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Abstract
Objective—Circulating testosterone, estradiol, and estrone concentrations vary considerably
between men. Though a substantial proportion of this variation may be attributed to morbidity and
behavioral factors, these cannot account for its entirety, suggesting genetic inheritance as a
potential additional determinant. The analysis described here was intended to estimate the
heritability of male circulating total testosterone (TT), calculated free testosterone (cFT), estrone
(E1), estradiol (E2), and sex hormone-binding globulin (SHBG), along with the genetic correlation
between these factors.

Design—Cross-sectional, observational analysis of data from male members of the Offspring and
Generation Three cohorts of the Framingham Heart Study. Data were collected in the years 1998–
2005.

Participants—A total of 3,367 community-dwelling men contributed to the analysis, including
1,066 father/son and 1,284 brother pairs among other family relationships.

Measurements—Serum sex steroids (TT, E1 and E2) by liquid chromatography-tandem mass
spectrometry, SHBG by immunofluorometric assay, cFT by mass action equation. Heritability was
obtained using variance components analysis with adjustment for covariates including age,
diabetes mellitus, body mass index, and smoking status.

Results—Age-adjusted heritability estimates were 0.19, 0.40, 0.40, 0.30, and 0.41 for cFT, TT,
E1, E2, and SHBG, respectively. Adjustment for covariates did not substantially attenuate these
estimates; SHBG-adjusted TT results were similar to those obtained for cFT. Genetic correlation
coefficients (ρG) indicated substantial genetic association between TT and cFT (ρG=0.68),
between TT and SHBG (pG = 0.87), between E1 and E2 (ρG = 0.46), and between TT and E2 (ρG
= 0.48).

Conclusion—Circulating testosterone, estradiol, and estrone concentrations exhibit substantial
heritability in adult men. Significant genetic association between testosterone and estrogen levels
suggests shared genetic pathways.
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INTRODUCTION
Circulating sex steroid concentrations exhibit tremendous inter- and intra-individual
variation in population-based studies of men.1 Though numerous comorbid and behavioral
factors have been associated with sex steroid concentrations in adults,2–4 it is thought that
some proportion of this variation may be determined by genetic inheritance.5–16 In order to
establish the degree to which genetic factors regulate male reproductive function in
adulthood, it is important to estimate how much variation in sex steroid concentrations is
attributable to genetic variation, as distinct from environmental causes.

Existing data, derived primarily from classical twin and family studies, have estimated the
heritability of testosterone in adult men to be between approximately 0.2 and 0.7,6–8,10,11,15

while indicating the proportion of variation in sex steroid levels under genetic control may
vary tremendously across the male life course, presumably as the relative import of
environmental influences waxes and wanes with age.8,9,12,16 There are fewer population-
based estimates of the heritability of estradiol and estrone concentrations – important for the
maintenance of bone mass and suppression of fracture risk in men17–19 – and few existing
investigations have produced estimates of the genetic correlation between testosterone and
estradiol.14

Because testosterone and - to a lesser extent - estradiol are bound to sex hormone-blinding
globulin (SHBG) in circulation, SHBG concentrations influence the bioavailability of these
hormones.20 Interindividual variation in SHBG levels is partially under genetic control,21,22

and polymorphisms of the SHBG gene may have influence on its binding to testosterone as
well as downstream biomedical outcomes.23–25 Population-based estimates of the genetic
correlation between circulating testosterone and SHBG are therefore of great interest.

To provide estimates of the heritability of and genetic correlation between sex steroids in
men from extended families, we analyzed data from the 3,367 men who are members of the
second and third generation cohorts enrolled in the Framingham Heart Study (FHS). These
men have had state-of-the-art measurement of total testosterone (TT) and calculated free
testosterone (cFT), estrone (E1) and estradiol (E2), and SHBG, from which heritability
estimates for each of the sex steroids were obtained. Estimates of genetic correlation
between testosterone fractions, TT and SHBG, estrone and estradiol, and between TT and
E2 were also generated.

METHODS
The FHS design and study cohorts have been previously described.26 An initial sample of
5,209 adult male and female residents of Framingham, MA was initially recruited in 1948.
The sample was predominantly white and of European ancestry. In 1971, children of the
initial cohort and their spouses were recruited as a second generation (the Offspring cohort).
Recruitment of a third generation (the Generation 3 cohort) of selected children of the
Offspring cohort was performed in 2002. All participants executed written informed consent
approved by the institutional review board at Boston University Medical Center.

For analyses described here, the total of 3,367 men of the Offspring cohort who had sex
steroid measurements obtained at Offspring Examination 7, occurring between 1998 and
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2001, and of the Generation 3 cohort, who had sex steroid measurements between 2002 and
2005, were eligible. Data on covariates were obtained in clinic visits concurrent to hormone
measurement.

Sex Steroid Measurements
Blood samples were drawn in the supine position in the early morning after an overnight
fast. Sera were aliquoted and immediately stored at −80° C, remaining frozen until the time
of assay. Serum TT levels were measured by liquid chromatography tandem mass-
spectrometry (LC-MS/MS) as previously described.2 The functional sensitivity of the TT
assay was 0.07 nmol/L and the interassay coefficient of variation was 15.8%, at 0.42 nmol/
L, 10.6%, at 0.82 nmol/L, 7.9%, at 1.7 nmol/L, 7.7% at 8.4 nmol/L, 4.4% at 18.5 nmol/L,
and 3.3% at 35.3 nmol/L, respectively. As part of the Centers for Disease Control’s (CDC)
Testosterone Assay Harmonization Initiative, quality control samples provided by the CDC
were run every three months; the bias in quality control samples with testosterone
concentrations in 3.5 to 35 nmol/L range was consistently less than 6%. Serum estradiol and
estrone levels were measured simultaneously using LC-MS/MS after derivatization with
dansyl chloride.27 The limit of quantitation for both hormones was 2 pg/mL. Interassay CVs
for estrone were 4.5%, 7.7%, and 6.9% at estrone concentrations of 29.6, 285, and 773
pmol/L, respectively, and for estradiol 6.9%, 7.0%, and 4.8% at estradiol concentrations of
29.3, 283, and 756 pmol/L, respectively.

SHBG was measured using a two-site directed immunofluorometric assay that had a
sensitivity of 0.5 nM (Delphia-Wallac, Inc., Turku, Finland); cFT was calculated from total
testosterone, SHBG, E1 and E2 using an iterative law-of-mass-action solution.28 Protocol
for the maintenance of stored samples in FHS has previously been described.29

Covariate Measurement
Height and weight were measured using a standardized protocol. Type 2 diabetes mellitus
(T2DM) was defined as a fasting glucose > 6.94 mmol/L and/or participant self-reported use
of diabetes medications. Participants were classified as being a ‘current smoker’ if they
reported smoking at least one cigarette per day over the preceding year.

Statistical Analysis
Descriptive analyses were performed using SAS v9.2 (SAS, Inc, Cary, NC). Analyses of
heritability decomposes total phenotypic variation in sex steroid and SHBG levels into
components attributable to genetic and environmental causes via a variance components
analysis that assumes a normal distribution in the traits (i.e. hormone measurements).
Accordingly, serum hormones were transformed by rank-normalization to minimize the
influence of skew and residual kurtosis. Following age-adjustment, estimates were re-
calculated after adjusting for BMI, smoking status, and T2DM. For testosterone heritability
estimates, we also adjusted for SHBG; for estradiol heritability, results were adjusted for TT
and SHBG as well. The SOLAR (Sequential Oligogenic Linkage Analysis Routines)
statistical software30 was used to estimate heritability (h2), defined as the total proportion of
phenotypic variation in sex steroid and SHBG levels attributable to genetic variation, as
opposed to shared or unique environmental influences. Joint analyses of pairs of hormones
were used to examine the genetic correlation between circulating hormones and were
similarly adjusted for the above covariates.

RESULTS
A total of 3,367 men contributed to the analysis, representing 543 pedigrees; these were
comprised of 1,066 father/son pairs, 1,284 brother pairs, and additional extended family
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relationships. Participants had mean (Standard Deviation) age 49 (14) years and BMI 28 (5)
kg/m2; 16% were current smokers and 7.5% had T2DM. The distributions of hormones and
SHBG are described in Table 1. Aside from being older, subjects from the Offspring cohort
exhibited greater rates of T2DM (14% vs. 3%) and included a slightly lower percentage of
current smokers (13% vs. 16%) than their Generation 3 counterparts, while BMI, at 29 (5)
vs. 28 (5), was similar in the two cohorts.

Estimates of age-adjusted heritability are presented in Table 1. In age-adjusted analyses, TT,
E1 and SHBG exhibited substantial heritability – estimated h2 (Standard Error; SE) was
approximately 0.40 (0.5) in each case, whereas E2 and cFT had estimated h2 (SE) 0.30
(0.05) and 0.19 (0.04), respectively. Additional adjustment for BMI, smoking, and T2DM
produced no substantial reduction in estimates of heritability (Figure 1). For TT, however,
further adjustment for SHBG produced a substantial reduction in estimated heritability, h2 =
0.18 (0.04), such that the SHBG-adjusted TT heritability estimated was similar to the
heritability estimate for cFT, 0.19 (0.04). For E1 and E2, by contrast, further adjustment for
SHBG produced no meaningful difference in results. For E2, adjustment for age, BMI,
smoking and T2DM yielded estimated h2 = 0.28 (0.05); the addition of SHBG yielded
estimated h2=0.26 (0.05).

Paired analyses of hormones and SHBG adjusted for covariates demonstrated significant
genetic correlation between TT and cFT (ρG = 0.68), between TT and SHBG (ρG = 0.87),
between E2 and E1 (ρG = 0.48), and between TT and E2 (ρG = 0.38). There was somewhat
lesser genetic correlation between cFT and SHBG (ρG = 0.24) and between E2 and SHBG
(ρG=0.26).

The estimated environmental correlation (ρE) between each pair of measurements was
generally comparable to its genetic counterpart, with the exception of the TT and SHBG
pairing, where ρE (0.28) was substantially lower than ρG.

DISCUSSION
These analyses provide evidence of heritability (h2 approximately 0.40) of total testosterone
and SHBG among men of predominantly European ancestry, and similarly high heritability
for circulating estrone and estradiol in men (h2 0.30 to 0.40). Additionally these analyses
demonstrate strong genetic correlation between TT and SHBG (ρG = 0.87), suggesting that a
specific gene or set of genes may have pleiotropic effects on both. It may be that genetic
effects on SHBG may affect SHBG concentrations or its binding to testosterone and thus
influence circulating testosterone concentrations. This observation is supported by our
finding that the estimated heritability of TT is greater than that of cFT or of TT when
adjusted for SHBG - the latter two of which are essentially identical - suggesting that a large
proportion of the heritability of TT is due to that of SHBG. The heritability of both total and
free testosterone levels – and in addition E1 and E2 levels - may in addition be in part
determined by the heritability of luteinizing hormone, with which unbound testosterone
levels are expected to be in reciprocal feedback,15 or of enzymes regulating sex steroid
production and metabolism.11,31

Estimates of E2 heritability were largely unaffected by adjustment for SHBG, a result in line
with the more modest finding of genetic correlation between E2 and SHBG (ρG = 0.26).
These analyses indicate a similarly modest genetic association between TT and E2 (ρG =
0.38),which may be consistent with indirect control of E2 via genes influencing TT
concentrations, given that estradiol is derived from aromatization of testosterone. Because
SHBG is more strongly associated with testosterone than estradiol, our finding that genetic
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correlations between testosterone and SHBG are greater than those between estradiol and
SHBG are not unexpected.

To our knowledge these are among the first estimates of genetic correlation between
circulating testosterone and estradiol derived using the referent LC-MS/MS assay methods.

Population-based studies indicate that testosterone levels decline in men at a rate of 0.5–
2.0% per year beginning in the third decade of life.2,4,32,33 Though these changes have been
associated with diverse morbidity and mortality, it remains unclear to what degree these age-
related changes in testosterone levels contribute directly to various health outcomes.34,35 If a
substantial proportion of between-person variation in sex steroids can be attributed to
clustering within families, then identification of genetic determinants of testosterone levels24

may be useful in predicting their influence on age-related health outcomes.

Our observed levels of heritability are lower than those previously reported in some
investigations; for instance, the recent report by Bogaert and colleagues14 on brother pairs
(age 25–45 years) living in and around Ghent produced age- and BMI-adjusted h2 estimates
of 0.65 and 0.44 for total testosterone and estradiol, respectively, which are higher than
those provided here (0.4 and 0.3, respectively). Likewise, the estimate of heritability of TT
obtained by Hong and colleagues10 in the HERITAGE family study (~0.70), and that
obtained by Ring and coworkers11 using data from the NHLBI twin study (~0.55) were
greater than that reported here. It is possible that that differences in study design at least
partly explains the differences in the proportion of phenotypic variation attributed to genetic
causes in these reports. In particular, while twin studies maintain powerful advantages in
estimation of genetic influences on phenotypic variation, it has been pointed out that twin
studies may underestimate the influence of shared environment. At the same time, it seems
likely that the dramatic variations between study population – specifically in age, but also in
other factors – may exercise considerable influence over the degree to which sex steroid
levels are subject to genetic control under specific circumstances and points within the life
course.

As others have noted,11 testosterone heritability estimates obtained in various populations
differing in age display striking variation, with essentially no heritability observed at
birth9,16 and moderate to high heritability in adolescence and adulthood. It is therefore
possible that the relative age range of the respective cohorts may partially explain between-
study variation in results, though the mechanism by which this would occur are not clear.
Just as age-specific sex steroid concentrations vary dramatically across the life course, so
too may the relative contributions of genetic and environmental influences.

At birth, the influence of intrauterine environment on sex steroid levels is known to be
profound, though genetic control over testosterone levels may be greater than that over
estrogens.9 It may be that the influence of intrauterine factors at the time of birth eclipses
that of environmental influences in young to mid-adulthood; the influence of genetic factors
might therefore appear greater in the latter instance than the former. In adults, we expect that
the observed relationship between age and sex steroids capture not only the direct influence
of the former on the latter but also some portion of the influence of environmental
influences, illnesses and behaviors that track with age. Certain environmental exposures may
have a cumulative influence on sex steroids with time, thus becoming more evident in older
age.

Though estimates of heritability for single sex steroids were lower here than in some other
studies, the estimates of genetic correlation between hormones provided here are for the
most part similar to those previously observed by Bogaert and colleagues, with one
exception: the multiply-adjusted genetic correlation between E2 and SHBG in FHS was
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0.26, which substantially exceeded the age- and BMI-adjusted associations observed in the
Ghent cohort (0.09).

Taken together these investigations provide evidence of significant genetic correlation
between circulating testosterone levels and both estradiol and SHBG in men; by comparison,
the evidence of genetic correlation between the estradiol and SHBG is not as strong.

Several epidemiologic studies have linked serum testosterone or SHBG concentrations to
obesity, diabetes mellitus and metabolic syndrome in men. It has been debated whether the
observed association of total testosterone with diabetes and metabolic syndrome reflects the
association between testosterone and SHBG - which is a marker of insulin sensitivity, and is
independently associated with diabetes and metabolic syndrome – or is rather reflective of
the influence of testosterone itself.2,36–39 Our findings reinforce the observation of
association between testosterone and SHBG levels, but do not elucidate their respective
contributions to downstream morbidity. Though age-related changes in estradiol
concentrations have been associated with loss of bone mass and increase in fracture
risk,17–19 comparatively little is known concerning the genetic determination of circulating
estradiol and estrone in men. The results provided here indicate that estradiol and estrone
exhibit heritability comparable to that of total testosterone, and in excess of that of free
testosterone, even after the influences of TT and SHBG have been subjected to statistical
control.

This study has several strengths including the measurement of sex steroid concentrations by
state-of-the art LC-MS/MS assays and the large, well-characterized, multigenerational
Framingham Heart Study cohort. Generalizability to the broader population of men is
limited by the geographic and socioeconomic homogeneity of the FHS cohort and by cross-
sectional assessment of circulating sex steroid concentrations. Since the Framingham men
were almost all of European ancestry, these results may not be generalizable to men of other
race/ethnicities, although evidence that age-specific sex steroid levels differ by race and
ethnicity40 is not definitive,41 and SHBG in some other populations exhibits similar
heritability to that we observe in FHS.42 At this time, the hypothesis that broad racial and
ethnic groups exhibit a level of genetic control of sex steroids at variance with that among
other groups is speculative. In addition, the genetic determination of between and within-
person variation in other hormones (e.g. DHEAS and DHT) that themselves play a profound
role in male reproductive aging is of great interest, but is not captured here.

SUMMARY
These results provide evidence of heritability of circulating testosterone, estradiol and
estrone, and SHBG concentrations among adult men. They suggest that specific
polymorphisms may contribute to population-level variation in these hormones. Close study
of genetic influences, such as genome-wide association scans, on circulating sex steroid
levels in men is needed given their hypothesized role in the pathogenesis of age-related
conditions and potentially in early mortality.
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Figure 1.
Change in estimates of heritability (h2) with successive adjustment for covariates. Moving
left to right, each independent analysis adds new covariates as indicated along the horizontal
axis. When total testosterone is adjusted for SHBG (along with all other covariates), the
heritability estimate is substantially reduced, so that it is similar to that exhibited by free
testosterone.

Travison et al. Page 10

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Travison et al. Page 11

Ta
bl

e 
1

Se
ru

m
 s

ex
 s

te
ro

id
 a

nd
 S

H
B

G
 le

ve
ls

D
es

cr
ip

tiv
e 

st
at

is
tic

s 
an

d 
es

tim
at

es
 o

f 
he

ri
ta

bi
lit

y 
an

d 
pa

ir
w

is
e 

as
so

ci
at

io
n.

D
es

cr
ip

ti
ve

 s
ta

ti
st

ic
s,

 a
nd

 e
st

im
at

es
 o

f 
he

ri
ta

bi
lit

y 
(a

dj
us

te
d 

fo
r 

ag
e)

T
T

(n
m

ol
/L

)
cF

T
(p

m
ol

/L
)

E
1

(p
m

ol
/L

)
E

2
(p

m
ol

/L
)

SH
B

G
(n

m
ol

/L
)

N
33

67
33

67
32

70
33

18
33

67

M
ea

n 
(S

D
)

21
.5

 (
8.

4)
38

2 
(1

8)
15

9 
(6

3)
15

8 
(6

6)
49

 (
26

)

h2  
(S

E
)

0.
40

 (
0.

05
)

0.
19

 (
0.

04
)

0.
40

 (
0.

05
)

0.
30

 (
0.

05
)

0.
41

 (
0.

05
)

p-
va

lu
e

1.
4×

10
−

21
3.

0×
10

−
7

8.
9×

10
−

23
1.

3×
10

−
12

1.
2×

10
−

20

E
st

im
at

es
 o

f 
pa

ir
w

is
e 

ge
ne

ti
c 

(ρ
G

) 
an

d 
en

vi
ro

nm
en

ta
l (
ρE

) 
co

rr
el

at
io

n 
(a

dj
us

te
d 

fo
r 

ag
e,

 B
M

I,
 s

m
ok

in
g 

st
at

us
, a

nd
 T

2D
M

)

T
T

, c
F

T
E

1,
 E

2
T

T
, E

2
T

T
, S

H
B

G
cF

T
, S

H
B

G
E

2,
 S

H
B

G

N
33

63
33

15
33

63
33

63
33

63
33

12

ρG
 (

SE
)

0.
68

 (
0.

07
)

0.
48

 (
0.

07
)

0.
38

 (
0.

09
)

0.
87

 (
0.

05
)

0.
24

 (
0.

14
)

0.
26

 (
0.

09
2)

H
: 
ρG

=0
 p

-v
al

ue
7.

5×
10

−
6

4.
1×

10
−

6
4.

9×
10

−
4

6.
9×

10
−

23
0.

06
6

8.
75

×
10

−
3

H
: 
ρG

=1
 p

-v
al

ue
4.

1×
10

−
4

6.
1×

10
−

13
4.

3×
10

−
13

0.
00

2
6.

1×
10

−
4

1.
17

×
10

−
12

ρE
 (

SE
)

0.
78

 (
0.

02
)

0.
65

 (
0.

03
)

0.
41

 (
0.

04
)

0.
25

 (
0.

05
)

0.
38

 (
0.

04
)

0.
16

 (
0.

05
)

H
: 
ρE

=0
 p

-v
al

ue
3.

1×
10

−
54

1.
4×

10
−

31
5.

4×
10

−
16

1.
2 

×
10

−
5

1.
2 

×
10

−
16

1.
2 

×
10

−
3

T
T

, t
ot

al
 te

st
os

te
ro

ne
; c

FT
, c

al
cu

la
te

d 
fr

ee
 te

st
os

te
ro

ne
; E

1,
 e

st
ro

ne
; E

2,
 e

st
ra

di
ol

; S
H

B
G

, s
ex

 h
or

m
on

e-
bi

nd
in

g 
gl

ob
ul

in
; B

M
I,

 b
od

y 
m

as
s 

in
de

x;
 T

2D
M

, t
yp

e-
2 

di
ab

et
es

 m
el

lit
us

; S
D

, s
ta

nd
ar

d 
de

vi
at

io
n;

SE
, s

ta
nd

ar
d 

er
ro

r;
 h

2 ,
 h

er
ita

bi
lit

y 
es

tim
at

e.
 T

o 
co

nv
er

t t
es

to
st

er
on

e 
to

 n
m

ol
/L

, m
ul

tip
ly

 b
y 

0.
03

47
. T

o 
co

nv
er

t e
st

ra
di

ol
 to

 p
m

ol
/L

, m
ul

tip
ly

 b
y 

3.
67

1.
 T

o 
co

nv
er

t e
st

ro
ne

 to
 p

m
ol

/L
, m

ul
tip

ly
 b

y 
3.

69
9.

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2015 February 01.


