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Abstract Evidence from studiesin patientswith prostate cancer of intermittent hormone
therapy combined with results from rechallenge of hormone resistant patients
with testosterone demonstrate that the majority of prostate cancersretainasimilar
degree of dependence on male sex hormone milieu as normal prostate cells. Yet
there has so far been no conclusive evidence, despite 34 studies, that levels of
circulating testosteronein individual s devel oping prostate cancer are higher than
in controls. The aim of this article was to critically evaluate this evidence and
seek clues to other mechanisms whereby sex hormones could influence the de-
velopment of prostate cancer. Additionally, epidemiological datawere examined
to investigate the interplay between sex hormone levels and environmental fac-
tors to help understand the development of prostate cancer and identify a safe
way to provide hormone replacement therapy (HRT).

Three overviews provide similar evidence that there is no significant differ-
ence in mean testosterone levels between patients and controls. However in the
most recent review of studies, though there was no difference in means between
cases and controls, there was a significant risk (adjusted odds ratio 2.34) for
individuals identified by comparing incidence of prostate cancer in men in the
upper and lower quartile of testosterone level. This report, taken with epidemio-
logical data demonstrating that prostate cancer risk is increased by early age of
onset of sexual activity and multiple nonspecific sexually transmitted diseases
(STDs), hasled to the hypothesisthat the link between sex hormones and prostate
cancer isindirect. Those individuals with high testosterone levels were more at
risk of acquisition of multiple nonspecific STDs. This promotes transformation
of prostate cells and damage to Leydig cells in the testis leading to there being
no difference in testosterone compared with controls by the time the tumour is
diagnosed.

Because of the observed rel ationshi p between testosterone and prostate cancer
development there has been anxiety about marketing HRT for men. Two obser-
vations support the view that the prostate cancer risks from use of testosterone
hormone replacement may not be as great asfirst feared. Firstly, prostate cancers
arising in men with low serum testosterone levels are more malignant and fre-
guently nonresponsive to hormones. Secondly, breast cancers diagnosed in
women on HRT though increased in number are less malignant possibly because
of enhanced sensitivity to hormone therapy, and the situation may prove to be
anal ogous with prostate cancer and testosterone replacement.
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That prostate cancer can be regulated by sex
hormone milieu is beyond doubt, based on the
pioneering experiments of Huggins and Hodges!!
on castration and stilboestrol that have now been
translated into the standard treatment for patients
with metastatic disease.

In doubt, however, is the issue of whether this
effect is mediated by testosterone itself or whether
it isachangein other hormones, induced by surgi-
cal or chemical castration. The reason for this is
conflicting findings from recent reviews of studies
that have attempted to investigate the effects of
serum testosterone level s on prostate cancer devel-
opment. In the first review, 4 studies showed that
high serum testosterone levels were associated
with an elevated risk of prostate cancer, 6 studies
demonstrated there was a reduced risk and 15
showed no difference compared with a control
population.[2 The second overview, which was of
prospective studies only, included 2 from the pre-
viousoverview in addition to 6 morerecent studies.
However, these studies still failed to demonstrate a
significant association.[¥! In contrast the third re-
view found a highly significant increase in risk
[odds ratio (OR) 2.3] but only when analysing
those patients with serum hormone levels in the
upper quartile.l] Resolving thisissueis of consid-
erable importance in terms of clarifying the risk of
testosterone hormone replacement therapy (HRT)
in the development of prostate cancer in men. De-
velopment of reliable HRT preparationsfor menis
much less advanced than inwomen, in part because
of thefear of amedicolegal suit should any product
be shown to be associated with an increased risk of
prostate cancer. Asit could take more than 5 to 10
years for any increase of risk to appear progressis
considerably slow in this area.

This paper setsout to clarify the reasonsfor the
failureto clearly definetherisk posed by testoster-
one in the development of prostate cancer by re-
viewing: (i) current knowledge about endocrinol-
ogy of thenormal prostate; (ii) age-related changes
in sex hormone levels; (iii) current understanding
of the epidemiology of prostate cancer, before
undertaking a further systematic review of the lit-
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erature that has been published on the issue of
serum testosterone and prostate cancer.

1. Physiology of Sex Hormone Control
of the Normal Prostate

The first step in unravelling the conflicting
evidence lies in understanding the complex set of
pathways which link the hypothalamic-pituitary
axis to the adrenal glands, testes and prostate,
and lead to androgen production. Gonadotrophin-
releasing hormone, is secreted in pulses from the
hypothalamus into the pituitary gland, causing the
subsequent pulse release of luteinising hormone
(LH) and follicle-stimulating hormone (FSH). LH
stimulatesthetesticular Leydig cellsto producethe
androgens, testosterone and dihydrotestosterone
(DHT), viathe enzyme 5a-reductase, and oestrad-
iol. FSH along with testosterone stimulatesthe tes-
ticular Sertoli cellsto release the hormone inhibin
and induces sperm production. (%]

Androgens are essential for the normal growth
and maintenance of the prostate gland. Apoptosis
isactivated in both normal prostate and cancer cells
when androgens are withdrawn.[671 The principal
circulating androgen in serum is testosterone, the
majority of whichisbound to sex hormone-binding
globulin (SHBG) and thus is inactive. SHBG is a
[B-globulinwith amolecular weight of 94kD, which
is synthesised in the liver and has one binding
site per mole. It transports both testosterone and
oestradiol, but has lower affinity for oestradiol.
The median serum concentration of this protein in
men is 32 umol/L and in women is 1.5 times this
level .8l SHBG levels fall in the second decade of
life, irrespective of androgen status. They are in-
creased by estrogen therapy, androgen deficiency,
hyperthyroidism, acute severe illness and hepatic
cirrhosis.

In the prostate, testosterone is converted into
the more potent form, DHT, by 5a-reductase iso-
enzymes. DHT is essential for the development of
normal external genitalia in the male foetus.¥ It
binds to the intracellular androgen receptor (AR),
and theresultant complex actsasthemain regul ator
of cell proliferation and secretory function of the
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prostate. In addition, testosteroneis converted into
oestradiol in adipose tissue, the liver and in the
central nervous system.

Testosterone function is genetically controlled
by 4 groups of genes.[19-14 Thefirstisthe AR gene
itself, whichispolymorphic and its protein product
variesinitsaffinity for testosterone dueto thevari-
able number of microsatellite regions within the
gene. The frequency of these variants differsin
different races;[19 this could contribute to differ-
encesin the lifetime risk for the effects of agiven
dose of testosterone. Abnormalities in the alele
frequencies of microsatellites at the AR locus
also differ significantly amongst healthy African-
Americans, Caucasians and Asian men. African-
Americans have a high prevalence of short CAG
microsatellite alleles and low frequency of 16
GGC repeats compared with Caucasians and As-
ians. The belief isthat shorter CAG microsatellite
allelesof the AR gene cause more active growth in
the prostate cells, increasing the potential risk of
prostate cancer.[10-14]

The second, more recently described, method
of genetic control of testosterone function is via
the cytochrome (CY P) CY P3A4 genewhichisin-
volved in hydroxylation of testosterone. Asthisis
the first step in its deactivation, low levels of the
gene product would slow the rate of inactivation
and increase the biological effect of agiven serum
level of testosterone.[!!! Rebbeck et al.[11l evalu-
ated the role of CYP3A4 in 230 patients with can-
cer of the prostate. They found that of the 34 pa-
tients who had a novel mutation upstream of this
gene, 41% had locally advanced tumours com-
pared with 24% of patients without this variant
(p = 0.049). Their hypothesis proposed that the
mutation associated with the CYP3A4 gene was
responsible for the clinical presentation of prostate
cancer; thisis supported by the fact that CY P3A4
is responsible for the hydroxylation of testoster-
one, therefore a mutation in this gene may reduce
the functional deactivation of the hormone. Thus,
men with the variant genotype may have decreased
protein activity and therefore decreased testoster-
one hydroxylation. This may in turn lead to an in-
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creaseinthebioavailability of testosteronefor con-
version to itsintracellular mediator, DHT.[11

The third mechanism is via a gene affecting
conversion of testosterone to the active intra-
prostatic androgen DHT, with linkage of increased
risk of prostate cancer to alleles that increase the
efficiency of the 5a-reductase gene.[12 The fourth
mechanism of control occurs viathe expression of
agenetic variant which leads to elevated levels of
DHT and thus, potentially, a predilection to pros-
tate cancer.[1l

Though it is accepted that levels of testosterone
decline with age, these differences are not great.
However, the fact that SHBG levels rise with age
provides evidence that the testosterone levels in
older men aresignificantly lower. SHBG levelsare
higher in patients with prostate cancer who are
over the age of 70 years, compared with younger
men (p = 0.02).14 It is noteworthy that SHBG lev-
els also have a tendency to be higher in men with
a healthy prostate who are over 70 years old.[?
Racial differencesare also evident; compared with
Caucasians, Blacks have SHBG levels which are
10% higher. Levels of SHBG are higher in both
Blacks and Caucasians compared with Japanese
men, by 53 and 10%, respectively (p < 0.01).[2%]

The preciserole of the AR in prostate cancer is
in itself unclear. The receptor is found predomi-
nantly in the nuclei of glandular epithelial cellsin
anormal prostate, benign prostatic hyperplasiaand
prostatic cancer. In the latter, there are both AR-
positive and -negative cells. There does not seem
however, to be any correlation between the per-
centage of positive cells and time to disease pro-
gression after androgen ablation.[*! In hormone-
refractory cancer, point mutations in the receptor
have been identified, which increase in number as
the cancer becomes hormone resi stant.[16-201

2. Aetiological Factors in Prostate
Cancer Development

Prostate cancer is primarily a disease of the
elderly with the majority of deaths occurring in
patients over the age of 65 years.[® It has long
been known from postmortem studies that early-
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stage cancer can be detected long before this, and
up to 70% of elderly men may demonstrate histo-
logical changes of prostate cancer without dying
fromit.121 Of greater interest isthefact that therate
of death from cancer of the prostate is highest in
African-Americans, while Japanese males have
one of the lowest rates in the world. However, the
frequency of latent cancers defined at postmortem
isthesamein all 3racia groups.l? More recently,
the classification of histological changes of pros-
tatic intra-epithelial neoplasia has improved and
postmortem studies are demonstrating that these
changes may be present in up to 30% of 40-year-
old patients with equal prevalence in all racial
groups.[22

In terms of aetiological risk factors there are 4
main classes, sexual, dietary, physico-chemical
and genetic; sexual and dietary risk factors are out-
lined in table 1.[23 Patients with prostate cancer
have on average an earlier onset of sexual activity
and an increased frequency of low grade nonspe-
cific prostatitis possibly induced by chlamydia.[24]
This association has led to the suggestion that low
grade prostatitis acts as a promotional factor in-
volved in converting latent to clinically relevant
cancer.[?] Dietary factors include a high intake of
animal fat, low intake of vitamin A-related com-
pounds such as lycopenes, low levels of vitamin D
and low sun exposure.[2324 As vitamin A defi-
ciency reduces T cell immune responses and vita-
min D deficiency reduces macrophage functions, a
possible mechanism which could link these poten-
tial risk factors is that they suppress the immune
response and could potentially increase the per-
sistence of ‘ nonspecific prostatitis’ in patientswith
this disease.[?)

Physico-chemical exposures associated with
prostate cancer development include radiation in nu-
clear plants, the displacement of zinc by cadmium
because the prostate has high avidity for heavy
metals for the regulation of citric acid synthesis.
The final chemical factor is exposure to agricultural
chemicals such as organo-chlorine pestici des.[26:27]

Thefinal risk factor is genetics. Prostate cancer
isclearly increasedin familieswith ahistory of this
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Table I. Overview of dietary and sexual behaviour risk factors for
prostate cancer (adapted from Key!?3l)

Risk factors Relative risk
Obesity 1.25
Meat eater 1.34
High dairy product consumption 1.30
High total fat intake 1.31
High animal fat intake 1.54
High carrot consumption 0.66
High green vegetable consumption 0.93
Early age of first intercourse 1.31
High numbers of sexual partners 1.21
Sexually acquired infection 1.86
Syphilis 0.77
Gonorrhoea 122
Vasectomy 1.54

disease and amajor effort isin progressto identify
the prostate cancer gene. It is clear that there are
likely to be severa genesinvolved, because aswell
as an association with the breast cancer associated
(BRCA)L1/2 group of genes thereis an association
with chromosome 1 and evidence of atumour sup-
pressor gene on chromosome 10.128.29 Asyet, none
of these genetic associations have been linked to
a testosterone-mediated mechanism, though as
outlined in section 3 there are possible genetic
mechanisms involved.

3. Evidence for Involvement
of Testosterone in Prostate
Cancer Development

That sex hormones are involved in the regula-
tion of the prostate and in the aetiology of prostate
cancer is beyond dispute. The first article on the
dependence of the normal prostate gland and its
malignancies on hormonal function was published
by John Hunter in 1785.139 Less than 200 years
later in 1941 Huggins and Hodges re-emphasised
the observation that castration by the administra-
tion of estrogens caused regression of advanced
prostate cancer in dogs and led to the widespread
use of this approach clinically.[! Though this ob-
servationiscritical in making the case for an aetio-
logical rolefor androgens and testosterone in pros-
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Table Il. 50-Reductase metabolites in Japanese compared with Caucasian and African American young postpubertal men in the US (modified

from Ross et al.[?)

Metabolites Japanese (n = 54) Caucasian (n = 47) African American (n = 49)
Androsterone (ng/ml) 49 73 69

3a, 17p androstanediol (ng/ml) 5.3 6.9 6.6

Testosterone (ng/dl) 602 575 640

tate cancer development, there are other associa-
tions that reinforce this view.

Firstly, the clinical incidence of prostate cancer
variessignificantly acrosstheworld, with thehigh-
est incidence occurring in African-Americans (79
per 100 000) and the lowest in Japanese males (4
per 100 000).19 Ross et al.[31 have demonstrated
that at the time of puberty African American males
have 10 to 15% higher levels of circulating testos-
teronethan their Caucasian counterparts, but equal
levels compared with Japanese men (tablell), who
because of a genetic deficiency of 5a-reductase
actually have lower DHT levelsin the prostate. In
addition, differences in the function of 5a-reduc-
tase genes affecting the AR and androgen metabo-
lism contribute to an increased risk of prostate
cancer in African-American men.[10-14.33]

Secondly, prostate cancer can be induced in
rats to whom large amounts of testosterone have
been administered.[343% Thirdly, men castrated
prior to puberty never develop prostate cancer.!1 A
reduced risk of this cancer has been also been as-
sociated with hyperoestrogenic states (e.g. cirrhosis
cases), %8 and estrogen therapy hasapalliativerole
in advanced prostate cancer because it competes
with testosterone in the hypothalamus and sup-
presses gonadotropin production. Finally, prostate
cancer may be successfully treated by surgical or
medical androgen ablation.

On the basis of thisevidence a one, the case that
raised serum testosterone levels are a mgjor factor
in development of cancer of the prostate seems
to be alogical presumption. However, there have
been 30 clinical studies published over the past 32
years with conflicting results; these studies have
been reviewed elsewhere.[4 The first 2 reviews
used an analysis of mean values and found no dif-
ferences in testosterone levels between patients
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with prostate cancer and those without (tables 111
and V), while the most recent study analysed pa-
tients in the upper quartile for testosterone levels
as compared with those in the lowest quartile and
provided evidence of a significant association be-
tween serum testosterone levels and risk of pros-
tate cancer (table V). The authors also highlighted
the only clinical study to provide a multivariate
analysis of adjusted SHBG data and showed that
the SHBG levels have an inverse correlation with
cancer risk (OR 0.46).1% In addition, this review
also highlighted the consistent association of in-
creased risk with elevated insulin-like growth fac-
tor-1in 3 of 3 studies. Thereisincreasing evidence
that this growth factor may play an autocrine stim-
ulatory role in the progression of cancer. As yet
there are no studies investigating interaction be-
tween testosterone and insulin-like growth factors.

3.1 Testosterone Effects on Active
Prostate Cancer

There are 2 sources of information about the
effect of testosterone on active prostate cancer. The
first has emerged from studies using intermittent
hormone therapy. Clinical trials were carried out

Table IIl. 1993 overview of unselected studies comparing testos-
terone levels in controls and patients with prostate cancer at time
of diagnosis (modified from Andersson et al.[?l)

Outcome of study No. of No. of participants in
studies the studies

patients controls
Total 25 1481 2767
Mean testosterone level 4 343 503
higher in patients than
controls
Mean testosterone level 15 758 2004
same in patients vs controls
Mean testosterone level 6 380 260

lower in patients than control
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Table IV. 1999 review of prospective case control studies investigating differences in hormone levels between patients with prostate cancer

and controls (modified from Shaneyfelt et al.[*l)

Hormone No. of patients No. of controls No. of studies Ratio of mean hormone level between
patients and controls (95% CI)
Testosterone 817 2107 8 0.99 (0.95-1.02)
Non-SHBG-bound testosterone 325 442 3 1.02 (0.96-1.09)
Dihydrotestosterone 636 1040 5 0.98 (0.94-1.03)
Androstanediol glucuronide 644 1048 5 1.05 (1.00-1.11)
Androstenedione 316 1320 3 1.01 (0.97-1.06)
Dehydroepiandrosterone 197 312 2 0.98 (0.88-1.10)

ClI = confidence interval; SHBG = sex hormone-binding globulin.

after animal studies provided some evidence that
intermittent re-exposure to testosterone decreases
the rate of progression to hormone-resistant can-
cer.l371 In these studies patients received 6 to 12
months of hormone therapy and then remained off
treatment for 9 to 12 months, with a recurrence
of prostate specific antigen (PSA) tumour activity
following closely after recovery of testosterone
levels.38 In the average patient, these cycles can
be repeated 2 to 4 times before hormone resistance
occurs, although the time to hormone resistance
is double that of patients who are treated continu-
oudly.l39 In the majority, but not all, patients the
speed of recovery of PSA levels in each cycle
matches the recovery of testosterone production.
The second type of data comes from limited
studies where patients with hormone-resistant can-
cer have been re-exposed to testosterone either on
itsown or to try to increase proliferation of tumour
cells in order to enhance the response to subse-
quently given antimitotic chemotherapy. Though
these studies failed to show a response to chemo-
therapy, the majority of patients had increased
cancer activity during the period on testosterone,
demonstrating that testosterone dependence per-
sists even in hormone-resistant patients.[4%
Further evidence of the effect of testosterone
levelson active prostate cancer comesfrom clinical
studies correlating pretreatment testosterone with
outcome. Initially conflicting observations have
been made. Patients without metastases who dem-
onstrated a higher level of testosterone before ra-
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diation also had a higher risk of relapse after radi-
ation.[*! Asradiation, presumably dueto scatter to
the testis, reduces testosterone levels after treat-
ment,42 those with high testosterone levels are
lesslikely to be affected by radiation. Another ob-
servation isthe correlation of pre-hormonetherapy
testosterone levels with outcome after androgen
ablation. Two studies344 have provided conclu-
sive evidence that the higher the patient’s pretreat-
ment testosterone level, the better the chance of
response to androgen withdrawal .

4. Discussion and Conclusion

From this review, it is clear from multiple
population-based studies that thelink between tes-
tosterone levels and the development of prostate
cancer is at best weak and not as clear cut as one
would have surmised at the outset. Despite this
evidence, there is little dispute that testosterone

Table V. Unadjusted and adjusted odds ratio for prostate cancer for
patients with sex hormone levels in the upper quartile compared
with the lowest quartile in selected prospective studies (modified
from Shaneyfelt et al.[*l)

Unadjusted Adjusted

odds ratio odds ratio®
Testosterone 1.25 (0.9-1.8) 2.34 (1.3-4.2)
Dihydrotestosterone 0.87 (0.6-1.3) 0.71 (0.4-1.3)
Sex hormone-binding globulin  0.69 (0.4-1.2) 0.46 (0.2-0.9)
Insulin-like growth factor-1 NA 1.91 (1.5-3.3)

a Adjusted for body mass and other steroid levels.

NA = not available.
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suppression results in clinical remissions in pa-
tientswith prostate cancer. However, the datafrom
epidemiology studiesareonly conclusive when fo-
cusing on patients in the upper 25th percentile or
studying racially homogenous groupsfor example,
in the case of the deficient functioning of 5a-
reductase in Japanese men.

The weakness of the overall effect of testoster-
one can be explained in 2 possible ways. One ex-
planationisthat testosterone playsno apparent role
in the development of prostate cancer. Therefore
the association with aresponse is due to an associ-
ated change such as atered LH or 5a-reductase
function leading to a disparity between serum and
intraprostatic levels and androgens. Alternatively,
testosterone influence may be modified by other
circumstances, such as different genetic predis-
positions, diets and infectious damage impacting
at different stages of cancer development. Within-
creasing numbers of genes now known to affect
genetic androgen metabolism, the latter explana-
tion seems more likely.

Available data suggest that there may be an in-
creased susceptibility at the cellular level of either
receptor function or hormone metabolism in pros-
tate cancer patients.[3245)

A fina confounding issue relates to intra-uterine
development. In early gestational studies, Black
women have testosterone levels that are almost
50% higher than those in Caucasian women. This
may lead to an altered steroid secretion or receptor
sensitivity in their offspring.[46]

Giventhese provisos, itisbeyond al reasonable
doubt that testosterone does promote the growth
of prostate cancer and that populations with high
levels of intraprostatic DHT at the time of puberty
are at an increased risk of prostate cancer. How-
ever, in later life when prostate cancer presents, its
relationship to testosterone levelsis less apparent.
Thisraisesthe question asto whether theincreased
numbers of sexually acquired diseases that men
with these high testosterone levelsacquirein early
puberty isdamaging the testes and lowering testos-
terone production in later life.[47:48]
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This could explain why there is not a clear pic-
ture relating the occurrence of prostate cancer to
testosterone levels at the time of diagnosis. There
may be 2 processesinvolved in the cancer progres-
sion, such as hormone-driven and infection-driven
effects. The latter may be more dominant by the
time the disease becomes clinically significant; it
may also cause a low grade orchitis at the same
time and damage hormone production by the tes-
tis, as has been demonstrated after mumps orchi-
tis.14950 This in turn may lead to an apparent par-
adox of high testosterone in young men at risk of
prostate cancer subsequently leading to lower lev-
els at the time of presentation.

From a practical point of view, the conclusion
from this overview isthat testosteroneisafac-
tor, albeit indirect, acting viaintraprostatic andro-
gensinthedevelopment of prostate cancer. If latent
prostate cancer is present, it is highly likely that
administering testosterone HRT will increase the
chances that a proportion of these cancers will
progress to become clinically evident. Presumably
such tumours, if they did develop, would retain
hormone sensitivity that could have survival ad-
vantage as it is well established that prostate can-
cers arising in men with low testosterone levels
have a poor prognosis for response to therapy.[44
There is an increasing amount of evidence from
the study of breast cancer that a similar situation
occursinthistumour. Thereisincreasing evidence
that latent breast cancer exists as frequently as
does latent prostate cancer. There is already some
evidence that estrogen-based HRT increases the
number of these latent breast cancers that present
clinically. These tumourstend to be less malignant
and have a higher frequency of good prognosis
localised oestrogen receptor-positive tumours.[51:52
As aconsequence thereisno evidence that HRT is
associated with any increase in breast cancer mor-
tality. If testosterone HRT were to become more
widely available for men, it is likely that some of
the latent prostate cancers would become manifest
clinically, though hopefully like the breast cancers
in women on HRT, they would also be less malig-
nant. It isalso possiblethat testosterone HRT might
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have other positive benefitsin reducing the risk of
prostate cancer. There is already some evidence
from studies in women demonstrating that oxyto-
cinrelease at thetime of orgasm, by clearing breast
ducts of cumulated carcinogens, may reduce the
incidence of invasive breast cancer.l>®! Given the
high incidence of impotence in men presenting
with clinically significant prostate cancer, it ispos-
sible that testosterone HRT possibly combined
with sildenafil could also provide asimilar benefit
for men.[545%]
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