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Abstract

Background.—Low vitality is a common symptom of testosterone deficiency; however, clinical
trial results remain inconclusive regarding the responsiveness of this symptom to hormone
replacement.

Aim.—The aim of the present study was to determine if the relationship between circulating
testosterone levels and vitality would be moderated by the CAG repeat length in the Androgen
Receptor (AR) gene, which influences the receptor’s sensitivity to testosterone.

Methods.—We examined 676 men in the Vietnam Era Twin Study of Aging (VETSA) when they
were, on average, 55.4 years old (SD=2.5). Salivary testosterone levels were measured by three
samples collected at waking on three non-consecutive days. The average testosterone level was
classified as low, normal, or high based on 1 SD cut-offs. Analyses were conducted using
multilevel, mixed linear models, which accounted for the non-independence of the twin data, and
adjusted for the effects of age, ethnicity, BMI, chronic health conditions, depressive symptoms,
and sleep quality.
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Outcomes.—Vitality was measured using the SF-36 Vitality subscale.

Results.—We observed a significant interaction between salivary testosterone and AR-CAG
repeat length. When the repeat length was short, men with low testosterone had significantly lower
vitality. As the AR-CAG repeat length increased, the magnitude of the testosterone effect
decreased.

Clinical Translation.—The observed interaction between testosterone and variation in the AR
gene suggests that men with more sensitive androgen receptors, as indicated by a shorter AR-CAG
repeat, are more likely to experience symptoms of age-related testosterone deficiency.

Strengths & Limitations.—Strengths of the present study include our use of a large
community-based sample, the use of multiple testosterone measurements, and the availability of a
comprehensive set of covariates which may impact the association of interest. Limitations include
the homogeneous nature of the sample with respect to ethnicity, the brevity of the SF-36 Vitality
subscale, and our inability to establish change in testosterone levels due to the cross-sectional
nature of data.

Conclusions.—The association between testosterone and vitality appears to be clinically
meaningful, and is in part dependent upon variation in the AR gene.

Keywords

Low Testosterone; Androgen Receptor Gene; Vitality; Age-related Hypogonadism

Introduction

In men, circulating levels of the primary androgen testosterone can begin to decline as early
as the mid-thirties [1-4]. In some cases, this age-dependent decline in testosterone
biosynthesis can lead to the development of symptomatic hypogonadism [5-7]. The possible
symptom presentation of testosterone deficiency is extensive, ranging from decreased libido
to reductions in muscle mass and strength [8]. One of the most common symptoms is the
subjective complaint of decreased energy or loss of vitality [9]. Indeed, among urologic
patients, decreased energy has been shown to be the most commonly reported symptom
associated with low testosterone, and was furthermore perceived to be the symptom most
likely to benefit from medical intervention [10].

Current clinical practice guidelines recommend the treatment of testosterone deficiency with
testosterone replacement therapy (TRT) in order to restore normal testosterone levels as well
as improve overall health and quality of life [8, 11]. Despite these guidelines, it remains
unclear whether TRT is indeed an efficacious treatment for many of the physiological
changes associated with testosterone deficiency in aging men, in particular with regard to
energy level or vitality. In a non-randomized study of over 1,400 hypogonadal men receiving
TRT, subjective ratings of vitality improved substantially over the course of treatment [12].
Smaller studies of similar design have also shown that TRT is associated with improvement
in general health-related quality of life ratings [13, 14]. While these latter studies did not
conduct direct assessments of changes in energy levels, both utilized the Aging Males’
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Symptoms (AMS) scale, which includes items specific to vitality, as well as mood, sexual
functioning, and other symptoms of testosterone deficiency [15].

In contrast to these positive findings, results from the Testosterone Trial, the largest
randomized controlled study of TRT conducted to date, provide at best mixed results for the
impact of testosterone on subjective energy levels [16, 17]. Following a 1-year course of
TRT, investigators did not observe a clinically meaningful difference (defined as a change of
4 or more points) on the FACIT-Fatigue scale [16, 18]. However, a statistically significant
difference between the treatment and placebo groups was observed on a secondary measure,
the Medical Outcomes Study 36-Item Short-Form Health Survey (SF-36) Vitality subscale
[19]. A subsequent meta-analysis of placebo-controlled trials of TRT, which included results
from the Testosterone Trial, suggested no impact of testosterone replacement on vitality,
whereas significant effects were reported for several aspects of sexual functioning [20].

One factor that might account for the inconsistency of the literature is that treatment effects
are being partially obscured due to an interaction between variation in the androgen receptor
(AR) and testosterone level. Testosterone primarily influences peripheral tissues and the
central nervous system by binding to and activating the AR [21, 22]; however, the interplay
of testosterone with the AR is known to differ as a function of a trinucleotide (CAG) repeat
located on exon 1 of the AR gene [23, 24]. Normally distributed, and varying in length from
7 to 36 repeats, this polymorphism of the AR gene is strongly associated with the
transactivational properties of the AR — the shorter the CAG repeat length, the greater the
transactivational effect — meaning that the ligand-dependent effect of the AR on the
transcription of androgen responsive genes differs as a function of the repeat length [25, 26].
This effect provides a mechanisms by which the AR-CAG repeat length can be considered a
genetic marker of testosterone sensitivity. When utilized as a continuous measure, AR-CAG
repeat length has been positively associated with total and free testosterone levels, change in
testosterone over time, body fat mass, bone density, insulin and leptin levels, HDL
cholesterol, as well as depressive symptoms and measures of negative affect [26-33].
Negative associations with the continuous polymorphism have also been reported for
measures of muscle mass, and male infertility [26, 31, 34]. When the polymorphism has
been used as a categorical measure (i.e., the AR-CAG repeat is reclassified into short,
medium, and long variants), men with the longer variant have been found to have a higher
risk of generalized androgen deficiency symptoms compared to men with the shorter variant
[35]. Men with shorter variants of the AR-CAG repeat have also been found to be at higher
risk for prostate cancer relative to men with longer variants [36, 37].

Testosterone by AR-CAG repeat interactions have been reported for a number of outcomes;
however, the directions of the observed interactions, and indeed the interpretations of the
interaction effects, have varied depending upon the outcome measure examined. For
example, the association between testosterone and depressive symptoms has been found to
differ as a function of the AR-CAG repeat such that in men with a shorter repeat length,
testosterone levels were inversely associated with depressive symptoms, while no
association was observed in men with medium or long repeat lengths [38, 39]. In a sample of
adolescent boys (average age 14), testosterone levels were positively associated with levels
of risk taking, dominance, and depression in individuals with a short AR-CAG length, while
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associations were negative in individuals with a long repeat length [40]. The relationship
between testosterone and fat-free body mass has also been shown to differ according to AR-
CAG length; however, in this instance the association became stronger as the repeat length
increased [41]. Similarly, men with low testosterone and a long AR-CAG repeat length
(defined by the authors as greater than or equal to 22) were found to have a greater incidence
of metabolic syndrome compared to men with low testosterone and a short repeat length
(less than 22) [42]. In the case of insulin sensitivity, higher testosterone was associated with
better insulin sensitivity when the AR-CAG repeat was longer (greater than 23), while in
individuals with a shorter AR-CAG repeat (less than 23) higher testosterone was associated
with poorer insulin sensitivity [43]. No significant association was observed for individuals
at the median repeat length of 23.

The present study examined the regulatory effect of the AR-CAG repeat polymorphism on
the relationship between testosterone and vitality in middle-aged men. While the consensus
view is that fewer CAG repeats in the AR gene result in a more active receptor, the available
literature to date provides no clear indication of how this polymorphism in combination with
testosterone level is associated with androgen-sensitive traits. We hypothesized that a
significant interaction would be observed between testosterone and the AR-CAG repeat
length in their association with vitality, such that men with a longer variant of the AR-CAG
repeat (i.e. possessing a more insensitive androgen receptor) will be more prone to reduced
vitality in the context of low testosterone.

2. Materials and Methods

2.1. Participants

Data were collected during wave 1 of the Vietnam Era Twin Study of Aging (VETSA), a
longitudinal study of cognitive and brain aging with baseline in midlife [44, 45]. VETSA
participants were randomly recruited from 3322 twin pairs in the nationally representative
Vietnam Era Twin Registry, a nationally distributed sample of male twin pairs, both of
whom served in the United States military at some point between 1965 and 1975 [46].
Eligibility for the VETSA was conditional on both members of a twin pair agreeing to
participate, and being between the ages of 51 and 59 years at the time of recruitment. In
total, 1237 men participated in wave 1 of the VETSA. Beginning in year three of the
VETSA, funding was obtained to collect neuroendocrine data on the remaining participants
(N=795) [45]. Of these, 676 individuals had data on all other relevant variables and were
included in the present analyses. Participants were community-based, predominantly
Caucasian (89.7%), had an average age of 55.4 years (SD = 2.5, range = 51 to 60), and an
average education of 13.8 years (SD = 2.1). While all VETSA participants served in the
military, the majority (approximately 80%) did not experience combat situations during their
military careers. According to U.S. census data, VETSA participants are similar in lifestyle
and health characteristics to American men in their age range[47].

Participants traveled to either the University of California, San Diego or Boston University
for a daylong series of physical, psychological, and neuropsychological assessments. On

rare occasions (less than 3% of subjects) project staff traveled to the participants in order to
complete the assessments. Approval from local institutional review boards was obtained at
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all participating sites prior to data collection, and all participants provided signed informed
consent upon arriving at the testing site.

Testosterone Collection and Assay—Methods for saliva collection and testosterone
immunoassay have been described in detail elsewhere[45, 48]. Briefly, levels of salivary
testosterone were obtained via saliva specimens collected on two non-consecutive days at
home during a participant’s typical week, as well as on an in-lab assessment day. At-home
specimens were collected roughly two weeks before the assessment day. Specimens were
collected at waking, 30 minutes after waking, 10:00 a.m., 3:00 p.m., and bedtime on all days
in order to capture diurnal changes in the hormones of interest (i.e., cortisol, testosterone,
and DHEAS). Times of specimen collections were recorded by the participant, and were
later confirmed against data from electronic track caps. Once collected, specimens were sent
via overnight mail to the University of California, Davis for assay.

Saliva specimens were centrifuged prior to assay at 3000 rpm for 20 minutes to separate the
aqueous component from mucins and other suspended particles. Concentrations of free
testosterone were determined in duplicate using commercial radioimmunoassay Kits
(Beckman Coulter Inc., formerly Diagnostics Systems Laboratories, Webster, TX). The least
detectable concentrations for the assays were 1.3697 pg/ml (intra-assay coefficient of
variation = 3.141, inter-assay coefficients of variation = 4.878). Data from one to three
individuals were included in each assay batch, and assays were always performed without
knowledge of twin pair zygosity.

Testosterone levels that were greater than 3 SDs above the mean waking measurement were
set to missing in order to remove outliers. Data from participants who reported a lifetime
history of testicular cancer or a non-skin cancer diagnosis (e.g., leukemia, non-Hodgkin’s
lymphoma) within one year of their assessment were excluded, as were data from
participants who reported taking testosterone supplements or other medications known to
alter testosterone levels. Missing data were imputed if a participant had no more than one
missing value on a day. To impute missing data, the full samples’ mean change in each
hormone level between the time-point with the missing value and the adjacent time-point
was calculated. The mean change in testosterone for those two points was then added to or
subtracted from the participant’s non-missing time-point [48]. Imputations were performed
for less than 1% of all available hormone measurements. Cronbach’s Alphas for the five
measurement times across the three assessment days ranged from 0.69 for the bedtime
measurement to 0.81 for the waking measurement. Coefficients of variation, an indicator of
intra-individual variability, ranged from 21.82 at waking to 28.58 at bedtime. Given its
superior reliability and lowest intra-individual variability across the assessment days, we
utilized the average waking testosterone measurement for all analyses. Measures of
reliability and intra-individual variability for each assessment time are presented in
Supplemental Table 1. Once data cleaning was complete, testosterone levels were available
for 765 participants. We created a categorical testosterone measure in order to allow us to
compare vitality levels in men with low testosterone relative to men with normal or high
testosterone. Low testosterone was defined as being at least 1 SD below the mean for the
average waking value for all participants (89.1 pg/ml). Based on this definition, 15.2% of the
sample was defined as having low testosterone. High testosterone was defined as being at
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least 1 SD above the mean for the average waking value for all participants (186.3 pg/ml),
and resulted in 13.4% of the participants being placed in this category. All other participants
were classified as having normal testosterone.

2.2. Androgen Receptor Genotype

The trinucleotide (CAG) repeat polymorphism in the AR gene was determined using an ABI
PRISM 3100 genetic analyzer (Applied Biosystems, Foster City, CA, USA) with
fluorescently labeled oligonucleotides and an internal standard (ROX 500) following the
method protocol described by Akinloye and colleagues[49]. DNA were obtained from whole
blood that was collected at the time of the in-lab assessment and stored for future use. To
determine the number of repeats, a 25 pl polymerase chain reaction (PCR) reaction was
performed with 12.7 pl of water, 2.5 pl of buffer (1.5 mM MgCI2), 5 ul Q-solution, 0.3 ul of
Gold Tag (5 U/ul), 1 ul of deoxynucleotide mixture (10 mM), 1 ul each of both forward and
reverse primer and 1.5 pl genomic DNA subjected to 30 cycles of PCR amplification. The
CAG primers were 5’-TCC AGA ATC TGT TCC AGA GCG TGC-3’ and 5’-GCT GTG
AAG GTT GCT GTT CCT CAT-3’. PCR amplification was performed under the following
conditions: 94 C for 45 sec, 59 C for 30 sec and 72 C for 1 minute using the ABI Veriti
Thermocycler. PCR products were separated by capillary electrophoresis in a POP-4 (4%
poly-dimethylacrylamide, 8 M urea, 5% 2-pyrrolidinone) gel. Allele assignment was done
on an ABI 3100 genetic analyzer with ABI Genotype software after addition of the internal
standard Genescan ROX 500 to the probe (all from Applied Biosystem, Foster City, CA,
USA). Each run incorporated probes from previously sequenced DNA as positive controls.
The output data was analyzed with GeneScan Analysis software and Genotyper software
(Applied Biosystems) to determine the number of CAG repeats. Of the 765 VETSA
participants with analyzable testosterone data, DNA for AR genotyping was available for
717 individuals. Consistent with the literature on the AR CAG repeat [24, 26], the median
repeat length for the sample was 22, and the range was 8-37 (see Figure 1).

2.3. Assessment of Vitality

Participants completed a questionnaire packet prior to the in-lab assessment day that
included the SF-36 [19]. The SF-36 Vitality subscale reflects participants’ levels of energy
and fatigue over the past four weeks on four Likert-scale items. Low scores indicate that the
individual “feels tired and worn out”, whereas high scores indicate that the individual feels
“full of pep and energy”. The scale has been shown to be sensitive to conditions such as
depression, chronic obstructive pulmonary disease, and anemia, with 5-10 point differences
between groups representing clinically meaningful effects [50]. Due to negative skewness of
the measure, raw scores were subtracted from the maximum value plus one, and were then
square-root transformed. The resulting value was multiplied by negative one in order to
maintain a positive correlation with the original raw score.

2.4. Covariates

All analyses adjusted for the potential confounding effects of age, race/ethnicity, body mass
index (BMI), chronic health conditions, overall sleep quality, and depressive symptoms.
Covariates were selected based on established associations with testosterone level, AR-CAG
repeat length, as well as potential direct or indirect effects on vitality. Because African
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Americans have been shown to have a slightly shorter AR-CAG repeat length [24, 26],
participants were classified as African American or Non-African American. This latter
group included participants who identified as white non-Hispanic, as well as Hispanic or
Latino. BMI was calculated as weight (kg) divided by height squared (m?) based on
objective measurements obtained on the in-lab assessment day. Chronic health conditions
were assessed through an in-person medical history interview. Each participant was asked
whether a physician had ever told him he had any of 49 medical conditions/illnesses. A
composite score reflecting 16 chronic major health problems known to negatively influence
mortality was then created based on items from the Charlson Comorbidity Index [51]. Sleep
quality was assessed with the Pittsburgh Sleep Quality Index (PSQI), a well-validated
measure of sleep quality and disturbance over the preceding month [52]. The PSQI consists
of 19 items assessing sleep quality, latency, duration, efficiency, disturbance, use of sleep
medications, and daytime dysfunction. We utilized the global score from the PSQI as an
overall measure of sleep quality. Depressive symptoms were assessed with the Center for
Epidemiological Studies Depression Scale (CES-D) [53]. The CES-D consists of 20 items
relating to the frequency of specific moods and behaviors over the past week. Because the
CES-D contains items addressing the somatic manifestations of depression, which would be
expected to correlate strongly with vitality, we utilized the 7 mood-specific elements of the
instrument and excluded other items. Scores range from 0 to 21, with higher scores
indicating more severe depressive symptoms.

2.5. Statistical Analyses

Analyses were conducted using multilevel, mixed linear models in SAS (SAS Proc Mixed,
SAS version 9.3), which allowed for the use of data from all available participants while
correcting for the non-independence of the observations (i.e., twin clustering). Each
hormone assay batch was assigned a unique identification number (referred to as batch ID)
so that we could further control for any potential clustering introduced by the laboratory
procedures. Both family (twin clustering) and batch were entered into the model as random
effects. Significant main and interaction effects were determined using type 111 test of fixed
effects, indicating the unique association of each element of the model independent of the
others. Significance level was set at alpha = 0.05 for all main and interaction effects. In order
to assist with the interpretation of results, the transformed vitality score was standardized to
a mean of 0 and a variance of 1.0 prior to analysis.

3. Results

Characteristics of the VETSA subsample with testosterone data, as well as differences
among the low, normal and high testosterone groups are presented in Table 1. After
accounting for missing data among our covariates, data were available for 676 participants in
total, 103 with low testosterone, 484 with normal testosterone, and 89 who were classified as
having high testosterone. The average free testosterone levels for the groups were 74.1 pg/ml
(SD=13.4), 134.2 pg/ml (SD=25.3), and 227.8 pg/ml (SD=35.1), respectively.

There were significant main effects of testosterone on AR-CAG repeat length, sleep and
vitality. Participants with low testosterone had poorer overall sleep quality (p = .03), and
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reported lower vitality scores (p = .03). The high testosterone group had longer AR-CAG
repeat length relative to the low and normal testosterone groups (p < .01). The AR-CAG
repeat length was significantly, positively, associated with testosterone level (p <.01), but
was not related to any of the selected covariates or vitality. All of the covariates had a
significant association with vitality.

Results from the mixed effects models, both with and without the interaction effect, are
presented in Table 2. After controlling for all covariates we observed a significant interaction
effect between testosterone and AR-CAG repeat length (p = .03). The main effects of
testosterone and the AR-CAG repeat were themselves not significant. The nature of the
interaction is such that when the CAG repeat length is short, testosterone has a significant
negative association with the Vitality subscale. As the CAG repeat length increases, the
association between testosterone and Vitality is lost. A representation of the interaction is
presented in Figure 2. For purposes of illustration, we created three categories representing
participants with 20 or fewer CAG repeats (short), 21 and 23 repeats (middle), and 24 or
more repeats (long). Raw (untransformed) Vitality subscale scores are presented in order to
ease interpretation of the results. In the low testosterone group, AR CAG repeat length was
significantly associated with vitality. Participants with low testosterone and short repeat
lengths (20 or fewer) had significantly lower vitality scores relative to participants with low
testosterone and long repeat lengths (24 or more, p =.015). In both the middle or long repeat
length groups, we observed no effect of testosterone on vitality (p = .868; p=.325,
respectively).

4. Discussion

Decreased energy or loss of vitality is a common symptom of age- or disease-related
testosterone deficiency [9]. Despite the prominence of this view, neither the role of
testosterone in governing the magnitude of diminished vitality in community-based samples
of older men, nor the role of genetically determined androgen receptor sensitivity in the
efficacy of TRT for energy-related complaints has been carefully investigated [12-14, 16]. In
the present study we found a significant interaction effect between CAG repeat length in the
AR gene and salivary testosterone levels with regard to self-reported vitality. Counter to our
hypothesis, we found that at middle or high levels of testosterone, differences in the AR
gene CAG repeat polymorphism were not associated with vitality, but when testosterone was
low, having a longer CAG repeat length was significantly associated with greater vitality.
Thus, an adequate level of testosterone may be enough to compensate for differences that
may be due to AR CAG repeat length. However, individuals who may have some
testosterone deficiency appear to be more strongly affected by differences in AR CAG repeat
length. This interaction effect was observed after accounting for the potential confounding
effects of chronic health conditions, BMI, sleep quality, and depressive mood symptoms, all
of which may impact ratings of vitality and have been associated with testosterone
deficiency. It should be noted that in what may be considered the more standard analysis,
one that only included main effects but no interactions, neither testosterone nor AR-CAG
repeat length was associated with vitality. Thus, our results show that the relationship
between testosterone and vitality is obscured if the interaction between testosterone and the
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AR polymorphism is not considered. More specifically, it obscures that relationship in
individuals with low testosterone.

The present finding may initially appear counterintuitive, indeed it is inconsistent with our
initial hypothesis; however, the nature of our observed interaction effect is nevertheless
consistent with previous reports of testosterone by AR-CAG repeat interactions in relation to
overall depressive symptoms in men [38, 39]. In those studies, men with low testosterone
levels and shorter AR-CAG repeat lengths had greater likelihoods of clinically meaningful
depressive symptoms, as measured by the CES-D, in comparison to men with similar
testosterone levels and longer AR-CAG variants. Somatic complaints that are consistent with
loss of energy or decreased vitality are a common feature of depression. As previously
noted, the CES-D employs several items that target the somatic aspects of depression, items
that were removed from the scale for the present analyses. It is possible that the similarity in
the interaction effects observed in prior studies of depression and the present study reflect
this commonality between measures of depression and vitality. The direction of the
interaction effect for vitality and for depression is also consistent with studies of TRT for
metabolic markers, sexual functioning, and prostrate growth (see below).

Studies that have examined the interaction between testosterone and the AR-CAG repeat in
relation to measures of body composition (fat free mass and fat mass) and metabolic
functioning (insulin sensitivity and metabolic syndrome) have found effects that go in the
opposite direction of the present result [29, 41, 43]. In other words, lower testosterone levels
were associated with poorer health outcomes when the AR-CAG repeat was longer rather
than shorter. The authors argued that a more active AR (i.e., one with a shorter CAG repeat
length) will be more able to utilize available testosterone, resulting in fewer functional
changes when the hormone level becomes reduced [54]. Our finding and the aforementioned
depression study run counter to this hypothesis, and suggest that, at least with regard to
vitality or depression, men with both low testosterone and putatively greater androgen
sensitivity are be more likely to show the symptoms of age- or disease-related testosterone
deficiency.

The conflicting results represent a challenge in terms of understanding how the interaction
between testosterone and the AR-CAG repeat may impact health and disease. To date, the
interaction has been examined in so few studies that it is difficult to discern a clear pattern of
effects and whether there are similarities among the domains that show an effect in one
direction versus another. Additional studies are clearly warranted in order to increase the
number of data points in this regard. It has also been established that androgens and AR
signaling have tissue- and cell-specific actions, and that after binding with its ligand the AR
can either activate or repress androgen responsive genes [55-57]. The linear effect of the
AR-CAG repeat on transcriptional activity of the AR has also been called into question, with
some evidence suggesting that median rather than short repeat length may result in optimal
receptor activity [58]. Finally, a factor that is important to keep in mind is that the
conceptual model for the interaction between testosterone and variation with the AR gene
(represented here and in other studies as the AR-CAG repeat length) is biologically
incomplete, as it does not include the possible contributions of AR co-regulators. In addition
to the AR-CAG repeat length, the AR’s activity is influenced by a class of proteins known as
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nuclear receptor co-regulators [59-61]. These proteins function to either increase or decrease
the transactivational properties of the receptor, similar to effects of the AR-CAG repeat
length[62]. A potential explanation for the disparate results may be that the so far
unaccounted for AR co-regulators are differentially expressed across functional domains,
and as a result may alter the way in which testosterone and the AR interact with each other.

While not a demonstration of TRT efficacy, we believe that the findings from the present
study have implications for the use of testosterone replacement as a form of treatment.
Within our low testosterone group, substantial differences in vitality levels were observed as
a function of the AR-CAG repeat. These differences were statistically significant, and were
also clinically meaningful (10 point difference) for the SF-36 Vitality subscale [50]. Based
on these differences, we speculate that when it comes to the treatment of energy- or vitality-
related complaints, low testosterone individuals with shorter AR-CAG repeat lengths may be
the most likely to benefit from TRT. Results from a handful of TRT studies lend support to
this speculation. In a small study (N=15) of men with postsurgical hypogonadeotropic
hypogonadism (i.e., testosterone deficiency that is secondary to removal of pituitary
adenoma), shorter AR-CAG repeat length was associated with improvement on a number of
metabolic markers following TRT [63]. In a separate, larger sample (N=73) of men with
late-onset hypogonadism, shorter AR-CAG repeat length was associated with improvements
in sexual functioning following TRT [64]. Finally, in hypogonadal men undergoing TRT, a
shorter AR-CAG repeat length was associated with greater rate of prostate growth and
prostate size [65]. It remains to be seen whether the evaluation of TRT effects based on AR-
CAG repeat length would generate similar patterns of results for all outcomes of interest. As
previously noted, tests of the interaction between testosterone and the AR polymorphism
have shown that different associations with the hormone can be observed at long and short
repeat lengths, with opposing patterns about equally split among studies [38, 39, 41-43, 66].
While additional research is clearly warranted, our current results as well as the findings
from previous studies strongly argue for the inclusion of the AR-CAG repeat as a critical
moderating factor in any examination of TRT.

It is worth noting that our definition of low testosterone is based on a statistical cut-off (1 SD
or more below the mean for the average waking value) and not an established clinical
threshold. Nevertheless, the rate of low testosterone we obtained with this definition (15.2%)
is well within the range of reported prevalence rates of age-related or late onset
hypogonadism [5, 6]. Despite the abundance of interest in hypogonadism as a prominent and
potentially treatable condition of male aging, epidemiological data regarding the condition
are lacking. Thus, it remains unclear whether our rates are an under- or over-estimate of low
testosterone for men in this age range. It is also the case that we utilized saliva-based
measures of testosterone rather than blood-based measurements of total or bioavailable
testosterone. Indeed, salivary testosterone has been found to correlate .71 with serum-based
measures of free testosterone [67]. While this fact may limit the degree to which our results
can be directly compared to those from other studies, we believe that our method of
testosterone measurement represents an important strength of the present study. Our measure
of testosterone was based on an average of measurements taken on three non-consecutive
days, which would make our definition of low testosterone more reliable than one based on a
single assessment. The use of free testosterone rather than total testosterone should also be
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considered advantageous, as findings from the European Male Aging Study (EMAS) have
shown that free testosterone is associated with symptoms of testosterone deficiency,
including lower vitality, even among men with otherwise normal total testosterone levels
[68].

Results from the present study should be considered in the context of the following
limitations. The VETSA is a relatively homogenous sample with respect to ethnicity, and we
cannot rule out that differences in the AR-CAG repeat, as well as its impact on the AR itself
may differ across different ethnic groups. The SF-36 Vitality subscale is brief, consisting of
only 4 Likert-scale items. Nevertheless, this subscale of the SF-36 is well validated and
widely used, and we did observe clinically meaningful differences on this measure. Finally,
it is also the case that the cross-sectional nature of our data limits our ability to determine
whether our observed testosterone levels are indeed the result of age-related changes, or are
long standing.

5. Conclusion

Within a community-based sample of middle-aged men, we found evidence for a clinically
meaningful association between testosterone and self-reported vitality, but only after
accounting for the interaction between testosterone and variation in the AR gene. Contrary
to predictions, an association between vitality and testosterone level was observed for men
with a shorter AR-CAG repeat length, suggesting that men with a more testosterone-
sensitive AR may be more likely to experience symptoms associated with age-related
testosterone declines. Accounting for this critical interaction effect may have implications
for the efficacy of TRT in men with age-related hypogonadism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This material was, in part, the result of work supported with resources of the Center of Excellence for Stress and
Mental Health at the VA San Diego Healthcare System. The content is solely the responsibility of the authors and
does not represent official views of NIH, or the Veterans” Administration. The Cooperative Studies Program of the
U.S. Department of Veterans Affairs provided financial support for development and maintenance of the Vietnam
Era Twin Registry. The U.S. Department of Veterans Affairs, Department of Defense; National Personnel Records
Center, National Archives and Records Administration; Internal Revenue Service; National Opinion Research
Center; National Research Council, National Academy of Sciences; the Institute for Survey Research, Temple
University provided invaluable assistance in the conduct of the VET Registry. Most importantly, the authors
gratefully acknowledge the continued cooperation and participation of the members of the VET Registry and their
families. Without their contribution this research would not have been possible. We also appreciate the time and
energy of many staff and students on the VETSA projects.

Funding
This work was supported by National Institute on Aging Grants KO8 AG047903, R01 AG056410, R01 AG0050595,

RO1s AG022381, R0O1 AG022982, as well as a Merit Review grant (5101BX001566) from the Department of
Veterans Affairs.

J Sex Med. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panizzon et al.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Page 12

Ferrini RL and Barrett-Connor E, Sex hormones and age: a cross-sectional study of testosterone and
estradiol and their bioavailable fractions in community-dwelling men. American Journal of
Epidemiology, 1998 147: p. 750-754. [PubMed: 9554416]

. Harman SM, et al., Longitudinal effects of aging on serum total and free testosterone levels in

healthy men. Baltimore Longitudinal Study of Aging. The Journal of Clinical Endocrinology and
Metabolism, 2001 86: p. 724-731. [PubMed: 11158037]

. Feldman HA, et al., Age trends in the level of serum testosterone and other hormones in middle-

aged men: Longitudinal results from the Massachusetts male aging study. J Clin Endocrinol Metab,
2002 87: p. 589-598. [PubMed: 11836290]

. Muller M, et al., Endogenous sex hormones in men aged 40-80 years. European Journal of

Endocrinology, 2003 149: p. 583-589. [PubMed: 14641001]

. Araujo AB, et al., Prevalence and incidence of androgen deficiency in middle-aged and older men:

estimates from the Massachusetts Male Aging Study. The Journal of Clinical Endocrinology and
Metabolism, 2004 89: p. 5920-5926. [PubMed: 15579737]

. Mulligan T, et al., Prevalence of hypogonadism in males aged at least 45 years: the HIM study.

International Journal of Clinical Practice, 2006 60: p. 762—769. [PubMed: 16846397]

. Wu FC, et al., Identification of late-onset hypogonadism in middle-aged and elderly men. New

England Journal of Medicine, 2010 363: p. 123-135. [PubMed: 20554979]

. Bhasin S, et al., Testosterone Therapy in Men With Hypogonadism: An Endocrine Society Clinical

Practice Guideline. Journal of Clinical Endocrinology and Metabolism, 2018.

. Baillargeon J, et al., Trends in androgen prescribing in the United States, 2001 to 2011. JAMA

Internal Medicine, 2013 173: p. 1465-1466. [PubMed: 23939517]

. Gilbert K, et al., Gaps in Patient Knowledge About Risks and Benefits of Testosterone
Replacement Therapy. Urology, 2017 103: p. 27-33. [PubMed: 28238756]

Morgentaler A, et al., Fundamental Concepts Regarding Testosterone Deficiency and Treatment:
International Expert Consensus Resolutions. Mayo Clin Proc, 2016 91(7): p. 881-96. [PubMed:
27313122]

Zitzmann M, et al., IPASS: a study on the tolerability and effectiveness of injectable testosterone
undecanoate for the treatment of male hypogonadism in a worldwide sample of 1,438 men. J Sex
Med, 2013 10: p. 579-588. [PubMed: 22812645]

Almehmadi Y, et al., Testosterone replacement therapy improves the health-related quality of life
of men diagnosed with late-onset hypogonadism. Arab Journal of Urology, 2016 14: p. 31-36.
[PubMed: 26966591]

Haider KS, et al., Long-Term Testosterone Therapy Improves Urinary and Sexual Function, and
Quality of Life in Men with Hypogonadism: Results from a Propensity Matched Subgroup of a
Controlled Registry Study. Journal of Urology, 2018 199: p. 257-265. [PubMed: 28728990]
Heinemann LA, Aging Males’ Symptoms scale: a standardized instrument for the practice. J
Endocrinol Invest, 2005 28(11 Suppl Proceedings): p. 34-38.

Snyder PJ, et al., Effects of Testosterone Treatment in Older Men. New England Journal of
Medicine, 2016 374: p. 611-624. [PubMed: 26886521]

Snyder PJ, et al., Lessons from the Testosterone Trials. Endocrine Reviews, 2018.

Meysami A, et al., The Functional Assessment of Chronic Iliness Therapy - Fatigue (FACIT-
Fatigue Subscale): Validity and Reliability of the Iranian Version. Oncology Research and
Treatment, 2017 40: p. 789-793. [PubMed: 29183033]

Ware JE and Sherbourne CD, The MOS 36-item Short-Form Health Survey (SF-36): I. Conceptual
framework and item selection. Medical Care, 1992 30: p. 473-483. [PubMed: 1593914]

Ponce OJ, et al., The efficacy and adverse events of testosterone replacement therapy in
hypogonadal men: A systematic review and meta-analysis of randomized, placebo-controlled
trials. Journal of Clinical Endocrinology and Metabolism, 2018 103: p. 1745-1754.

Li J and Al-Azzawi F, Mechanism of androgen receptor action. Maturitas, 2009 63: p. 142-148.
[PubMed: 19372015]

J Sex Med. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panizzon et al.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 13

Bennett NC, et al., Molecular cell biology of androgen receptor signalling. Int J Biochem Cell Biol,
2010 42(6): p. 813-827. [PubMed: 19931639]

Choong CS and Wilson EM, Trinucleotide repeats in the human androgen receptor: a molecular
basis for disease. Journal of Molecular Endocrinology, 1998 21: p. 235-257. [PubMed: 9845666]

Casella R, et al., Significance of the polyglutamine tract polymorphism in the androgen receptor.
Urology, 2001 58: p. 651-656. [PubMed: 11711330]

Chamberlain NL, Driver ED, and Miesfeld RL, The length and location of CAG trinucleotide
repeats in the androgen receptor N-terminal domain affect transactivation function. Nucleic Acids
Res, 1994 22: p. 3181-3186. [PubMed: 8065934]

Zitzmann M and Nieschlag E, The CAG repeat polymorphism within the androgen receptor gene
and maleness. International Journal of Andrology, 2003 26: p. 76-83. [PubMed: 12641825]

Krithivas K, et al., Evidence that the CAG repeat in the androgen receptor gene is associated with
the age-related decline in serum androgen levels in men. Journal of Endocrinology, 1999 162: p.
137-142. [PubMed: 10396030]

Crabbe P, et al., Part of the interindividual variation in serum testosterone levels in healthy men
reflects differences in androgen sensitivity and feedback set point: contribution of the androgen
receptor polyglutamine tract polymorphism. Journal of Clinical Endocrinology and Metabolism,
2007 92: p. 3604-3610. [PubMed: 17579205]

Haring R, et al., The androgen receptor CAG repeat polymorphism as a risk factor of low serum
testosterone and its cardiometabolic effects in men. International Journal of Andrology, 2012 35:
p. 511-520. [PubMed: 21950564]

Huhtaniemi IT, et al., Increased estrogen rather than decreased androgen action is associated with
longer androgen receptor CAG repeats. Journal of Clinical Endocrinology and Metabolism, 2009
94: p. 277-284. [PubMed: 18840639]

Nielsen TL, et al., The impact of the CAG repeat polymorphism of the androgen receptor gene on
muscle and adipose tissues in 20—29-year-old Danish men: Odense Androgen Study. European
Journal of Endocrinology, 2010 162: p. 795-804. [PubMed: 20133446]

Sanar JS and Hampson E, Testosterone levels and androgen receptor gene polymorphism predict
specific symptoms of depression in young men. Gender Medicine, 2012 9: p. 232-243. [PubMed:
22728214]

Schneider G, et al., Depressive symptoms in men aged 50 years and older and their relationship to
genetic androgen receptor polymorphism and sex hormone levels in three different samples. AmJ
Geriatr Psychiatry, 2011 19: p. 274-283. [PubMed: 20808127]

Xiao F, et al., Impact of CAG repeat length in the androgen receptor gene on male infertility - a
meta-analysis. Reprod Biomed Online, 2016 33: p. 39-49. [PubMed: 27157932]

Liu CC, et al., The impact of androgen receptor CAG repeat polymorphism on andropausal
symptoms in different serum testosterone levels. Journal of Sexual Medicine, 2012 9: p. 2429-
2437. [PubMed: 22429282]

Giovannucci E, et al., The CAG repeat within the androgen receptor gene and its relationship to
prostate cancer. Proc Natl Acad Sci U S A, 1997 94: p. 3320-3323. [PubMed: 9096391]

Sun JH and Lee SA, Association between CAG repeat polymorphisms and the risk of prostate
cancer: a meta-analysis by race, study design and the number of (CAG)n repeat polymorphisms.
Int J Mol Med, 2013 32: p. 1195-1203. [PubMed: 23982466]

Seidman SN, et al., Testosterone level, androgen receptor polymorphism, and depressive symptoms
in middle-aged men. Biological Psychiatry, 2001 50: p. 371-376. [PubMed: 11543741]
Colangelo LA, et al., Total testosterone, androgen receptor polymorphism, and depressive
symptoms in young black and white men: the CARDIA Male Hormone Study.
Psychoneuroendocrinology, 2007 32: p. 951-958. [PubMed: 17659846]

Vermeersch H, et al., Testosterone, androgen receptor gene CAG repeat length, mood and
behaviour in adolescent males. European Journal of Endocrinology, 2010 163: p. 319-328.
[PubMed: 20479013]

Lapauw B, et al., Is the effect of testosterone on body composition modulated by the androgen
receptor gene CAG repeat polymorphism in elderly men? European Journal of Endocrinology,
2007 156: p. 395-401. [PubMed: 17322500]

J Sex Med. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panizzon et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 14

Haring R, et al., The androgen receptor CAG repeat polymorphism as a risk factor of low serum
testosterone and its cardiometabolic effects in men. International Journal of Andrology, 2011 35:
p. 511-520. [PubMed: 21950564]

Mohlig M, et al., Androgen receptor CAG repeat length polymorphism modifies the impact of
testosterone on insulin sensitivity in men. European Journal of Endocrinology, 2011 164: p. 1013—
1018. [PubMed: 21444647]

Kremen WS, et al., Genes, environment, and time: The Vietnam Era Twin Study of Aging
(VETSA). Twin Res Hum Genet, 2006 9: p. 1009-1022. [PubMed: 17254445]

Kremen WS, Franz CE, and Lyons MJ, VETSA: The Vietnam Era Twin Study of Aging. Twin
Research and Human Genetics, 2013 16: p. 399-402. [PubMed: 23110957]

Goldberg J, et al., The Vietnam Era Twin Registry. Twin Research and Human Genetics, 2002 5: p.
476-481.

Schoenborn CA and Heyman KM, Health characteristics of adults aged 55 years and over: United
States, 2004-2007. National Health Statistics Reports, 2009(16).

Panizzon MS, et al., Genetic and environmental influences of daily and intra-individual variation in
testosterone levels in middle-aged men. Psychoneuroendocrinology, 2013 38: p. 2163-2172.
[PubMed: 23639251]

Akinloye O, et al., Androgen receptor gene CAG and GGN polymorphisms in infertile Nigerian
men. Journal of Endocrinological Investigations, 2009 32: p. 797-804.

Bjorner JB, et al., Interpreting score differences in the SF-36 Vitality scale: using clinical
conditions and functional outcomes to define the minimally important difference. Current Medical
Research and Opinions, 2007 23: p. 731-739.

Charlson M, et al., Validation of a combined comorbidity index. Journal of Clinical Epidemiology,
1994 47: p. 1245-12451. [PubMed: 7722560]

Buysse DJ, et al., The Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice
and research. Psychiatry Research, 1989 28: p. 193-213. [PubMed: 2748771]

Radloff LS, The CES-D scale: A self-report depression scale for research in the general population.
Applied Psychological Measurement, 1977 1: p. 385-401.

Schneider G, et al., Aging males’ symptoms in relation to the genetically determined androgen
receptor CAG polymorphism, sex hormone levels and sample membership.
Psychoneuroendocrinology, 2010 35: p. 578-587. [PubMed: 19804943]

Davey RA and Grossmann M, Androgen Receptor Structure, Function and Biology: From Bench
to Bedside. Clinical Biochemistry Reviews, 2016 37: p. 3-15.

Pihlajamaa P, Sahu B, and Janne OA, Determinants of Receptor- and Tissue-Specific Actions in
Androgen Signaling. Endocrine Reviews, 2015 36: p. 357-384. [PubMed: 26052734]

Grosse A, Bartsch S, and Baniahmad A, Androgen receptor-mediated gene repression. Molecular
and Cellular Endocrinology, 2012 352(1-2): p. 46-56. [PubMed: 21784131]

Nenonen H, et al., CAG repeat number is not inversely associated with androgen receptor activity
in vitro. Mol Hum Reprod, 2010 16: p. 153-157. [PubMed: 19884136]

Tetel MJ, Nuclear receptor coactivators in neuroendocrine function. Journal of
Neuroendocrinology, 2000 12: p. 927-932. [PubMed: 10971818]

Heinlein CA and Chang C, Androgen receptor (AR) coregulators: an overview. Endocr Rev, 2002
23: p. 175-200. [PubMed: 11943742]

Charlier TD, Importance of steroid receptor coactivators in the modulation of steroid action on
brain and behavior. Psychoneuroendocrinology, 2009 34 Suppl 1: p. S20-S29. [PubMed:
19524371]

McKenna NJ, et al., Nuclear receptor coactivators: multiple enzymes, multiple complexes, multiple
functions. J Steroid Biochem Mol Biol, 1999 69: p. 3-12. [PubMed: 10418975]

Tirabassi G, et al., Androgen Receptor Gene CAG Repeat Polymorphism Regulates the Metabolic
Effects of Testosterone Replacement Therapy in Male Postsurgical Hypogonadotropic
Hypogonadism. Int J Endocrinol, 2013 2013: p. 816740. [PubMed: 24454369]

Tirabassi G, et al., Influence of CAG Repeat Polymorphism on the Targets of Testosterone Action.
International Journal of Endocrinology, 2015 2015: p. 298107. [PubMed: 26421011]

J Sex Med. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Panizzon et al.

65.

66.

67.

68.

Page 15

Zitzmann M, et al., Prostate volume and growth in testosterone-substituted hypogonadal men are
dependent on the CAG repeat polymorphism of the androgen receptor gene: a longitudinal
pharmacogenetic study. Journal of Clinical Endocrinology and Metabolism, 2003 88: p. 2049—
2054. [PubMed: 12727953]

Liu CC, et al., The interaction of serum testosterone levels and androgen receptor CAG repeat
polymorphism on the risk of erectile dysfunction in aging Taiwanese men. Andrology, 2015 3: p.
902-908. [PubMed: 26216079]

Keevil BG, et al., Salivary testosterone measurement by liquid chromatography tandem mass
spectrometry in adult males and females. Annals of Clinical Biochemistry, 2014 51: p. 368-378.
[PubMed: 24194586]

Antonio L, et al., Low Free Testosterone Is Associated with Hypogonadal Signs and Symptoms in
Men with Normal Total Testosterone. Journal of Clinical Endocrinology and Metabolism, 2016
101: p. 2647-2657. [PubMed: 26909800]

J Sex Med. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Panizzon et al.

Percent

30

16 4

10

Page 16

e

g M 13 45 4 M9 M 23 95 A7 29 N 33 35
Androgen Receptor Gene Trinucleotide (CAG) Repeat Length
Figure 1.

Distribution of Androgen Receptor Gene CAG repeat length in the Vietnam Era Twin Study
of Aging (VETSA) sample.
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Table 1.

Sample characteristics and differences between testosterone groups

Page 18

Full Sample (N = Low Testosterone (N = Normal Testosterone High Testosterone (N =
676) (N = 484) 89 P
Age (years) 56.4 (2.6) 56.8 (2.5) 56.4 (2.6) 56.0 (2.6) .06
Race (% African American) 4.3% 4.9% 5.0% 0.0% 13
BMI (kg/m?) 29.2 (4.8) 30.0 (5.3) 29.2 (4.7) 28.6 (4.7) 15
Health Conditions 1.0(1.1) 1.3(1.2) 1.0(1.1) 1.1(11) 13
PSQI Sleep Quality 5.1 (3.5) 5.9 (4.1) 5.0 (3.5) 4.8 (2.8) 03
g;rﬂrstsjr';’se Mood 18(3.0) 22(34) 173.1) 18(27) 31
ﬁg’;{j‘sgtgrgﬁ'e“ggml) 137.5 (48.5) 741 (13.4) 134.2 (25.3) 227.8 (35.1) <01
AR CAG Repeat Length 22.2(3.3) 22.1(3.0) 22.0(3.4) 23.4(3.0) <.01
SF-36 Vitality Score 62.1 (19.0) 58.5 (21.6) 63.3 (18.7) 59.91 (16.6) 03

Reported p values are based on mixed effects models comparing the low, normal, and high testosterone groups, while accounting for the correlated

nature of the twin data. For ease of group comparison, vitality scores are presented on their raw scale. Standard deviations are presented in

parentheses.
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Mixed model results for associations with SF-36 Vitality with and without the testosterone by AR-CAG repeat

interaction

No Interaction Model Interaction Model

F DF p F DF p
Age 047 1,290 4931 0.27 1,288  .6055
Race 1061 1,290 .0013 10.21 1,288 .0016
Health Conditions 12.34 1,290 .0005 1249 1,288 .0005
BMI 66.21 1,290 <.0001 68.13 1,288 <.0001
PSQT Sleep Quality 11.85 1,290 .0007 13.88 1,288  .0002
Depressive Mood Symptoms 33.63 1,290 <.0001 3339 1,288 <.0001
AR-CAG Repeat Length 207 1,290 .1510 337 1,288 .0674
Testosterone 205 2,290 .1312 136 2,288  .2572
Testosterone x AR-CAG Repeat -- -- - 350 2,288 .0314

Fand pvalues indicate the type I11 test of fixed effects, controlling for all other elements of the model.
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