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Study between 2003 and 2005. Cox proportional hazards modelling was used to
determine the association between CAG repeat number/mortality. Results were
expressed as hazard ratios (HR)/95% confidence intervals (Cl).

Results: One thousand nine hundred and seventy-seven men were followed
up. Mean baseline age was 60+ 11.1 years. Mean duration of follow-up was
12.2 years. At follow up 25.1% of men had died. CAG repeat length ranged from
6 to 39, with the highest proportion of CAG repeat number at 21 repeats
(16.4%). In a multivariable model, compared to men with 22-23 AR CAG repeats:
for men with <22 and >23 AR CAG HR, 95% CI for mortality were, <22 CAG
repeats 1.17 (0.93-1.49) and >23 CAG repeats 1.14 (0.88-1.47). In a post-hoc
analysis, the association was significant for men in the lowest tertile of baseline
testosterone (<14.2 nmol/L) with >23 CAG repeats: in the adjusted model for
<22 and >23 CAG repeats, respectively, 1.49 (0.97-2.27) and 1.68 (1.06-2.67)
versus 22-23 repeats.

Conclusions: Our European-wide cohort data overall found no association of
androgen receptor CAG repeat number and mortality in men. However, post hoc

analysis suggested that an association might be present in men with lower baseline

KEYWORDS

1 | INTRODUCTION

In humans, the peripheral effects of testosterone are mediated
through the androgen receptor (AR), present on numerous cells
integral to the neuro-endocrine axis. It has been suggested that there
may be an ‘optimal’ number of CAG repeats, relating to AR-mediated
transcriptional activity and consequent downstream effects in
metabolically active tissues and that men with a number of CAG
repeats above or below the optimum may possibly experience less-
favourable long-term outcomes.

Based on data from the Manchester arm of the population-
based European Male Aging Study (EMAS), we recently reported
a weak association between the number of AR CAG repeats and
the risk of mortality in older men.? This mirrored to some extent
the findings of an earlier cohort study of men with type 2
diabetes (T2D) that a ‘U’ shaped curve relation exists between
number of CAG repeats and mortality in men.? There was a
suggestion also that the strength of the association between CAG
repeat and mortality was greater among those with a lower
testosterone level.

The aim of this analysis was to assess the association between
number of AR CAG repeats and mortality in a larger cohort of men
recruited to the EMAS study and to explore the influence of

testosterone level on the association.

testosterone concentrations, which merits further investigation.

CAG, EMAS, male, mortality, testosterone

2 | MATERIALS AND METHODS

Participants were recruited in the European Male Aging Study between
2003 and 2005.3* EMAS is a multicentred prospective cohort study
evaluating the prevalence, incidence and geographical distribution of
gender-specific and general symptoms of ageing in men, including their
endocrine, genetic and psychosocial predictors. Men aged 40-79 years
were recruited from eight participating countries in Europe (ltaly, Belgium,
Poland, Sweden, United Kingdom, Spain, Hungary and Estonia). Men with
known hypothalamic/pituitary disease and those on androgen or anti-
androgen treatments were excluded.

For the purposes of this analysis follow-up mortality data were
available on men from six out of the eight participating countries. The
censor date was 27 January 2018, since this was the latest date of death
recorded across all six cohorts. The centres included in this analysis were
Italy (Florence), Poland (Lodz), Belgium (Leuven), the United Kingdom
(Manchester), Spain (Santiago de Compostela) and Estonia (Tartu).

Participating men were invited to complete a baseline question-
naire and provide a fasting venous blood sample between 2003
and 2005.

Mortality was determined up to 27 January 2018. There was
some variation in the identification of mortality, based on local
healthcare organisation and the availability and accessibility of

national mortality registers. Several methods were used to retrieve
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mortality data: national mortality registers, contacting the general
practitioner of the participant, contacting the participant or a relative
specified by the participant at recruitment. The specific cause of
death was not available.

Ethical permission for the study was granted by Ethics Commit-
tees in each of the participating countries. All participants provided
written informed consent.

2.1 | Hormones and biochemistry

A single fasting morning (venous blood sample collected before
10:00 AM) was obtained from each participant at baseline.
Testosterone (T) level was measured by liquid chromatography-
mass spectrometry (LC-MS).®> Sex Hormone Binding Globulin (SHBG)
was measured by the Modular E170 platform electrochemilumines-
cence immunoassay (Roche Diagnostics). Free T levels were derived
from total T, SHBG and albumin concentrations by the Vermeulen

formula.® Measurement of total estradiol was carried out by gas

chromatography-tandem mass spectrometry, as described
previously.”
2.2 | Determination of CAG repeat number

Genetic analysis was completed in 2008. DNA extracted from
whole blood was subjected to polymerase chain reaction (PCR) to
amplify the region of the AR gene containing AR exon 1 CAG
trinucleotide repeat. Details of PCR preparation, primers and
conditions are described elsewhere as part of a previous study.®
Genotyping of the CAG repeat was carried out in the laboratory
of the Centre for Integrated Genomic Medical Research (The
University of Manchester), using fluorescently labelled PCR. Ten
nanograms of DNA were amplified in reactions containing
2.5pmol each of fluorescently labelled forward and reverse
primer, 10 PCR buffer, 1.5 mM MgCl,, 0.2 mM dNTPs and 0.2 U
Tag DNA polymerase. The primer sequences were: forward,
5-TCC AGA ATC TGT TCC AGA GCG TGC-3; and reverse, 5-GCT
GTG AAG GTT GCT GTT CCT CAT-3. Reactions were cycled at
95°C for 5min; 10 cycles of 94°C for 10s, 55°C for 30s, and
72°C for 30s; 20 cycles of 89°C for 20s, 55°C for 30's, and 72°C
for 30s; and finally, 72°C for 10 min. Samples were then run on
an ABIPRISM 3100 Genetic Analyser (Applied Biosystems) and
genotyped using Genescan (Applied Biosystems). Allele frequen-
cies were checked for consistency with HapMap data or literature

where possible.
2.3 | Statistical analysis
Cox regression was used to determine the association between

number of CAG repeats and all-cause mortality. Participants
contribute person-time from the date of recruitment and stopped

contributing at their date of death, or 27 January 2018. Based on
previously published thresholds,® CAG repeats were categorised
as <22, 22-23 (reference group) and >23. Analyses were adjusted
for age at recruitment total testosterone, sex hormone binding
globulin (SHBG) and estradiol at baseline.

To determine whether the association between AR CAG
repeats and mortality varied by level of total testosterone, we
categorised total testosterone into tertiles of baseline testoster-
one and repeated the Cox regression analysis for participants in
each of the three tertiles of total testosterone. In the models
stratified by tertile of total testosterone, we adjusted for total
testosterone as a continuous variable.

3 | RESULTS
3.1 | Descriptive characteristics

In total 1977, men were recruited to the study who had both CAG
repeat analysis and mortality data. The mean (standard deviation) age
range at recruitment of the 1977 men who contributed data for the
analysis was 60+ 11.1 years. Mean duration of follow-up was 12.2
years with maximum 14.4 years. Mean baseline total testosterone
level was 17.2 + 6.2 nmol/L. The distribution of baseline serum total
testosterone is shown in Figure 1. During a follow-up period, of up to
14.4 years 497/1977 (25.1%) of men had died. Baseline data are
summarised in Table 1. Further details of the cohort can be found in

Pye et al.

3.2 | CAG repeat distribution

In this group, the highest proportion of CAG repeats occurred for the
21 repeating motif in 325/1977 = 16.4% of individuals). The number
of CAG repeats varied between 6 and 39 (Table 2).

Density

=] T T T T T T

20 30
Total testosterone (nmol/liter)

FIGURE 1 Distribution of baseline serum testosterone.
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TABLE 1 Participant characteristics.
Mean (SD)
Age at recruitment (years) 60.1 (11.1)
Total testosterone (nmol/I)? 17.2 (6.2)
Total oestradiol (pmol/I)® 75.1 (25.8)
Sex hormone-binding globulin (nmol/1) 43.0 (19.4)

2Data on total testosterone available for 1972 men (99.7% of the cohort).
bData on total oestradiol available for 1950 men (99% of the cohort).

“Data on sex hormone-binding globulin available for 1972 men (99.7% of
the cohort).

3.3 | Relation between CAG repeat number and
mortality

Modelling of CAG number as a restricted cubic spline gave the CAG
repeat number 22-23 as associated with the lowest hazard ratio (HR)
for death in the men followed up. Compared with participants in the
reference range of 22-23 CAG repeats, participants with <22 and
>23 CAG repeats, HR for <22 CAG was 1.17 (0.93-1.49) and for >23
CAG repeats was 1.14 (0.88-1.47) (Table 3) for all cause mortality.
Figure 2 shows Kaplan-Meier curve for the unadjusted analysis of
CAG repeat number versus mortality for all 1977 men.

The relation between AR CAG repeats and mortality varied by
tertile of total testosterone at baseline (Table 4). Among those with a
testosterone level in the lower tertile (<14.2 nmol/l), in an unadjusted
model the HR for death among those with <22 and >23 CAG repeats
(compared to reference group of 22-23 CAG repeats) was 1.49
(0.99-2.25) and 1.71 (1.10-2.68), respectively. In a model adjusted
for age at recruitment, total testosterone (as a continuous measure),
total estradiol and SHBG the HR was (compared to reference group
of 22-23 CAG repeats) 1.49 (0.97-2.27) and 1.68 (1.06-2.67) for
<22 and >23 CAG repeats respectively. Thus the hazard ratio only
reached statistical significance for men with >23 CAG repeats in the
lowest tertile of testosterone in both unadjusted and adjusted
models. A similar augmented relation was found for men in the
lowest tertile of circulating free testosterone.

Among those in the middle and upper tertile of testosterone the
HRs were lower and nonsignificant. Substitution of free testosterone
for total testosterone in the models did not materially change the
results. Adjustment for sex hormone binding globulin (SHBG) and/or
estradiol did not materially change the results.

Our previous results were based on data from a single centre
(Manchester).! We looked separately in this analysis at the associa-
tion between the number of CAG repeats and mortality in the
Manchester cohort and in the other five EMAS centres included in
this study. In the Manchester cohort, and using data on mortality to
the censor date (January 2018) compared to men with 22-23 CAG
repeats, the HR (95% ClI) for mortality among men with <22 and >23
CAG repeats, respectively was 1.54 (0.67-3.52) and 1.63 (0.64-4.18)
in a model adjusted for age at recruitment, total testosterone, total

HEALD €T AL
TABLE 2 Distribution of CAG repeats.
Number of CAS repeats n (%)
6 1 (0.05)
7 1 (0.05)
10 1 (0.05)
11 1 (0.05)
12 2(0.1)
14 9 (0.46)
15 8 (0.4)
16 22 (1.11)
17 20 (1.01)
18 101 (5.11)
19 191 (9.66)
20 254 (12.85)
21 325 (16.44)
22 179 (9.05)
23 207 (10.47)
24 244 (12.34)
25 173 (8.75)
26 98 (4.96)
27 58 (2.93)
28 27 (1.37)
29 28 (1.42)
30 13 (0.66)
31 3(0.15)
32 4 (0.2)
33 5(0.25)
34 1 (0.05)
39 1 (0.05)

TABLE 3 Association between number of CAG repeats and all-
cause mortality.

Number of Hazard ratio for mortality (95% confidence interval)

CAG repeats Unadjusted Model 1 Model 2

<22 1.17 1.20 1.16
(0.93-1.49) (0.94-1.53) (0.91-1.48)

22-23 Reference

>23 1.14 1.14 1.10
(0.88-1.47) (0.88-1.48) (0.85-1.44)

Note: Model 1 is adjusted for age at recruitment, total testosterone, total
oestradiol. Model 2 is additionally adjusted for sex hormone-binding
globulin.
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FIGURE 2 Kaplan-Meier plot showing cumulative mortality in
each CAG category: <22 CAG repeats; 22-23 CAG repeats; >23 CAG
repeats. The x-axis is age in years at death.

TABLE 4 Association between number of CAG repeats and all-
cause mortality within each tertile of total testosterone.

Hazard ratio for mortality (95% confidence interval)
Unadjusted Model 1 Model 2

Number of
CAG repeats

Men in lowest tertile of total testosterone (T < 14.175 nmol/l)

<22 1.49 1.53 1.49
(0.99-2.25) (1.01-2.33) (0.97-2.27)

22-23 Reference

>23 1.71 1.70 1.68
(1.10-2.68) (1.07-2.69) (1.06-2.67)

Men in middle tertile of total testosterone (14.175 nmol/

I<T < 18.877 nmol/l)

<22 1.12 1.11 1.07
(0.74-1.69) (0.73-1.69) (0.69-1.63)

22-23 Reference

>23 0.76 0.74 0.72
(0.48-1.20) (0.47-1.18) (0.45-1.15)

Men in highest tertile of total testosterone (T > 18.877)

<22 0.94 0.98 0.96
(0.61-1.45) (0.63-1.51) (0.62-1.49)

22-23 Reference

>23 1.12 1.11 1.08
(0.72-1.76) (0.71-1.74) (0.69-1.70)

Note: Model 1 is adjusted for age at recruitment, total testosterone, total
oestradiol. Model 2 is additionally adjusted for sex hormone-binding
globulin.

estradiol and sex hormone-binding globulin. In the other five centres
included in this study combined (excluding Manchester), compared to
men with 22-23 CAG repeats, the HR (95% Cl) for mortality among
men with <22 and >23 CAG repeats, respectively was 1.45
(0.89-1.48) and 1.09 (0.83-1.43).

In both the Manchester cohort and in the other five centres
combined, the association between the number of CAG repeats and
mortality was strongest among men in the lowest tertile of total
testosterone. In the Manchester cohort, among men in the lowest
tertile of total testosterone, compared to men with 22-23 CAG
repeats, the HR (95% Cl) for mortality among those with <22 and
>23 CAG repeats, respectively was 3.44 (0.72-16.30) and 4.68
(0.88-24.92) in a model adjusted for age at recruitment, total
testosterone, total estradiol and sex hormone-binding globulin. In the
other five centres combined, among men in the lowest tertile of total
testosterone, compared to men with 22-23 CAG repeats, the HR
(95% ClI) for mortality among men with <22 and >23 CAG repeats,
respectively was 1.41 (0.91-2.20) and 1.56 (0.96-2.53) respectively.

4 | DISCUSSION

In this prospective study using data from the EMAS cohort, compared
to those with a CAG repeat number of 22 or 23, among those,
however, in the lower tertile of testosterone level at baseline,
compared to those with CAG repeat number of 22 or 23 there was a
significant increase in mortality among those >23 CAG repeats. In the
cohort as a whole, there was no significant association.

We did not see an association of CAG repeat number with
mortality expect in men in the lowest tertile of testosterone, in
contrast to a previous study looking at the association between CAG
repeat number and mortality in a cohort of men with Type 2 Diabetes
(T2D).2 The reason for this is unclear though one can speculate that
the relative resistance to testosterone action thought to associate
with a higher or lower number of CAG repeats may interact in such a
way with the insulin resistance of T2D, so as to compound the
consequences of insulin resistance.”

Independent associations between AR exon 1 CAG length and
adverse cardiovascular risk factors, such as high LDL-cholesterol,*°
low HDL-cholesterol,’* and high blood pressure®!! have been
demonstrated by other studies. Specifically, the association between
AR exon 1 longer CAG repeat length and low total testosterone
concentrations appears to exert an adjunctive worsening effect on
the metabolic profile.*?>*3 This suggests some level of complexity of
the role of the CAG polymorphism in regulating the relation between
androgen effects and cardiovascular risk factors, which may inform
future risk stratification when considering CAG repeat number.

Page et al* reported that CAG repeat length did not predict
changes in lipid variables over a 14.4-year period of follow-up, suggesting
that the examined cardiovascular risk factors may not be modulated by
the AR polymorphism. This previous study, however, focused on coronary
heart disease whereas our study relates to all case mortality.

Many studies have reported association between low circulating
testosterone and increased cardiovascular risk in men together with
potential benefit of testosterone replacement.}*'> However the
literature on the interaction between CAG repeat number and serum

|.13

testosterone is limited. Haring et a reported that there was no

direct association between CAG repeat length and cardiometabolic
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risk factors in cross-sectional and longitudinal multivariable linear
regression analyses. However, men with longer CAG repeat length
and low testosterone concentrations showed the highest risk of
incident metabolic syndrome (relative risk: 1.51; 95% Cl: 1.05-2.16).
CAG repeat length was found to be a risk factor for incident low
testosterone concentrations and a contributing factor to
testosterone-related cardiometabolic effects. The authors recom-
mended further investigation into the possible added clinical value of
a combined assessment of CAG repeat length and serum testoster-
one concentrations.

Regarding the underlying biological reasons for the effects seen
here, the AR gene is composed of eight exons and is located on X
chromosome at ql11-q12. Exon 1 of the AR gene contains a
polymorphic sequence of CAG repeats, which usually varies in
number from 10 to 35, and which encodes polyglutamine stretches of
the AR transactivation domain.'® The evidence suggests that the
CAG number is negatively correlated with the transcriptional activity
of the ARY”*8 which accords with what we report in relation to the
higher number of CAG repeats >23 being associated with a higher
mortality rate in men with low total testosterone.*’

There are a number of limitations which need to be considered
when interpreting the data. Our findings related to all cause (not
cause-specific) mortality; we did not have any information about
cause-specific mortality in our analysis and further work is needed to
look at potential associations between CAG repeat number and
specifically cardiovascular mortality as well as other causes of death.
However, the reporting system for mortality was robust.

In our analysis, we looked at the association between CAG repeat
length and mortality stratified by tertile of testosterone. The lower tertile
threshold (14.2 nmol/L) was within the currently accepted ‘normal’ range.
It is a limitation that small numbers precluded more detailed assessment
of risk among those with lower testosterone levels and that we only had a
single measurement of testosterone. Further studies are needed more
precisely to define the interaction between CAG repeat number and
circulating testosterone concentration in modulating mortality risk in men.
Finally, our data relate to a predominantly Caucasian population and

should not be generalised.

5 | CONCLUSIONS

Our European-wide cohort data suggests among those with the lowest
tertile of baseline testosterone an association between AR CAG repeat
number and mortality in men. A greater understanding of the interaction
between CAG repeat number and circulating testosterone level may
further our understanding of the endocrine processes that modulate
mortality risk in men as they age, with future implications for risk
stratification in this cohort of patients. We accept that our findings are

exploratory, while they do provide the basis for further studies.
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