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ABSTRACT: 3-Hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors, known as statins, are commonly prescribed for the treatment of hypercho-

lesterolemia and cardiovascular disease. A systematic review was conducted using the keywords “statin and prostate cancer” within the title search engines
including PubMed, Web of Science, and the Cochrane Library for relevant research work published between 2004 and December 2015. Although still
premature, accumulating clinical evidence suggests that statin use may be beneficial in the prevention and/or treatment of prostate cancer. These human

studies consist of meta-analyses of secondary endpoints obtained from randomized, controlled cardiovascular disease clinical trials of statins, patient

database, observational studies, and a few, small case—control studies, directly addressing statin use on prostate cancer pathology and recurrence. This review

summarizes and discusses the recent clinical literature on statins and prostate cancer with a recommendation to move forward with randomized, placebo-

controlled clinical trials, investigating the use of statins. Additional preclinical testing of statins on prostate cancer cell lines and in vivo models is needed

to elucidate pathways and determine its efficacy for prevention and/or treatment of prostate cancer, more specifically, the difference in the effectiveness of

lipophilic versus hydrophilic statins in prostate cancer.
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Introduction

Statins are a family of drugs that directly inhibit the
catalytic active site of 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase, the rate-limiting enzyme that cat-
alyzes the conversion of HMG-CoA into mevalonate within
the cholesterol biosynthesis pathway.! Used by an estimated
24 million adults alone in the United States,? statins are widely
prescribed in the primary treatment of hypercholesterolemia
and cardiovascular disease.> Accumulating clinical and pre-
clinical evidence suggests that statins may also prevent pros-
tate carcinogenesis by (i) lowering serum and tissue cholesterol
levels, which can disrupt cellular lipid rafts leading to reduced
raft-dependent signaling and reduced prostate cancer cell pro-
liferation and survival;* (i) inhibiting isoprenoid synthesis,
preventing anchorage to the plasma membrane and activation
of small GTPase proteins, which play a pivotal role in cellular

5

proliferation, differentiation, apoptosis, and migration;’ and

(iii) reducing the secretion of pro-inflammatory cytokines.®

Clinical Studies on Statins and Prostate Cancer
‘The majority of clinical data evaluating the use of statins on
the inhibition of prostate cancer development and progression

stem from observational (case—control or cohort) studies uti-
lizing large databases or meta-analyses of statin randomized
clinical trials (RCTs). Results from these observational studies
and meta-analyses have been mixed, likely due to the limita-
tions of these types of studies. Meta-analyses of randomized,
controlled cardiovascular disease clinical trials on statins are
not well suited to address potential effects of long-term use
on prostate cancer incidence. The primary endpoint of these
RCTs was to evaluate the effect of statin treatment on primary
or secondary prevention of cardiovascular disease; the effect of
statin treatment on overall cancer or prostate cancer risks was
evaluated as secondary endpoints. The number of these RCTs
evaluating statins is a limiting factor, and the clinical trials
were underpowered to detect any significant effect on prostate
cancer risk. Additionally, the duration of statin administra-
tion and follow-up periods may have been too short to suffice
any clinically significant effect on prostate cancer prevention
and any relationship between statin use and different prostate
cancer stage or Gleason grade has not been evaluated. Not
surprisingly, all but one of these meta-analyses detected no
significant effect of statin use on prostate cancer risk.”!! The
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meta-analysis performed by Bonovas et al'? was the only study
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to ascertain a significantly reduced incidence of advanced
prostate cancer in subjects prescribed with statins; however,
no relationship between statin use and overall prostate cancer
risk was demonstrated in these earlier studies. Because of
their significant disadvantages, meta-analyses of the statin
RCTs should not be considered confirmatory evidence of
an insignificant role of statins in the prevention of prostate
carcinogenesis.

A longitudinal study design and mixed model analysis was
conducted by Algotar et al,'® and the results were inconclusive;
neither a positive nor a negative correlation was found between
prostate cancer risk and statin use. This study was conducted
only for 3.5 years, and it did not address other medicines taken,
comorbidities, or examine and standardize dosages of statin.
However, a population-based retrospective cohort study that
looked more specifically at the usage of statins after prostate
cancer diagnosis did find a statistically significant reduction
in prostate cancer mortality.!* Comorbidities were taken into
account, and a dose- and time-dependent relationship was
observed, with a greater risk reduction found in patients who
used statins before diagnosis as well as throughout their treat-
ment. This study did not examine serum prostate-specific
antigen (PSA) concentration or grade of cancer; rather, it
focused on prostate cancer mortality in relationship to post-
diagnosis statin use. Longer and higher dosages led to a lower
incidence in mortality, as well as distant site metastasis, with a
23% decreased risk with lipophilic statins and a 35% decreased
risk with hydrophilic statins.* Another retrospective cohort
study by Nordstrom et al'®
of finding prostate cancer and high-grade tumor when com-

found a significantly increased risk

pared to men who did not take statin. The PSA levels mea-
sured after diagnosis was, on average, 8% lower in men who
used statins when compared to nonusers. This study did not
account for comorbidities, although it did acknowledge them.
A regression model adjusted for coexisting medication, but did
not account for preexisting conditions, such as obesity, hyper-
tension, and diabetes, which are conditions that can often
increase the risk for prostate cancer. A 10-year retrospective
cohort study by Farwell et al'® compared statin use in veteran
population taking antihypertensive medications and found
that, on average, statin users had a 31% lower risk of prostate
cancer incidence. More specifically, men were 14% less likely
to be diagnosed with low-grade prostate cancer and 60% less
likely to be diagnosed with high-grade prostate cancer. The
study by Platz et al'” indicated no statistically significant dif-
ference in prostate cancer risk between statin users and non-
statin users, whereas another study by Moon et al'® adjusted
for serum PSA levels noted an association between statin use
and reduced risk of diagnosis of prostate cancer, as well as a
reduced risk of aggressive and fatal prostate cancer. Obser-
vational studies have the advantages of large sample size and
minimal information bias; however, the number of prostate
cancer cases is small compared to total sample size and the
study can be biased if not statistically adjusted for PSA testing

and serum PSA levels. PSA, a protease produced and secreted
by the prostate gland, is used as a serum biomarker for the early
detection of prostate cancer and other prostatic disorders.®
In clinical studies, statin use is associated with an increase in
PSA testing, lower PSA levels, and fewer prostate biopsies.!”
Therefore, statistical adjustment for PSA testing and serum
PSA levels is critical for the credibility of results from obser-
vational studies evaluating the effect of statins on prostate
cancer incidence. Studies not controlled for PSA testing did

not detect a significant reduction in prostate cancer risk,?0"23

k,2427 whereas the vast

or they even reported an increased ris
majority of observational studies with statistical adjustment
for PSA testing reported an inverse association between
statin use and either overall prostate cancer incidence?®=33
advanced prostate cancer risk?3343¢ (only a handful of PSA-

adjusted observational studies demonstrated no effect between

or

statin use and prostate cancer incidence) (Table 1).21%37 In an
effort to eliminate bias caused by opportunistic PSA testing
and fluctuations in PSA level, an observational study by Mur-
tola et al®? used patients from the Finnish Prostate Cancer
Screening Trial, a population of men frequently and system-
atically screened for prostate cancer, eliminating any detection
bias between statin users and nonusers. This study reported a
dose-dependent, significant inverse association between over-
all prostate cancer incidence and statin use, with the strongest
inverse association for early-stage prostate cancer.

Results obtained from observational studies suggest
that patients using statins may have a different risk profile
for prostate cancer compared to nonusers. Statin users may
have different access to health care, leading to more frequent
PSA testing.’? This creates the potential for increased detec-
tion of localized disease at the expense of advanced prostate
cancer, potentially lending the appearance of an increased risk
of localized disease or a protective effect against advanced-
stage prostate cancer. As demonstrated by a recent simula-
tion study by Mondul et al,*® detection bias due to medical
practices may explain the positive association between statin
use and total prostate cancer incidence, especially in popula-
tions with low prevalence of PSA screening, such as in many
European countries; however, this bias is unlikely the cause
of the inverse association between statin use and advanced-
stage disease observed in several cohort and case—control
studies.?®3473¢ Statin users are more likely to be overweight

619 therefore, the association

and obese compared to nonusers;
between statin use and reduced serum PSA may be due to
hemodilution. Lower PSA levels may delay referral for prostate
biopsy, 313940 leaving statin users underdiagnosed with pros-
tate cancer and creating the appearance of reduced prostate
cancer risk. Patients prescribed statins usually have elevated
serum cholesterol levels.*! Increased levels of serum choles-
terol are associated with higher risk of total and high-grade
prostate cancer (Table 1);33#142 therefore, increased serum and
tissue cholesterol levels may be promoting prostate carcino-

genesis in patients taking statins, leading some observational
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studies to report a positive association between statin use
and prostate cancer incidence. Statin users often have other
comorbidities, such as diabetes and metabolic syndrome,
known to promote prostate cancer development and progres-
sion.® Patients receiving statins may also be advised to imple-
ment changes to diet and exercise habits to prevent CVD that
may also affect prostate cancer incidence.® Additionally, statin
users more frequently take nonsteroidal anti-inflammatory
drugs (NSAID:s) for the prevention of cardiovascular disease;®
NSAIDs have been found to significantly reduce prostate can-
cer risk?’ and may act synergistically with statins to prevent
prostate cancer. These biases may result in statin users appear-
ing to have decreased risk for prostate cancer, where in fact
adjustments in lifestyle factor(s) associated with cardiovascu-
lar disease prevention may be responsible for the decreased
risk of prostate cancer.

Limited clinical studies have directly addressed the rela-
tionship between statin use and prostate cancer. Two studies
analyzed preoperative statin use in a population of patients
who underwent radical prostatectomy to determine the influ-
ence of statin use on the pathological characteristics of the
prostate tumor in prostatectomy specimens.*>** Statin users
in the study by Mondul et al* were statistically significantly
more likely to have organ-confined disease than nonusers,
whereas no association between preoperative statin use
and organ-confined disease was reported. In the study by
Loeb et al,®® statin users were shown to have significantly
tewer positive surgical margins and a smaller tumor volume
than nonusers;* however, it was acknowledged that this could
be due to increased access to health care and surveillance of
statin users, leading to earlier diagnosis. Both studies dem-
onstrated a trend of inverse association between statin use
and incidence of Gleason grade =7 (4 + 3) prostate cancer

in radical prostatectomy specimens;***

yet, this trend was
only statistically significant in the Mondul et al** study for
men with serum PSA concentrations =10 ng/mL. One study
showed no association between statin use and freedom from
biochemical recurrence (BCR).}” Another study also exam-
ined the probability of BCR after radical prostatectomy and
postoperation statin use. There was no dose-response rela-
tionship found for statins and prostate cancer BCR,* but
the follow-up time was only after five years, and the authors
suggested a longer follow-up time to better determine distant
metastatic effect of statins. This was supported by another
study conducted by Ishak-Howard et al,* who also found no
association between statin use and BCR when compared to
nonusers. The authors did acknowledge that BMI could medi-
ate the relationship between prostate cancer and statin use,
which could be a source of confounding and explain the lack
of association found between duration of statin use and BCR.
Allott et al*’ compiled results from the SEARCH database
to determine BCR and postoperative statin use and found a
significant 36% decreased risk. However, the dose was not
recorded, so there is likely a significant amount of variability

in type and dosages used after surgery. Additionally, seven
studies have investigated the effect of statin use on inci-
dence of prostate cancer recurrence after curative radiation
therapy.*+*8=53 Five of these clinical studies demonstrated
that statin use was associated with significant improvement
in freedom from biochemical failure, based upon serum PSA
levels (Table 1).*+%8-53 Soto et al®2 demonstrated that statin use
significantly increased progression-free survival time versus
nonusers overall; however, when the clinical analysis was lim-
ited to the years 1996-2006, when statins were more readily
available and prescribed, this association disappeared. Bansal

et al’3 conducted an analysis of 27 observational studies con-

ducted from 1993 through 2011 and found a 7% reduction
in total prostate cancer risk when compared to nonusers, but
this was a nonsignificant decreased risk, which they attributed
to varying patterns of statin use and major confounding vari-
ables, such as PSA levels, BMI, and lifestyle factors.

Melvin et al** examined the use of population-based
data to establish a relationship between statins and cancer,
and they determined that there was sizable confounding, and
attempts to reduce variability only increased this. The authors
determined that there was a need for clinical trials, and causal
inference methods cannot make clear associations between
statins and the risk of prostate cancer from population-based
data. This explains much of the variability seen among popu-
lation studies done throughout the years and why there cannot
be a clear-cut answer regarding the chemopreventative and
treatment potential of statins.

Preclinical Studies on Statins and Prostate Cancer
Studies conducted in cell culture have provided information
on the potential mechanisms of action by which statins can
impart protective effect in prostate cancer. Brown et al*® treated
PC-3 cells with lipophilic and hydrophilic statins to determine
the relationship between statin use and invasion toward bone
marrow stroma. Lipophilic statins significantly reduced the
number of colonies in clonogenic assays and bone marrow
stroma (BMS) coculture and changed the morphology of cells
by inhibiting formation of lamellipodia and distorting trailing
edges. Although similar results were not observed with hydro-
philic statins, such as pravastatin, this is likely due to its need
for active transport in order to cross the cell membrane. This
study suggests that the reduction in cholesterol synthesis is
not the reason why statins have shown preventative and treat-
ment potential for prostate cancer.” In vitro studies have fur-
ther confirmed that statins were active in prostate cancer cells,
inducing cell apoptosis, G1 cell cycle arrest, autophagy, and
the degradation of androgen receptors. Costa et al*® found that
PC-3 cell necrosis could be induced by simvastatin at 10 pM
concentrations; however, simvastatin is toxic to humans at that
pharmacological dose level. Because simvastatin is lipophilic
in nature, it can accumulate into cells as a function of time,
supporting the fact that long-term use of statins is warranted
in order to determine its chemopreventive effects.
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Statins and prostate cancer

Statins have effects on pathways that regulate apoptosis,
angiogenesis, and tumor invasions in vivo.’’~%° For example,
dysregulation of the mevalonate pathway, involved in p53
expression and tumor promotion in many types of cancer,
has been shown in mouse models to stimulate tumor pro-
liferation. Other proposed mechanism(s) for the anticancer
properties of statins is through the inhibition of Akt phos-
phorylation and prenylation of oncogenic proteins such as
Ras, Rac, and Rho. These proteins play a role as mediators
of tumor growth, mobility, and metastasis, and inhibition
of the mevalonate pathway also limits their production. In
murine models, statins have been shown to reduce cancer cell
proliferation in breast, colon, liver, pancreatic, and ovarian
cancers.””~% Particularly, in breast cancer, a review of pro-
spective, case—control and randomized control trials involv-
ing 83,919 patients found significant negative associations
between both pre-diagnosis statin use and breast cancer
mortality, as well as post-diagnosis statin use and survival.®!
Similar large cohort studies are warranted in other types of
human cancers as well.

Conclusions

Clinical evidence on the protective effect of statins against
prostate cancer is still weak and inconsistent. Several limita-
tions should be taken into consideration when interpreting
the results of this review. Data were taken from observational
studies and through meta-analyses of major statin random-
ized control trials, which, upon analysis, have proven to
have various disadvantages. The lack of statistical adjust-
ment for PSA testing, serum PSA levels, and concomitant
use of NSAIDs in observational studies, and the short dura-
tion of statin use and small number of prostate cancer cases
leading to low statistical power in meta-analyses of statin
RCTs impair results. Furthermore, limited data made it dif-
ficult to evaluate the effects of both pre-diagnostic and post-
diagnostic statin use in prostate cancer. The strict population
selection criteria of statin RCTs also render generalization
of the results of meta-analyses implausible. Meta-analyses
conducted examining statin use and prostate cancer risk and
mortality have conflicting results, and until a way to reduce
variability without increasing confounding can be found,
conclusive directives cannot be made. More preclinical stud-
ies must be performed examining treatment of various pros-
tate cancer cell lines with differing concentrations of statins
to establish a dose- and time-dependent relationship. Despite
a lack of conclusive evidence, there is a possibility that men
receiving prescription statins may have a reduced risk for
prostate cancer development. However, physicians should be
aware of the potentially harmful effects of statins on prostate
carcinogenesis suggested by some experimental studies; low
doses of statins may promote angiogenesis, enhancing tumor
growth,® and statins may increase the number of CD4+
CD25+ regulatory T-cells, suppressing tumor-specific T-cell

immune responses.6

Recommendations and Future Directions

Stains are a potentially promising class of agents with
cholesterol-lowering properties, which could be a significant
mechanism by which these drugs might inhibit the carcino-
genic process. Statins have pleiotropic effects on other cancer-
related processes such as angiogenesis and inflammation, and
also on a number of novel molecular targets and complex sig-
naling pathways. The use of statins is increasing, and there is a
need to pinpoint the mechanism(s) that underlies the putative
anticancer properties of statins, which will be a key in provid-
ing the rationale for prospective clinical trials of these drugs
in prostate cancer. Although initial effort is needed to deter-
mine the class and optimal dose of statins that are sufficient
to elicit chemopreventive effects, studies providing evidence
that statins target premalignant lesions could be taken to the
next level. Relatively small Phase I and II studies could be
sufficient to provide information on the biological plausibility
of statins in prostate cancer, and continued follow-up will be
beneficial for the assessment of the effects of long-term statin
use. In summary, statins may inhibit prostate carcinogenesis
by suppressing cell growth, angiogenesis/invasion, and induc-
tion of apoptosis of prostate tumor cells. The focus now must
be placed on preclinical trials to determine the direct rela-
tionship between prostate cancer and statin use. Addition-
ally, the optimal timing of statin use is unclear; it can be used
pre-diagnosis, post-diagnosis, or posttreatment. There also
appears to be a difference between lipophilic and hydrophilic
statin use in terms of prostate cancer chemoprevention. Fur-
ther testing is needed to determine which is more effective.
Hopetully, the role of statins in prostate cancer might be eluci-
dated in future randomized, placebo-controlled clinical trials.
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