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Abstract | The controversies surrounding testosterone replacement therapy (TRT) have been addressed in 
the past few years. Although the androgenic effects of TRT on normal and malignant prostate cells have 
been studied for over 70 years, little clinical prospective research exists on the physiological responses of 
prostate tissues to a wide range of serum testosterone levels. The prostate is both an androgen-dependent 
and an androgen-sensitive organ; active processes are triggered at a ‘threshold’ or ‘saturation’ level of 
testosterone. Despite decades of research, no compelling evidence exists that increasing testosterone 
beyond this threshold level has a causative role in prostate cancer, or indeed changes the biology of the 
prostate. Testosterone deficiency has marked physiological and clinical effects on men in middle age and 
beyond. With subnormal testosterone levels, the potential positive benefits of TRT on factors such as muscle 
mass, libido or erectile function are likely a dose–response phenomenon, and should be considered differently 
than the threshold influence on the prostate. This Review will re-examine classic androgen research and reflect 
on whether testosterone actually stimulates prostatic cellular growth and progression in a ‘threshold’ or a 
‘dose–response’ (or both) manner, as well as discuss the influence of testosterone on prostate cells in the 
hypogonadal and eugonadal states.
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Introduction
Late-onset hypogonadism (also known as age-associated 
testosterone deficiency syndrome), is a syndrome associ-
ated with advancing age and characterized by a spectrum 
of symptoms and a biochemical deficiency in serum 
testosterone levels below the young healthy adult male 
reference range (9.8–10.4 nmol/l, this range may vary 
in different laboratories).1 The decrease in serum testo
sterone levels seems to be a gradual, age-related process 
resulting in an approximate 1–2% annual decline after 
age 30 years,2 with a steep decline in bioavailable and 
free testosterone levels. Findings from the Baltimore 
Longitudinal Study of Aging demonstrated that 30% of 
men in their eighth decade have total testosterone values 
in the hypogonadal range (that is, 6.9–10.4 nmol/l), and 
50% have low free testosterone values (0.17–0.31 nmol/l).2 
An estimated 500,000 new cases of late-onset hypo
gonadism occur annually in the USA,2,3 with similar 
levels reported worldwide.4

Given that the number of men aged 65 years and older 
will increase dramatically by 2020, testosterone deficiency 
is becoming an increasingly discussed area of men’s health. 
Testosterone has a ubiquitous role in the male body and 
the importance of a decline in testosterone levels has 
a wide-ranging influence on: regulation of gonadal 
function, prostate development and growth, libido, 
cerebral function, behavior, mood, muscle mass, liver 
function, lipid regulation, bone formation, atherogenesis, 

erythropoiesis, hair growth and immune function (Box 1). 
What the minimum required level of serum testosterone for  
the optimal health of each of these areas, nor whether each 
organ system’s biological response to increasing or decreas-
ing testosterone levels follows a ‘dose–response’, ‘threshold’ 
or other behavior is unclear. Despite this general paucity 
of knowledge, current discussion regarding testosterone 
replacement therapy (TRT) safety is centered on its pos-
sible effects on the initiation, promotion, aggressiveness, 
and progression of prostate cancer.5

The original work by Huggins and colleagues6,7 in the 
1940s would advise caution in using testosterone supple-
mentation in patients with prostate cancer owing to the 
apparent central role of testosterone in cancer regres-
sion. However, even though androgen withdrawal is the  
basis for the treatment of advanced prostate cancer,  
the development and progression of prostate cancer is 
not a straightforward relationship between serum andro-
gen levels and prostate cellular physiology. Even though 
the primary signal for the onset of DNA synthesis and 
cell division in the prostate is androgen, it is likely that 
other extracellular (such as epigenetic factors) and intra
cellular factors related to late gene expression mediate the 
effect of androgen. Factors such as gene polymorphisms, 
sexually transmitted agents (viral), diet, environmental 
carcinogens and nonsteroidal hormones likely have a 
role in carcinogenesis. In studying androgen action on 
the prostate, one must carefully differentiate between 
proliferation or differentiation (androgen sensitivity) 
and apoptosis (androgen dependence).
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Guidelines from the Endocrine Society, published 
in 2010, advise the avoidance of TRT in patients with 
prostate cancer, a palpable prostate nodule or indura-
tion, or PSA >4 ng/ml (or >3 ng/ml in men at high risk 
of prostate cancer).8 The advice from the urological com-
munity is less stringent, but still advises caution. The 
current European Association of Urology guidelines1 
state that, at present, no conclusive evidence exists that 
TRT increases the risk of prostate cancer or benign pros
tatic hyperplasia, nor that TRT will convert subclinical 
prostate cancer to clinically detectable prostate cancer. 
However, these European guidelines do acknowledge 
evidence that testosterone can stimulate growth and 
aggravate symptoms in some men with locally advanced 
and metastatic prostate cancer.

As we study the safety of TRT, we need to consider the 
relationship between different serum testosterone levels 
and intraprostatic androgen receptor fluxes, signaling 
efficiency and downstream physiological responses. 
The concepts of ‘threshold androgen level’ or ‘saturation 
of androgen receptors’ should result in clear biological 
differences when considering testosterone replacement 
in the castrate versus the noncastrate hypogonadal, the 
eugonadal, or the supraphysiological state (Box 2). This 
review will re-examine the decades of experimenta-
tion that addressed androgen action within the pros-
tate to guide our insights into understanding the risks 

Key points

■■ The risks and benefits of testosterone replacement therapy (TRT) need 
to be considered through the physiological mechanisms of proliferation, 
differentiation, and apoptosis studied in in vivo experiments over the past 
70 years

■■ The etiology of prostate cancer reflects a complex interplay between the 
domains of genetic determinants, endocrine milieu and environmental 
exposure—anecdotal cases of cancer in men on TRT demonstrate association, 
not causation

■■ Multiple studies all conclude that testosterone level does not correlate with 
prostate cancer incidence; low (not absent) testosterone levels may actually be 
a marker of more-aggressive prostate cancer

■■ It is likely that occult cancers or premalignant cells in hypogonadal men have 
adequate testosterone levels for healthy homeostasis and TRT does not 
provide any additional stimulus to growth

■■ Maintaining a normal testosterone level throughout life may be beneficial from 
a survival point of view

■■ To determine whether TRT increases de novo tumors, an appropriately powered 
prospective study would require 10,000 men randomized for 13 years, questions 
remain as to whether this type of study would be feasible

associated with TRT in general, or in a particular patient 
with prostate cancer. We will explain the normal homeo-
static mechanisms in prostate physiology and discuss the 
influence of differing levels of endogenous testosterone as 
well as TRT on prostate cancer development, progression  
and regression.

Threshold implications for TRT safety
A historical perspective
Much of the science behind our understanding of TRT 
is not new and past science should always be reassessed 
to gain new insights. To quote Ambrose Bierce (1842–
1914): “there is nothing new under the sun, but there 
are lots of old things we don’t know”. Knowledge relat-
ing to the cellular effects of androgens on the prostate 
began as far back as the 1890s.9 In 1930, Moore et al.10,11 
demonstrated that androgen administration induces 
cytological changes characteristic of secretory activity in 
the accessory sex tissues of castrated animals. In a 1942 
study of the regulation of androgen-induced cellular 
proliferation, Burkhart12 measured the mitotic activity 
in the prostate and seminal vesicles of castrated rats after  
the injection of increasing doses of testosterone propi-
onate. She demonstrated a wave of mitotic activity in 
the prostates of rats castrated 40 days previously by even 
small amounts of androgen administration. Between 
1947 and 1967, Huggins and colleagues6,7,13 described the 
decline of biochemical processes that occur after castra-
tion. Taken together, these observations resulted in the 
understanding of a critically important phenomenon: 
that androgen sensitivity (proliferation of prostate cells) 
and androgen dependence (apoptosis) may be mutually 
exclusive aspects of prostate glandular homeostasis.

Investigators in the 1960s studied DNA synthesis to 
assess the effect of androgens on prostate cells. Sheppard 
et al.14 measured a transient, but dose-dependent, 
increase in the levels of RNA, DNA, and protein of the 
ventral rat prostate, levator ani and seminal vesicles after 
the administration of androgens. In the first suggestion 
of a ‘threshold effect’, Coffey et al.15 demonstrated that 
the stimulatory action of androgens on DNA synthesis 
of prostatic cells was limited at some point in previ-
ously castrated rats, beyond which increasing androgen 
administration had no further effect. Furthermore, 
administering supraphysiological doses of androgen had 
little stimulant effect on DNA synthesis in prostates of rats 
with normal testicular function, suggesting a situation 
in which androgen receptors are saturated. Lesser and 

Box 1 | Relationship between health status and declines in serum testosterone

■■ Drugs reported to reduce testosterone secretion and/or its effects include: 
opiates, glucocorticoids, gonadotropin-releasing hormone agonists and 
antagonists, estrogen, spironolactone and ketoconazole

■■ Clinically significant comorbid diseases include: chronic kidney disease, chronic 
liver disease, obesity, type 2 diabetes mellitus, rheumatoid arthritis, HIV-
associated weight loss and Alzheimer disease

■■ Medical conditions such as increased BMI, hypertension, hyperlipidemia, 
diabetes mellitus, hypothyroidism, hemochromatosis, and asthma or chronic 
obstructive pulmonary disease are also important

Box 2 | Reference ranges for serum testosterone levels

These values are approximations only and reference 
range levels will vary between different laboratories.

■■ Castrate level: <2 nmol/l

■■ Noncastrate hypogonadal: 2–10.4 nmol/l*

■■ Eugonadal: 10.4–28 nmol/l*

■■ Supraphysiological: >28 nmol/l

*The exact cut-off for ‘hypogonadal’ in an individual male may vary 
between 6.9 nmol/l and 10.4 nmol/l.
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Bruchovsky16 confirmed these findings in 1973, discover-
ing large, but transitory, elevations in DNA polymerase 
activity of prostate extracts as a result of daily dihydro
testosterone treatment of castrated rats; however, with no 
effect of dihydrotestosterone administration observed in 
normal intact rats. In another elegant study, Lesser and 
Bruchovsky17 demonstrated that dihydrotestosterone 
administration stimulated DNA synthesis in rat prostates, 
which contained fewer than the normal number of nuclei 
4 days or 7 days after castration, but no marked effects on 
prostates of normal animals or those that had been cas-
trated within 24 h, in which the number of nuclei had not 
yet fallen below normal (Figure 1). This study provided 
further evidence of a saturation or threshold phenomenon  
in response to testosterone administration.

These studies of homeostatic constraint mechanisms, as 
applied to the tightly coordinated anabolic and catabolic 
processes that are activated or potentiated by steroid hor-
mones, provide an insight into the interaction between 
serum androgens and prostatic biology. In the Lesser 
and Bruchovsky experiment,17 once the normal number 
of cells had regenerated, some form of negative feedback 
occurred and the proliferative activity switched off. The 
wet weight of tissue, however, continued to increase in 
the presence of dihydrotestosterone, suggesting that 
differentiation (stimulation of cellular secretory activ-
ity by transcriptional or post-transcriptional processes) 
was ongoing despite the curtailing of proliferation (DNA 
synthesis and production of nuclei). Organ homeostasis 
seems to be achieved by balancing the functions of two 
cellular constraint mechanisms, one that initiates DNA 
synthesis and cell proliferation, the other causing suppres-
sion of these processes. These study authors concluded 
that the response of rat prostate to changes in hormonal 
status of the animal occurs in three phases (Figure 2).18 
In the first, DNA synthesis and cell proliferation are 
initiated by the administration of androgen when the 
number of cells in the prostate gland is below normal. In 
the second phase, once the number of cells is restored to 
normal, DNA synthesis is curbed and cell proliferation 
is decreased, although secretory activity continues to be 
stimulated by the presence of androgens.17,18 Clearly, this 
negative feedback is not solely the result of the loss of 
ability to respond to hormone, as hormone can stimulate 

secretory activity in the absence of cell division. Thus, 
nonsteroidal factors likely contribute to achieving homeo-
stasis within the prostate cell. The third phase is apoptosis 
or autophagy of prostate cells induced by the withdrawal 
of androgens from the cellular milieu.
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Figure 1 | Response of rat prostate to 
5α-dihydrotestosterone administration. Groups of three to 
seven rats were castrated on day 0 and animals were left 
untreated (dark purple circles), or treated with daily doses 
of dihydrotestosterone commenced immediately (dark red 
squares), or 1 day (green triangles), 4 days (light purple 
circles) or 7 days (light red squares) after castration. The 
values for normal rats are shown at zero timepoints.  
a | Rate of DNA synthesis; b | number of nuclei per 
prostate; c | prostatic wet weight. Treatment with 
5α-dihydrotestosterone results in threshold response  
in proliferative parameters and dose–response in 
differentiation (secretory) activity. Error bars, 
mean ± SEM. Permission obtained from The Biochemical 
Society © Lesser, B. & Bruchovsky, N. Biochem. J. 142, 
429–431 (1974).
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In considering testosterone deficiency and replacement 
in humans, we need to also understand the differences 
between serum and intraprostatic levels of androgens. 
Testosterone entering prostate tissue is rapidly reduced 
to dihydrotestosterone by 5α-reductase and, as a result, 
the dihydrotestosterone concentration in the prostate is 
approximately 10 times higher than that of testosterone. 
Both the formation of dihydrotestosterone and the 
balance between synthesis and metabolism are critical 
to maintain constantly the required level of androgen 
in the prostate cell. In low levels of serum testosterone, 
the cell upregulates 5α-reductase activity to maximize 
intranuclear dihydrotestosterone levels.19 In an animal 
study, 2 weeks after castration, male Sprague Dawley 
rats were given testosterone implants of varying sizes 
in the presence or absence of finasteride. The presence 
of active 5α-reductase enzyme enabled the prostate 
cell to concentrate dihydrotestosterone and proliferate 
even at very low levels of serum testosterone; this effect 
is negated in the presence of a 5α-reductase inhibitor 
(finasteride). A key role of 5α-reductase in the pros-
tate is, therefore, to enhance growth at low circulat-
ing testosterone concentrations. Experiments in rats 
reveal that the threshold of androgen concentration that 
has to be exceeded for induction of prostate growth is 
two to three times lower for dihydrotestosterone than  
for testosterone.20

The precise level of dihydrotestosterone necessary 
to restore the normal weight of the prostate in a cas-
trated animal would define a ‘threshold’. As shown in 
Figure 3, small changes in the cytoplasmic concentration 
of dihydrotestosterone in rats, within the physiological 
range of 0–10 nmol/l, will produce much greater changes 
in the nuclear concentration of dihydrotestosterone, span-
ning the range of 0–120 nmol/l.18 In the castrated animal, 

circulating levels of testosterone are ≤10% of normal, 
which would not sustain a cytoplasmic concentration 
of dihydrotestosterone >1–2 nmol/l. This decline would 
be accompanied by a decline in the concentration of 
nuclear dihydrotestosterone to a level insufficient to 
maintain the cell in a state of full differentiation. In the 
noncastrated animal receiving increasing doses of andro-
gen, once the plasma androgen concentration exceeds a 
threshold somewhere between 10 nmol/l and 20 nmol/l, 
the prostate cell will no longer respond to small fluctua
tions in circulating levels of testosterone, and regulation 
of the nuclear concentration of dihydrotestosterone may 
require substrate changes >100-fold. Above a certain 
threshold level, the prostate cell is, clearly, well adapted to 
provide itself with intranuclear androgen despite fluxes 
in the supply of hormone, and increasing availability of 
androgens will not result in increased intranuclear levels 
of active androgen.

Implications for a clinical setting
The early, well-designed in vivo studies formed the basis 
of the concept that testosterone has a threshold or satura
tion level in all types of androgen-dependent prostate 
cells. That is, the stimulatory effects of androgens on the 
prostate reach a point within physiological serum levels 
above which they no longer have any proliferative effect 
and serum levels of testosterone and dihydrotestosterone 
can decrease substantially in both the eugonadal and 
hypogonadal states without affecting the amount of 
androgen within the nucleus of the cell. At a certain 
threshold level (‘castrate’ level), the intranuclear level 
of androgen will begin to decrease and the appropriate 
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Figure 2 | Basic homeostatic responses of a hormone-
sensitive organ. The shaded area under the curve 
indicates the period of hormone replacement administered 
to groups of mice castrated 7 days prior. Cessation of 
treatment (recastration) is followed by a reduction in the 
number of cells per prostate to the basal level. Three basic 
responses are observed: initiation of DNA synthesis with 
cell proliferation, negative feedback and autophagy. 
Reprinted from Bruchovsky, N. et al. Vitam. Horm. 33,  
61–102 (1975), with permission from Elsevier ©.

0 10
Cytoplasmic

3H-dihydrotestosterone (nmol/l)

N
uc

le
ar

3
H

-d
ih

yd
ro

te
st

os
te

ro
ne

 (
nm

ol
/l

)

20 30
0

40

80

120

160

200

Figure 3 | Relationship between nuclear and cytoplasmic 
molar concentrations of dihydrotestosterone in rat 
prostate. Changes in the cytoplasmic concentration 
between 0 nmol/l and 10 nmol/l results in steady 
increases in nuclear dihydrotestosterone concentration to 
a ceiling of approximately 150 nmol/l. Further increases in 
plasma testosterone or dihydrotestosterone, and 
subsequent cytoplasmic concentration do not increase 
intranuclear levels (saturation point) and thus will have 
little further effect on the prostate cell. Reprinted from 
Bruchovsky, N. et al. Vitam. Horm. 33, 61–102 (1975), with 
permission from Elsevier ©.
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physiological changes will be triggered. Questions remain 
as to whether results from experimental studies in the rat 
can be extrapolated to the situation in humans. Is the 
human prostate subject to the same homeostatic con-
straints as have been so well defined in animal experi-
ments, and if so, what is the threshold or saturation level 
for maximal intracellular androgens and physiological 
responses in man?

This ‘saturation theory’ was first suggested in the clini-
cal setting by Fowler and Whitmore21 who concluded a 
quarter century ago that “normal endogenous testo
sterone levels may be sufficient to cause near maximal 
stimulation of prostatic tumors”. In 2009, Morgentaler 
and Traish22 proposed an upper limit to the stimulating 
activity of androgens on the growth of prostate cancer, 
owing to the fact that maximal androgen-receptor 
binding occurs at a relatively low serum testosterone 
level. In 2011, Morgentaler and colleagues23 reported on 
a series of 13 testosterone-deficient men who received 
TRT for a median of 2.5 years while undergoing active 
surveillance for low-risk prostate cancer. The fact that 
none of the men demonstrated increases in PSA levels, 
local or systemic progression, and 54% of the follow-
up biopsies showed no cancer, is strong support for the 
saturation concept.

The actual value for testosterone threshold level was 
studied recently by Khera and co-workers24 in a review 
of 461 hypogonadal men enrolled in a national registry. 
At baseline, a statistically significant difference in serum 
PSA level between men with testosterone levels above 
versus below 200 ng/dl (approximately 6.94 nmol/l) 
was observed. When these men were treated with TRT, 
serum PSA level increased substantially (by 0.32 ng/ml)  
in patients with baseline serum testosterone level 
<250 ng/dl (approximately <8.68 nmol/l), while those 
with serum testosterone levels >250 ng/dl (approximately 
>8.68 nmol/l) at baseline had no change in PSA, suggest-
ing these individuals had already exceeded a testosterone 
threshold or saturation point. As discussed in the next 
section, this finding would explain the paradox of cancer 
regression occurring with castration levels of testo
sterone, while testosterone replacement in hypogonadal 
men is not a cause of prostate cancer development  
or growth.

Testosterone and prostate cancer
Effects of endogenous serum testosterone
Although exposure of the prostate to androgens has 
always been considered a prerequisite for later develop
ment of prostate cancer, not all data from published 
prospective studies support this hypothesis.25 As a 
disease of the aging male, prostate cancer actually pres-
ents at a biological time when testosterone levels are in 
decline, which would be considered counterintuitive if 
testosterone truly promoted carcinogenesis in a dose–
response fashion, in which case one would actually 
expect young men with high levels of testosterone and 
microscopic disease to undergo more-rapid progres-
sion of prostate cancer.26 Obviously, factors other than 
androgen levels are implicated in the development of 

cancer, such as genetic or epigenetic determinants and  
environmental exposures.

Banach-Petrosky and colleagues27 studied the relation-
ship between androgen levels and prostate tumorigenesis 
in a genetically engineered mouse model of human 
cancer (Nkx3.1;Pten mutant mouse). The researchers 
showed that prolonged exposure to low levels of testo
sterone (‘hypogonadal’) promoted a more-aggressive 
phenotype of cancer and accelerated tumor progression 
than normal or castrate levels of testosterone. In a 2008 
review of 18 prospective studies, the study authors found 
no association between the risk of prostate cancer and 
serum concentrations of sex hormones including: testo
sterone, free testosterone, dihydrotestosterone, dehydro
epiandrosterone sulfate, androstenedione, androstanediol 
glucuronide, estradiol, or free estradiol.28 In a large, 
longitudinal, pooled prospective study of >200,000 men 
from Finland, Norway, and Sweden, a modest, yet statisti
cally significant, decrease in risk of prostate cancer was 
reported among men with increased levels of circulating 
testosterone.29 In a study of a large prospective cohort of 
10,049 men, Raynaud et al.30 suggested that high levels 
of testosterone (within the reference range of androgens, 
estrogens and adrenal androgens) decrease the risk of 
aggressive prostate cancer. Sher and co-workers31 found 
no relationship between circulating steroid hormone 
levels and Gleason score in 539 patients with prostate 
cancer, while others report a trend for high levels of testo
sterone and adrenal androgens being associated with a 
reduced risk of aggressive prostate cancer.32

In a review of 673 consecutive men undergoing radical 
prostatectomy at a single institute, 181 men were found 
to be hypogonadal on the morning of the day before 
their surgery.33 Both high-grade disease and seminal 
vesicle invasion were markedly increased in men with 
low testosterone levels compared with men with normal 
testosterone levels. Multivariate analysis did not find 
mild to moderate hypogonadism (defined as approxi-
mately 3.4–10.4 nmol/l or 100–300 ng/dl) to be an inde-
pendent predictor of high-risk pathological outcomes; 
however, a testosterone level <3.47 nmol/l (<100 ng/dl) 
did predict for seminal vesicle involvement with an odds 
ratio of 3.11.32 Several other cross-sectional studies have 
found that a low testosterone level at the time of pros-
tate cancer diagnosis is associated with more-aggressive 
disease.34–36 Moreover, testosterone may be suppressed 
in men with prostate cancer,30,37 and men who undergo 
radical prostatectomy for organ-confined disease experi
ence an increase in their serum testosterone level after 
the surgery.38

Some evidence does exist to the contrary.39,40 In the 
prospective Physicians’ Health study,40 the study authors 
found that high levels of circulating testosterone and low 
levels of sex hormone-binding globulin (both within 
normal endogenous ranges) were associated with an 
increased risk of prostate cancer, but no association 
between circulating levels of dihydrotestosterone and 
prostate cancer risk. The clinical implications of this 
finding are uncertain because of the statistical method by 
which the study authors arrived at their conclusion.30,41 
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Furthermore, serial serum androgen measurements 
were examined from 794 individuals participating in 
the Baltimore Longitudinal Study of Aging.42 The study 
authors found that high levels of calculated serum levels 
of free testosterone were associated with an increased 
risk of prostate cancer, and an increased risk of aggressive 
prostate cancer among older men. In one further study, a 
substantially higher concentration of dihydrotestosterone 
and testosterone was found in tissue samples taken from 
patients with prostate cancer (n = 75) than those with 
benign prostatic hyperplasia (n = 51).43 These researchers 
did not, however, study the relationship between tissue 
androgen levels and the aggressiveness of the cancers.

These contradictory observations herald a word of 
caution: serum levels of androgens do not reflect the 
intraprostatic hormonal environment, signaling pathways, 
transcription activity, and downstream events.43 We evi-
dently need more information to explain the complex rela-
tionship between serum and tissue levels of endogenous  
androgens and the risk of prostate cancer.

The protective effect of testosterone
Why is there no clear relationship to prostate cancer 
above a certain threshold of serum androgen level? The 
evolutionary pathway of human prostate cancer develop-
ment is complex and likely involves genetic alterations, 
polymorphisms, abnormal growth response, decreased or 
diminished apoptosis, and the combined effects of all of 
these factors, under some form of androgenic control.

Genetic factors
The androgen receptor gene is located on the 
X‑chromosome so that only one allele is responsible 
for gene expression in males. Results from population 
studies have indicated that this region is highly vari-
able and that normal men may have anywhere between  
11 and 31 CAG repeats in the androgen receptor gene, 
with a corresponding number of glutamines in the andro-
gen receptor protein.45 Findings from in vitro studies 
demonstrate that androgen-induced transcriptional 
activity is dependent on the number of CAG repeats in 
exon 1, which encodes the glutamine residues located  
in the middle of the receptor’s transactivation domain.46 It 
seems that reduced ligand-induced transcriptional activ-
ity is present in androgen receptors with an increased 
number of CAG repeats, while the deletion of CAG 
repeat regions results in increased transcriptional activ-
ity47 and risk of developing prostate cancer. Giovannucci 
et al.48 reported on 587 patients with prostate cancer and 
588 individuals without prostate cancer (controls) in the 
Physicians’ Health Study using a nested case–control 
design.48 Men with CAG repeat lengths of <19 had a 
1.5‑fold relative risk of prostate cancer compared with 
men with a CAG repeat length of >25. The CAG repeat 
length was also inversely related to prognosis, in that men 
with shorter lengths had increased incidence of lymph-
node positive prostate cancer. Stanford and colleagues,49 
in a study of 281 patients with prostate cancer and 266 
healthy individuals as controls, reported that men with 
<17 GGC repeats have a 1.6-fold relative risk of prostate 

cancer compared with men with ≥17 repeats. They also 
concluded that some form of interaction between GGC 
and CAG repeats seems to exist, in that men with both 
GGC <17 and CAG repeats of <22 were at increased 
risk of prostate cancer compared with men with longer 
GGC and CAG repeats.49 These types of polymorphisms 
may help to explain discrepancies between serum testo
sterone levels and the degree of symptoms related to 
different androgen target tissues, as well as the varying 
risks of carcinogenesis among men with similar serum  
testosterone levels.

The CYP3A5 gene encodes the drug metabolizing cyto-
chrome P450 3A5 protein, an enzyme that is known to 
metabolize a number of drugs and steroids (for example, 
nifedipine or progesterone) and to inactivate testosterone 
by catalyzing the 6β-hydroxylation of testosterone, pro-
ducing a metabolite that is less biologically active and 
more-readily eliminated. CYP3A5 has been identi-
fied as an androgen-regulated gene in human prostate 
tissue. Moilanen and colleagues50 have shown that the 
CYP3A5 promoter region contains an androgen response 
element and theorized that androgen can induce an auto
regulatory feedback loop controlling CYP3A550 and, 
thus, prostate cell exposure to androgens. As a result, 
in the presence of low or absent serum androgens there 
may actually be more testosterone available at the cellular 
level, explaining why men with lower testosterone levels 
may have higher stage and grade of cancer. This hypoth-
esis supports the concept that maintenance of normal 
androgen levels in the aging male is important.

Growth factors
Understanding that carcinogenesis is a multistep process 
involving hyperplasia, dysplasia and, ultimately, carci-
noma is important. In the presence of testosterone and 
other steroids, other growth factors, including trans-
forming growth factor α, transforming growth factor β1, 
heparin-binding growth factor 2 (also known as basic 
fibroblast growth factor), vascular endothelial growth 
factor and insulin-like growth factor I (IGF‑I) also have 
an effect. Initially, many of these growth factors may act 
in a paracrine manner as part of the epithelial–stromal 
interaction, but later on, during carcinogenesis, could 
become involved with autocrine steroidogenesis, which 
would override the levels that are present in serum. This 
fundamental change in the mechanism for androgen-
stimulated growth was studied in the androgen receptor 
null nude male mouse model,51 in which androgen-
stimulated growth occurred identically in wild-type nude 
male mice and those lacking androgen receptor—highly 
suggestive of a direct autocrine mechanism.

IGF‑I has been linked to prostate cancer risk by 
stimulating androgen-receptor-mediated gene trans
cription in the absence of exogenous androgen.52–56 
Animal experiments demonstrate that tumor growth 
can be inhibited by disrupting IGF‑I signaling path-
ways53 and in a nested case–control study using data 
derived from the Physicians’ Health Study cohort it was 
demonstrated that increasing plasma levels of IGF‑I were 
directly linked to increasing prostate cancer risk.52 After 
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adjusting for IGF-binding proteins (such as IGFBP3), 
men with a serum PSA level >4 ng/ml in combination 
with the highest quartile of IGF‑I had a 17.5-fold risk 
of prostate cancer.52 Autocrine upregulation of IGF‑I 
may become more important as we further understand 
the association between diabetes mellitus and prostate 
cancer risk; an area of extensive research as insulin 
and insulin receptors may have a role in progression to  
castration-resistant cancer.

Many research groups are studying the effects of 
growth hormone and/or sex steroid administration 
on the local tissue production of IGF-binding proteins 
and are trying to determine whether they influence the 
autocrine or paracrine actions of IGF‑I. Munzer et al.54 
demonstrated that hormone administration increased 
IGFBP3 and IGFBP5 levels. IGFBP3 is the most abundant 
circulating IGF-binding protein that inhibits cell growth 
and induces apoptosis by both IGF‑I-dependent and 
IGF‑I-independent pathways in many cancers, includ-
ing prostate cancer. Peng and colleagues55 explored the 
relationship between IGFBP3 and androgens in vitro in 
human LNCaP cells. The researchers demonstrated that 
the IGFBP3 promoter sequence responded to androgen 
treatment and identified a putative androgen response 
element in the IGFBP3 promoter region. Increasing 
doses of androgen, particularly when combined with cal-
citriol, led to increased inhibition of LNCaP cell growth. 
This stimulation by androgens of an antiproliferative and 
proapoptotic protein seems to be paradoxical; however, 
it may explain why normal androgen levels have a puta-
tive role in suppressing carcinogenesis and tumor pro-
motion.55 In other in vitro experiments, secreted PSA 
was shown to catalyze IGFBP3 fragmentation.56 After 
PSA induced cleavage, IGFBP3 has a markedly reduced 
IGF‑I binding affinity, thereby increasing the amount  
of IGF‑I available to interact with its cell surface receptor. 
Basic and clinical data, therefore, support the concept 
that increasing plasma IGF‑I levels are associated with a 
substantially increased prostate cancer risk in men and 
that this effect can be blunted by androgen-stimulated 
production of IGF-binding proteins.

The relationship between obesity and increased risk 
of death from prostate cancer may be explained by 
altered serum concentrations of testosterone, estra-
diol, insulin, IGF‑I and leptin. As obese men have low 
free testosterone levels and increased serum estradiol 
levels, owing to peripheral conversion of testosterone 
by aromatase in adipocytes, it is possible that an altered 
testosterone:estradiol ratio may enhance growth of pros-
tate cancer. In one study, mice with genetically-altered 
aromatase or estrogen receptor expression had increased 
proliferation of prostate cells when estradiol was com-
bined with testosterone.57 Obese men have insulin resis-
tance and high insulin levels that inhibit production of 
IGFBP1 and 2, which in turn increase bioactive IGF‑I 
concentrations. Study results suggest that high insulin 
states may be related to increased prostate cancer risk, 
while low insulin states may be protective.58,59 Leptin 
is a polypeptide hormone produced by adipocytes and 
findings have indicated that human prostate cancer may 

express leptin receptors,60 generating the hypothesis 
that leptin may mediate some of the effects of obesity on  
prostate cancer.

Biological influence of TRT
The castrate state
The clinical situation of medical castration may provide 
insight into the biological effects of testosterone above 
and below a ‘threshold point’ in men. Injection of a 
luteinizing-hormone-releasing hormone (LHRH, also 
known as gonadotropin-releasing hormone) agonist 
results in a transient increase, or flare, in testosterone 
for 1–2 weeks before dropping to castrate levels. The 
concern with this initial ‘flare’ is that the acute increase in 
serum testosterone level may lead to a rapid progression 
of prostate cancer, resulting in urinary retention, spinal 
cord compression, or exacerbation of bony pain.61 This 
type of complication is actually very rare and may reflect 
unfortunate coincidences owing to the natural history 
of advanced disease rather than androgen-induced cell
ular proliferation. In addition, PSA, known to correlate 
well with progression of prostate cancer,62 does not show 
notable increases in levels after patients with prostate 
cancer commence treatment with an LHRH agonist.63,64 
The lack of clinical or biochemical changes in millions 
of men on LHRH agonists would support the lack of a 
dose–response to the flare in testosterone within the 
normal serum testosterone range and saturated receptors 
in prostate cells. After testosterone has been suppressed 
into the castrate range, subsequent injections of LHRH 
agonist cause ‘mini flares’, which do not cause detectable 
physiological changes, possibly because they are not high 
enough to reach the ‘threshold’ level.

Experience with intermittent androgen suppression 
provides another insight into prostatic cellular responses 
as testosterone increases out of the castrate range, past 
the ‘threshold level’, and into the normal range during the  
off-treatment cycle. The basic theory of intermittent 
androgen suppression is that the replacement of andro-
gens, even in small amounts, would have a conditioning 
effect on surviving cells enabling these cells to conserve 
or regain desirable traits of differentiation and forestall 
tumor progression. In clinical trials, during the off-
treatment phase, the serum PSA level also increases 
alongside the rise in testosterone levels; however, a delay 
in the increase of PSA until testosterone levels pass a 
certain threshold is almost always observed.65 The pattern 
of PSA response to rising testosterone levels does vary 
between individuals, and even between treatment cycles 
for each individual, which brings to light the vexatious 
question of whether androgen-sensitive PSA secretory 
activity is an appropriate surrogate for cellular prolifera-
tion in the presence of androgens. If the human situation 
recapitulates the observations seen in castrate mice, then 
both cellular processes occur up to the point of negative 
feedback, and then secretory activity may or may not 
continue while proliferation slows or ceases, depending 
on the biology of the particular cancer.

Testosterone recovery during intermittent androgen 
suppression may influence organs other than the prostate 
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in more of a dose–response manner. Several researchers 
have reported that the return of serum testosterone from 
castrate into the hypogonadal, and eventually the eugo-
nadal, state is associated with a marked improvement of 
general well-being, recovery of anemia, and urinary and 
sexual function.66 The degree of these and other mea-
sures continuously improve in proportion to the level of 
testosterone recovery.

The hypogonadal (noncastrate) state
In terms of benign tissue, administering testosterone 
has no effect on PSA serum level or prostate volume in 
normal men.67,68 In hypogonadal men, PSA levels are often 
low, which normalize after TRT, but do not continue to 
increase with continued therapy,21,69 and prostate volume 
returns essentially to that of eugonadal men but no 
higher.70 In Swerdloff ’s study71 of 166 hypogonadal men, 
3 years of TRT resulted in a mean serum PSA increase of 
0.37 ng/ml and a 1.8% incidence of biopsy-proven pros-
tate cancer (three men). The study authors noted that 
the PSA level increase occurred in the first 6 months of 
therapy and remained stable afterwards, supporting the 
concept of ‘saturation’. Khera and co-workers24 studied 
TRT in men with different levels of hypogonadism and 
identified a testosterone threshold level of approximately 
8.68 nmol/l (about 250 ng/dl) for PSA response; that is 
men with testosterone level >8.68 nmol/l no longer had 
increases in serum PSA level.24

In a prospective study, Marks et al.44 demonstrated that 
exogenous testosterone administration does not substan-
tially increase intraprostatic androgen levels in hypo
gonadal noncastrate men. A series of 44 hypogonadal 
men (testosterone level <10.41 nmol/l or 300 ng/dl)  
were randomized to receive either testosterone enan-
thate (n = 21) or placebo (n = 20) for 6 months. All 
had a negative 14-core biopsy and 41 men completed 
treatment and underwent post-treatment biopsy with 
detailed histology, biomarker studies for cell prolifera-
tion (antigen KI‑67), stromal:epithelial ratio, androgen 
receptor, and angiogenesis (CD34), and gene-expression 
profiling using a microarray for prostate complementary 
DNAs. The patient groups were comparable at baseline 
and results showed that, despite increased serum testo
sterone and dihydrotestosterone levels in men receiving 
TRT, intraprostatic levels of testosterone and dihydro
testosterone did not change from baseline in either group. 
PSA, prostate volume, tissue biomarkers, and histological 
indices for percentage atrophy and inflammation were 
also unchanged and gene expression profiles of prostate 
epithelial cells before and after testosterone replacement 
showed no treatment effect. Findings from this elegant 
study strongly suggest that the prostate is buffered against 
a wide range of circulating testosterone levels above a 
minimum threshold or saturation point.

Administering testosterone to a large population of men 
will undoubtedly uncover some incidences of cancer,72–77 
as the background prevalence of subclinical disease is high. 
A number of papers from the past decade have sought to 
clarify the relationship between exogenous testosterone 
and prostate cancer30,40,78–86 and all study authors found 

no evidence to date of testosterone having a causative role 
in initiating de novo prostate cancer or promoting occult 
prostate cancer. In addition, no evidence has been found 
that TRT resulted in an increased Gleason score for pros-
tate cancer detected in men receiving TRT, or any con-
sistent negative effect of TRT on serum PSA levels.87 The 
mode or duration of testosterone administration had no 
influence on increasing the risk of prostate cancer.86,88–102 
In a study of 2,200 men,100 1,500 with a biochemical diag-
nosis of hypogonadism were treated and followed up with 
digital rectal examinations and serum PSA measurements 
on a 3‑6 monthly basis for up to 15 years. 10 cases of pros-
tate cancer, all clinically localized, were detected over this 
time frame of 2,100 man-years of testosterone treatment 
(0.48% cases per annum). The incidence of prostate 
cancer in men treated with testosterone was identified as 
1.1% by Rhoden and Morgentaler,41 and a meta-analysis 
by Calof et al.103 of 19 randomized placebo-controlled 
trials of TRT found no statistically significant difference 
in the rate of prostate cancer between hypogonadal men 
receiving TRT or placebo.

Rhoden et al. investigated the relationship between 
TRT and prostate cancer in men at increased risk of 
prostate cancer.101 The study authors examined 75 
hypogonadal men who underwent prostate biopsy before 
initiation of TRT, of whom 20 had high-grade prostatic 
intraepithelial neoplasia (PIN), a possible precursor to 
prostate cancer,104,105 whereas the remaining 55 had nega-
tive biopsies. At the end of 1 year of TRT, neither a sub-
stantial increase in serum PSA level, nor an increased risk 
of cancer between men with PIN-positive biopsies and 
men with PIN-negative biopsies was observed. Rhoden 
and colleagues101 suggested that presence of PIN should 
not be a contraindication to TRT—although this view  
is not yet widely accepted.

Although, individually, none of the aforementioned 
studies are sufficiently powered to confirm the safety 
profile of TRT with respect to prostate cancer initiation 
or progression, they represent a large body of indirect 
evidence to support the safety of TRT. Interestingly, 
no researchers have documented even a trend 
towards an increased risk of prostate cancer associ
ated with administration of exogenous androgen in the  
hypogonadal man.

The discrepancies between studies reflect that the 
probability of finding cancer is dependent on the dili-
gence of the search, as well as the population under 
study, and, thus, supports the importance of prospec-
tive trials to ensure the safety of TRT. To demonstrate a 
30% difference in incidence of prostate cancer between 
testosterone-treated and placebo-treated men, a trial of 
6,000 men aged 65–80 years, randomized to both placebo 
and TRT arms, and followed for at least 5 years would be 
required.80,81 This study type obviously presents quite an 
undertaking, but one whose value is underscored by the 
increasing number of men receiving TRT.

Known prostate cancer
Many health-care providers and patients remain con-
cerned about the dangers of TRT in men with active 
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or treated prostate cancer. In Huggins’ original publica-
tions,6,7 of the eight men with advanced prostate, exo
genous androgen was administered to only three men. 
Data are provided for only two of these men, one of 
whom had previously been castrated. The progression 
of disease for the single man who received androgen 
injections before castration was inferred by measur-
ing serum acid phosphatase, which varied consider-
ably both during and after administration of exogenous 
androgen. Thus, the basis for the perpetuated belief that 
testosterone activates prostate cancer in untreated men 
derives from the equivocal acid phosphatase levels of 
this one individual. Perhaps most notable in this regard 
is a retrospective review on the response of 67 men 
with metastatic prostate cancer to exogenous testo
sterone, published in 1981.21 In this study, Fowler and 
Whitmore21 did report adverse outcomes in previously-
castrated men given exogenous testosterone, suggest-
ing that androgen-sensitive cells remain after castration. 
They also described the influence of testosterone 
administration to four men who had not undergone 
prior androgen deprivation therapy. An unfavorable 
response was seen within 1 month from testosterone 
treatment in only one patient, suggesting that the other 
cancers were already in an androgen milieu ‘above 
a saturation point’. A confounding issue in all these 
studies is the problem of distinguishing an ‘unfavorable 
response’ from symptoms owing to the natural history 
of metastatic prostate cancer.

Contrary to the decade of literature that seemed to 
confirm Huggins’ observation that high serum testo
sterone levels lead to progression of prostate cancer,106 
the belief has been challenged by several overlooked 
biological and medical publications from the second 
half of the 20th century. These early clinical reports from 
the 1950s and 1960s failed to show a deleterious effect 
with testosterone administration in men with prostate 
cancer.107–109 Brendler et al.107 found an exacerbation of 
symptoms in only a fraction of patients administered 
testosterone. This finding led Rawson, in his 1953 review 
of the hormonal control of neoplastic growth, to suggest 
that investigators should search for an alternative mecha-
nism for the “established therapeutic effects of castration 
on prostate cancer”.110 Pearson’s discussion of Huggins’ 
paper in 1957 included a case of a previously untreated 
patient with advanced prostate cancer with severe bone 
pain from osseous metastases, who was treated with daily 
injections of testosterone.109 The patient found a prompt 
relief of pain after testosterone administration, which 
continued for a further 9 months of treatment. Prout and 
Brewer108 examined the effect of daily testosterone injec-
tions in 26 men with locally advanced prostate cancer 
who had not undergone castration or other hormonal 
treatment. They found that many patients experienced 
an improved sense of well-being and a diminution in 
pain with TRT. Furthermore, the researchers reported 
that the acid phosphatase response to testosterone injec-
tion was extremely variable, which again casted doubt 
on Huggins’ original conclusions. These studies, which 
were carried out over 50 years ago, show that testosterone 

administration in men with locally advanced disease 
did not lead to rapid cancer progression and support 
the concept of a saturation point in prostatic cells, both 
normal or malignant.

Several case studies examine TRT in the hypogonadal 
man previously treated for prostate cancer with radical 
prostatectomy or brachytherapy.111–115 Kaufman and 
Graydon111 treated seven patients for hypogonadism, all 
of whom had previously undergone radical prostatectomy 
with a postoperative PSA <0.1 ng/ml. They reported 
no local or metastatic recurrence during a follow-up 
of 12 years. In a similar group of 10 patients, Agarwal 
and Oefelein112 used TRT over a median duration of 
19 months. No PSA recurrence occurred and patients 
experienced an actual improvement in their quality of 
life. A 2009 retrospective review of 57 patients given TRT 
after radical prostatectomy documented no biochemical 
recurrence at a mean follow-up of 13 months.114

TRT after brachytherapy has been suggested to be 
more risky than after radical prostatectomy given the 
presence of residual prostate tissue with this approach.115 
However, the only study investigating TRT in men 
undergoing brachytherapy did not come to the same 
conclusion.113 Sarosdy113 treated 31 hypogonadal patients 
with TRT after brachytherapy, nearly one-third of whom 
had been treated for intermediate or high-risk disease, 
for anywhere from 0.5 to 4.5 years after radioactive seed 
implantation, for a median duration of 4.5 years. Median 
follow-up was 5 years, and no patient discontinued 
TRT owing to disease recurrence or documented  
disease progression.

Strong evidence from a small, but important, trial 
supports the hypothesis that raising serum testosterone 
levels from the hypogonadal to the eugonadal level has 
no biological influence on established prostate cancer. 
Morgentaler and colleagues23 administered TRT for 
a mean of 2.5 years to 13 hypogonadal men who were 
under active surveillance for low-risk prostate cancer. 
They noted no adverse progressive event in any patient 
and, in fact, only one man underwent a radical prostat
ectomy and his surgical pathology did not show any sign 
of high-risk disease.

Nonprostate tissues
In nonprostatic androgen-dependent tissues, evidence 
exists that the threshold or saturation effect remains bio-
logically relevant, but at a higher level of serum testo
sterone than for prostate tissue. Zitzman et al.116 observed 
that the loss of libido and vigor became prominent when 
serum testosterone level dropped below 15 nmol/l, while 
hot flushes and erectile dysfunction did not become 
notable until serum testosterone levels were below 
8 nmol/l. Wu and colleagues117 reported a ‘threshold’ 
for erectile dysfunction at 8.5 nmol/l serum testosterone 
level. Bhasin and colleagues67 demonstrated that andro-
genic activity reaches tissue-specific plateaus at different 
levels, with some effects only seen when serum testo
sterone level is increased to supraphysiological levels. As a 
result, testosterone replacement in hypogonadal men will 
have quite variable effects between individuals. Some of 
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these differences may be accounted for by the biology of  
the involved tissue, CAG repeat length polymorphisms 
of the androgen receptor gene,118 androgen receptor co-
activators and co-repressors (not expressed equally in 
all androgen-sensitive tissues), and by the duration of 
the hypogonadal state (which may cause recruitment 
of more androgen receptors). Varying the testosterone 
level from low–normal to high–normal levels does not 
change libido, mood, sexual function, cognition and 
bone density (‘androgenic effects’). That is, a threshold 
or plateau in response occurs once testosterone levels 
increase through the low–normal range.

Some information suggests that overall survival 
may also be linked to testosterone levels in aging men. 
In Shores’ study of 858 male veterans in the Puget 
Sound area—after controlling for age, illness and other 
comorbidities—the risk of dying over the course of 
8 years of follow-up decreased with increasing levels 
of serum testosterone.119 Laughlin et al.120 conducted 
a prospective, population-based study of 794 men, 
aged 50–91 years who had low testosterone levels at 
baseline. After approximately 12 years, 538 deaths had 
occurred. Men whose serum testosterone levels in the 
lowest quartile (<8.36 nmol/l) were 40% more likely to 
die than those with higher levels, independent of age, 
adiposity, and lifestyle. In case-specific analysis, low 
serum testosterone level predicted increased risk of 
death from cardiovascular and respiratory disease, but 
was not related to cancer death. Results were similar for 
bioavailable testosterone.120

Conclusions
A question that arises when considering the equivo-
cal data regarding testosterone effect on the prostate is: 
how can TRT have a positive effect on a man’s sense of 
well-being (anabolic, steroidal) while not stimulating 
continual proliferation of the prostate (androgenic), and 
why is this influence of testosterone so variable between 
different men with prostate cancer? Answers may be 
found in some of the older literature. Huggins and 
Hodges landmark, and later Nobel Prize winning work,6,7 
showed that prostate cancer ceases to grow in the absence 
of testosterone and extrapolated from this finding that  
testosterone administration would lead to enhanced 
growth. However, multiple studies from the past 
60–70 years that examined the interaction between sex 
steroids and prostate tissue at different degrees of prostate 
involution suggest that testosterone, whether in serum 
or intracellular, stimulates proliferation of prostate cells 
up to a point, beyond which differentiation continues, 
but cellular growth ceases. The sensitivity of an indivi
dual to varying levels of testosterone is also influenced 
by his genetic makeup, particularly polymorphisms in 
the androgen receptor, and other upstream signaling and 
downstream metabolic events, including diabetes mellitus 
and obesity. Notwithstanding this concept of a saturation 
point24 or threshold level above which testosterone has  
limited effect, the reluctance to utilize testosterone 
replacement has been incorporated into urological 
dogma and is largely responsible for the FDA’s continu-
ing caution about the relationship between therapy and 
initiation or progression of prostate cancer.121

The risks and benefits of TRT continue to be hotly 
debated. Although the need for a large randomized clini-
cal trial examining this area is indisputable, the balance 
of evidence does not demonstrate an increased risk of 
prostate cancer with TRT, whether considering causa-
tion, promotion, aggressiveness, or recurrence. In fact, a 
growing body of literature demonstrates that testosterone 
supplementation in the hypogonadal noncastrate range 
does not lead to any prostate growth. Prostate homeo-
stasis is maintained by a relatively low level of andro-
genic stimulation, and a dose response beyond a certain 
serum or intraprostatic level is unlikely, as demon
strated by many early physiological experiments. On  
the other hand, a dose–response state likely underlies the 
physiological health of many other nonprostate tissues.  
The importance of normalized testosterone levels on the 
overall well-being of an aging male is demonstrated by 
a number of published studies,119,120 including Malkin 
et al.122 who found an increased prevalence of andro-
gen deficiency in a cohort of men with coronary artery 
disease, and an inverse relationship between mortality 
and the level of bioavailable testosterone. A cautionary 
note that TRT is not for every man, or that the selec-
tion of patients may influence outcome, was sounded by 
Basaria et al.123 in 2010 who reported an increased risk of 
cardiovascular complications in frail, older (≥65 years) 
men treated with TRT.

In conclusion, definitive studies on the safety of TRT are 
needed, but until they are completed, the past 70 years of  

Box 3 | Examples of research questions for TRT and the prostate

■■ Interactions between testosterone and growth hormone and IGF‑I need to be 
further elucidated. Should IGF‑I be routinely measured in elderly men with 
LOH syndrome? The putative relationship between IGFs, testosterone and 
prostate biology and physiology, and development of BPH and cancer should be 
investigated as well as the relationship between adult-onset growth hormone 
deficiency and LOH and prostate disease.

■■ What can be considered the ‘normal’ level of testosterone in a given 
individual? Is low testosterone levels a pathological condition or response to 
an associated underlying condition? Research is needed to determine whether 
changes in testosterone levels or the rate of change of testosterone levels over 
time is important. Additionally, when replacing testosterone, the testosterone 
level needed for optimal therapeutic effect on symptomatic patients is unclear.

■■ At what level of serum testosterone replacement does PSA production switch 
from reflecting proliferation and differentiation, to reflecting differentiation 
alone? Moreover, do proliferation and differentiation have different saturation 
points?

■■ How do threshold or saturation effects differ for BPH and prostate cancer? 
Measurement of polymorphisms in individuals could help predict the target 
testosterone level required in a given man.

■■ Is TRT dangerous in the elderly man or does it improve survival? Moreover, is 
there a point at which risks of TRT outweigh the benefits of this therapy?

■■ How does testosterone level influence the operating characteristics of PSA 
in screening for prostate cancer? Is serum testosterone level a predictor 
of prostate cancer susceptibility, incidence, or aggressiveness? Should 
testosterone be measured at the same time as PSA determination and should 
it be a parameter to be considered in treatment-decision algorithms?

Abbreviations: BPH, benign prostatic hyerplasia; IGF‑I, insulin-like growth factor I; LOH,  
late-onset hypogonadism; TRT, testosterone replacement therapy.
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experimentation should support giving the benefit 
of doubt for use of this therapy. The field of androgen 
replacement remains a fertile area for research (Box 3). 
The hypogonadal older (>45 years) man should be coun-
selled on the potential risks and benefits of testosterone 
replacement before treatment, and should be carefully 
monitored for safety during treatment, but it seems 
logical to treat the symptomatic hypogonadal man with 
gradually increasing doses of exogenous testosterone to 
the point of symptomatic relief. This step would provide 
improved quality and quantity of life without the danger 
of increased risk of prostate cancer, because of the 
threshold or saturation level associated with testosterone. 
Potentially, men who have been successfully treated for 
prostate cancer and who suffer from biochemically-
confirmed, symptomatic hypogonadism are suitable 
candidates for TRT after a prudent interval as long as no 

clinical or laboratory evidence exists of residual active 
cancer. The testosterone threshold phenomenon in the 
prostate has been confirmed in the literature—let us not 
ignore 70 years of research and observation.

Review criteria

We performed a comprehensive PubMed search to 
identify original articles, review articles and editorials 
addressing the relationship between testosterone and 
the risk of prostate cancer development and progression. 
We also scanned the older literature for experiments 
relating to the influence of testosterone administration 
on prostate tissues. Selected papers were restricted to 
the English language, with preference given to full-text 
articles published within the past 70 years. Reference 
lists of retrieved articles were also searched for 
additional relevant peer-reviewed articles.

1.	 Wang, C. et al. ISA, ISSAM, EAU, EAA and ASA 
recommendations: investigation, treatment and 
monitoring of late-onset hypogonadism in males. 
Int. J. Impot. Res. 21, 1–8 (2009).

2.	 Harman, S. M., Metter, E. J., Tobin, J. D., 
Pearson, J. & Blackman, M. R. Longitudinal 
effects of aging on serum total and free 
testosterone levels in healthy men. Baltimore 
Longitudinal Study of Aging. J. Clin. Endocrinol. 
Metab. 86, 724–731 (2001).

3.	 Araujo, A. B. et al. Prevalence and incidence of 
androgen deficiency in middle-aged and older 
men: estimates from the Massachusetts Male 
Aging Study. J. Clin. Endocrinol. Metab. 89, 
5920–5926 (2004).

4.	 Wu, F. C. et al. Hypothalamic‑pituitary‑testicular 
axis disruptions in older men are differentially 
linked to age and modifiable risk factors:  
the European Male Aging Study. J. Clin. 
Endocrinol. Metab. 93, 2737–2745 (2008).

5.	 Gooren, L. J., Behre, H. M., Saad, F., Frank, A. & 
Schwerdt, S. Diagnosing and treating 
testosterone deficiency in different parts of the 
world. Results from global market research. 
Aging Male 10, 173–181 (2007).

6.	 Huggins, C. & Hodges, C. V. Studies on prostatic 
cancer I: the effect of castration, of estrogen 
and of androgen injection on serum 
phospatases in metastatic carcinoma of the 
prostate. Cancer Res. 19, 293–297 (1941).

7.	 Huggins, C., Stevens, R. E. & Hodges, C. V. 
Studies on prostatic cancer II: the effects of 
castration on advanced carcinoma of the 
prostate gland. Arch. Surg. 43, 209–223 (1941).

8.	 Bhasin, S. et al. Testosterone therapy in men 
with androgen deficiency syndromes:  
an Endocrine Society clinical practice guideline. 
J. Clin. Endocrinol. Metab. 95, 2536–2559 
(2010).

9.	 Chute, R. & Willetts, A. T. The treatment of 
cancer of the prosate with castration and the 
administration of estrogen. N. Engl. J. Med. 227, 
863–869 (1942).

10.	 Moore, C. R., Hughes, W. & Gallagher, T. F. Rat 
seminal-vesicle cytology as a testis-hormone 
indicator and the prevention of castration 
changes by the testis-extract injection. Am. J. 
Anat. 45, 109–131 (1930).

11.	 Moore, C. R., Price, D. & Gallagher, T. F. Rat-
prostate cytology as a testis-hormone indicator 
and the prevention of castration changes by 
testis-extract injections. Am. J. Anat. 45, 71–107 
(1930).

12.	 Burkhart, E. Z. A study of the early effects of 
androgenic substances in the rat by the aid of 
colchicine. J. Exp. Zool. 89, 135–165 (1942).

13.	 Huggins, C. Endocrine-induced regression of 
cancers. Cancer Res. 27, 1925–1930 (1967).

14.	 Sheppard, H., Tsien, W. H., Mayer, P. & Howie, N. 
Metabolism of the accessory sex organs of the 
immature male rat: changes in nucleic acid 
composition and uptake of thymidine‑3H induced 
by castration and methandrostenolone. 
Biochem. Pharmacol. 14, 41–51 (1965).

15.	 Coffey, D. S., Shimazaki, J. & Williams-
Ashman, H. G. Polymerization of 
deoxyribonucleotides in relation to androgen-
induced prostatic growth. Arch. Biochem. 
Biophys. 124, 184–198 (1968).

16.	 Lesser, B. & Bruchovsky, N. The effects of 
testosterone, 5-dihydrotestosterone and 
adenosine 3', 5'-monophosphate on cell 
proliferation and differentiation in rat prostate. 
Biochim. Biophys. Acta 308, 426–437 (1973).

17.	 Lesser, B. & Bruchovsky, N. Effect of duration of 
the period after castration on the response of 
the rat ventral prostate to androgens. Biochem. 
J. 142, 429–431 (1974).

18.	 Bruchovsky, N., Lesser, B., Van Doorn, E. & 
Craven, S. Hormonal effects on cell proliferation 
in rat prostate. Vitam. Horm. 33, 61–102 
(1975).

19.	 Wright, A. S., Douglas, R. C., Thomas, L. N., 
Lazier, C. B. & Rittmaster, R. S. Androgen-
induced regrowth in the castrated rat ventral 
prostate: role of 5α-reductase. Endocrinology 
140, 4509–4515 (1999).

20.	 Rittmaster, R. S., Magor, K. E., Manning, A. P., 
Norman, R. W. & Lazier, C. B. Differential effect 
of 5α-reductase inhibition and castration on 
androgen-regulated gene expression in rat 
prostate. Mol. Endocrinol. 5, 1023–1029 
(1991).

21.	 Fowler, J. E. Jr & Whitmore, W. F. Jr The response 
of metastatic adenocarcinoma of the prostate 
to exogenous testosterone. J. Urol. 126,  
372–375 (1981).

22.	 Morgentaler, A. & Traish, A. M. Shifting the 
paradigm of testosterone and prostate cancer: 
the saturation model and the limits of androgen-
dependent growth. Eur. Urol. 55, 310–320 
(2009).

23.	 Morgentaler, A., Lipshultz, L. I., Bennett, R., 
Sweeney, M., Avila, D. & Khera, M. Testosterone 
therapy in men with untreated prostate cancer. 
J. Urol. 195, 1256–1261 (2011).

24.	 Khera, M. Androgen replacement therapy after 
cancer treatment. Curr. Urol. Rep. 11, 393–399 
(2010).

25.	 Bosland, M. C. The role of steroid hormones in 
prostate carcinogenesis. J. Natl Cancer Inst. 
Monogr. 39–66 (2000).

26.	 Morgentaler, A. Testosterone and prostate 
cancer: an historical perspective on a modern 
myth. Eur. Urol. 50, 935–939 (2006).

27.	 Banach-Petrosky, W. et al. Prolonged exposure to 
reduced levels of androgen accelerates prostate 
cancer progression in Nkx3.1; Pten mutant 
mice. Cancer Res. 67, 9089–9096 (2007).

28.	 Roddam, A. W., Allen, N. E., Appleby, P. & Key, T. J. 
Endogenous sex hormones and prostate cancer: 
a collaborative analysis of 18 prospective 
studies. J. Natl Cancer Inst. 100, 170–183 
(2008).

29.	 Stattin, P. et al. High levels of circulating 
testosterone are not associated with increased 
prostate cancer risk: a pooled prospective study. 
Int. J. Cancer 108, 418–424 (2004).

30.	 Raynaud, J. P. Prostate cancer risk in 
testosterone-treated men. J. Steroid Biochem. 
Mol. Biol. 102, 261–266 (2006).

31.	 Sher, D. J. et al. Absence of relationship between 
steroid hormone levels and prostate cancer 
tumor grade. Urology 73, 356–361; discussion 
361–352 (2009).

32.	 Severi, G. et al. Circulating steroid hormones 
and the risk of prostate cancer. Cancer 
Epidemiol. Biomarkers Prev. 15, 86–91 (2006).

33.	 Salonia, A. et al. Preoperative hypogonadism is 
not an independent predictor of high-risk 
disease in patients undergoing radical 
prostatectomy. Cancer doi:10.1002/cncr.25985 
(2011).

34.	 Imamoto, T. et al. Pretreatment serum 
testosterone level as a predictive factor of 
pathological stage in localized prostate cancer 
patients treated with radical prostatectomy. Eur. 
Urol. 47, 308–312 (2005).

35.	 Isom-Batz, G. et al. Testosterone as a predictor 
of pathological stage in clinically localized 
prostate cancer. J. Urol. 173, 1935–1937 
(2005).

36.	 Massengill, J. C. et al. Pretreatment total 
testosterone level predicts pathological stage in 
patients with localized prostate cancer treated 
with radical prostatectomy. J. Urol. 169,  
1670–1675 (2003).

37.	 Morgentaler, A. Testosterone deficiency and 
prostate cancer: emerging recognition of an 

REVIEWS

© 2011 Macmillan Publishers Limited. All rights reserved



376  |  JULY 2011  |  VOLUME 8� www.nature.com/nrurol

important and troubling relationship. Eur. Urol. 
52, 623–625 (2007).

38.	 Imamoto, T. et al. Does presence of prostate 
cancer affect serum testosterone levels in 
clinically localized prostate cancer patients? 
Prostate Cancer Prostatic Dis. 12, 78–82 (2009).

39.	 Hsing, A. W. Hormones and prostate cancer: 
what’s next? Epidemiol. Rev. 23, 42–58 (2001).

40.	 Gann, P. H., Hennekens, C. H., Ma, J., 
Longcope, C. & Stampfer, M. J. Prospective 
study of sex hormone levels and risk of prostate 
cancer. J. Natl Cancer Inst. 88, 1118–1126 
(1996).

41.	 Rhoden, E. L. & Morgentaler, A. Risks of 
testosterone-replacement therapy and 
recommendations for monitoring. N. Engl. J. Med. 
350, 482–492 (2004).

42.	 Pierorazio, P. M. et al. Serum testosterone is 
associated with aggressive prostate cancer in 
older men: results from the Baltimore 
Longitudinal Study of Aging. BJU Int. 105,  
824–829 (2010).

43.	 Heracek, J. et al. Tissue and serum levels of 
principal androgens in benign prostatic 
hyperplasia and prostate cancer. Steroids 72, 
375–380 (2007).

44.	 Marks, L. S. et al. Effect of testosterone 
replacement therapy on prostate tissue in men 
with late-onset hypogonadism: a randomized 
controlled trial. JAMA 296, 2351–2361 (2006).

45.	 Edwards, A., Hammond, H. A., Jin, L., 
Caskey, C. T. & Chakraborty, R. Genetic variation 
at five trimeric and tetrameric tandem repeat loci 
in four human population groups. Genomics 12, 
241–253 (1992).

46.	 Chang, C. S., Kokontis, J. & Liao, S. T. Molecular 
cloning of human and rat complementary DNA 
encoding androgen receptors. Science 240, 
324–326 (1988).

47.	 Chamberlain, N. L., Driver, E. D. & Miesfeld, R. L. 
The length and location of CAG trinucleotide 
repeats in the androgen receptor N.‑terminal 
domain affect transactivation function. Nucleic 
Acids Res. 22, 3181–3186 (1994).

48.	 Giovannucci, E. et al. The CAG repeat within the 
androgen receptor gene and its relationship to 
prostate cancer. Proc. Natl Acad. Sci. USA 94, 
3320–3323 (1997).

49.	 Stanford, J. L. et al. Polymorphic repeats in the 
androgen receptor gene: molecular markers of 
prostate cancer risk. Cancer Res. 57,  
1194–1198 (1997).

50.	 Moilanen, A. M. et al. Characterization of 
androgen-regulated expression of CYP3A5 in 
human prostate. Carcinogenesis 28, 916–921 
(2007).

51.	 Gao, J., Arnold, J. T. & Isaacs, J. T. Conversion 
from a paracrine to an autocrine mechanism of 
androgen-stimulated growth during malignant 
transformation of prostatic epithelial cells. 
Cancer Res. 61, 5038–5044 (2001).

52.	 Chan, J. M. et al. Plasma insulin-like growth 
factor‑I and prostate cancer risk: a prospective 
study. Science 279, 563–566 (1998).

53.	 Damon, S. E., Maddison, L., Ware, J. L. & 
Plymate, S. R. Overexpression of an inhibitory 
insulin-like growth factor binding protein (IGFBP), 
IGFBP‑4, delays onset of prostate tumor 
formation. Endocrinology 139, 3456–3464 
(1998).

54.	 Munzer, T. et al. Effects of GH and/or sex 
steroids on circulating IGF‑I and IGFBPs in 
healthy, aged women and men. Am. J. Physiol. 
Endocrinol. Metab. 290, E1006–E1013 (2006).

55.	 Peng, L., Malloy, P. J., Wang, J. & Feldman, D. 
Growth inhibitory concentrations of androgens 
up-regulate insulin-like growth factor binding 
protein‑3 expression via an androgen response 

element in LNCaP human prostate cancer cells. 
Endocrinology 147, 4599–4607 (2006).

56.	 Cohen, P. et al. Prostate-specific antigen (PSA) is 
an insulin-like growth factor binding protein‑3 
protease found in seminal plasma. J. Clin. 
Endocrinol. Metab. 75, 1046–1053 (1992).

57.	 Risbridger, G. P., Bianco, J. J., Ellem, S. J. & 
McPherson, S. J. Oestrogens and prostate 
cancer. Endocr. Relat. Cancer 10, 187–191 
(2003).

58.	 Giovannucci, E., Rimm, E. B., Stampfer, M. J., 
Colditz, G. A. & Willett, W. C. Diabetes mellitus 
and risk of prostate cancer (United States). 
Cancer Causes Control 9, 3–9 (1998).

59.	 Weiderpass, E., Ye, W., Vainio, H., Kaaks, R. & 
Adami, H. O. Reduced risk of prostate cancer 
among patients with diabetes mellitus. Int. J. 
Cancer 102, 258–261 (2002).

60.	 Stattin, P. et al. Leptin is associated with 
increased prostate cancer risk: a nested case-
referent study. J. Clin. Endocrinol. Metab. 86, 
1341–1345 (2001).

61.	 Bubley, G. J. Is the flare phenomenon clinically 
significant? Urology 58, 5–9 (2001).

62.	 Freedland, S. J. & Partin, A. W. Prostate-specific 
antigen: update. Urology 67, 458–460 (2006) 
(2006).

63.	 Tomera, K. et al. The gonadotropin-releasing 
hormone antagonist abarelix depot versus 
luteinizing hormone releasing hormone agonists 
leuprolide or goserelin: initial results of 
endocrinological and biochemical efficacies in 
patients with prostate cancer. J. Urol. 165, 
1585–1589 (2001).

64.	 Kuhn, J. M. et al. Prevention of the transient 
adverse effects of a gonadotropin-releasing 
hormone analogue (buserelin) in metastatic 
prostatic carcinoma by administration of an 
antiandrogen (nilutamide). N. Engl. J. Med. 321, 
413–418 (1989).

65.	 Bruchovsky, N., Klotz, L., Crook, J. & 
Goldenberg, S. L. Locally advanced prostate 
cancer--biochemical results from a prospective 
phase II study of intermittent androgen 
suppression for men with evidence of prostate-
specific antigen recurrence after radiotherapy. 
Cancer 109, 858–867 (2007).

66.	 Buchan, N. C. & Goldenberg, S. L. Intermittent 
androgen suppression for prostate cancer. Nat. 
Rev. Urol. 7, 552–560 (2010).

67.	 Bhasin, S. et al. Testosterone dose-response 
relationships in healthy young men. Am. J. 
Physiol. Endocrinol. Metab. 281, E1172–E1181 
(2001).

68.	 Cooper, C. S. et al. Effect of exogenous 
testosterone on prostate volume, serum and 
semen prostate specific antigen levels in healthy 
young men. J. Urol. 159, 441–443 (1998).

69.	 Gould, D. C., Feneley, M. R. & Kirby, R. S. 
Prostate-specific antigen testing in 
hypogonadism: implications for the safety of 
testosterone-replacement therapy. BJU Int. 98, 
1–4 (2006).

70.	 Behre, H. M., Bohmeyer, J. & Nieschlag, E. 
Prostate volume in testosterone-treated and 
untreated hypogonadal men in comparison to 
age-matched normal controls. Clin. Endocrinol. 
(Oxf.) 40, 341–349 (1994).

71.	 Swerdloff, R. S. & Wang, C. Three-year follow-up 
of androgen treatment in hypogonadal men: 
preliminary report with testosterone gel. Aging 
Male 6, 207–211 (2003).

72.	 Roberts, J. T. & Essenhigh, D. M. 
Adenocarcinoma of prostate in 40‑year‑old body-
builder. Lancet 328, 742 (1986).

73.	 Guinan, P. D. et al. Impotence therapy and cancer 
of the prostate. Am. J. Surg. 131, 599–600 
(1976).

74.	 Jackson, J. A., Waxman, J. & Spiekerman, A. M. 
Prostatic complications of testosterone 
replacement therapy. Arch. Intern. Med. 149, 
2365–2366 (1989).

75.	 Loughlin, K. R. & Richie, J. P. Prostate cancer 
after exogenous testosterone treatment for 
impotence. J. Urol. 157, 1845 (1997).

76.	 Curran, M. J. & Bihrle, W. 3rd. Dramatic rise in 
prostate-specific antigen after androgen 
replacement in a hypogonadal man with occult 
adenocarcinoma of the prostate. Urology 53, 
423–424 (1999).

77.	 Gaylis, F. D. et al. Prostate cancer in men using 
testosterone supplementation. J. Urol. 174, 
534–538; discussion 538 (2005).

78.	 Bassil, N., Alkaade, S. & Morley, J. E. The 
benefits and risks of testosterone replacement 
therapy: a review. Ther. Clin. Risk Manag. 5, 
427–448 (2009).

79.	 Gould, D. C. & Kirby, R. S. Testosterone 
replacement therapy for late onset 
hypogonadism: what is the risk of inducing 
prostate cancer? Prostate Cancer Prostatic Dis. 
9, 14–18 (2006).

80.	 Kirby, R. & Gould, D. Testosterone replacement 
therapy in hypogonadal men and prostate 
cancer risk. BJU Int. 96, 471–472 (2005).

81.	 Bhasin, S. et al. Managing the risks of prostate 
disease during testosterone replacement 
therapy in older men: recommendations for a 
standardized monitoring plan. J. Androl. 24, 
299–311 (2003).

82.	 Barqawi, A. B. & Crawford, E. D. Testosterone 
replacement therapy and the risk of prostate 
cancer: a perspective view. Int. J. Impot. Res. 17, 
462–463 (2005).

83.	 Barqawi, A. & Crawford, E. D. Testosterone 
replacement therapy and the risk of prostate 
cancer. Is there a link? Int. J. Impot. Res. 18, 
323–328 (2006).

84.	 Stanworth, R. D. & Jones, T. H. Testosterone for 
the aging male; current evidence and 
recommended practice. Clin. Interv. Aging 3, 
25–44 (2008).

85.	 Rhoden, E. L. & Averbeck, M. A. Testosterone 
therapy and prostate carcinoma. Curr. Urol. Rep. 
10, 453–459 (2009).

86.	 Hajjar, R. R., Kaiser, F. E. & Morley, J. E. 
Outcomes of long-term testosterone 
replacement in older hypogonadal males:  
a retrospective analysis. J. Clin. Endocrinol. 
Metab. 82, 3793–3796 (1997).

87.	 Shabsigh, R., Crawford, E. D., Nehra, A. & 
Slawin, K. M. Testosterone therapy in 
hypogonadal men and potential prostate cancer 
risk: a systematic review. Int. J. Impot. Res. 21, 
9–23 (2009).

88.	 Tenover, J. S. Effects of testosterone 
supplementation in the aging male. J. Clin. 
Endocrinol. Metab. 75, 1092–1098 (1992).

89.	 Dobs, A. S. et al. Pharmacokinetics, efficacy, 
and safety of a permeation-enhanced 
testosterone transdermal system in comparison 
with bi-weekly injections of testosterone 
enanthate for the treatment of hypogonadal 
men. J. Clin. Endocrinol. Metab. 84, 3469–3478 
(1999).

90.	 Wang, C. et al. Long-term testosterone gel 
(AndroGel) treatment maintains beneficial 
effects on sexual function and mood, lean and 
fat mass, and bone mineral density in 
hypogonadal men. J. Clin. Endocrinol. Metab. 89, 
2085–2098 (2004).

91.	 Wang, C. et al. Transdermal testosterone gel 
improves sexual function, mood, muscle 
strength, and body composition parameters in 
hypogonadal men. J. Clin. Endocrinol. Metab. 85, 
2839–2853 (2000).

REVIEWS

© 2011 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | UROLOGY 	 VOLUME 8  |  JULY 2011  |  377

92.	 Sih, R. et al. Testosterone replacement in older 
hypogonadal men: a 12-month randomized 
controlled trial. J. Clin. Endocrinol. Metab. 82, 
1661–1667 (1997).

93.	 Guay, A. T., Perez, J. B., Fitaihi, W. A. & Vereb, M. 
Testosterone treatment in hypogonadal men: 
prostate-specific antigen level and risk of 
prostate cancer. Endocr. Pract. 6, 132–138 
(2000).

94.	 Svetec, D. A., Canby, E. D., Thompson, I. M. & 
Sabanegh, E. S. Jr. The effect of parenteral 
testosterone replacement on prostate specific 
antigen in hypogonadal men with erectile 
dysfunction. J. Urol. 158, 1775–1777 (1997).

95.	 Kenny, A. M., Prestwood, K. M., Gruman, C. A., 
Marcello, K. M. & Raisz, L. G. Effects of 
transdermal testosterone on bone and muscle 
in older men with low bioavailable testosterone 
levels. J. Gerontol. A Biol. Sci. Med. Sci. 56, 
M266–M272 (2001).

96.	 Gooren, L. J. A ten-year safety study of the oral 
androgen testosterone undecanoate. J. Androl. 
15, 212–215 (1994).

97.	 Gerstenbluth, R. E., Maniam, P. N., Corty, E. W. & 
Seftel, A. D. Prostate-specific antigen changes 
in hypogonadal men treated with testosterone 
replacement. J. Androl. 23, 922–926 (2002).

98.	 Snyder, P. J. et al. Effect of testosterone 
treatment on bone mineral density in men over 
65 years of age. J. Clin. Endocrinol. Metab. 84, 
1966–1972 (1999).

99.	 Schubert, M. et al. Intramuscular testosterone 
undecanoate: pharmacokinetic aspects of a 
novel testosterone formulation during long-term 
treatment of men with hypogonadism. J. Clin. 
Endocrinol. Metab. 89, 5429–5434 (2004).

100.	Feneley, M. R. & Carruthers, M. PSA monitoring 
during testosterone replacement therapy:  
low long-term risk of prostate cancer with 
improved opportunity for cure. Andrologia 36, 
212 (2004).

101.	Rhoden, E. L. & Morgentaler, A. Testosterone 
replacement therapy in hypogonadal men at 
high risk for prostate cancer: results of 1 year 
of treatment in men with prostatic 
intraepithelial neoplasia. J. Urol. 170,  
2348–2351 (2003).

102.	Snyder, P. J. et al. Effects of testosterone 
replacement in hypogonadal men. J. Clin. 
Endocrinol. Metab. 85, 2670–2677 (2000).

103.	Calof, O. M. et al. Adverse events associated 
with testosterone replacement in middle-aged 
and older men: a meta-analysis of randomized, 
placebo-controlled trials. J. Gerontol. A Biol. Sci. 
Med. Sci. 60, 1451–1457 (2005).

104.	Lefkowitz, G. K., Taneja, S. S., Brown, J., 
Melamed, J. & Lepor, H. Followup interval 
prostate biopsy 3 years after diagnosis of high 
grade prostatic intraepithelial neoplasia is 
associated with high likelihood of prostate 
cancer, independent of change in prostate 
specific antigen levels. J. Urol. 168, 1415–1418 
(2002).

105.	Haggman, M. J., Macoska, J. A., Wojno, K. J. & 
Oesterling, J. E. The relationship between 
prostatic intraepithelial neoplasia and prostate 
cancer: critical issues. J. Urol. 158, 12–22 
(1997).

106.	Nesbit, R. M. & Baum, W. C. Endocrine control 
of prostatic carcinoma; clinical and statistical 
survey of 1, 818 cases. J. Am. Med. Assoc. 143, 
1317–1320 (1950).

107.	Brendler, H., Chase, W. E. & Scott, W. W. 
Prostatic cancer; further investigation of 
hormonal relationships. Arch. Surg. 61,  
433–440 (1950).

108.	Prout, G. R. Jr & Brewer, W. R. Response of men 
with advanced prostatic carcinoma to 
exogenous administration of testosterone. 
Cancer 20, 1871–1878 (1967).

109.	Pearson, O. H. Discussion of Dr. Huggins’ paper: 
Control of cancers of man by endocrinological 
methods. Cancer Res. 17, 473–479 (1957).

110.	Rawson, R. W. Hormonal control of neoplastic 
growth. Bull. N. Y. Acad. Med. 29, 595–611 
(1953).

111.	Kaufman, J. M. & Graydon, R. J. Androgen 
replacement after curative radical 
prostatectomy for prostate cancer in 
hypogonadal men. J. Urol. 172, 920–922 
(2004).

112.	Agarwal, P. K. & Oefelein, M. G. Testosterone 
replacement therapy after primary treatment for 
prostate cancer. J. Urol. 173, 533–536 (2005).

113.	Sarosdy, M. F. Testosterone replacement for 
hypogonadism after treatment of early prostate 
cancer with brachytherapy. Cancer 109,  
536–541 (2007).

114.	Khera, M. et al. Testosterone replacement 
therapy following radical prostatectomy. J. Sex. 
Med. 6, 1165–1170 (2009).

115.	Rhoden, E. L., Averbeck, M. A. & Teloken, P. E. 
Androgen replacement in men undergoing 
treatment for prostate cancer. J. Sex. Med. 5, 
2202–2208 (2008).

116.	Zitzmann, M., Faber, S. & Nieschlag, E. 
Association of specific symptoms and metabolic 
risks with serum testosterone in older men. 
J. Clin. Endocrinol. Metab. 91, 4335–4343 
(2006).

117.	Wu, F. C. et al. Identification of late-onset 
hypogonadism in middle-aged and elderly men. 
N. Engl. J. Med. 363, 123–135 (2010).

118.	Stanworth, R. D., Kapoor, D., Channer, K. S. & 
Jones, T. H. Androgen receptor CAG repeat 
polymorphism is associated with serum 
testosterone levels, obesity and serum leptin in 
men with type 2 diabetes. Eur. J. Endocrinol. 
159, 739–746 (2008).

119.	Shores, M. M., Matsumoto, A. M., Sloan, K. L. & 
Kivlahan, D. R. Low serum testosterone and 
mortality in male veterans. Arch. Intern. Med. 
166, 1660–1665 (2006).

120.	Laughlin, G. A., Barrett-Connor, E. & 
Bergstrom, J. Low serum testosterone and 
mortality in older men. J. Clin. Endocrinol. Metab. 
93, 68–75 (2008).

121.	[No listed authors] Medication Guides. FDA 
[online], http://www.fda.gov/Drugs/DrugSafety/
UCM085729 (2011).

122.	Malkin, C. J. et al. Low serum testosterone and 
increased mortality in men with coronary heart 
disease. Heart 96, 1821–1825 (2010).

123.	Basaria, S. et al. Adverse events associated with 
testosterone administration. N. Engl. J. Med. 
363, 109–122 (2010).

Author contributions
S. L. Goldenberg, A. Koupparis and M. E. Robinson 
contributed equally to researching, discussing, 
writing, reviewing and editing this article.

REVIEWS

© 2011 Macmillan Publishers Limited. All rights reserved

http://www.fda.gov/Drugs/DrugSafety/UCM085729
http://www.fda.gov/Drugs/DrugSafety/UCM085729

	Differing levels of testosterone and the prostate: a physiological interplay
	S. Larry Goldenberg, Anthony Koupparis and Michael E. Robinson
	Introduction
	Key points
	Box 1 | Relationship between health status and declines in serum testosterone
	Box 2 | Reference ranges for serum testosterone levels
	Threshold implications for TRT safety
	Figure 1 | Response of rat prostate to 5α-dihydrotestosterone administration. Groups of three to seven rats were castrated on day 0 and animals were left untreated (dark purple circles), or treated with daily doses of dihydrotestosterone commenced immediately (dark red squares), or 1 day (green triangles), 4 days (light purple circles) or 7 days (light red squares) after castration. The values for normal rats are shown at zero timepoints. a | Rate of DNA synthesis; b | number of nuclei per prostate; c | prostatic wet weight. Treatment with 5α-dihydrotestosterone results in threshold response in proliferative parameters and dose–response in differentiation (secretory) activity. Error bars, mean ± SEM. Permission obtained from The Biochemical Society © Lesser, B. & Bruchovsky, N. Biochem. J. 142, 429–431 (1974).
	Figure 2 | Basic homeostatic responses of a hormone-sensitive organ. The shaded area under the curve indicates the period of hormone replacement administered to groups of mice castrated 7 days prior. Cessation of treatment (recastration) is followed by a reduction in the number of cells per prostate to the basal level. Three basic responses are observed: initiation of DNA synthesis with cell proliferation, negative feedback and autophagy. Reprinted from Bruchovsky, N. et al. Vitam. Horm. 33, 61–102 (1975), with permission from Elsevier ©.
	Figure 3 | Relationship between nuclear and cytoplasmic molar concentrations of dihydrotestosterone in rat prostate. Changes in the cytoplasmic concentration between 0 nmol/l and 10 nmol/l results in steady increases in nuclear dihydrotestosterone concentration to a ceiling of approximately 150 nmol/l. Further increases in plasma testosterone or dihydrotestosterone, and subsequent cytoplasmic concentration do not increase intranuclear levels (saturation point) and thus will have little further effect on the prostate cell. Reprinted from Bruchovsky, N. et al. Vitam. Horm. 33, 61–102 (1975), with permission from Elsevier ©.
	Testosterone and prostate cancer
	Biological influence of TRT
	Box 3 | Examples of research questions for TRT and the prostate
	Conclusions
	Review criteria
	Author contributions



