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Insulin-like Growth Factors and Prostate Cancer

Michael Pollak

There is considerable inter-individual variation in the cir-
culating concentrations of insulin-like growth factor I (IGF-
I) and the insulin-like growth factor binding proteins.
Recent research, including three prospective population
studies, has provided evidence that men with higher levels
of IGF-I and/or lower levels of its major binding protein are
at increased risk for prostate cancer. These epidemiologic
results are biologically plausible given earlier laboratory
data concerning influences of insulin-like growth factor
physiology on the prostate gland. Further research is needed
1) to describe in more detail the relation between insulin-
like growth factor related analytes and prostate cancer risk,
2) to clarify the biologic mechanisms underlying the epi-
demiologic observations, and 3) to examine implications for
prostate cancer diagnosis, prevention, and treatment. This
presentation summarizes both the background and recent
progress in this field.

BACKGROUND

Insulin-like growth factor physiology

Peptide growth factors play key roles in regulating the pro-
liferation, differentiation, and death of cells. Many peptide
growth factors are described as "tissue growth factors", a
term which indicates that their synthesis and action do not
involve the circulation. This distinguishes them from classic
hormones, which are delivered via the circulation from
organs where they are synthesized to their target sites of
action. While most tissue growth factors are detectable in the
circulation, their levels have not been the subject of epidemi-
ologic investigations, as there is little evidence that these lev-
els have biologic significance. In contrast, circulating levels
of IGF-I are physiologically regulated, appear to be related to
tissue bioactivity of the peptide, and vary substantially
between normal individuals. Thus, IGF-I has characteristics
of both a classic hormone and a tissue growth factor, and is
an interesting analyte for population studies (1-3). Figure 1
provides a simplified outline of IGF-I physiology at the
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whole organism and target tissue levels.
The pathologic conditions of acromegaly and growth hor-

mone deficiency are related to excess and deficient IGF-I,
respectively, and the initial clinical relevance of insulin-like
growth factor physiology related to these diseases.
Acromegaly is a consequence of growth hormone secreting
neoplasms, usually of the pituitary gland. As growth hormone
upregulates IGF-I expression, acromegaly is associated with
IGF-I excess. Obvious clinical evidence for a relation
between tissue IGF-I action and circulating IGF-I levels is
provided by the correlations between the manifestations of
acromegaly and of growth hormone deficiency with IGF-I
levels.

There is a broad normal range of circulating IGF-I levels
between the pathologic extremes of acromegaly and growth
hormone deficiency. Until recently, relatively little attention
was given to the biologic significance of inter-individual
variability within this normal range. Twin studies have
demonstrated that about half of the inter-individual variabil-
ity is attributable to genetic factors (which remain largely
uncharacterized, but now are being elucidated) and about
half to non-genetic factors, which include age, dietary influ-
ences, and others (4, 5). Most circulating IGF-I originates in
the liver, but recent experimental studies have emphasized
that local production of IGF-I within insulin-like growth
factor responsive tissues is important physiologically (6). It
has been proposed (1) that hepatic IGF-I production, circu-
lating IGF-I levels, and local IGF-I production in insulin-
like growth factor responsive tissues may vary in parallel. If
this is the case, then circulating IGF-I levels may represent
a surrogate for tissue IGF-I bioactivity.

Insulin-like growth factor II (IGF-II), insulin-like growth
factor binding proteins, and insulin-like growth factor
receptors must be considered in addition to IGF-I. Both
IGF-I and IGF-II act as mitogens by activating the IGF-I
receptor, which is present on most cell types. IGF-I signal
transduction is beyond the scope of this review, but has been
summarized elsewhere (7, 8). In general, insulin-like growth
factor signaling favors cell survival and/or proliferation over
apoptosis or growth arrest. IGF-II is present in the circula-
tion at high concentrations and is also locally produced in
tissues, but there is no evidence to suggest a relation
between circulating levels and local production. Therefore,
IGF-II may be regarded more as a "tissue growth factor", as
defined above, than IGF-I. The IGF-II receptor is now
regarded by most investigators as a "decoy" rather than a
receptor in the classic sense. It binds IGF-II with high affin-
ity, thereby reducing the IGF-II available for binding to the
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FIGURE 1. Simplified cartoon to outline insulin-like growth factor (IGF) physiology at the whole organism and tissue levels. GH, growth hor-
mone; GHRH, growth hormone-releasing hormone; IGF-I, insulin-like growth factor I; IGFBP, insulin-like growth factor binding protein; IGFIR,
insulin-like growth factor I receptor; SMS, somatostatin.

IGF-I receptor. Overexpression of the IGF-II receptor tends
to reduce, rather than increase, proliferation, raising the pos-
sibility of a tumor suppressor role for this molecule.

Less than 5 percent of circulating IGF-I is free; the bulk
is complexed with circulating insulin-like growth factor
binding proteins, of which at least six have been cloned (9).
These proteins bind insulin-like growth factors with affini-
ties comparable to insulin-like growth factor receptors.
Most circulating insulin-like growth factors are complexed
with insulin-like growth factor binding protein 3 (IGFBP-3)
and an additional protein known as the acid-labile subunit.
This complex cannot cross the capillary wall as easily as
free insulin-like growth factors. Insulin-like growth factors
in the circulation are in complex equilibria between free lig-
ands, complexes with IGFBP-3, and lower molecular weight
complexes. Interestingly, growth hormone, which is a key
upregulator of IGF-I, also upregulates IGFBP-3 and acid-
labile subunit expression—therefore, there is only a subtle
increase in the IGF-I to IGFBP-3 ratio in acromegaly.

Importantly, the insulin-like growth factor binding pro-
teins have functions beyond simple carrier molecules in the
circulation, as evidenced by the fact that they are found in
interstitial fluids. Here they act to modulate bioavailability
of insulin-like growth factors, generally in a negative fash-
ion. Insulin-like growth factor binding proteins are often
expressed by insulin-like growth factor responsive cells and
are subject to complex regulation. For example, cells that
are growth-stimulated by estrogens and growth-inhibited
by anti-estrogens decrease IGFBP-3 expression on estrogen
exposure and increase IGFBP-3 expression on exposure to
anti-estrogens (10). The apoptosis of the prostate gland
associated with androgen deprivation also is associated
with upregulation of insulin-like growth factor binding pro-
tein expression (11). This is one of several mechanisms by
which growth-modulating actions of gonadal steroids
involves "tuning" of insulin-like growth factor signaling.
Other growth inhibitors whose action is correlated with
induction of IGFBP-3 expression include transforming
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Insulin-like Growth Factors and Prostate Cancer 61

growth factor p and retinoids (12) and vitamin D-related
compounds (13, 14).

A further level of regulation involves insulin-like growth
factor binding protein proteases, which cleave insulin-like
growth factor binding proteins and increase bioavailable
insulin-like growth factor concentrations. Prostate-specific
antigen is a protease which cleaves IGFBP-3, thereby
increasing insulin-like growth factor bioactivity in the cellu-
lar microenvironment (15). In the circulation, the presence
of various protease inhibitors reduces the enzymatic activity
of prostate-specific antigen: this is why most studies have
not found a negative correlation between circulating
IGFBP-3 and prostate-specific antigen levels.

Epidemiologists should recognize that we are currently in
a period of rapid advances in insulin-like growth factor basic
science. For example, recent laboratory work has provided
evidence that certain insulin-like growth factor binding pro-
teins (particularly IGFBP-3) may have direct growth-
inhibitory actions unrelated to their insulin-like growth
factor binding properties (16), and a new class of insulin-like
growth factor binding protein-related proteins has been
described (17). There is early evidence that certain polymor-
phisms may influence the circulating levels of insulin-like
growth factors and insulin-like growth factor binding pro-
teins. The first report concerned the gene encoding IGF-I
itself (18), but its significance remains an active research
topic (19). Further recent work provides evidence that both
IGFBP-3 serum levels and gene expression are influenced by
a polymorphism in the promoter region of the IGFBP-3 gene
(20), and that this polymorphism influences the ability of
retinoids to induce IGFBP-3. If IGFBP-3 is indeed an impor-
tant mediator of retinoid action as suggested by results in cer-
tain tissue culture systems (12), the polymorphism may
define subpopulations more or less responsive to retinoids
used as chemopreventative agents. Many issues remain to be
elucidated, however, including, for example, the physiologic
basis for and significance of unusual IGF-I to IGFBP-3 ratios
seen in a minority of individuals in screened populations
(21).

Insulin-like growth factors, the prostate, and prostate
cancer

Early evidence for relevance of the insulin-like growth
factor system to the prostate came from tissue culture stud-
ies that demonstrated in vitro responsitivity of prostate
epithelial cells to insulin-like growth factors (22). More
recently, in vivo experimental systems have provided fur-
ther data indicating effects of insulin-like growth factor
physiology on the prostate. Examples include demonstra-
tions that IGF-I is required for prostate development (23),
that systemic administration of IGF-I causes rat prostate
growth (24), that overexpression of IGF-I in the prostate
leads to transformation (25), that IGF-I deficiency is asso-
ciated with reduced proliferation of prostate epithelial cells
(2), and that prostate cancer progression in the transgenic
adenocarcinoma of mouse prostate (TRAMP) model
is associated with increased IGF-I expression (26).
Interestingly, there is also in vivo evidence that treatments

and prevention strategies for prostate cancer impact
insulin-like growth factor physiology. The reduction in
prostate weight associated with finasteride administration
(27), vitamin D analogue administration, (14) or castration
(11) are all associated with upregulation of insulin-like
growth factor binding protein expression, and suppression
of prostate tumor growth by a growth hormone-releasing
hormone antagonist is associated with suppression of IGF-
II expression by neoplastic cells (28). Insulin-like growth
factor-induced activation of the androgen receptor has been
reported (29).

Insulin-like growth factor-related analytes in
epidemiologic studies

Total circulating concentrations of IGF-I, IGF-II, and the
binding proteins, insulin-like growth factor binding protein
1 (IGFBP-1), insulin-like growth factor binding protein 2
(IGFBP-2), and IGFBP-3, have been used in recent popula-
tion studies. Newer assays include free IGF-I, free IGF-II,
intact and fragmented IGFBP-3, and assays for additional
insulin-like growth factor binding proteins and insulin-like
growth factor binding protein-related proteins. Enzyme-
linked immunosorbent assay (ELISA) methodology is most
commonly used in epidemiologic studies, but radioim-
munoassays have been in use longer and still are preferred
by some laboratories.

The assay methodology for these and other insulin-like
growth factor-related analytes is in evolution and remains
challenging. Careful attention is needed to ensure sample
quality and suitability. Uniform handling of samples is
important. Optimally, whole blood samples should be kept
cool and centrifuged within 2 hours of venipuncture. After
centrifugation, serum or plasma should be frozen at -80°C
or colder prior to assay. Different assay reagents may be
designed specifically for serum or samples anticoagulated
with ethylenediaminetetraacetic acid (EDTA) or heparin.
Thawing should be done slowly at low temperatures.

Sample sets collected in the past for other purposes may
or may not be suitable for assay and should be validated
prior to undertaking large epidemiologic studies. One sim-
ple method to gain confidence in the technical suitability of
samples is to ensure that both the expected negative correla-
tion of age and IGF-I level and the expected positive corre-
lation between IGF-I and IGFBP-3 levels are detectable. If
these are not found, it is likely that a problem has occurred
in at least some samples at venipuncture, handling of whole
blood prior to centrifugaton, freezing, thawing, or assaying,
and the sample set should not be used to test new hypothe-
ses. We recommend routine reporting of these control data,
as well as the use of embedded blinded quality control sam-
ples, recombinant controls, and serum standards to detect
assay drift. Using technically unsuitable sample sets is likely
to yield falsely negative conclusions related to the hypothe-
sis under study.

Absolute values obtained may vary between reagents pro-
vided by different manufacturers, different production lots
of the same manufacturer, or assay laboratory, so appropri-
ate controls are needed before attempting to pool data
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obtained from different laboratories, or even data obtained
from a single laboratory run at different times. Improved
assay methodology and the more widespread use of interna-
tional standards may alleviate some of these concerns in the
future. Lack of precision in absolute values, provided that
relative values are accurate, may not affect estimates of rel-
ative risk. However, it is recognized that to allow compar-
isons between different studies and to provide estimates of
"normal levels" for different populations, standardization of
methodologies to allow for accuracy in absolute values is
desirable.

RECENT EPIDEMIOLOGIC DATA CONCERNING
INSULIN-LIKE GROWTH FACTORS AND PROSTATE
CANCER

Recent research carried out at several independent centers
has shown a relation between circulating IGF-I concentra-
tion or the IGF-I/IGFBP-3 ratio and risk of prostate cancer
(30-36). The first of three prospective studies was carried
out using samples from the Physicians' Health Study (31).
This investigation showed a relative risk of 4.3 when com-
paring the highest with the lowest quartiles of IGF-I. These
data imply a strong relation of potential clinical signifi-
cance; to put the result in context, it is instructive to recog-
nize that in the same cohort, the relative risk for myocardial
infarction was 2.51 when comparing the highest versus the
lowest quartiles of cholesterol concentration (37, 38).
Harman et al. (35) reported consistent findings from the
prospective Baltimore Longitudinal Study on Aging. These
investigators reported a relative risk for prostate cancer of
3.11 when comparing the highest versus lowest tertile of
IGF-1 in a multivariate analysis. The third prospective study
to investigate the relation between prostate cancer and IGF-
1 level was carried out using the Northern Sweden Health
and Disease Cohort and was reported by Stattin et al. (36).
This study showed an odds ratio of 1.7 for prostate cancer
when comparing highest versus lowest quartiles of IGF-1
level. While these three prospective studies were consistent
in terms of their general conclusion, in that all showed a
trend for increase in prostate cancer risk with increase in
IGF-1 level in multivariate analysis, they did differ with
respect to results concerning factors that modify or interact
with IGF-1-related risk, making this a high priority area for
future research. For example, the Physicians' Health Study
and the Baltimore Longitudinal Study on Aging both
observed a trend for an inverse relation between IGFBP-3
concentration and prostate cancer risk, while the Swedish
study did not.

The observation that IGF-1 and IGFBP-3 were oppositely
related to risk even though they are positively correlated with
each other was unexpected and focused attention on the
hypothesis that the ratio of these analytes might have signif-
icance. There are at least two biologic interpretations. First,
it has been proposed that the ratio serves as a surrogate for
free or bioavailable insulin-like growth factors. Alternatively,
it is possible that the serum levels themselves are correlated
with risk simply because they function as surrogates for the
local expression of IGF-1 and IGFBP-3 within prostate tis-
sue. According to this hypothesis, insulin-like growth factors

delivered through the circulation to the prostate may be of
relatively minor importance, but individuals who have higher
IGFBP-3 levels in the blood also have higher IGFBP-3
expression within the prostate, and this might be correlated
with lower prostate cancer risk.

It is clear that we are at an early stage in understanding the
relations between insulin-like growth factor binding protein
levels and risk. Technical factors may account for some of the
discrepancies between studies in this area. It is noteworthy
that the three prospective studies used different antibodies to
measure IGFBP-3 levels, and that the assays may vary in their
ability to detect IGFBP-3 fragments as compared with intact
IGFBP-3. One study (39) reported that IGFBP-1 was posi-
tively associated with prostate cancer risk. The authors spec-
ulated that high binding protein-1 levels may influence the
kinetics of insulin-like growth factor movements between the
vascular and extravascular compartments.

Case-control studies with results consistent with the
prospective studies above include those of Wolk et al.
(Sweden) (32), Chokkalingam et al. (China) (33),
Mantzoros et al. (Greece) (34), and Djavan et al. (Austria)
(30). An overview of a subset of the data now available (40)
concluded that the evidence favored a relation between IGF-
I and risk. However, several recent reports have failed to
show an association. These include those of Finne et al.
(41), Cutting et al. (42), Shariat et al. (43), and Kurek et al.
(44). A formal meta-analysis of all these studies would be
hazardous as they differ in important ways, including assay
methodology, statistical methodology, selection of the study
population, the definition of "case", and the nature of the
control groups. For example, both cases and controls in the
study of Finne et al. (41) had elevated prostate-specific anti-
gen levels, indicating a study population that differed from
the three prospective studies. It is conceivable that prostate
cancer risk may vary with IGF-1 level for subjects with a
normal prostate-specific antigen level, but not show a con-
sistent relation with risk among men with elevated prostate-
specific antigen levels.

Some case-control studies compared prostate-specific
antigen levels to IGF-1 levels as predictors of positive
prostate biopsies. It is not surprising that prostate-specific
antigen levels are much more accurate predictors of positive
biopsies than IGF-1 levels, because prostate-specific anti-
gen is clearly a tumor marker while there is no clinical evi-
dence that IGF-I is. However, this does not provide evidence
against the hypothesis that high IGF-I levels represent a risk
factor for prostate cancer.

BIOLOGIC INTERPRETATION OF RECENT
EPIDEMIOLOGIC DATA

It is biologically plausible that inter-individual variation
in insulin-like growth factor physiology, as reflected by
inter-individual differences in circulating levels of IGF-
related analytes, is related to inter-individual variation in
prostate cancer risk. Figure 2 provides simplified cartoons
illustrating insulin-like growth factor actions that may con-
tribute to carcinogenesis and neoplastic progression. Men
with higher IGF-I levels and/or lower IGFBP-3 levels may
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FIGURE 2. Simplified cartoons to illustrate possible insulin-like growth factor (IGF) actions that may relate to the relation between IGF levels
and prostate cancer risk.

have subtly higher tissue insulin-like growth factor bioac-
tivity. Over decades, this might result in billions of extra
divisions and more opportunities for genetic "accidents".
In addition, the probability of survival of cells with single
genetic "hits" might be somewhat higher in those men with
higher IGF-I levels; this would increase the pool of cells
available for second (or subsequent) "hits" and full trans-
formation. Alternatively, the main influence of host
insulin-like growth factor physiology may be after trans-
formation. In this scenario, insulin-like growth factor
physiology has little influence on early events in carcino-
genesis, but, rather, affects the probability of a neoplasm
remaining clinically insignificant versus progressing.
Interestingly, these mechanistic speculations predict dis-
tinct results of epidemiologic research. For example, if the
major influence of insulin-like growth factor physiology
involves the probability of progression of early cancers,
then it is likely that studies which define "case" as clini-
cally detected prostate cancer will show stronger associa-

tions than studies that define "case" in terms of minimal
cancers detected on the basis of minimal elevations of
prostate-specific antigen.

An important in vivo prostate cancer model (26) suggests
the possibility that circulating IGF-I may represent a tumor
marker (i.e., originate from neoplastic cells) rather than a
risk factor. On the other hand, the finding of an association
between risk and IGF-I levels in a prospective study where
blood sampling preceded diagnosis by many years would
seem to be more compatible with a true "risk factor" than a
"tumor marker" interpretation. This remains an active
research issue. It must be emphasized that the distinction
between "risk factor" and "disease marker" is often blurred.
In contrast to hypercholesterolemia, which clearly is a risk
factor for myocardial infarction and not a marker of this
condition, minimal elevations of prostate-specific antigen
have been described as a "risk factor" for a future prostate
cancer diagnosis, but in this case the "risk factor" may sim-
ply reflect early diagnosis.

Epidemiol Rev Vol. 23, No. 1, 2001
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POTENTIAL CLINICAL RELEVANCE AND CURRENT
RESEARCH ISSUES

Currently available data suggest that insulin-like growth
factor-related risk influences probability of prostate cancer
in a significant subset of the population. The disease burden
attributable to common factors associated with moderate
risk often exceeds that associated with rare factors associ-
ated with very high risk, even though the latter are obviously
easier to identify. Additional rigorous studies to better
describe the prostate cancer-insulin-like growth factor rela-
tion are necessary, given the potential importance of the
results to date. Such work may shed light on the discrepan-
cies between reported studies, and address the important
issue of interactions between insulin-like growth factor-
related risk and other risk factors.

One area of research that has been stimulated by the
recent results involves the description of genetic and non-
genetic factors that determine IGF-I and IGFBP-3 levels,
and their ratio. The fact that the ratio, as well as the absolute
values, of these analytes is physiologically regulated and
may have medical significance is shown by the fact that the
pubertal growth spurt is accompanied not only by an
increase in IGF-I and IGFBP-3 levels (which is well recog-
nized), but also by an increase in the ratio (45). Furthermore,
evidence (21) that a small proportion of the population fails
to show the expected correlation of IGF-I and IGFBP-3
requires follow-up. Those individuals with higher IGF-
I/IGFBP-3 ratios may have subtle variations in regulation of
gene expression that predispose to prostate cancer.

It is well known that starvation (which is known to reduce
carcinogenesis in experimental systems) lowers IGF-I levels
(5). Recent clinical studies provide evidence that dietary
factors that influence prostate cancer risk also influence
insulin-like growth factor physiology. High total caloric
intake was shown to be associated with increased IGF-I lev-
els (46), while the diet of vegans was associated with lower
levels (47). There is also early evidence that individuals
with higher circulating retinol level have higher circulating
IGFBP-3 levels (20), and that lycopene, previously found to
be negatively related to prostate cancer risk (48), interferes
with insulin-like growth factor signal transduction (49).
Silibinin, which has antiproliferative actions on prostate
cells, also induces IGFBP-3 expression (50). It also is
intriguing to speculate that the physiologic basis for the
observation that height and body mass index are associated
with prostate cancer risk (51) may involve insulin-like
growth factor physiology. Furthermore, two studies (52, 53)
have shown that ethnic groups with lower prostate cancer
risk tend to have higher levels of IGFBP-3. While this does
not demonstrate causality, it is an observation that requires
follow-up.

With respect to genetic determinants, there are dozens of
candidate genes that logically might be expected to influ-
ence IGF-I and/or IGFBP-3 levels. A recent report (20) has
demonstrated a significant relation between genotype at a
polymorphic site in the IGFBP-3 promoter region and cir-
culating IGFBP-3 level, and ongoing research is examining
other candidate genes and also using genome-wide
approaches to identify additional genetic determinants.

The ultimate clinical utility of a novel risk factor concerns
applications related to cancer prevention. It is of interest that
several approaches to prostate cancer prevention already
under study, including the use of vitamin D-related com-
pounds (13,14), finasteride (27), and other androgen-targeting
approaches (11, 54, 55), are known to upregulate insulin-like
growth factor binding protein expression. It remains unclear to
what extent, if any, the beneficial effects of these agents are
attributable to their impact on insulin-like growth factor phys-
iology, and this is the subject of ongoing investigations.

It is possible that serum markers or genetic markers related
to insulin-like growth factor physiology may have utility in
defining subsets of men more or less likely to benefit from
particular pharmacologic or lifestyle prevention strategies. A
prevention strategy that has only borderline efficacy when
applied to the population as a whole may be found to have
important risk reduction benefits in biologically defined sub-
sets of men. It also is possible that serum markers related to
insulin-like growth factor physiology may be useful as inter-
mediate end points for chemoprevention interventions. It has
been proposed (1, 2) that agents such as growth hormone
antagonists (56), somatostatin analogues (57), or growth
hormone-releasing hormone antagonists (28) may represent
pharmacologic tools to lower IGF-I levels from the high-
normal to low-normal range for men at increased risk. While
it is clearly premature to propose large scale prevention trials
with these or similar agents, the possibility of phase II pilot
studies in very high risk men, such as those with prostate
intraepithelial neoplasia, remains open.

Wolk et al. (58) have proposed that insulin-like growth
factor-related analytes may find application in improving
the sensitivity of prostate-specific antigen screening pro-
grams. This direction of research is at an early stage, but the
possibilities that IGF-I level might be used to define men for
whom prostate-specific antigen screening is particularly
worthwhile, or to improve the predictive value of elevated
prostate-specific antigen measurements, deserves study.
Djavan et al. (30) have explored the use of IGF-I to prostate-
specific antigen ratios for prostate cancer detection.

The question of implications of recent results concerning
insulin-like growth factor-related prostate cancer risk and
the use of growth hormone replacement therapy has been
raised (59, 60). There is no evidence to date that prostate
cancer risk is increased among men who receive growth
hormone, but this cannot be regarded as completely reassur-
ing. We would hypothesize that risk of such therapy, if it
exists at all, might only be manifest after 10 or more years
exposure, and long-term follow-up data are sparse. We
would predict that the fact that any risk associated with
growth hormone therapy would be mitigated by the fact that
growth hormone stimulates both insulin-like growth factor
and IGFBP-3 production. However, more quantitave data
are needed to document the relative effects of growth hor-
mone on these two proteins and to rule out the possibility
that genetic polymorphisms define subtle differences
between individuals in the impact of growth hormone ther-
apy on the IGF-I/IGFBP-3 ratio. The absence of obvious
excess of prostate cancer among acromegalics is also reas-
suring to a certain degree, but again caveats exist, including
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issues of competing causes of mortality and the lack of data
comparing IGF-I/IGFBP-3 ratios in treated or untreated
acromegalics, normal men, and normal or growth hormone-
deficient men receiving growth hormone therapy. At
present, it would seem prudent to treat growth hormone
deficiency with a goal of achieving mean IGF-I levels cor-
responding to the mean levels of age-specific controls rather
than attempting to maximize IGF-I levels, particularly if
treatment is planned for many decades.

Many investigators believe that carcinogenesis in the
prostate gland is usually a process that proceeds over many
decades, beginning at puberty. Height at puberty is related to
IGF-I level (45). The secular trend towards increasing
height (61-63) observed in certain countries may provide a
clue that age-specific circulating IGF-I levels have been ris-
ing in certain human populations over the last century, per-
haps in relation to changes in lifestyle and dietary factors
such as total energy intake. It is conceivable that this may
relate to some extent to the rise in prostate cancer incidence
seen in recent decades. In the absence of appropriate serum
archives, this is not a testable hypothesis, but it is one that is
consistent with the recent prospective studies (31, 35, 36)
that provide evidence for a relation between IGF-I level and
prostate cancer risk.

The convergence over the past 2 years of epidemiologic
and laboratory evidence linking insulin-like growth factor
physiology to cancer risk in general, and to prostate car-
cinogenesis in particular, has generated considerable interest
internationally (3, 64-67). It remains to be seen if this line
of investigation will lead to clinical applications regarding
prostate cancer diagnosis, treatment, or prevention, but there
is no doubt that it represents an active field of research.

ACKNOWLEDGMENTS

The author thanks the anonymous reviewers for helpful
comments.

REFERENCES

1. Pollak M. Insulin-like growth factor physiology and cancer
risk. Eur J Cancer 2000;36:1224-8.

2. Pollak M, Beamer W, Zhang JC. Insulin-like growth factors
and prostate cancer. Cancer Metastasis Rev 1999; 17:383-90.

3. Khandwala HM, McCutcheon IE, Flyvbjerg A, et al. The
effects of insulin-like growth factors on tumorigenesis and
neoplastic growth. Endocr Rev 2000;21:215-44.

4. Harrela M, Koinstinen H, Kaprio J, et al. Genetic and envi-
ronmental components of interindividual variation in circu-
lating levels of IGF-I, IGF-II, IGFBP-1, and IGFBP-3. J Clin
Invest 1996;98:2612-15.

5. Thissen JP, Ketelslegers JM, Underwood LE. Nutritional
regulation of the insulin-like growth factors. Endocr Rev
1994;15:80-101.

6. Yakar S, Liu JL, Stannard B, et al. Normal growth and devel-
opment in the absence of hepatic insulin-like growth factor I.
Proc Natl Acad Sci U S A 1999;96:7324-9.

7. Jones JI, Clemmons DR. Insulin-like growth factors and their
binding proteins: biological actions. Endocr Rev 1995; 16:

3-34.
8. LeRoith D, Werner H, Beitner-Johnson D, et al. Molecular

and cellular aspects of the insulin-like growth factor I recep-
tor. Endocr Rev 1995; 16:143-63.

9. Rajaram S, Baylink DJ, Mohan S. Insulin-like growth factor
binding proteins in serum and other biological fluids: regula-
tion and functions. Endocr Rev 1997;18:801-31.

10. Huynh HT, Yang XF, Pollak M. Estradiol and antiestrogens
regulate a growth inhibitory insulin-like growth factor bind-
ing protein 3 autocrine loop in human breast cancer cells. J
Biol Chem 1996;271:1016-21.

11. Nickerson T, Pollak M, Huynh H. Castration-induced apopto-
sis in the rat ventral prostate is associated with increased
expression of genes encoding insulin-like growth factor bind-
ing proteins 2, 3, 4 and 5. Endocrinology 1998;139:807-10.

12. Gucev ZS, Oh Y, Kelley KM, et al. Insulin-like growth fac-
tor binding protein 3 mediates retinoic acid and transforming
growth factor beta 2-induced growth inhibition in human
breast cancer cells. Cancer Res 1996;56:1545-50.

13. Huynh H, Pollak M, Zhang JC. Regulation of insulin-like
growth factor (IGF) II and IGF binding protein 3 autocrine
loop in human PC-3 prostate cancer cells by vitamin D
metabolite 1,25(OH),D, and its analog EB1089. Int J Oncol
1998;13:137^13.

14. Nickerson T, Huynh H. Vitamin D analogue EB1089-
induced prostate regression is associated with increased gene
expression of insulin-like growth factor binding proteins. J
Endocrinol 1999; 160:223-9.

15. Lee KO, Oh Y, Giudice LC, et al. Identification of insulin-
like growth factor-binding protein-3 (IGFBP-3) fragments
and IGFBP-5 proteolytic activity in human seminal plasma:
a comparison of normal and vasectomized patients. J Clin
Endocrinol Metab 1994;79:1367-72.

16. Rajah R, Valentinis B, Cohen P. Insulin-like growth factor
(IGF)-binding protein-3 induces apoptosis and mediates the
effects of transforming growth factor-p 1 on programmed cell
death through a p53- and IGF-independent mechanism. J
Biol Chem 1997;272:12181-8.

17. Sprenger CC, Damon SE, Hwa V, et al. Insulin-like growth
factor binding protein-related protein 1 (IGFBP-rPl) is a
potential tumor suppressor protein for prostate cancer. Cancer
Res 1999;59:2370-5.

18. Rosen CJ, Kurland ES, Vereault D, et al. Association
between serum insulin growth factor-I (IGF-I) and a simple
sequence repeat in IGF-I gene: implications for genetic stud-
ies of bone mineral density. J Clin Endocrinol Metab 1998;
83:2286-90.

19. Rosen CJ, Bilezikian JP. Perplexing polymorphisms: D(i)ps,
Sn(i)ps, and trips. (Editorial). J Clin Endocrinol Metab 1999;
84:4465-6.

20. Deal C, Ma J, Wilkin F, et al. Novel promoter polymorphism
in insulin-like growth factor-binding protein-3: correlation
with serum levels and interaction with known regulators. J
Clin Endocrinol Metab 2001;86:1274-80.

21. Ma J, Pollak M, Giovannucci E, et al. Prospective study of
colorectal cancer risk in men and plasma levels of insulin-
like growth factor (IGF)-I, and IGF-binding protein-3. J Natl
Cancer Inst 1999;91:620-5.

22. Cohen P, Peehl DM, Lamson G, et al. Insulin-like growth fac-
tors (IGFs), IGF receptors, and IGF-binding proteins in pri-
mary cultures of prostate epithelial cells. J Clin Endocrinol
Metab 1991;73:401-7.

23. Ruan W, Powell-Braxton L, Kopchick JJ, et al. Evidence that
insulin-like growth factor I and growth hormone are required
for prostate gland development. Endocrinology 1999; 140:
1984-9.

24. Toning N, Vinter-Jensen L, Pedersen SB, et al. Systemic
administration of insulin-like growth factor I (IGF-I) causes
growth of the rat prostate. J Urol 1997;158:222-7.

25. DiGiovanni J, Kiguchi K, Frijhoff A, et al. Deregulated
expression of insulin-like growth factor 1 in prostate epithe-
lium leads to neoplasia in transgenic mice. Proc Natl Acad
Sci U S A 2000;97:3455-60.

Epidemiol Rev Vol. 23, No. 1, 2001

 at M
cG

ill U
niversity L

ibraries on A
pril 3, 2012

http://epirev.oxfordjournals.org/
D

ow
nloaded from

 

http://epirev.oxfordjournals.org/
rlim
Rectangle

rlim
Rectangle

rlim
Rectangle



66 Pollak

26. Kaplan PJ, Mohan S, Cohen P, et al. The insulin-like growth
factor axis and prostate cancer: lessons from the transgenic
adenocarcinoma of mouse prostate (TRAMP) model. Cancer
Res 1999;59:2203-9.

27. Huynh H, Seyam RM, Brock GB. Reduction of ventral
prostate weight by finasteride is associated with suppression
of insulin-like growth factor I (IGF-I) and IGF-I receptor
genes and with an increase in IGF binding protein 3. Cancer
Res 1998;58:215-18.

28. Lamharzi N, Schally AV, Koppan M, et al. Growth hormone-
releasing antagonist MZ-5-156 inhibits growth of DU-145
human androgen-independent prostate carcinoma in nude
mice and suppresses the levels and mRNA expression of
insulin-like growth factor II in tumors. Proc Natl Acad Sci U
S A 1998;95:8864-8.

29. Culig Z, Hobisch A, Cronauer MV, et al. Androgen receptor
activation in prostatic tumor cell lines by insulin-like growth
factor-I, keratinocyte growth factor, and epidermal growth
factor. Cancer Res 1994;54:5474-8.

30. Djavan B, Bursa B, Seitz C, et al. Insulin-like growth factor
1 (IGF-1), IGF-1 density, and IGF-1/PSA ratio for prostate
cancer detection. Urology 1999;54:603-6.

31. Chan JM, Stampfer MJ, Giovannucci E, et al. Plasma
insulin-like growth factor-I and prostate cancer risk: a
prospective study. Science 1998,279:563-6.

32. Wolk A, Mantzoros CS, Andersson SO, et al. Insulin-like
growth factor 1 and prostate cancer risk: a population-based,
case-control study. J Natl Cancer Inst 1998;90:911-15.

33. Chokkalingam AP, Pollak M, Fillmore CM, et al. Insulin-like
growth factors and prostate cancer: a population-based case-
control study in China. Cancer Epidemiol Biomarkers Prev
2001;10:421-7.

34. Mantzoros CS, Tzonou A, Signorello LB, et al. Insulin-like
growth factor 1 in relation to prostate cancer and benign pro-
static hyperplasia. Br J Cancer 1997;76:1115-18.

35. Harman SM, Metter EJ, Blackman MR, et al. Serum levels of
insulin-like growth factor I (IGF-I), IGF-II, IGF-binding pro-
tein-3, and prostate-specific antigen as predictors of clinical
prostate cancer. J Clin Endocrinol Metab 2000;85:4258-65.

36. Stattin P, Bylund A, Rinaldi S, et al. Plasma insulin-like
growth factor-I, insulin-like growth factor-binding proteins,
and prostate cancer risk: a prospective study. J Natl Cancer
Inst 2000;92:1910-17.

37. Stampfer MJ, Sacks FM, Salvini S, et al. A prospective study
of cholesterol, apolipoproteins, and the risk of myocardial
infarction. N Engl J Med 1991;325:373-81.

38. Stampfer MJ. The study of cancer risks in populations.
Growth Horm IGF Res 2000;10(Suppl A):S4-5.

39. Signorello LB, Brismar K, Bergstrom R, et al. Insulin-like
growth factor-binding protein-1 and prostate cancer. J Natl
Cancer Inst 1999;91:1965-7.

40. Shaneyfelt T, Husein R, Bubley GJ, et al. Hormonal predictors
of prostate cancer: a meta-analysis. J Clin Oncol 2000; 18:
847-53.

41. Finne P, Auvinen A, Koistinen H, et al. Insulin-like growth fac-
tor I is not a useful marker of prostate cancer in men with ele-
vated levels of prostate-specific antigen. J Clin Endocrinol
Metab 2000;85:2744-7.

42. Cutting CW, Hunt C, Nisbet JA, et al. Serum insulin-like
growth factor-1 is not a useful marker of prostate cancer.
BJU Int 1999;83:996-9.

43. Shariat SF, Bergamaschi F, Adler HL, et al. Correlation of
preoperative plasma IGF-I levels with pathologic parameters
and progression in patients undergoing radical prostatec-
tomy. Urology 2000;56:423-9.

44. Kurek R, Tunn UW, Eckart O, et al. The significance of
serum levels of insulin-like growth factor-1 in patients with
prostate cancer. BJU Int 2000;85:125-9.

45. juul A, Dalgaard P, Blum WF, et al. Serum levels of insulin-
like growth factor (IGF)-binding protein-3 (IGFBP-3) in
healthy infants, children, and adolescents: the relation to
IGF-I, IGF-II, IGFBP-1, IGFBP-2, age, sex, body mass
index, and pubertal maturation. J Clin Endocrinol Metab

1995;80:2534-^2.
46. Kaklamani VG, Linos A, Kaklamani E, et al. Dietary fat and

carbohydrates are independently associated with circulating
insulin-like growth factor 1 and insulin-like growth factor-
binding protein 3 concentrations in healthy adults. J Clin
Oncol 1999; 17:3291-8.

47. Allen NE, Appleby PN, Davey GK, et al. Hormones and diet:
low insulin-like growth factor-I but normal bioavailable
androgens in vegan men. Br J Cancer 2000;83:95-7.

48. Gann PH, Ma J, Giovannucci E, et al. Lower prostate cancer
risk in men with elevated plasma lycopene levels: results of
a prospective analysis. Cancer Res 1999;59:1225-30.

49. Karas M, Amir H, Fishman D, et al. Lycopene interferes with
cell cycle progression and insulin-like growth factor I signal-
ing in mammary cancer cells. Nutr Cancer 2000;36:101-11.

50. Zi X, Zhang J, Agarwal R, et al. Silibinin up-regulates
insulin-like growth factor binding protein 3 expression and
inhibits proliferation of androgen-independent prostate can-
cer cells. Cancer Res 2000;60:5617-20.

51. Andersson SO, Wolk A, Bergstrom R, et al. Body size and
prostate cancer: a 20-year follow-up study among 135006
Swedish construction workers. J Natl Cancer Inst 1997;89:
385-9.

52. Platz EA, Pollak M, Majeed N, et al. Racial variation in
insulin-like growth factor-I and binding protein-3 concentra-
tions in middle-age men. Cancer Epidemiol Biomarkers Prev
1999;12:1107-10.

53. Tricoli JV, Winter DL, Hanlon AL, et al. Racial differences
in insulin-like growth factor binding protein-3 in men at
increased risk of prostate cancer. Urology 1999;54:178-82.

54. Nickerson T, Pollak M. Bicalutamide (Casodex)-induced
prostate regression involves increased expression of genes
encoding insulin-like growth factor binding proteins. Urology
1999;54:1120-5.

55. Nickerson T, Miyake H, Gleave ME, et al. Castration-
induced apoptosis of androgen-dependent shionogi carci-
noma is associated with increased expression of genes
encoding insulin-like growth factor-binding proteins. Cancer
Res 1999;59:3392-5.

56. Trainer PJ, Drake MB, Katznelson L, et al. Treatment of
acromegaly with the growth hormone-receptor antagonist
pegvisomant. N Engl J Med 2000;342:1171-7.

57. Pollak M, Schally AV. Mechanism of antineoplastic action of
somatostatin analogues. Proc Soc Exp Biol Med 1998;217:
143-52.

58. Wolk A, Andersson SO, Mantzoros C, et al. Can measure-
ments of IGF-1 and IGFBP-3 improve the sensitivity of
prostate-cancer screening? Lancet 2000;356:1902-3.

59. Monson JP. Growth hormone (GH) replacement therapy:
cancer in adults treated with GH. Growth Horm IGF Res
20OO;10(SupplA):S5O-l.

60. Shim M, Cohen P. IGFs and human cancer: implications
regarding the risk of growth hormone therapy. Horm Res
1999;51(Suppl3):42-51.

61. Loesch DZ, Stokes K, Huggins RM. Secular trend in body
height and weight of Australian children and adolescents. Am
J Phys Anthropol 2000; 111:545-56.

62. Padez C, Johnston F. Secular trends in male adult height
1904-1996 in relation to place of residence and parent's edu-
cational level in Portugal. Ann Hum Biol 1999;26:287-98.

63. Hoppa RD, Garlie TN. Secular changes in the growth of
Toronto children during the last century. Ann Hum Biol
1998;25:553-61.

64. Smith GD, Gunnell D, Holly J. Cancer and insulin-like
growth factor-I: a potential mechanism linking the environ-
ment with cancer risk. BMJ 2001;321:847-8.

65. Burroughs KD, Dunn SE, Barrett JC, et al. Insulin-like
growth factor-I: a key regulator of human cancer risk? J Natl
Cancer Inst 1999;91:579-81.

66. Barinaga M. Study suggests new way to gauge prostate can-
cer risk. Science 1998;279:475.

67. Holly JM. Insulin-like growth factor-I and new opportunities
for cancer prevention. Lancet 1998;351:1373—5.

Epidemiol Rev Vol. 23, No. 1, 2001

 at M
cG

ill U
niversity L

ibraries on A
pril 3, 2012

http://epirev.oxfordjournals.org/
D

ow
nloaded from

 

http://epirev.oxfordjournals.org/
rlim
Rectangle

rlim
Rectangle

rlim
Rectangle




