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Introduction

Proper functioning of the male reproductive axis depends on complex feedback systems

The testis is the target organ of the hypothalamic-pituitary-gonadal axis. GnRH secreted

between several hormones. In this study, the genetic contribution of various endocrine

by the hypothalamic pulse generator is released in a pulsatile fashion into the portal

components of the hypothalamic-pituitary-testicular axis is evaluated and previously

vascular system, through which the hypothalamus communicates with the pituitary. This

observed differences in FSH and inhibin B levels between mono- (MZ) and dizygotic (DZ)

pulsatile secretion is essential for the release of FSH and LH by the anterior pituitary 1. The

twins are re-investigated. Inhibin B, FSH, LH, sex hormone-binding globuline (SHBG) and

main functions of the human testis are the production of hormones and the regulation of

testosterone levels were assayed in 128 adult males (20 MZ twin pairs, 7 single MZ twins, 10

spermatogenesis. Pituitary released FSH stimulates testicular Sertoli cells to produce inhibin

DZ twin pairs, 27 single DZ twins and 34 siblings of twins, constituting 10 sibling pairs), aged

B, which in adult males has been shown to be a serum marker of Sertoli cell function cq.

15.6 - 68.7 years. Hormone levels were compared across zygosity groups and heritability

spermatogenesis 2-5. FSH release and synthesis consist of both a GnRH dependent and

estimates were obtained using maximum likelihood variance component analysis.

an autonomous component which is inhibited by inhibin B 4,6-7. Recently, Sutcliffe et al.

Heritability estimates ranged from 56% (testosterone) to 81% (inhibin B and SHBG). For LH

compared reproductive hormones in monozygotic (MZ) versus dizygotic (DZ) male twins and

and FSH, the heritability was estimated at 68% and 80% respectively. No mean differences in

reported elevated inhibin B levels in DZ twins. No such difference for FSH was found. This led

hormone levels were observed across groups. All measured hormones are highly heritable. A

to the suggestion that the FSH-inhibin B endocrine feedback axis is functioning differently

difference in the FSH–inhibin B feedback system between DZ twin males and MZ twin males

in male DZ twins. However, as regular siblings were not included in these analyses it is as yet

could not be confirmed.

unclear whether DZ twins have significantly higher inhibin B levels than usual or whether
MZ twins have significantly lower inhibin B levels. LH interacts with the testicular Leydig
cells to enhance the conversion of cholesterol to testosterone. Both dihydrotestosterone,
a testosterone metabolite, and estradiol play a role in the feedback system regulating LH
secretion 9,10. Testosterone inhibits LH release directly 11 by altering the pulse amplitude and
frequency 12,13 of the hypothalamic stimulated release of LH from the pituitary 11,14.
In 1996, Harris et al. first stated that testosterone levels are highly heritable especially in
young adult males, with an estimated 66% of the variance due to genetic components 15,16.
Plasma hormone levels reflect the quantity of hormone available for binding to their target
tissues. Biological activity is determined by several factors, e.g. sensitivity of the target tissue
defined by hormone-receptor interaction 17,18. Serum hormone concentrations are subject to
regulation at genetic level as well as having environmental influences. Genetic effects might
occur somewhere along the hypothalamic-pituitary-testicular axis, i.e. the hypothalamic
GnRH pulse generator, the anterior pituitary, the gonadal receptor or the hormonal feedback
system.
The aim of this current study was to evaluate the genetic contribution of the various endocrine
components of the hypothalamic-pituitary-testicular axis. Therefore, a sample of adult male
twins and their siblings was assayed for plasma hormones including inhibin B, LH, FSH,
SHBG and testosterone. Males are chosen as study subjects because they provide a relatively
stable endocrine environment compared to females, due to the absence of a monthly cycle.
Furthermore, we aimed to verify the earlier reported difference between MZ and DZ twins with
regard to inhibin B secretion. To test for the possibility that twins differ from singleton offspring,
siblings of the MZ and DZ twins were included in the analyses as well.
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Abstract

Subjects and Methods

Sex-hormone-binding globulin (SHBG)
An immunoradiometric assay (Orion Diagnostica, Espoo, Finland) was used for the

136

This study is part of a larger study on the genetics of adult brain function. Fourty-seven MZ

determination of SHBG levels in plasma. The inter-assay CVs were 8% or less and the intra-

males (20 complete pairs and 7 single MZ twins), 47 male DZ twins (10 complete pairs and

assay CVs were all 4%.

of a DZ twin, making up 10 complete sibling pairs) were included in the study. Twins and

Statistical Analysis

their siblings were invited to the lab where fasting blood samples were taken before 11:00

For FSH, LH and SHBG the data were positively skewed and were logarithmically transformed

am to determine inhibin B, FSH, LH, SHBG and testosterone levels. The participants ranged in

to normalize the distributions. The Mx package 19 was used to conduct the genetic

age from 15.6 - 68.7 years (mean + SD: 38.1 + 12.7) and had no apparent endocrine disease.

analyses and to test whether the hormonal levels of the MZ twins, DZ twins and siblings

Zygosity was determined by typing a series of DNA polymorphisms. The study was approved

differed significantly from each other. The fact that the participants can not be regarded

by the Medical Ethical committee of the VU medical center and all participants signed an

as independent observations (i.e. are related) is accounted for in all these analyses. The

informed consent.

data were first summarized into correlations for MZ and DZ twins and sibling pairs. These
correlations between MZ twins and DZ twin sibling pairs can be used to obtain rough

Assays

estimates of the proportional contribution of additive genetic influences and dominant

All hormone measurements were done in duplicate and within the same series. Family

genetic influences to the variation in the levels of these hormones under study, i.e.

members were randomly distributed within the different batches.

the so called Falconer heritability estimates. Next, the variation in hormone levels was
decomposed into additive genetic variation (A), variation due to genetic dominance (D),

Inhibin B

shared environmental variation (C) or non-shared environmental variation (E) 20,21. Shared

An immunometric assay (Serotec Limited, Oxford, UK) was used to measure inhibin B in

environmental variation, by definition, includes all environmental sources of variation that

serum. According to the manufacturer the lower detection level for inhibin is 15 IU/L. The

twins and siblings from the same family share, while non-shared environmental variation

inter-assay coefficients of variation (CVs) were <16% and the intra-assay CVs were <11%.

refers to the environmental variation, i.e. unique to an individual and, i.e. typically not shared
with other family members. In DZ twins and sibpairs, similarity in shared environmental

Testosterone

influences is 100%, while similarity in additive genetic influences is 50% and similarity in

The plasma concentrations of testosterone were measured using a radioimmunoassay (Coat-

genetic dominance effects is 25%. In MZ twin pairs, similarities of additive genetic effects,

a-count, DPC, Los Angeles, USA). The inter-assay CVs were all 20% or less and the intra-assay

genetic dominance effects and shared environmental influences are 100% 21,25.

CVs were <9%.

There is, by definition, no similarity in non-shared environmental influences between family
members irrespective of their precise relationship. Effects for genetic dominance and

Follicle stimulating hormone (FSH)

shared environment are confounded in the classical twin model and cannot be modelled

FSH was measured using an AxSYM random access immunoassay analyzer (Abbott

simultaneously. Disentangling the contributions of dominance and shared environment

Laboratories, Abbott Park, IL, USA) with a microparticle enzyme immunoassay reagent kit.

requires additional data from, e.g. twins reared apart, half-sibs, or non-biological relatives

According to the manufacturer, the lower detection limit for FSH is 0.09 IU/L. The inter-assay

reared together 21. As such additional data were not available in the present study, the

CVs and intra-assay CVs were both <6%.

analyses were confined to ACE- or ADE-models, respectively. When the observed correlation
between DZ twins is about half the size of those observed in MZ twins, dominance effects are

Luteinizing hormone (LH)

assumed absent and an ACE-model is deemed most suitable. However, when the observed

An Immunometric assay (Delfia, Wallac Turku Finland) was used to measure LH in serum.

correlation between DZ twins is substantially smaller than half the correlation observed

According to the manufacturer the lower detection level for LH was 0.3 IU/L. The inter-assay

between MZ twins, dominance effects are likely to be present and an ADE-model is deemed

CVs were <9% and the intra-assay CVs were <5%.

most suitable. The expectation for the total variance given an ACE-model is A+C+E, while the
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27 single DZ twins) and 34 brothers of these twins (17 brothers of a MZ twin and 17 brothers

7
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testosterone did not change the results either (DZ twins versus their siblings: χ2 (1) = 1.72

sibpairs is half A+D. The expectation for the total variance given an ADE-model is A+D+E,

(ns); MZ twins versus their siblings: χ2 (1) <1 (ns) and offspring DZ families versus offspring

while the expectation for the covariance between MZ twins is A+D and the expectation

MZ families: χ2 (1) < 1 (ns)). Likewise, the FSH levels of DZ twins did not differ from that of

for DZ twins/sibpairs half A + one fourth D. Heritability is calculated as the proportional

their siblings (χ2 (1) = 1.77, ns), nor did the FSH levels of MZ twins differ from their siblings (χ2

contribution of genetic variation to the total, observed variation (i.e. A in the ACE-model

(1) < 1, ns). FSH levels between offspring from DZ and MZ families were comparable (χ2 (1)

and A+D in the ADE-model). Estimates of parameters were obtained in the Mx package by

= 3.37, ns). Again, correction for age of the participants and maternal age at time of birth of

normal theory maximum likelihood. Whether additive genetic (A), dominance effects (D) and

the twin and correction for levels of LH, SHBG and testosterone did not change these results

shared environmental (C) influences contribute significantly to the total variance, was tested

(DZ twins versus their siblings: χ2 (1) = 1.07 (ns); MZ twins versus their siblings: χ2 (1) <1 (ns)

by constraining these parameters at zero and comparing the fit of the resulting model to the

and offspring DZ families versus offspring MZ families: χ2 (1) = 1.07 (ns)). As expected, no

fit of the model without these constraints using likelihood ratio tests 21. In addition, Akaike’s

mean differences between MZ and DZ twins and their siblings were found for testosterone

Information Criterion (AIC) was used to differentiate between alternative models. The model

levels (DZ twins versus their siblings: χ2 (1) = 1.38 (ns); MZ twins versus their siblings: χ2 (1) <1

with the smallest AIC is regarded as the best fitting model . As hormone levels (especially

(ns) and offspring DZ families versus offspring MZ families: χ2 (1) = 1.45 (ns)), for LH levels (DZ

FSH) might be influenced by age of the participant or age of the participant’s mother at time

twins versus their siblings: χ2 (1) = 1.65 (ns); MZ twins versus their siblings: χ2 (1) = 2.20 (ns)

of birth, both age measures were regressed out in all analyses.

and offspring DZ families versus offspring MZ families: χ2 (1) = 1.75 (ns)) and for SHBG levels

22

(for all tests: χ2 (1) < 1 (ns)) before and after correction for age of the participants and maternal

Results

age at time of birth of the twin.

Group characteristics are summarized as the mean (+ SD) of age, inhibin B, testosterone, FSH,

Genetic Analysis

LH and SHBG for MZ twins, DZ twins and singleton brothers (table 1).

The DZ twin correlations did not differ significantly from twin-sib or sib-sib correlations and
these correlations were constrained to be equal in all further analyses. The twin correlations

Table 1
Characteristics

and the Falconer heritability estimate for LH, FSH, inhibin B, testosterone and SHBG are listed
MZ (N=47)

DZ (N= 47)

MZ sibs (N=17)

DZ sibs (N=17)

in table 2. For all reproductive hormone measurements, the MZ correlation exceeded the DZ

Mean (+ SD)

Mean (+ SD)

Mean (+ SD)

Mean (+ SD)

twin correlation, suggesting genetic influences on hormonal levels. As the DZ correlations

Age (years)

37.7 (11.3)

37.5 (12.8)

42.3 (15.9)

36.6 (12.8)

for inhibin B and testosterone were considerably smaller than half the MZ correlations, ADE-

Inhibin B (ng/L)

201.8 (58.5)

208.9 (70.9)

207.2 (83.8)

194.1 (42.9)

Testosterone (nmol/L)

18.5 (5.1)

18.9 (4.1)

18.5 (5.3)

17.5 (4.9)

models were deemed suitable for these hormones. For the other hormones ACE-models were

FSH (U/L)

4.3 (2)

4.1 (2.3)

4.3 (1.4)

2.9 (1.6)

LH (U/L)

4.1 (1.5)

4.1 (1.7)

4.5 (1.4)

3.3 (1.4)

SHBG (nmol/L)

36.4 (15.1)

34.7 (14.8)

33.6 (1.3)

31.1 (1.6)

Table 1 indicates the mean (+ SD) of age and reproductive hormone levels for the MZ and DZ twins and
their singleton brothers.

Hormone comparison
The mean age between the groups did not differ significantly (χ2 (3) <1, ns). Comparison
of serum inhibin B levels revealed no significant differences between DZ twins and their
siblings, MZ twins and their siblings or between MZ and DZ families (for all tests χ2 (1) <1, ns).
Correction for age of the participants and maternal age at time of birth of the twin did not
alter these outcomes (for all tests χ2 (2) <1, ns). Correction of inhibin B levels for LH, SHBG and

fitted. In all following analyses, age of the participant and age of the mother ate time of birth
of the participants is regressed out.
Table 2
rmz (95% CI)

rdz (95% CI)

Inhibin B

0.82 (0.62 – 0.90)

0.15 (-0.11 – 0.42)

Testosterone

0.58 (0.27 – 0.76)

0.20 (-0.11 – 0.48)

FSH

0.79 (0.56 – 0.89)

0.48 (0.12 – 0.70)

LH

0.68 (0.36 – 0.83)

0.36 (-0.01 – 0.62)

SHBG

0.81 (0.63 - 0.90)

0.41 (0.12 - 0.63)

Table 2 shows the MZ and the DZ twin correlations (95% CI) for all reproductive hormones. MZ = MZ
twins and DZ= DZ twins and sibs. rmz= MZ correlation, rdz= DZ correlation.
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expectation for the covariance between MZ twins is A+C, and the expectation for DZ twins/

Table 3 shows the results of variance component modelling for all reproductive hormones.

Table 4

For FSH and SHBG, shared environmental influences were not important, i.e. the parameters
140

representing the shared environmental influences were not significantly different from
zero. Constraining the additive genetic effects to zero did however result in significant

p-value

AIC

A

D

E

Inhibine B

ADE
AE
E

SAT
ADE
ADE

0.874
0.06
< 0.001

-8.187
1.448
15.320

0.00
0.81
-

0.82
-

0.18
0.19
1

Testosterone

ADE
AE
E

SAT
ADE
ADE

0.287
0.574
0.003

-3.797
-1.684
7.763

0.22
0.56
-

0.35
-

0.42
0.44
1

deterioration of the model fit. For LH, both the AE model (shared environmental effects fixed
to zero, p = 0.933) and the CE model (additive genetic effects fixed to zero, p = 0.091) were
statistically acceptable. The AE model however, is the preferred model as it fits the data better
(largest p-value and lowest AIC). For FSH, LH and SHBG variation in hormonal levels could
thus be attributed to additive genetic influences (A) and unique environmental influences (E).
Heritability estimates for LH, FSH and SHBG were 68%, 80% and 81% respectively.
Table 3
FSH

LH

SHBG

Tested model
ACE
AE
CE
E

vs. model
SAT
ACE
ACE
ACE

p-value
0.958
0.602
0.027
<< 0.001

AIC
-8.943
-1.728
2.894
17.973

A
0.63
0.80
-

C
0.16
0.59

E
0.21
0.20
0.41

ACE
AE
CE
E

SAT
ACE
ACE
ACE

0.688
0.933
0.091
< 0.001

-6.925
-1.993
0.862
10.508

0.66
0.68
-

0.03
0.48
-

0.32
0.32
0.52
1

ACE
AE
CE
E

SAT
ACE
ACE
ACE

0.951
0.964
0.002
<< 0.001

-8.863
-1.998
7.644
25.745

0.80
0.81
-

0.01
0.53
-

0.19
0.19
0.47
1

Table 4 shows the fit results from models where the variance of hormonal levels is decomposed
into additive genetic variance (A), genetic dominance variance (D) and non-shared environmental
variance (E). The ADE-models were all tested against a saturated model in which the variance was not
decomposed into A, D, and E (i.e. the “null model”). In the AE-model, the genetic dominance effect
(D) is fixed to zero. In the E-model, both A and D are fixed to zero. The fit of the AE-model and the
E-model were compared to the fit of the ADE-model. A significant p-value (p<0.05) denotes a significant
deterioration of the fit. Best models in bold. AIC = Akaike’s Information Criterion, with lower values
indicating better fit.

Discussion

Table 3 shows the fit results from models where the variance of hormonal levels is decomposed
into additive genetic variance (A), shared environmental variance (C) and non-shared environmental
variance (E). The ACE- models were all tested against a saturated model in which the variance was not
decomposed into A, C, and E (i.e. the “null model”). In the AE-model the common environmental effect
(C) is fixed to zero. In the CE-model the additive genetic effect (A) is fixed to zero. In the E-model both A
and C are fixed to zero. The fit of the AE-model, the CE model and the E-model were compared to the
fit of the ACE-model. A significant p-value (p<0.05) denotes a significant deterioration of the fit. Best
models in bold. AIC = Akaike’s Information Criterion, with lower values indicating better fit.

The results of this study indicate that all measured reproductive hormones are highly
heritable, with heritability estimates ranging from 56% (testosterone) to 81% (inhibin B and
SHBG). This high heritability does not imply that environmental factors are unimportant but
it indicates that within the population, genetic factors are responsible for the majority of the
variation. For testosterone but especially inhibin B, the broad-sense heritability seems driven
for a large part by non-additive genetic or dominance influences. However, our sample is
relatively small and larger samples are needed to allow a more accurate estimate of these
influences and for sufficient power to discriminate between additive and non-additive
genetic influences. Our data confirm and extend the findings by Storgaard et al. who recently
published a heritability estimate for inhibin B of 79 % 23. In 1997, Meikle et al. reported a 74%
heritability for testicular volumes of male twins between 25 and 75 years old 24. Most of the
testicular volume in adult males is determined by Sertoli cell mass and inhibin B is known to
be a serum marker for the competence of Sertoli cells cq. spermatogenesis 5. With regard to
plain comparison of hormone levels between twins, Sutcliffe et al. reported elevated inhibin

For both inhibin B and testosterone, the AE-model (genetic dominance effects constrained

B levels in DZ adult male twins compared with MZ twins across an age range of 20-68 years

to zero) was tenable, i.e. did not fit statistically worse than the ADE-model. Note that the DE-

old 8. In our data, we found no significant difference in inhibin B or in FSH levels between MZ

models are not tested as such models are biologically implausible. Heritably estimates for

and DZ twins and their siblings (age range 15-69 years old), or for any of the other hormones

inhibin B and testosterone were 81% and 56% respectively.

under study. Correction for possible confounding effects of age of the participants and
maternal age at time of birth of her twin did not alter these findings; neither did correction
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Tested model vs. model

142

years) was reported by Harris and colleagues 15. Genetic variations accounted for 57% (by

of inhibin B in table 1 shows that the lowest inhibin B levels are observed for the youngest

maximum likelihood) and 32% (Falconer heritability estimates) of the plasma testosterone

group (siblings of DZ twins). Yet, inhibin B levels did not differ significantly between any of the

concentrations reported in a twin study with a narrow age range of 59-70 years 32. In a recent

four groups as the variation within groups was rather large and analyses with age as a (linearly

twin study (age 20-45 years) a heritability of 46% was shown 23. Circulating in the blood, the

related) covariate did not alter these results. It is however possible that the relation between

sex steroids estradiol and testosterone are bound to a protein carrier known as sex hormone

age and inhibin B is non-linear. We did not test for non-linear effects of age on hormone

binding globulin (SHBG). The heritability of SHBG measured in siblings ranged from 31% to

levels in the present study because of the small sample size, but the possibility merits further

54% in blacks 33 and was estimated at 64% in whites 34. Meikle et al. reported a heritability

study. The analysis of variance (ANOVA) analysis used by Sutcliffe et al. to compare hormone

estimate of 62% based on their twin studies (age 25-75 years) 24, whereas estimates of 32%

levels between the twins does not account for the dependency of the observations. As twins

(by Falconer method) and 68% (based on maximum likelihood) were reported by Ring et al.

and siblings are related (i.e. share genes and environment) they should not be analysed as

32

independent samples 26. We therefore used the Mx package to analyse the twin hormone

estimates for SHBG in the present study are much higher then those reported by others.

levels as this software package is designed to deal with family data. Nevertheless, when we

These differences in heritability estimates could partially be explained by the different

analysed our data using ANOVA that does not account for dependency of the data, we did

statistical methods used. In classical twin studies, the intra-class twin pair correlation was used

not observe significant mean differences in inhibin B levels between MZ and DZ twins (data

to describe heritability (Falconer). In recent research, however, model fitting and comparison

not shown). The difference between our results and the results presented by Sutcliff et al. is

using the maximum likelihood is the preferred methodology. Another possible explanation

therefore not due to the different statistical methods used. It is however possible that our

for the variation in heritability estimates concerns the age range of the research samples.

study lacked the power to detect a mean difference in inhibin B as our sample was rather

Although aging affects hormonal concentrations in men, there are no divergent effects on

small. The power to detect substantial mean differences (e.g. mean differences of 0.5 or 1 SD,

hormonal concentrations between MZ and DZ twins 24. In the present study, the age range is

corresponding to Cohen’s d effect size of 0.5 or 1 respectively, would have been mediocre to

indeed large but the mean age (+ SD) showed no significant difference between the groups.

good (0.55-0.90) (Cohen’s d is calculated as (m1-m2)/σpooled, where m1 is the mean of the first

Therefore, aging affects the data in a similar manner for MZ twins, DZ twins and their siblings.

group, m2 is the mean of the second group and σpooled is the average of the SD in the first and

Furthermore, age of the participant and age of the mother at time of birth of the participant

the second group). However, the observed effect size in the present study was smaller than

were regressed out in all genetic analyses. For LH and FSH, a wide variety of heritability

that (0.11) and also much smaller than that of Sutcliff et al. (0.35). Furthermore, both Sutcliffe’s

estimates is reported in 20-60 year old male twins, varying from 28% to almost 100% for

and our study lack information on familial DZ twinning. Previous studies have shown that

FSH 17,23,35 and from 50% to over 70 % for LH 17,23,36-37. The serum LH and FSH concentrations

mothers of hereditary DZ twins (familial twinning) are known to have elevated follicular phase

display pulsatile and diurnal variation. These factors, together with the short serum half-life

FSH levels resulting in multiple follicle growth and therefore an increased change of having

of the gonadotropins, contribute to a substantial intra-individual variability. Despite this, the

DZ twins 27-29. As elevated follicular phase FSH levels are said to be inherited autosomally,

heritability estimates found in our study, 68% for LH and 80% for FSH are high and well within

increased FSH levels are expected in all offspring of these mothers. Differences in outcomes

the range estimated by others.

between this study and the one done by Sutcliffe et al. may therefore be due to the ratio

The objective of this study was to explore the genetic variation at the various levels in the

of hereditary DZ twins participating in the studies. Therefore, inclusion of information on

regulation of gonadal function, i.e. the hypothalamic pulse generator, the anterior pituitary,

familial twinning would be recommended for future studies on the heritability and mean

the gonad and the feedback system. The hypothalamic pulse generator synchronizes the

levels of reproductive hormones. In the late 1970s, Meikle et al. studied the contribution of

activity of groups of GnRH neurons to produce a meaningful secretory output. Recent in vitro

genetic factors on the plasma levels of sex-steroids in siblings. They found less variation in

animal studies indicate that GnRH cells contain ‘molecular clocks’, which may be coupled to

testosterone within groups of brothers than among non-brothers . Within their twin studies

the fundamental mechanism of pulsatile GnRH secretion. Disruption of the normal molecular

(age 20-60 years), heritability estimates ranged from 34 % for free (unbound) testosterone

clock gene expression leads to decreased pulse frequency and increased pulse amplitude

to 26% for plasma testosterone . A high familial resemblance in testosterone levels of

38-39

around 70 % in both black and white adults

serum hormone levels has to be marginal considering the high heritability estimates found

30

17

31

and 66% in adolescent male twins (age 14-21

. Our results for testosterone are equal to those reported by Ring et al., while the heritability

. The variation in frequency and amplitude of the GnRH pulses in relation to the overall

7
143
Heritability of hormones in adult male twins

of inhibin B and FSH levels for LH, SHBG and testosterone. Close inspection of the means

here, despite the large sampling time span. Earlier studies indicate that levels of various other
hormones that are known to have a biorhythm, such as cortisol
42

144

40-41
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