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Context: T replacement is being increasingly offered to older men with age-related low T; hence,
monitoring prostate health is important during T therapy. Data suggest that estrogens have an
independent effect on the prostate and some effects of T on the prostate might be mediated via
its aromatization to estradiol. Although some studies have assessed the effects of T replacement
on prostate volume, the differential effects of T and estradiol have not been delineated.

Objective: The objective of the study was to investigate the relative effects of T and estradiol on
prostate volume in older men with low T.

Participants: Thirty-one men, 65 years old or older with total T less than 350 ng/dL (measured by
mass spectrometry) participated in the study.

Intervention: The intervention included randomization to 5 g transdermal T gel (TT), 1 mg oral
aromatase inhibitor (AI), or placebo daily for 12 months.

Main Outcome Measures: The primary outcome was prostate volume measured by transrectal
ultrasound at baseline and 12 months. Secondary outcomes included prostate-specific antigen
levels and lower urinary tract symptoms score.

Results: Serum T levels increased in both intervention groups; estradiol levels increased in the TT
group, whereas it decreased in the AI group. At 12 months, prostate volume significantly increased
(4.5 � 1.76 cc, P � .05) only in the TT group. Increase in prostate-specific antigen levels were seen
in both intervention groups at 6 months (P � .01 and P � .001). The lower urinary tract symptoms
score increased only in the TT group (P � .05).

Conclusion: The tropic effects of T on the prostate are mediated via its aromatization to estradiol.
Administration of AI for 12 months to older men was not detrimental to the prostate. (J Clin
Endocrinol Metab 101: 1865–1871, 2016)

Aging in men is associated with a decrease in circulating
serum T levels, which has been associated with loss

of lean mass, reduced muscle strength, low bone mass, and
sexual dysfunction (1). Recently there has been an expo-
nential increase in T prescriptions worldwide; most of

these prescriptions written for middle-aged and older men
who do not have known pituitary or testicular disease (2,
3). This is also the demographic in which the prevalence of
prostate disease is more common (4). Prostate is an an-
drogen-dependent organ and prostate growth, both nor-
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mal and abnormal, depends on androgens. Indeed, the
prostate fails to develop without androgenic stimulation
in eunuchs and men with 5�-reductase deficiency (5, 6).
Because benign prostatic hyperplasia (BPH) is a frequent
feature of male aging (7), concerns have been raised re-
garding the potential impact of T replacement on the pros-
tate (8). As a result, structured safety monitoring plan has
been suggested to assess for potential side effects of an-
drogen replacement on the prostate (9, 10).

In addition to androgen receptors, estrogen receptors
(ER) are also expressed in both the stroma and the epi-
thelium of the prostate, and it has been suggested that
estrogens play a distinct role in the growth of the prostate
(11–13). Indeed, animal studies have shown that admin-
istration of estradiol to castrated dogs results in a marked
stimulation of prostate growth in a dose-dependent man-
ner (14, 15), and these effects of estradiol could be reversed
with concomitant treatment with tamoxifen (16). Popu-
lation studies have also shown that serum estradiol levels
are independent predictors of BPH (17). Immunohisto-
chemical studies have shown that both subtypes of ERs are
found in the prostate; ER-� is predominantly localized in
the stroma, and its activation leads to cell proliferation
(18), whereas ER-� is mainly localized in the epithelium,
and its activation results in apoptosis and suppression of
prostate growth (13, 19). Indeed, selective estrogen recep-
tor modulators with selectivity for ER-� have shown ef-
ficacy in chemoprevention of prostate cancer in both an-
imal studies and small human trials (20). Because T is
aromatized to estradiol, it remains unclear whether the
tropic effects of T on prostate growth are directly through
the androgen receptor or via its aromatization to estradiol.
The role of estrogens in prostate growth is supported by
the observation that nonaromatizable androgens are un-
able to induce prostate hypertrophy (21, 22) and that ad-
ministration of both T and estrogens synergistically in-
duces greater prostate hypertrophy compared to T alone
(23). Recently there has been some interest in the use of
aromatase inhibitors (AIs) in older men with age-related
low T levels because these agents increase endogenous T
levels via stimulation of gonadotropins. We recently re-
ported that 12-month intervention with AI in older men
with low serum T not only successfully raised and main-
tained endogenous T levels in the target range but also
resulted in an improvement in lean mass, muscle strength,
and physical function (24). However, the long-term effects
of treatment with AI on prostate volume and other pa-
rameters (prostate specific antigen [PSA] levels and lower
urinary tract symptoms [LUTS]), remain unknown.

Most of the previous trials of AI in older men have been
short term (25, 26) and only one long-term study assessed
prostate volume (27). Furthermore, none of these studies

compared AI with T replacement in a head-to-head fash-
ion to evaluate the differential effects of T vs estradiol on
prostate parameters. Hence, we conducted this long-term,
proof-of-concept, mechanistic study to determine the role
of estradiol on prostate volume in older men with age-
related low T levels by enrolling three groups of men:
transdermal T gel (which increases both the T and estra-
diol level), AI (which increases endogenous T but reduces
the estradiol levels), and a placebo group (to observe any
changes in prostate volume over a 12 mo time course). In
addition to prostate volume, we also assessed PSA levels
and LUTS in all three cohorts.

Materials and Methods

Trial participants
Community-dwelling men aged 65 years and older with fast-

ing morning (7:00–10:00 AM) total T levels less than 350 ng/dL
were enrolled. The trial was conducted at the National Institute
on Aging/National Institutes of Health Intramural Research Pro-
gram and was approved by MedStar Harbor Hospital Institu-
tional Review Board (number NCT00104572). This was a dou-
ble-blind, randomized, placebo-controlled trial of 12 months’
duration. Subjects were randomized to three groups: transder-
mal T gel 5 g/d and placebo tablet (TT group, n � 11); oral
aromatase inhibitor (Anastrozole; AstraZeneca) 1 mg/d, and
placebo gel (AI group, n � 11); placebo tablet and placebo gel
daily (placebo, n � 9). The primary outcome of the study was
prostate volume measured by transrectal ultrasound performed
at baseline and at 12 months; secondary outcomes included PSA
levels and LUTS assessed at baseline, 6 months, and 12 months.
The participants were required to have normal levels of gonad-
otropins and prolactin and PSA levels of 4.0 ng/dL or less. Men
with severe BPH, erythrocytosis, uncontrolled high blood pres-
sure, or recent acute coronary syndrome were excluded. Men
were also excluded if they were ever prescribed AI, selective es-
trogen receptor modulators, 5�-reductase inhibitors or any an-
abolic agents. Subjects were requested to refrain from drinking
more than 30 g of alcohol daily or smoke tobacco or cannabis
products for the study duration. All participants provided writ-
ten informed consent as previously described (24).

Prostate parameters
Participants underwent transrectal ultrasound (Philips HDI

5000) at baseline and at 12 months, which was performed by the
same sonographer, and interpretation was performed by a single
radiologist (M.G.). Volumetric assessment of the prostate was
performed using the ellipsoid formula (volume � height �
width � length � 0.523), which requires the measurement of
transverse, anteroposterior (in the axial plane), and longitudinal
(in the sagittal plane) dimensions (28). Serum PSA was measured
using an immunoassay analyzer (Dimension Vista 3000T; Sie-
mens Healthcare). The intra- and interassay coefficient of vari-
ation (CVs) for PSA was less than 5%. The severity of LUTS was
evaluated using validated International Prostate Symptom Score
(IPSS) questionnaire (29).
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Gonadal hormones
Serum total T and estradiol levels were measured using liquid

chromatography-tandem mass spectrometry (24). Detection
limits for T was 2.5 ng/dL; the intra- and interassay CVs were
3.5% and 5.3%, respectively. The detection limit for estradiol
was 1 pg/mL; the intra- and interassay CVs were 7.1% and 9.2%,
respectively. SHBG was measured using electrochemilumines-
cence with a detection limit of 10 nmol/L (intra- and interassay
CVs of 2.3% and 1.8%, respectively). LH and FSH were mea-
sured by an ELISA (Millipore) with a minimum detectable con-
centration of 0.01 � 0.02 mIU/mL (intraassay CV � 10%; in-
terassay CV � 15%).

Statistical analysis
Based on previously published data on the effect of T admin-

istration on prostate volume (30), we wanted to detect a minimal
mean change from baseline of 12% (SD � 1) in prostate volume
between the intervention groups and placebo. The effect size was
estimated, based on the sample size of 10 participants per group,
to have 90% power at � � .05. Mean change from baseline was
calculated from each time point and expressed as mean � SEM.
Baseline characteristics were compared across the three groups
using an ANOVA. Any significant difference between the base-
line and 12-month measurements were assessed by paired and
unpaired t test for group comparisons. A linear mixed-effects
model was used for repeated measures with random intercept.
Changes from baseline were regressed on the baseline value of the
end point, treatment group, time, and treatment group-by-time
interactions; linear regression of change scores on treatment
groups stratified by time. Values of P � .05 were considered
statistically significant (SAS Institute; version 9.3).

Results

Study participants
Baseline characteristics among the three groups were

similar (Table 1). The mean age of the participants was 71
years and they were overweight or obese. Serum concen-
trations of gonadal steroids and gonadotropins were sim-

ilar between the three groups. There was no difference in
prostate volume between the groups; although none of the
participants were on treatment for BPH, the average vol-
ume in all three groups was consistent with mild BPH.
Scores on the IPSS were also similar between the groups.
Although serum PSA levels were in the normal range in all
the participants, men randomized to the AI group had
slightly higher PSA levels at study entry.

Changes in gonadal hormones
In both the intervention groups, total T levels signifi-

cantly increased from baseline into the target range, which
was determined a priori to be between 500 and 1000 ng/
dL. At 12 months, serum T levels significantly increased
from baseline in both the treatment groups (TT group �
�164.2 � 67.2 ng/dL; AI group � �231.00 � 56.8 ng/dL),
whereas there was no change in the placebo group (Figure
1). Serum total estradiol levels significantly increased from
baseline in the TT group (�8 � 6 pg/mL), whereas they
decreased in the AI group (� � 8 � 2 pg/mL). As expected,
gonadotropin levels were suppressed in the TT group,
whereas they increased in the AI group. Serum SHBG lev-
els did not change in any of the groups.

Prostate volume
At 12 months, prostate volume significantly increased

in the TT group compared with baseline (�4.5 � 1.76 cc,
P � .03). Prostate volume did not change significantly
from baseline in either the AI group or the placebo group
(Figure 2). In the TT group, the change in on-treatment
serum T levels were not significantly correlated with the
change in prostate volume (data not shown).

PSA levels
Serum PSA levels significantly increased at 6 months in

both the TT group (�0.25 � 0.19 ng/mL, P � .02) and the

Table 1. Baseline Characteristics of the Participants (Data Presented as Mean � SEM)

Parameters
Placebo Group
(n � 9)

TT Group
(n � 11)

AI Group
(n � 11)

P
Value

Demographics
Age, y 72 � 1 72 � 1 70 � 1 .61
Race (white/African American), n 7/2 9/2 11/0 –
Body mass index, kg/m2 27.6 � 1.2 30.1 � 1.1 27.8 � 1.2 .27

Sex hormones
Total T, ng/dL 303.8 � 16.6 300.1 � 13.4 271.6 � 12.7 .40
Total estradiol, pg/mL 16 � 2.0 20 � 2.0 15 � 2.0 .16
LH, mIU/mL 12.2 � 3.4 11.4 � 2.3 6.4 � 0.8 .17
FSH, mIU/mL 8.2 � 3.6 8.0 � 1.8 6.5 � 1.6 .85
SHBG, nmol/L 58.5 � 7.1 43.3 � 6.1 40 � 5.6 .11

Prostate parameters
Prostate volume, cca 34.8 � 4.7 32.2 � 3.9 39.3 � 4.9 .69
PSA, ng/mL 0.7 � 0.1 1.2 � 0.2 1.7 � 0.3 .03
IPSS scores 8.2 � 1.1 8.2 � 1.7 8.3 � 2.5 .99

a Ten men in both the TT group and the AI group underwent prostate ultrasound at baseline and 12 months.
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AI group (�0.39 � 0.18 ng/ml, P � .0006) compared with
baseline (Figure 3). However, at 12 months, the levels
decreased and remained slightly above baseline levels.

International Prostate Symptom Score
At 12 months, the total IPSS score was significantly

higher (�1.8 � 1.2 points, P � .03) only in the TT group,
whereas no increase was seen either in the AI group or the
placebo group (Figure 4).

Discussion

The past decade has seen an exponential increase in T
prescriptions worldwide, which are mainly written for
middle-aged and older men who do not have classic an-
drogen deficiency (2). Because some previous studies have
shown an increase in prostate volume during T therapy
(31, 32) and because the incidence of BPH increases with
age, monitoring of prostate safety during T replacement

Figure 2. Change in prostate volume after 12 months of intervention.
Data are expressed as mean � SEM. �, P � .05 compared with
baseline values; *, P � .05 compared with placebo.

Figure 3. Change in serum PSA levels after 12 months of
intervention. Data are expressed as mean � SEM. ��, P � .01, ���,
P � .001 compared with baseline values.

Figure 1. Change in gonadal steroids and gonadotropins after 12 months of intervention. Data are expressed as mean � SEM. *, P � .05,
**, P � .01, ***, P � .001 compared with placebo; ��, P � .01, ���, P � .001 compared with baseline values.
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has been recommended (10). Although prostate is an an-
drogen-dependent organ, both animal and human data
suggest that estradiol has an independent effect on the
prostate. Because T is aromatized to estradiol, it is con-
ceivable that some of the tropic effects of T on the prostate
might be mediated via its aromatization to estradiol. In-
deed, studies have shown higher concentrations of both
estradiol and estrone in prostate tissues of men with BPH
compared with androgen levels, suggesting direct tropic
effects of estrogens on the prostate (33). Recently there has
been a growing interest in the use of AI in the treatment of
age-related decline in serum T levels (25). Although a
handful of trials using AIs have been performed in older
men with low T, the majority have been short term, and
none of the studies have measured prostate volume. This
proof-of-concept, randomized-controlled trial is not only
the first study that evaluated the long-term effects of AI on
prostate volume; it also compared AI with transdermal T
gel to evaluate the differential effects of T and estradiol on
prostate volume. Additionally, a placebo group was also
enrolled to evaluate any changes in the prostate parame-
ters over a 12-month time period. We demonstrate that
prostate volume significantly increased only in the TT
group (even though on-treatment serum T levels were sim-
ilar in the AI group), suggesting that the tropic effects of T
on prostate volume are mediated via its aromatization to
estradiol. To the contrary, serum PSA increased signifi-
cantly (although within the normal range) in both the in-
tervention groups, suggesting that the increase in PSA is
primarily an androgen-driven process.

The findings of this proof-of-concept study are made all
the more convincing by the strength of its design, including
blinding, placebo and TT groups, concealed randomiza-
tion, and the parallel-group design. Randomization effec-
tively generated three groups that were similar in their
baseline hormonal and prostate parameters. Both baseline
and on-treatment serum T and estradiol levels were mea-
sured using liquid chromatography-mass spectrometry,

the current gold standard method for the measurement of
gonadal steroids. At baseline, mean total T levels were well
below the lower limits of established norms in community-
based samples (34) and interventions with both TT and AI
effectively raised serum T levels into the target range. This
trial also brings novelty because it is the first trial of AI that
has evaluated prostate volume. Lastly, prostate ultra-
sonography, both at baseline and at 12 months, was per-
formed by a single experienced sonographer and read by
a single investigator (M.G.) on all participants, removing
the possibility of measurement error due to interobserver
variability. Because this long-term proof-of-concept trial
did not show any adverse effect of AI treatment on pros-
tate parameters, this study should provide an impetus for
larger trials with AI (to evaluate both efficacy and safety)
in older men with low T. The limitation of this trial is the
small sample size (with potential impact on some of the
analyses using multiple comparisons); however, this was a
proof-of-concept trial that was designed to answer mech-
anistic questions. Nonetheless, we were able to find sta-
tistically and clinically significant changes in the prostate
volume.

In this trial, after 12 months of intervention, an increase
in prostate size of 4.5 cc was seen in the TT group. This
increase is in agreement with some previous studies that
have measured prostate volume during T replacement (31,
35). Although prostate is an androgen-dependent organ,
data from laboratory studies in animals and population
studies suggest that estrogens have an independent effect
on the prostate. Indeed, aromatase activity has been dem-
onstrated in the prostate stroma, and laboratory studies
have shown that estradiol stimulates proliferation of hu-
man prostate stromal cells via activation of the ERK path-
way and by increasing intracellular cAMP (36, 37). Es-
trogens also stimulate prostate hypertrophy by inducing
growth factors such as insulin-like growth factor and epi-
dermal growth factor (38). Animal studies in castrated
dogs and monkeys have shown that administration of ex-
ogenous estradiol increases prostate size in a dose-depen-
dent manner (15), whereas administration of aromatase
inhibitors prevent the induction of BPH in animals (39),
suggesting a direct tropic effect of estradiol on the
prostate.

Both ER-� and ER-� are expressed in the prostate;
ER-� is mainly expressed in the stroma, whereas ER-� is
expressed in the epithelial cells (40, 41). These receptor
subtypes play variable roles in the prostate; stimulation of
ER-� leads to prostate hypertrophy, whereas activation of
ER-� initiates apoptosis (13, 19). Indeed, selective estro-
gen receptor modulators have been used in the manage-
ment of BPH and in chemoprevention of prostate cancer,
both in animal studies and in men with high-grade pros-

Figure 4. Change in IPSS after 12 months of intervention. Data are
expressed as mean � SEM. *, P � .05 compared with placebo.
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tatic intraepithelial neoplasia (20, 42, 43). Cohort studies
have also shown that serum estradiol levels are an inde-
pendent risk factor for BPH (17), and this risk increases
with increasing serum estradiol levels (44). Despite these
data, clinical trials have not attempted to elucidate the
distinct effects of estrogens on prostate volume. Previous
trials of AI in older men mainly focused on skeletal effects
(27, 45) and did not evaluate prostate size. Furthermore,
none of the previous studies directly compared AI with
exogenous T replacement to disentangle the effects of es-
tradiol vs T on various outcomes. This is the first trial that
evaluated the effects of AI on prostate volume and directly
compared the use of AI with exogenous T replacement in
a head-to-head fashion. We found that treatment with AI
did not increase prostate volume despite achieving serum
T levels that were not only in the target range but also
similar to the TT group, suggesting that the tropic effects
of T on the prostate are mediated via its aromatization to
estradiol.

In contrast to the prostate volume, the increases in se-
rum PSA levels were seen early in the trial (6 mo) in both
intervention groups. Although statistically significant,
these increments were modest and consistent with those
seen in previous trials of T administration (9). These find-
ings suggest that the increase in PSA levels is predomi-
nantly an androgen-dependent process. Indeed, prostate
biopsies in men undergoing T replacement have shown an
increase in PSA gene expression (46). Nevertheless, it was
reassuring that even the early increase in PSA levels in the
AI group was within the normal range, findings consistent
with another trial (27). At 12 months, although no statis-
tical difference was observed in IPSS scores between the
TT and AI groups, there was a statistically significant in-
crease in the total IPPS score within the TT group. How-
ever, this increase was modest and the total score at the end
of intervention was consistent with mild LUTS. The effect
of T administration on LUTS remains unclear; in fact,
some studies have shown an improvement in LUTS scores
in older men on T therapy (47, 48). Hence, it is reassuring
that 12 months of AI treatment did not worsen PSA or
LUTS in a clinically meaningful way.

In conclusion, this proof-of-concept study demon-
strated that the tropic effects of T on the prostate are me-
diated via its aromatization to estradiol. Based on the ob-
servation that long-term intervention with AI was not
detrimental to prostate health and that AI has shown ef-
ficacy in older men with age-related decline in serum T
(24), a larger trial to assess both the efficacy and safety of
AI should be planned. Because the use of AI might impact
bone mass negatively, the safety parameters of such a trial
should include evaluation of bone mineral density and
assessment of fracture risk. Without ensuring safety of the

male skeleton, the clinical use of AI cannot be advocated
even in the absence of any harm to the prostate.
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