon Health and Science University, Portland, Oregon 97239; San Francisco
Coordinating Center (S.R.C.), Research Institute, California Pacific Medical Center, San Francisco, California 94107-1762;
Department of Epidemiology (J.M.Z.), Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania
15261; and Clinical and Molecular Osteoporosis Research Unit (M.K.K.), Department of Clinical Sciences, Lund University,
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Context: The risk of many conditions, including prostate cancer, breast cancer, and osteoporosis,
is associated with serum levels of sex steroids.

Objective: The aim of the study was to identify genetic variations in sex steroid-related genes that
are associated with serum levels of estradiol (E2) and/or testosterone in men.

Design: Genotyping of 604 single nucleotide polymorphisms in 50 sex steroid-related candidate
genes was performed in the Gothenburg Osteoporosis and Obesity Determinants (GOOD) study
(n � 1041 men; age, 18.9 � 0.6 yr). Replications of significant associations were performed in the
Osteoporotic Fractures in Men (MrOS) Sweden study (n � 2568 men; age, 75.5 � 3.2 yr) and in the
MrOS US study (n � 1922 men; age, 73.5 � 5.8 yr). Serum E2, testosterone, and estrone (E1) levels
were analyzed using gas chromatography/mass spectrometry.

Results: The screening in the GOOD cohort identified the single nucleotide polymorphism
rs2470152 in intron 1 of the CYP19 gene, which codes for aromatase, responsible for the final step
of the biosynthesis of E2 and E1, to be most significantly associated with serum E2 levels (P � 2 � 10�6).
This association was confirmed both in the MrOS Sweden study (P � 9 � 10�7) and in the MrOS US
study (P � 1 � 10�4). When analyzed in all subjects (n � 5531), rs2470152 was clearly associated with
both E2 (P � 2 � 10�14) and E1 (P � 8 � 10�19) levels. In addition, this polymorphism was modestly
associated with lumbar spine BMD (P � 0.01) and prevalent self-reported fractures (P � 0.05).

Conclusions: rs2470152 of the CYP19 gene is clearly associated with serum E2 and E1 levels in men.
(J Clin Endocrinol Metab 94: 1033–1041, 2009)

Serum levels of sex hormones have been associated with sev-
eral clinical conditions such as breast cancer (1), prostate

cancer (2), and osteoporosis (3, 4). Both genetic and environ-
mental factors may influence serum levels of sex steroids (5).

Several studies investigating different mouse models or human
subjects with inactivations of either estrogen receptors or
CYP19, coding for aromatase, which is responsible for the final
step in the biosynthesis of both estradiol (E2) and estrone (E1),
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Abbreviations: BMD, Bone mineral density; BMI, body mass index; CI, confidence interval;
CV, coefficient of variation; E1, estrone; E2, estradiol; GC-MS, gas chromatography/mass
spectrometry; GOOD, Gothenburg Osteoporosis and Obesity Determinants; GWA, ge-
nome-wide association; LHCGR, LH/choriagonadotropin receptor; OR, odds ratio; SNP,
single nucleotide polymorphism; T, testosterone; UGT2B7, uridine diphosphate glucu-
ronosyltransferase 2B7.
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as well as clinical association studies have clearly demonstrated
that not only testosterone (T) but also estrogens are important
for several physiological functions in men (3, 6–8). Actually,
some of the effects of T, previously believed to be exerted directly
via an activation of androgen receptors, are mediated via an
aromatization to E2, followed by a stimulation of estrogen re-
ceptors in men. For instance, estrogen receptor activation is re-
quired for growth plate closure in men (7), and both human
cross-sectional observational and prospective studies have, in
general, shown that serum E2 is a stronger predictor of bone
mineral density (BMD) than serum T in men (3, 4, 9).

There are several reports describing polymorphisms in sex
steroid-related genes of possible impact on serum E2 levels in
women (10–13). In general, findings have been difficult to rep-
licate in other cohorts, but some promising findings have been
made in the CYP19 gene (11, 14).

Data on the impact of variations in sex steroid-related
genes on serum E2 levels in men are scarce. We have previously
reported that the H268Y polymorphism of the uridine diphos-
phate glucuronosyltransferase 2B7 (UGT2B7), which glucu-
ronidates sex steroids and their metabolites, is associated with
E2 levels in young adult men (15). Furthermore, one study
including rather few subjects (n � 300) has shown associa-
tions between a polymorphism in the CYP19 gene and E2
levels in men (16).

The androgen receptor is the most investigated gene regarding
the impact of genetic variations on serum T levels in men (17).
Some, but not all, studies have shown that the length of a CAG
repeat in exon 1 of the androgen receptor is associated with
serum T levels (17–19). Furthermore, we have shown that an
SHBG promoter polymorphism is clearly associated not only
with serum SHBG but also serum T in two large (n � 3988) male
Swedish cohorts (20), and that the H268Y polymorphism of
UGT2B7 is associated with serum T levels in young adult Swed-
ish men (15).

Most previous studies evaluating the impact of sex steroid-
related polymorphisms on serum sex steroid levels, except the
large-sized Swedish SHBG study (20), have investigated serum
E2 and/or T levels using immunochemical assays with a ques-
tionable specificity at lower concentrations (21, 22). Further-
more, the general strategy of these previous studies has been to
determine the associations between one polymorphism in one
candidate gene and sex steroid levels in men (15–17).

Possible genetic differences in serum levels of E2 and T could
be caused by polymorphisms in genes involved in synthesis or
degradation of sex steroids, sex steroid receptors and carrier
proteins, or genes involved in central regulation of sex steroids
(see Table 2). Furthermore, to capture the major genetic varia-
tions of each gene, several tagging SNPs have to be analyzed in
each gene. The aim of the present study was to screen for most
of the common genetic variation in 50 sex steroid-related genes
to identify genetic variants that, in a reproducible manner, have
an impact on serum E2 and/or T levels in men using three large
(n � 5531) well-characterized male cohorts in which serum sex
steroids have been analyzed by the specific gas chromatography/
mass spectrometry (GC-MS) technique (23, 24).

Subjects and Methods

Study subjects: young adult men
The population-based Gothenburg Osteoporosis and Obesity Deter-

minants (GOOD) study was initiated to determine environmental and
genetic factors involved in the regulation of bone and fat mass. Men aged
18.9 � 0.6 yr (n � 1068) from the greater Gothenburg area in Sweden
were included. A total of 1041 subjects with both successful genotyping
and available serum sex steroid levels were included in the initial screen-
ing of sex steroid-related gene variations of possible importance for se-
rum sex steroid levels (see Table 1).

Study subjects: elderly men
The major findings in the initial screening study were replicated in

two large cohorts of elderly men �Osteoporotic Fractures in Men (MrOS)
Sweden and MrOS US�, with available serum sex steroid levels as ana-
lyzed by GC/MS (see Table 1).

Study subjects of the population-based MrOS Sweden study (n �
3014; men aged 69–81 yr) were randomly identified using national
population registers, contacted, and asked to participate (25). A total of
2568 subjects with both successful genotyping and available serum sex
steroid levels were included in the first replication analyses.

The MrOS US cohort consists of 5995 community-dwelling, ambu-
latory U.S. men aged 65 yr or older (26, 27). The total sample size was
2048. For the replication analyses, 1922 MrOS US subjects with both
successful genotyping and available serum sex steroids analyzed by the
GC/MS technique were included.

For more information on participants and assessment of covariates,
see supplemental data, published on The Endocrine Society’s Journals
Online web site at http://jcem.endojournals.org.

Assessment of sex hormones
Serum samples were collected in the morning after an overnight fast

in the MrOS US cohort and in the majority of individuals in MrOS
Sweden (Gothenburg, all study subjects; Malmö and Uppsala, most
study subjects). In the GOOD study and in the remainder of MrOS
Sweden study subjects, nonfasting samples were drawn throughout the
day. The validated GC-MS system (23, 24) was used for the analysis of
serum sex steroids in the GOOD study and in the MrOS Sweden study
�T: limit of detection, 0.05 ng/ml; intraassay coefficient of variation
(CV), 2.9%; interassay CV, 3.4%; E2: limit of detection, 2.00 pg/ml;
intraassay CV, 1.5%; interassay CV, 2.7%; E1: limit of detection, 8.00
pg/ml; intraassay CV, 1.8%; interassay CV, 1.7%�, and all these analyses
were performed in one laboratory (Laboratory of Molecular Endocri-
nology and Oncology, Laval University, Québec, Canada).

Serum sex steroid levels in the MrOS US study were analyzed using
a gas chromatographic negative ionization tandem mass spectrometry
(Taylor Technology, Princeton NJ) (T: limit of detection, 0.025 ng/ml;
intraassay CV, 2.5%; interassay CV, 6.0%; E2: limit of detection, 0.625
pg/ml; intraassay CV, 6.4%; interassay CV, 10.1%; E1: limit of detec-
tion, 1.56 pg/ml; intraassay CV, 5.2%; interassay CV, 12.9%). See sup-
plemental data for more information. Cross-calibration of 50 samples
between the Québec and Taylor laboratories revealed a rather strong
correlation for E2, E1, and T between the two laboratories (E2: r � 0.96;
Québec mean value, 19.8 pg/ml; Taylor mean value, 21.8 pg/ml; E1: r �
0.91; Québec mean value, 28.2 pg/ml; Taylor mean value, 31.3 pg/ml; T:
r � 0.98; Québec mean value, 45.3 ng/ml; Taylor mean value, 43.7
ng/ml).

For analysis of gonadotropins and SHBG, see supplemental data.

Genotyping: GOOD study
A total of 673 single nucleotide polymorphisms (SNPs) with minor

allele frequencies of at least 5% in 52 different sex steroid-related genes
were selected from HapMapData Rel 21/phase II using a pairwise cor-
relation method (r2 � 0.80) including 10 kb upstream and 5 kb down-
stream of each gene. The SNPs were genotyped using the Golden Gate
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Assay (28) from Illumina Inc. (San Diego, CA). The genotyping was per-
formed by the SNP Technology Platform in Uppsala (www.genotyping.se).
Of the genotyped SNPs, 615 had a genotype call rate of at least 95% in
the study subjects. Eleven of these SNPs were not polymorphic, leaving
604 SNPs in 50 genes for further analysis. The reproducibility of the
genotyping was 100% according to duplicate analysis of 5% of the
genotypes. The SNP rs2470152 in CYP19 and the SNP rs4953616 in
LH/choriogonadotropin receptor (LHCGR) were in Hardy-Weinberg
equilibrium (P � 0.05).

For information on genotyping in MrOS Sweden and MrOS US stud-
ies, see supplemental data.

Assessments of BMD and self-reported previous fractures
in GOOD and MrOS Sweden

BMD of the lumbar spine and femoral neck were measured using dual
energy x-ray absorptiometry. Information on previous fractures was ob-
tained using standardized questionnaires. For more information, see sup-
plemental data.

Statistics
Bonferroni correction was used to adjust for multiple comparisons in

the analysis of candidate SNPs in the GOOD cohort (Fig. 1). Serum levels
of E2 and T adjusted for age and body mass index (BMI) were calculated
using linear regression analyses. For the transformation of serum E2, E1,
and T levels to normally distributed parameters in each of the cohorts
investigated, an empirical distribution function was made which then
was applied for the calculation of the inverse of the standardized normal
distribution, and these normally distributed standardized values were
then used in the subsequent evaluations of the associations between SNPs
and serum sex steroid levels. Univariate correlation analyses between
SNPs (coded 1, 2, 3 in alphabetical order for A, C, G, and T with 2 for
the heterozygotes, which means that in the case of an A/G SNP the AA
homozygotes will be coded as 1, the A/G heterozygotes will be coded as
2, and the GG homozygotes will be coded as 3) and age and BMI-adjusted
serum sex steroid levels and gonadotropin levels in the comprehensive
screening in the GOOD study were performed using Pearson’s correla-
tion �Fig. 1 and Supplemental Table 1, published as supplemental data
on The Endocrine Society’s Journals Online web site at http://jcem.

endojournals.org�. Linear regression under an additive model (AA � 1,
AG � 2, GG � 3) and corrected for race (in the MrOS US study and in
all cohorts combined), age, and BMI was used to evaluate the associa-
tions between rs2470152 and serum estrogens (E2 and E1) in the three
cohorts separately and combined (see Table 3). Per G allele effect size
(regression coefficient) and SE values are expressed in SD units of E2 or E1.
Differences in serum levels of sex steroids between rs2470152 genotypes
were evaluated using ANOVA with Tukey’s post hoc test (see Table 4).
Age-adjusted logistic regression analyses were performed to determine
the association between rs2470152 (coded AA � 1, AG � 2, and GG �
3) and prevalent fractures in the GOOD and MrOS Sweden cohorts, and
the results are expressed as odds ratio (OR) with 95% confidence inter-
vals (CI) per G allele. Values are given as mean � SD. All tests were
two-tailed and conducted at the 5% significance level.

Results

Characteristics of the study subjects included in the initial Hap-
Map-based screening study (GOOD study) of sex steroid-related
genetic variations and the subjects included in the replication
studies (MrOS Sweden and MrOS US) are shown in Table 1. The
GOOD study and the MrOS Sweden study are Swedish popu-
lation-based Caucasian cohorts, whereas the subpopulation
with available sex steroid levels and successful genotyping of the
MrOS US study included both Caucasian (75%) and non-Cau-
casian (25%) subjects.

Screening of the impact of genetic variations in sex
steroid-related genes on serum sex steroid levels in the
GOOD cohort

The impact of genetic variations in 50 sex steroid-related
genes (Fig. 1) on serum sex steroid levels in men was first ana-
lyzed in the GOOD study. The investigated genes included genes
coding for enzymes involved in synthesis or degradation of sex
steroids, sex steroid receptors, and carrier proteins or genes in-
volved in central regulation of sex steroids (Table 2). The asso-
ciation between 604 successfully genotyped SNPs in 50 different
sex steroid-related genes (1–63 SNPs/gene) and serum E2 levels
are shown in Fig. 1 (rs numbers and P values for the associations
with E2, as well as E1 and T levels, for all successfully genotyped
SNPs are given in Supplemental Table 1). The comprehensive
screening in the population-based GOOD study identified the
SNP rs2470152 in intron 1 of the CYP19 gene on chromosome

TABLE 1. Characteristics of the study subjects

Variables
GOOD

(n � 1041)

MrOS
Sweden

(n � 2568)
MrOS US

(n � 1922)

Age (yr) 18.9 � 0.6 75.5 � 3.2 73.5 � 5.8
Height (cm) 181.4 � 6.8 174.7 � 6.5 173.6 � 7.1
Weight (kg) 73.7 � 11.8 80.5 � 12.0 82.6 � 13.4
BMI (kg/m2) 22.4 � 3.2 26.4 � 3.5 27.4 � 3.8
Serum sex steroids
E2 (pg/ml) 18.7 � 6.3 21.0 � 8.0 22.6 � 8.4
E1 (pg/ml) 22.7 � 7.7 34.3 � 15.0 33.7 � 15.5
T (ng/ml) 4.7 � 1.5 4.5 � 1.9 4.0 � 1.7
SHBG (nmol/liter) 20.5 � 7.4 44.0 � 22.4 49.2 � 19.9

Values are given as mean � SD. n, Number of subjects with both successful
genotyping and available serum sex steroid levels.

FIG. 1. Screening of the associations between 604 genetic markers in 50
different sex steroid-related genes and serum E2 levels (adjusted for age and
BMI) in the GOOD study (n � 1041; 18.9 yr of age). Univariate correlation
analyses between SNPs (coded 1, 2, 3 in alphabetical order for A, C, G, and T,
with 2 for the heterozygote) and age- and BMI-adjusted serum E2 levels in the
comprehensive screening in the GOOD study were performed using Pearson’s
correlation. P values on the y-axis are for associations between individual SNPs
and serum E2 levels. Numbers on the x-axis indicate gene number (1–50) in
alphabetical order (see Supplemental Table 1 for names of genes 1–50 and rs
numbers for all the investigated SNPs). The number of genotyped SNPs per gene
is 1–63. Dotted line indicates the significance level after conservative Bonferroni
correction for multiple comparisons (1/604 � 0.05 � 8 � 10�5). The CYP19 SNP
rs2470152, which remained significantly associated also after Bonferroni
correction, is indicated by a solid arrow whereas two other SNPs (rs2899470 in
CYP19 and rs4953616 in LHCGR), which did not fulfil this criterion but had
unadjusted P values �0.001, are indicated by dotted arrows.
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15q21.1 to be the SNP most significantly associated with serum
E2 (Fig. 2; P � 2 � 10�6) of all investigated SNPs in the GOOD
study, and the association remained significant after a conser-
vative Bonferroni correction for multiple comparisons (required
P value after Bonferroni correction 0.05/604 � 8 � 10�5; this
corrected P value level is indicated by a dotted red line in Fig. 1).

Two other SNPs, rs2899470 in CYP19 and rs4953616 in
LHCGR, did not pass the P value required after Bonferroni cor-
rection but had unadjusted P values of P � 0.001. However,
rs2899470 in CYP19 was clearly correlated with rs2470152 in
CYP19 (r2 � 0.78), and thus it was not associated with serum E2
independently of rs2470152. Consequently, we did not evaluate
this SNP in the subsequent replication studies. The SNP
rs4953616 in LHCGR on chromosome 2p21 was associated
with serum E2 levels (P � 0.001) independently of rs2470152.
rs2470152 accounted for 2.1% and rs4953616 accounted for
1.1% of the variation in serum E2 levels, whereas both SNPs,
when included in the same regression model, accounted for 3.3%
of the variation in E2 levels. None of the analyzed SNPs in sex
steroid-related genes were significantly associated with serum T
levels after Bonferroni correction (Supplemental Table 1), and
therefore we decided to focus the subsequent replication analyses
on the associations between serum E2 and rs2470152 in CYP19
and rs4953616 in LHCGR.

Replication of findings in MrOS Sweden and MrOS US
The SNP rs2470152 in CYP19 (P � 9 � 10�7; Table 3), but

not the SNP rs4953616 in LHCGR (nonsignificant, data not
shown), was significantly associated with serum E2 levels in the
elderly Caucasian subjects of the population-based MrOS Swe-
den study (n � 2568).

We finally replicated the association between serum E2 and
rs2470152 in the MrOS US study (n � 1918, with available
serum E2 levels and genotype data). rs2470152 was significantly
associated with serum E2 levels in this cohort as well (P � 1 �

10�4; Table 3). A significant association was seen both in the
Caucasian (n � 1437; P � 0.01) and in the non-Caucasian (n �

481; P � 0.01) subpopulations of the investigated MrOS US
cohort.

Both when analyzed in the two replication cohorts of elderly
subjects (n � 4486, MrOS Sweden and MrOS US; P � 4 �

10�10) and when analyzed in all three cohorts (n � 5527,
GOOD, MrOS Sweden, and MrOS US; P � 2 � 10�14),
rs2470152 in CYP19 was significantly associated with E2 levels
(Table 3).

To avoid the problems with multiple comparisons in the
screening, only E2 and T were included there. But because
CYP19 is also involved in the biosynthesis of E1 (Fig. 2), the
associations between rs2470152 and E1 levels were also ana-
lyzed in the subsequent investigations where the problem of mul-
tiple comparisons could be avoided to a much larger extent.

rs2470152 was significantly associated with serum E1 levels
in all three cohorts investigated (Table 3), and when the three
cohorts (n � 5531) were combined, the association signal was
highly significant (P � 8 � 10�19; Table 3).

SHBG, which is involved in the regulation of levels of bioac-
tive sex steroids, was not associated with rs2470152 (Table 4).

In the screening cohort (GOOD), neither serum FSH (AA,
2.3 � 1.3; AG, 2.4 � 4.4; GG, 2.1 � 1.1 mIU/ml) nor LH (AA,
7.8 � 8.0; AG, 8.5 � 9.1; GG, 7.8 � 6.6 mIU/ml) was signifi-
cantly associated with rs2470152.

Estimation of the effect size of the associations
between the SNP rs2470152 and serum estrogen levels

In the young adult men of the GOOD study, subjects with the
GG genotype of rs2470152 in CYP19 had 13% higher E2 levels
than subjects with the AA genotype, whereas the AG subjects had
intermediate E2 levels (Table 4). In the elderly subjects of MrOS
Sweden and MrOS US, the difference between GG and AA was
slightly less pronounced (8–11%; Table 4). For E1, the GG sub-
jects had 14–16% higher serum levels than AA subjects in the
elderly subjects (MrOS Sweden and MrOS US), whereas they had
10% higher levels in the young adult men (Table 4).

The effect size per G allele was for E2 0.20, 0.14, and 0.13
SD in the GOOD, MrOS Sweden, and MrOS US studies, re-
spectively, and for all three cohorts combined it was 0.15 SD

(n � 5527; 95% CI, 0.11– 0.18; Table 3). The effect size per
G allele for E1 was 0.14, 0.18, and 0.17 SD in the GOOD,
MrOS Sweden, and MrOS US studies, respectively, and for all
three cohorts combined, it was 0.17 SD (n � 5531; 95% CI,
0.13– 0.20; Table 3).

TABLE 2. Sex steroid-related genes investigated in the GOOD
cohort

Genes

Enzymes in synthesis AKR1C3(1), CYP 17(5), CYP19(6),
HSD17B (types 1(23), 2(24), 3(25),
4(26), 6(27), 7(28), 8(29), 10(30),
12(31), and 13(32)), HSD3B (types
1(33) and 2(34)), 5�-reductase
type-1(41), 5�-reductase type 2(42)

Enzymes in degradation COMT(4), CYP1A1(7), CYP1A2(8),
CYP1B1(9), CYP2C9(10), CYP3A4(11),
CYP3A5(12), STS(43), SULT1A1(44),
SULT1E1(45), SULT2A1(46), SULT2B1(47),
UGT1A(48), UGT2B4(49), UGT2B7(50)

Receptors and carrier
proteins

AR(2), ESR1(13), ESR2(14), ESRRA(15),
ESRRB(16), GPR30(22), SHBG(40)

Central regulation CGA(3), FSHB(17), FSHR(18), GNRH1(19),
GNRH2(20), GNRHR(21), INHA(35),
INHBA(36), INHBB(37), LHB(38), LHCGR(39)

Numbers within parentheses correspond to gene numbers in Fig. 1.

FIG. 2. Final steps in biosynthesis of E1 and E2, CYP19, Cytochrome P-450 19
coding for aromatase; HSD17B, 17-�-hydroxysteroid dehydrogenase genes.
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The association between SNP rs2470152 and skeletal
phenotypes

Because it is well known that serum E2 is associated with
BMD in males, the possible impact of rs2470152 on skeletal
phenotypes was evaluated in the GOOD and MrOS Sweden co-
horts.TheSNPrs2470152wassignificantlyassociatedwithlumbar
spine BMD in the initial screening study of young adult men in the
GOOD cohort (P � 0.03; Table 5). Both E2 levels (Table 4) and
lumbar spine BMD (Table 5) were highest in subjects with the GG

genotype. A similar nonsignificant trend (P � 0.07) of an associa-
tion between rs2470152 and lumbar spine BMD was seen for the
elderly men in MrOS Sweden. When the two cohorts were com-
bined, the association was clearly significant (P � 0.008; Table
5). Femoral neck BMD was not significantly associated with
rs2470152 (Table 5). The SNP rs2470152 was significantly as-
sociated with self-reported previous fractures in both the GOOD
(OR per G allele, 0.82; 95% CI, 0.68–0.99) and MrOS Sweden
(OR per G allele, 0.84; 95% CI, 0.73–0.96) cohorts.

TABLE 4. Serum levels of sex steroids according to CYP19 rs2470152 genotype

AA AG GG P GG vs. AAa

GOOD n � 241 n � 514 n � 286
E2 (pg/ml) 17.5 � 6.2b,c 18.8 � 6.1b 19.8 � 6.2c 1 � 10�5 	 13%
E1 (pg/ml) 21.8 � 7.4b 22.5 � 7.5b 24.0 � 8.2c 3 � 10�3 	 10%
T (ng/ml) 4.5 � 1.6 4.6 � 1.5 4.7 � 1.4 NS
SHBG (nmol/liter) 20.4 � 7.6 20.7 � 7.1 20.1 � 6.9 NS

MrOS Sweden n � 551 n � 1249 n � 768
E2 (pg/ml) 19.7 � 7.5b,c 21.1 � 8.0 21.9 � 8.1 4 � 10�6 	11%
E1 (pg/ml) 31.8 � 12.8b,c 33.8 � 14.2b 36.8 � 17.2c 1 � 10�9 	16%
T (ng/ml) 4.4 � 1.8 4.4 � 1.7 4.7 � 1.8 NS
SHBG (nmol/liter) 43.2 � 22.7 44.4 � 21.3 43.9 � 21.0 NS

MrOS US n � 484 n � 944 n � 494
E2 (pg/ml) 21.6 � 7.9b,c 22.8 � 8.6 23.4 � 8.2 4 � 10�4 	8%
E1 (pg/ml) 31.3 � 13.4b,c 34.1 � 15.7b 35.8 � 15.8c 1 � 10�6 	14%
T (ng/ml) 3.9 � 1.5 4.0 � 3.9 3.9 � 1.7 NS
SHBG (nmol/liter) 48.3 � 16.7 49.7 � 19.1 49.2 � 19.9 NS

Values are adjusted for race (in the MrOS US cohort), age, and BMI and are given as mean � SD. P values are for comparison of the three genotypes (ANOVA with
Tukey’s post hoc test). NS, Nonsignificant.
a Difference between GG and AA genotype given in percent for significant differences.
b P � 0.05 vs. GG.
c P � 0.05 vs. AG.

TABLE 3. Associations of the SNP rs2470152 with serum estrogens in men

No. of
subjects

A allele
frequency

Per G allele effect size in
SD of E2 or E1 (SEM) P1 P2

E2
Young adult men
GOOD (Caucasians) 1041 0.48 0.20 (0.04) 5 � 10�6 2 � 10�6

Elderly men
MrOS Sweden (Caucasians) 2568 0.46 0.14 (0.03) 8 � 10�7 9 � 10�7

MrOS US (75% Caucasians) 1918 0.50 0.13 (0.03) 1 � 10�4 1 � 10�4

Caucasian 1437 0.48 0.11 (0.04) 3 � 10�3 2 � 10�3

Non-Caucasian 481 0.54 0.16 (0.06) 0.01 0.01
Combined elderly men 4486 0.13 (0.02) 4 � 10�10 4 � 10�10

Combined all three cohorts 5527 0.15 (0.02) 3 � 10�14 2 � 10�14

E1
Young adult men
GOOD (Caucasians) 1041 0.48 0.14 (0.04) 1 � 10�3 9 � 10�4

Elderly men
MrOS Sweden (Caucasians) 2568 0.46 0.18 (0.03) 2 � 10�10 2 � 10�10

MrOS US (74% Caucasians) 1922 0.50 0.17 (0.03) 2 � 10�7 2 � 10�7

Caucasian 1439 0.48 0.17 ( 0.04) 5 � 10�6 3 � 10�6

Non-Caucasian 483 0.54 0.16 ( 0.06) 0.01 0.01
Combined elderly men 4490 0.17 (0.02) 2 � 10�16 2 � 10�16

Combined all three cohorts 5531 0.17 (0.02) 1 � 10�18 8 � 10�19

Linear regression analyzes of the predictive role of rs2470152 for serum E2 and E1 in young adult men (GOOD) and elderly men (MrOS US and MrOS Sweden). Number
of subjects � subjects with both successful genotyping and available sex steroid levels. P values are calculated using linear regression under an additive model,
corrected for race (in the MrOS US study and in all cohorts combined), age, and BMI. P1 values are for models only adjusting for race, and P2 are for models adjusted
for race, age, and BMI. Effect size (regression coefficient) and SE values are expressed in SD units. Non-Caucasians in MrOS US with available sex steroid levels and
successful genotyping include 40% African-American, 36% Asian, and 20% Hispanic subjects. No significant interaction effect was seen between cohort and
rs2470152 genotype.
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Discussion

Genetic variations in sex steroid-related genes might influence
serum E2 levels, which in turn could affect several sex steroid-
related phenotypes and clinical conditions. From a screening of
the impact of 604 genetic variations in 50 important sex steroid-
related genes on serum sex steroid levels and validation in two
other cohorts, we identified an SNP in CYP19 that is significantly
associated with serum E2 (P � 2 � 10�14) and E1 (P � 8 �

10�19) levels in men.
The SNP rs2470152 in intron 1 of the CYP19 gene showed

the most significant association with serum E2 levels, and it was
also significantly associated with both serum E2 and E1 levels in
two large replication studies. The organization of the CYP19
gene is rather complex. The gene is comprised of a 30-kb coding
region and a 93-kb regulatory region, the latter containing 10
tissue-specific promoters. rs2470152 is located in the region of
the I.4 promoter (29). Interestingly, the G 3 A transition of
rs2470152 is predicted to alter a potential binding site for the
transcription factor cAMP response element binding protein
(www.genomatix.de), which is thought to be important in reg-
ulating aromatase expression (30). In our cohorts, the AA ge-
notype was associated with lower serum levels of E2 and E1, and
one can speculate that this is caused by a decreased expression of
aromatase as a result of loss of the cAMP response element bind-
ing protein site in the A allele. Yet another possibility is that
rs2470152 is in linkage disequilibrium with another genetic vari-
ation that either regulates aromatase expression or alters the
peptide sequence of the gene product. Thus, of all investigated
sex steroid-related SNPs, an SNP located in the vicinity of the
promoter regions of the gene responsible for the final step of E2
biosynthesis was most significantly associated with serum E2
levels.

The finding from the GOOD study of an association between
the SNP rs4953616 in LHCGR and E2 was not replicated in the
MrOS Sweden cohort. The finding in the GOOD cohort could
be false-positive due to multiple comparisons. It cannot be
excluded though that the age discrepancy between the cohorts

was a contributor and that LHCGR is of relevance for E2
levels in young men but not in elderly men. Further studies are
needed to explore this.

The overall effect sizes per G allele of rs2470152 in the com-
bined cohort (n � 5531) were 0.15 and 0.17 SD on serum E2 and
E1, respectively. This resulted in approximately 11 and 13%
higher serum levels of E2 and E1, respectively, in GG subjects
than in AA subjects in the present study. When compared to
other polymorphisms, which in adequately powered large-scale
studies have been reported to be reproducibly associated with
quantitative traits, we believe this is a robust and substantial
effect (31, 32).

Serum E2 level is an undoubtedly polygenic quantitative trait,
and rs2470152 is obviously only one of many potentially con-
tributing genetic factors underlying the heritability of serum E2
levels. Actually, in the present initial screening study we identi-
fied 66 and 55 SNPs (Supplemental Table 1) associated with
serum E2 and T, respectively, with a P value �0.05 but not
reaching statistical significance after conservative Bonferroni
correction (P � 8 � 10�5). Some of these association signals are
probably false-positive as a result of multiple testing. However,
some of them might be true association signals that can be con-
firmed in large scale replication studies and would then contrib-
ute to explaining a larger proportion of the genetic variation in
serum E2 levels. Although a substantial number of genes was
included in this study, there are of course many more genes in-
volved in the complex regulation of serum sex steroid levels. It is
quite likely that a future more comprehensive approach, such as
a genome-wide association (GWA) study, will reveal other genes
of importance. However, to avoid the problems with multiple
comparisons, a very large number of study subjects will then be
needed in the screening.

High levels of E2 are known to lower T levels via a negative
feedback on LH secretion in the experimental situation (33). No
such effect on gonadotropin or T levels was seen among men with
the rs2470152 genotype associated with the highest E2 levels in
this study. However, one might speculate that the effect size of

TABLE 5. Associations of the SNP rs2470152 with BMD in men

AA AG GG
Per G allele effect size in

SD of BMD (SEM) P1 P2

Lumbar spine BMD
GOOD (g/cm2) n � 241 n � 517 n � 288

1.23 � 0.14 1.23 � 0.13 1.26 � 0.13 0.09 (0.04) 0.03 0.03
MrOS Sweden (g/cm2) n � 610 n � 1366 n � 816

1.17 � 0.21 1.17 � 0.20 1.19 � 0.13 0.05 (0.03) 0.15 0.07
Combined 0.06 (0.02) 0.008

Femoral neck BMD
GOOD (g/cm2) n � 241 n � 517 n � 288

1.16 � 0.14 1.16 � 0.14 1.18 � 0.15 0.07 (0.04) 0.17 0.09
MrOS Sweden (g/cm2) n � 603 n � 1320 n � 787

0.85 � 0.14 0.85 � 0.14 0.86 � 0.13 0.02 (0.03) 0.67 0.43
Combined 0.04 (0.02) 0.12

The predictive role of rs2470152 for BMD of the lumbar spine and the femoral neck evaluated in young adult (GOOD) and elderly (MrOS Sweden) men. n, Number of
subjects with both successful genotyping and available BMD. BMD was adjusted for age, BMI, smoking, and physical activity. P1, P value from ANOVA. P2 values are
calculated using linear regression under an additive model, corrected for study cohort in the combined (GOOD 	 MrOS Sweden) analyses. Z-scored BMD values were
used in the combined linear regression analyses. No significant interaction effect was seen between cohort and rs2470152 genotype. Effect size (regression coefficient)
and SE values are expressed in SD units.
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rs2470152 is not of this magnitude, but rather lies within the
physiological range for most subjects.

The general strategy in genetic association studies has for
more than one decade been hypothesis driven in the search for
associations between candidate SNPs, mostly in one candidate
gene, and the investigated phenotype. This is in contrast to the
recent nonhypothesis-driven GWA studies of the impact of ge-
netic variations for different diseases or phenotypes (34–36),
taking advantage of the recent development of improved geno-
type technology. GWA studies have been successful for the iden-
tification of polymorphisms highly significantly associated with
some major complex human diseases (37, 38). However, due to
the high number of SNPs (often 500,000) analyzed, requiring
substantial adjustments of significance levels for multiple testing,
these studies must include a rather high number of subjects, and
still only the most significant associations can be validated in
replication studies. The strategy of the present study was to take
advantage of the recent advancement in genotype technology
while still being focused and hypothesis driven (hypothesis �

genetic variations in known sex steroid-related genes have an
impact on serum sex steroid levels), partly avoiding the problems
with loss of power due to adjustments for multiple testing asso-
ciated with GWA studies (adjustment for 604 and not 500,000
multiple comparisons was required in the initial screening cohort
of the present study). To our knowledge, the present study of 604
SNPs in 50 genes is the first report evaluating the impact of the
genetic variations in this many sex steroid-related genes on serum
sex steroid levels.

Genetic variations with an impact on serum E2 levels might
have an effect on E2-responsive tissues and thereby on sex ste-
roid-related disorders. In a first evaluation of the possible phys-
iological consequences of the rs2470152 polymorphism, the as-
sociations between this polymorphism and skeletal phenotypes
were evaluated. Interestingly, rs2470152 was significantly asso-
ciated with lumbar spine BMD, and the subjects with the GG
genotype had both the highest serum E2 levels and the highest
lumbar spine BMD. The lack of a significant association between
rs2470152 and femoral neck BMD is congruent with the general
view that the lumbar spine is a more estrogen-responsive bone
site than the femoral neck (3, 39). In addition, the rs2470152
SNP was modestly associated with self-reported previous frac-
tures in both young adult and elderly men, suggesting that men
with the GG genotype had not only increased lumbar spine BMD
but also reduced risk of fractures.

In addition to its comprehensive tagging SNP approach, a
major strength of the present study is that serum sex steroids
were analyzed using the specific GC-MS technique. This tech-
nique has not been associated with the questionable specificity at
lower concentrations described for previously used immunoas-
say-based techniques (21, 22). In addition, serum sex steroids of
the subjects in the two included Swedish cohorts (GOOD and
MrOS Sweden) were analyzed in one laboratory, and thorough
cross-calibrations between this laboratory and the separate lab-
oratory performing the analyses of the subjects in the MrOS US
study were performed. Another strength of the present study was
the high number (n � 5531) of subjects with available serum sex

steroid analyses in three different cohorts investigated, ensuring
the reproducibility of the present findings.

Our study has limitations. The results are based on single
measurements of sex steroids and may underestimate the true
associations between the investigated polymorphisms and serum
levels of sex steroids. Moreover, serum samples in the GOOD
study were collected throughout the day. This could have influ-
enced measurements, especially of T, which is known to be sub-
ject to diurnal variation. Another limitation of the present find-
ing is that most of the investigated subjects were of Caucasian
origin, although similar associations also were seen in the minor
non-Caucasian subpopulation of the MrOS US study.

In conclusion, we provide compelling statistical evidence that
the SNP rs2470152 of the CYP19 gene is strongly associated
with serum E2 and E1 levels in men. In addition, it is modestly
associated with lumbar spine BMD and prevalent fractures in
men. Further studies are required to test the functional signifi-
cance of rs2470152 on the expression of the CYP19 gene in
relevant tissues and to evaluate the impact of this polymorphism
on sex steroid-related disorders.
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