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Abstract: Mortality associated with statin use has been reported in prostate cancer (PCa) patients
treated with androgen deprivation therapy (ADT) or definitive therapy in several observational
studies, although the results have varied. This study aimed to analyze the association of statin
use with all-cause mortality and cancer-specific mortality among PCa patients receiving ADT or
definitive therapy as their primary treatment and to examine the effect of statin initiation (pre-
ADT) timing on outcomes. A systematic literature search of PubMed, the Cochrane library, and
Embase was conducted from database inception to 4 October 2021. In total, 12 eligible studies
from 976 references were included in the final analysis. The results showed that statin use was
associated with a significant reduction in the risks of all-cause mortality (hazard ratio (HR) = 0.73,
95% confidence interval (CI) = 0.64-0.84, p < 0.0001) and cancer-specific mortality (HR = 0.61, 95%
CI =0.49-0.77, p < 0.0001) in PCa patients receiving ADT. However, statin use before ADT initiation
did not significantly lower the risk of all-cause mortality (HR = 0.87, 95% CI = 0.66-1.16, p = 0.35)
or cancer-specific mortality (HR = 0.84, 95% CI = 0.62-1.13, p = 0.25) in advanced PCa patients
receiving ADT. In contrast, statin use was not associated with a significantly reduced risk of all-cause
mortality (HR = 0.69, 95% CI = 0.39-1.21, p = 0.20), but it was associated with a reduced risk of
cancer-specific mortality (HR = 0.82, 95% CI = 0.68-0.98, p = 0.03) in PCa patients receiving definitive
therapy. This review indicated that statin use in combination with ADT was correlated with better
all-cause and cancer-specific mortality in PCa patients. However, the beneficial effect might not
come from statin use before ADT initiation. In addition, statin use in combination with definitive
therapy was correlated with a reduced risk of cancer-specific mortality in PCa patients. In the future,
randomized controlled trials are needed to validate the efficacy of statin use in combination with
primary treatment for PCa among PCa patients.

Keywords: statin; androgen deprivation therapy; definitive therapy; prostate cancer; meta-analysis;
mortality; cancer-specific mortality

1. Introduction

Statins have been widely used for decades to decrease serum cholesterol levels and
the risk of cardiovascular disease [1]. Most recently, statins have received considerable
attention due to their potential anticancer properties [2]. Several in vitro studies showed
that statins prevent the progression of prostate cancer (PCa) via cholesterol-dependent and
cholesterol-independent mechanisms [3]. In addition, PCa patients are usually older, and a
high proportion of patients coexist with hyperlipidemia treated with statins [4]. The anti-
cancer effect of statins in these patients is of interest. However, PCa is heterogeneous. Some
patients are diagnosed as low risk with a favorable outcome, but others have a more aggres-
sive form of cancer [5]. Although many observational studies have investigated the effects
of statins on several outcomes regarding cancer progression, the association between statin
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use and their roles in reducing mortality in PCa patients is not entirely confirmed [6-9].
Furthermore, experts have been skeptical about these observational studies due to the
prevalent user effect [10].

PCa is one of the most common cancers in men, with an estimated incidence of
1.4 million cases, and it accounts for 14.1% of cancer cases diagnosed in men as of 2020 [11].
Definitive therapy, including radical prostatectomy and radiation therapy, is the most com-
mon primary treatment option for localized PCa [12]. Additionally, androgen deprivation
therapy (ADT) is widely accepted as the initial treatment for metastatic PCa [13].

A few meta-analysis studies investigated this topic, but the results were inconclusive.
One meta-analysis demonstrated that in PCa patients, pre-diagnostic and post-diagnostic
users of statins were associated with lower risks of all-cause mortality and PCa-specific
mortality [14]. Notably, another meta-analysis showed that the effect of statins on PCa
progression might depend on the primary treatment modality [15]. Moreover, a very
recent meta-analysis provided evidence that statin use in combination with ADT was
associated with reduced risks of all-cause and PCa-specific mortality in PCa patients [16].
Thus, evidence demonstrating the effects of statins in patients receiving different treatment
modalities is important for clinical practice. We conducted this meta-analysis of all studies
to date that evaluated the association between statin use and mortality in patients with PCa
receiving either definitive therapy (radical prostatectomy or radiation therapy) or ADT as
their primary treatment. We also assessed the effect of statins on mortality in prevalent
statin users in a group of PCa patients receiving ADT as their primary treatment.

2. Methods
2.1. Search Strategy and Study Eligibility

We performed a systematic literature search of PubMed, the Cochrane library, and
Embase from their inception to 4 October 2021 to identify all studies that investigated the
association between statin use and the mortality of PCa patients receiving ADT or definitive
therapy as their primary treatment. Additionally, guided by the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) [17], we also screened reference lists
of retrieved articles. For database searches, terms related to PCa and statins were combined
with ADT and definitive therapy. Full details of the search strategy for each database are
reported in Supplementary Table S1.

Prospective cohort studies, retrospective cohort studies, and randomized controlled
trials (RCTs) that involved PCa patients receiving ADT or definitive therapy combined
with statin use were included. We excluded studies reporting the efficacy of statins without
a control group, studies without a mortality outcome, and studies that lacked extractable
outcome data. The outcomes of interest for our review were all-cause mortality and cancer-
specific mortality. Two authors (Hou and Shao) independently checked the inclusion and
exclusion criteria for each of the identified studies and resolved discrepancies by discussion.

2.2. Data Extraction and Quality Assessment

Two authors (Hou and Shao) independently extracted the following data from each
study using a predefined data extraction form: (1) study information, including author,
publication year, study design, country of participants, sample size, and length of follow-
up; (2) characteristics of participants, including PCa stage, type of primary treatment, the
time of statin initiation, and the percentage of PCa patients receiving ADT among PCa
patients taking definitive therapy as their primary treatment; and (3) outcomes, including
all-cause mortality and cancer-specific mortality, with details on statistical parameters, such
as adjusted hazard ratios (HRs; aHRs).

The Newcastle-Ottawa Scale (NOS) was utilized to examine the quality of the included
observational studies [18]. The NOS consists of three domains, namely, patient selection,
comparability, and outcome. A score with a range of 0-9 was allocated to each study. A
higher score indicates higher quality, and studies with a score of >7 were considered to
be high-quality studies [19]. Two reviewers (Shao and Hou) independently evaluated the
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quality of the studies. Disagreements regarding quality assessment scores for each study
were resolved by consensus.

2.3. Statistical Analysis

HRs with a 95% confidence interval (CI) for mortality outcomes were calculated by
pooling study-specific-adjusted multivariate HRs using the inverse variance method in
Review Manager for Windows (vers. 5.4). We first pooled study-specific HRs for the
effect of statins on mortality outcomes in PCa patients receiving ADT as their primary
treatment. Next, to evaluate whether the statin initiation time affected the association
between statin use and mortality, we pooled study-specific HRs for the effect of statins
on mortality outcomes in ADT patients who used statins before ADT initiation (pre-ADT,
prevalent users). Last, we pooled study-specific HRs for the effect of statins on mortality
outcomes in PCa patients receiving definitive therapy as their primary treatment. For any
study providing separate risk estimates by different definitive therapies, we considered the
estimates as different studies [8].

Between-study heterogeneity was assessed using both Cochrane’s Q-test and the I?
statistic [20]. A value of p < 0.01 for the Q-test or I? > 50% was considered significant.
If heterogeneity reached statistical significance, a random effects model was adopted;
otherwise, a fixed effects model was adopted [21].

A sensitivity analysis was performed to evaluate the robustness of the association
between statin use and mortality outcomes in PCa patients receiving definitive therapy.
For all-cause mortality, we pooled the lowest HRs in each study together. Meanwhile, the
highest HRs in each study were also pooled together in the sensitivity analysis. However,
for cancer-specific mortality, only three studies reported HRs. These HRs were derived
from three populations with different statin initiation times, so we pooled the highest HRs
from each study in the main analysis. In contrast, the lowest HRs in each study were pooled
together in the sensitivity analysis.

For all comparisons, visual inspection of funnel plots was used to assess potential
publication bias [22].

3. Results and Discussion
3.1. Literature Search

In total, 976 citations were identified through the electronic databases using the search
strategy. Figure 1 summarizes the study selection process. Studies with the wrong popula-
tion, intervention, or outcome were excluded. In addition, studies that were not relevant
to assessing the effects of statin use among PCa patients or had no extractable outcome
data, as well as commentaries, conference abstracts, editorials, and reviews, were excluded.
Finally, 12 studies met the inclusion criteria for the current meta-analysis [8,9,23-32]. Six
studies investigated the effects of statin use in PCa patients using ADT as their primary
treatment [23-28]. The other six studies investigated the effects of statin use in PCa patients
using definitive therapy as their primary treatment [8,9,29-32].

3.2. Characteristics of the Included Studies

The characteristics of the six studies that investigated the effects of statin use in PCa
patients using ADT as their primary treatment are presented in Table 1. All six studies
were retrospective cohort studies published between 2015 and 2021. They were conducted
in Korea, Denmark, the United States, Taiwan, Canada, and Finland, with cohort sizes
ranging between 171 and 87,346. The percentage of statin users ranged from 26.3% to 61%.
In total, five studies included patients initiating statin use after a PCa diagnosis [24-28],
and one study (by Jung et al.) included patients who initiated statin use before and after
a PCa diagnosis [23]. Four studies reported both all-cause mortality and cancer-specific
mortality [25-28], one only reported all-cause mortality [24], and one only reported cancer-
specific mortality [23].
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976 Records identified through database searching
(PubMed, n=164; Cochrane Library, n=76; Embase.
n=736)

I 169 Duplicate records removed

| 807 Records screened against title and abstract I

698 Records excluded after title or abstract evaluation
*  Wrong population, intervention, outcome or not
relevant

| 109 Full-text articles assessed for eligibility |

97 Records excluded after full-text evaluation
* 58 Commentary, conference abstract, editorial,
or review
37 Wrong population, intervention, outcome or
not relevant
2 Absence of extractable outcome data

I 12 Studies included in the meta-analysis |

6 Studies investigated statin in PCa 6 Studies investigated statin in PCa
patients using ADT as their patients using definitive therapy
primary treatment as their primary treatment

Figure 1. PRISMA flow diagram of the study selection process.

Furthermore, the characteristics of the six studies that investigated the effects of statin
use in PCa patients receiving definitive therapy as their primary treatment are presented
in Table 2. All six studies were retrospective cohort studies published between 2010 and
2021. Studies were conducted in the United States, Canada, Finland, and Taiwan, with
cohort sizes ranging between 567 and 14,424. The percentage of statin users ranged from
23.73% to 46.79%. Primary treatment in the six studies included a radical prostatectomy;,
external beam radiotherapy, and brachytherapy. In addition to using definitive therapy
as their primary treatment, patients in the studies may have received ADT as adjuvant
or neoadjuvant therapy. Only one study (by Prabhu et al.) restricted patients to those
without adjuvant hormone therapy [32]. All six studies had a median of at least 3.5 years of
follow-up. One study reported both all-cause mortality and cancer-specific mortality [29],
three reported only all-cause mortality [8,31,32], and two reported only cancer-specific
mortality [9,30].

Due to no apparent asymmetry found by visual inspection of the funnel plots, no
comparison in our meta-analysis demonstrated any significant publication bias.

3.3. Quality Assessment of Included Studies

As no RCT reported the impact of statins combined with ADT or definitive ther-
apy, we utilized the NOS to determine the quality of the included studies as shown
in Supplementary Table S2. Eight factors were used to assess study quality according to
the NOS. All observational studies included in our analysis were determined to be of
high quality.

3.4. Statin Use and All-Cause Mortality

Five studies compared all-cause mortality in PCa patients receiving ADT as their
primary treatment [23-27]. One of the studies (by Peltomaa et al.) separately reported statin
use before and after ADT initiation [28]. Therefore, HRs with 95% ClIs were pooled for the
four other studies. The combined results showed that statin use significantly reduced the
risk of all-cause mortality (HR = 0.73, 95% CI = 0.64-0.84, p < 0.0001, I? = 81%, Figure 2a).
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Table 1. (a) Characteristics and (b) mortality outcomes of six studies investigating the effect of statin use in prostate cancer (PCa) patients receiving androgen

deprivation therapy (ADT) as their primary treatment.

Study Design, . Time of Statin Non-Statin Mortality
(a) Author, Year Years, Country Study Characteristics Treatment Statin Use Follow-Up Users (1) Users (1) Outcomes
Retrospective cohort, 171 patients with Pre- and 52 months i
Jung etal. 2015 [23] 1997.1-2013.12, Korea metastatic PCa ADT post-diagnostic (mean) 46 125 PCa-specific
. Retrospective cohort, 537 patients with advanced . . .
Mikkelsen et al. 2007.1.1-2013.12.31, or metastatic PCa (65.9% ADT, antl-androger}s were used as Post-diagnostic 5.7 years 141 39 All-cause
2017 [24] . flare protection only and before ADT (median)
Denmark metastatic PCa)
. . . Until death or
Anderson-Carter et al. Retrospective cohort, 87,346 patients with . . All-cause;
2018 [25] 2000.1.1-2008.12.31, US advanced PCa ADT for at least 6 months Post-diagnostic the end of the 53,360 33,986 PCa-specific
study (2016.5.31)
5749 patients with locally
Retrospective cohort, advanced and metastatic . . All-cause;
Wu et al. 2019 [26] 2008-2014, Taiwan PCa (55% with ADT Post-diagnostic 3.6 years (mean) 2171 3578 PCa-specific
metastatic PCa)
Hamilton et al. Retrospective cohort, 13645?:331;¥§2;§:§?ced ADT Post-diagnostic 6.9 years 585 779 All-cause;
2021 [27] 1999.1-2005.11, Canada . and before ADT (median) PCa-specific
metastasis
Peltomaa et al. Retrospective cohort, 4428 patients with PCa 3 . 6.3 years All-cause;
2021 [28] 1996-2015, Finland (12.6% with metastatic PCa) ADT Post-diagnostic (median) 2544 1884 PCa-specific
All-Cause Mortality Cancer-Specific Mortality Adjusted For
(b) Author, Year
HR 95% CI p HR 95% CI p
Jung et al. 2015 [23] NR NR NR 041 0.25-0.66 <0.001 Age, hypertension, body.—mass index, hypercholesterglemla, PSA
level, and metastasis type (bone vs. bone and viscera)
Mikkelsen et al. Age, CCI score, Gleason score, clinical T-stage, PSA level, and
2017 [24] L1 0.82-1.50 049 NR NR NR metastatic status (M0 and M1)
Anderson-Carter et al. Age, duration of ADT use, race, CCI score, Agent Orange exposure,
2018 [25] 066 0.63-0.68 <0.001 0-56 0-53-0.60 <0.001 year of the cancer diagnosis, PSA level, and Gleason score
W et al. 2019 * [26] 075 0.68-0.82 NR 077 0.69-0.86 NR Cancer stage, cancer grade, and year of the cancer diagnosis, and the

use of metformin, NSAIDs, and aspirin
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Table 1. Cont.
Study Design, Years, L Time of Statin Statin Non-Statin Mortality
(a) Author, Year Country Study Characteristics Treatment Use Follow-Up Users (1) Users () Outcomes
Ha;’g‘;"[‘;;]t al. 0.64 0.53-0.78 <0.001 0.65 0.48-0.87 0.004 Age, time from RT to ADT, PSA level, and prior ADT use
Age, tumor risk group (low, intermediate, high), randomization
Peltomaa et al. (1)1.13 (1) 1.02-1.25 NR (1)1.12 (1) 0.96-1.31 NR group (PSA screening or none), use of other medication (antidiabetic
2021 * [28] (2) 0.84 (2) 0.76-0.93 (2) 0.82 (2) 0.69-0.96 and antihypertensive drugs, NSAIDs), and whether participants
YP & p p
received radiation therapy in addition to ADT
Abbreviations: CCI, Charlson comorbidity index; CI, confidence interval; NR, not reported; NSAIDs, non-steroidal anti-inflammatory drugs; PSA, prostate-specific antigen; RT,
radiotherapy. * In this study, the effect of statins on the risk of mortality was reported in both new statin users (n = 1562) and prevalent statin users (n = 609); statins initiated 1 year
prior to the cancer diagnosis were prevalent users. For all-cause mortality and cancer-specific mortality, HRs are the same between the total population and prevalent users for both
outcomes. T Associations between statin use and mortality outcomes were reported for different times of statin use, including (1) statin use before ADT initiation and (2) statin use after
ADT initiation.
Table 2. (A) Characteristics and (B) mortality outcomes of six studies investigating the effect of statin use in prostate cancer (PCa) patients receiving definitive
therapy as their primary treatment.
(A) Author, Year Study Design, Study Characteristics Primary Time of Statin Use Follow-Up Statin users (n) Non-statin Users ADT? Mortality
Years, Country Treatment (n) Outcomes
Retrospective 7042 patients with PCa o
Iz(gltg Et[:]l ’ cohort, 19902003,  (clinical stage including T1, ~ RP or RT Post-primary treatment M O(L?Zdrinﬁ?ths 1824 5218 ((;)) %gojo All-cause
USA T2, >T3) edia °
Retrospective 3851 patients with
Caon et al. cohort, 2000.1.1- localized PCa (T-stages EBRT + o . (1) 60% ) .
2014 [9] 2007.12.31, included T1, T2, T3, ADT Post-primary treatment 8.4 years (median) 914 2937 ) 70% PCa-specific
Canada and T4)
. 1314 patients with PCa .
Keskivali et al. Retrospective (pathologic stage including Pre-and post—prn(r)\ary . All-cause;
2016 [29] “’horliir}i 15‘;2009' T1-T2 with NO and T3 with RP refrer?ﬁinttgz;n/‘;m) 8.6 years (median) 528 786 NR PCa-specific
or without N1) pre-p y
Retrospective 14,424 patients with (1) Pre-diagnostic: (1) Pre-diagnostic: (1) Pre-diagnostic: (1.1) 14.1%
Joentausta et al. cohort 119395_2013 localized PCa (NO for RP Pre- and post-diagnostic 6.33 years (median) 3435 10,441 (1.2) 19.7% T
2019% [30] Finlan d " localized, T3-T4 and all N1 p & (2) Post-diagnostic: ~ (2) Post-diagnostic:  (2) Post-diagnostic: (2.1) 19.8% PCa-specific
for locally advanced) 9.5 years (median) 6728 7651 (2.2) 19.6%
Retrospective Pre- and /or
Lietal 2019 [31]  cohort, 2000-2010, 567 patients with PCa RT e andso NR 174 213 NR All-cause

Taiwan

Post-diagnostic
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Table 2. Cont.

(A) Author, Year Study Design, Study Characteristics Primary Time of Statin Use Follow-Up Statin users (n) Non-statin Users ADT? Mortality
Years, Country Treatment (n) Outcomes
Retrospective 3088 patients with PCa 5 o
Przabhu etal cohort, 20022015,  (pathologic stage including RP Pre- and post-primary 1128 mpnths 1222 1866 NR All-cause
021 [32] USA T0, T2b-T2c, T3a—T4) treatment (median)
All-Cause Mortality Cancer-Specific Mortality
(B) Author, Year Adjusted For
HR 95% CI p HR 95% CI p
(1)  Use of NSAIDs, mean office visits/year, age, cardiovascular disease, year of diagnosis,
Katz etal. (1035 (1) 0.21-0.58 NR NR NR NR pathological T-stage
2010 * 8] (2) 0.59 (2) 0.37-0.94 (2)  Use of NSAIDs, mean office visits/year, diabetes, Gleason score, current smoker at diagnosis
Caon et al. NR NR NR 077 0.55-1.08 NR Aspirin use, age, year of treatment, radiation dose, ADT use or not, PSA level, clinical T stage, CCI
2014 [9] score, Gleason score
Keskivali et al. (1) 1.08 (1) 0.69-1.69 (1) 0.99 (1) 0.38-2.57 Age, cancer stage, Gleason score, PSA level, surgical margin positivity, total cholesterol, and use of
NR NR 8 8 & gin p Y
2016 ¥ [29] (2)1.28 (2) 0.92-1.78 (2)0.81 (2) 0.37-1.78 antidiabetic and antihypertensive drugs
Joentausta et al. NR NR NR (1)0.70 (1) 0.52-0.95 NR Age, cancer stage, any use of chemotherapy or radiotherapy for PCa, diabetes, hypertension,
2019 T [30] (2) 0.83 (2) 0.67-1.03 coronary artery disease, and obesity
Lietal (1)0.77 (1) 0.50-1.19
2019 § [9)'1] (2) 1.60 (2) 0.91-2.82 NR NR NR NR Age, diabetes, hypertension, cardiovascular disease, peripheral artery disease, and atherosclerosis
- (3)0.24 (3) 0.09-0.66
Pr%bzli“[g]al' 1.30 0.97-1.74 0.077 NR NR NR NR

Abbreviations: ADT, androgen deprivation therapy; CCI, Charlson comorbidity index; CI, confidence interval; EBRT, external beam radiotherapy; NR, not reported; NSAIDs,
non-steroidal anti-inflammatory drugs; PSA, prostate-specific antigen; RP, radical prostatectomy; RT, radiotherapy. * The median follow-up times for (1) RP and (2) RT patients were
44 months and 42 months, respectively. RP and RT patients were separately analyzed using multivariate Cox proportional hazards regression models. * (1) statin users; (2) non-statin
users; (1.1) pre-diagnostic statin users; (1.2) pre-diagnostic non-statin users; (2.1) post-diagnostic statin users; (2.2) post-diagnostic non-statin users. } Associations between statin use and
mortality outcomes were reported for different times of statin use, including (1) statin use before a prostatectomy and (2) statin use after a prostatectomy. T Associations between statin
use and mortality outcomes were reported for different times of statin use, including (1) statin use before the PCa diagnosis and (2) statin use after the PCa diagnosis. § Associations
between statin use and mortality outcomes were reported in patients (1) who had ever used statins and had different times of statin use, including (2) statin use before the PCa diagnosis
and (3) statin use after the PCa diagnosis.
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Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE_Weight [V, Random, 95% Cl _Year IV, Random, 95% ClI
ADT
Mikkelsen 2017 0.1044 01545 13.4% 1.11[0.82,1.50) 2017 3
Anderson-Carter 2018 —0.4155 0.0237 34.4% 0.66 [0.63,0.69] 2018 -
Wwu 2019 —0.2877 005 304% 0.75(0.68,0.83] 2019 g
Hamilton 2021 —0.4463 0.0962 21.7% 0.64 [0.53,0.77] 2021 e
Total (95% ClI) 100.0% 0.73[0.64, 0.84] <
Heterogeneity: Tau®*= 0.01; Chi*=15.88, df=3 (P=0.001); F=81%
Test for overall effect: Z= 4.37 (P < 0.0001)
pre-ADT
Mikkelsen 2017 0.1044 01545 21.2% 1.11[0.82,1.50) 2017 & -
WWu 2019 —-0.2877 0.05 27.0% 0.75(0.68,0.83] 2019 bl
Hamilton 2021 —0.4463 0.0962 24.9% 0.64 [0.53,0.77] 2021 =
Peltoraa 2021 0.1222 0.0523 26.9% 1.13[1.02,1.25) 2021 =
Total (95% CI) 100.0%  0.87 [0.66, 1.16] >
Heterogeneity: Tau®= 0.07; Chi*= 46.29, df= 3 (P < 0.00001), F=94%
Test for overall effect: Z= 0.93 (P = 0.35)

01 02 05 1 2 5 10

Study or Subgrou

definitive therapy
Katz 2010

Katz 2010
Li2019

Prabhu 2021
Subtotal (95% CI)

Test for overall effect: Z=1.29 (P = 0.20)

) Favours '[Slatin] Favours [No-Statin)

(a)

Hazard Ratio
SE_Weight IV, Random, 95% Cl _Year

Hazard Ratio

IV, Random, 95% ClI

log[Hazard Ratio

—1.0498 02606 236%  0.35(0.21,0.58) 2010 ——
—05276 02381 244%  0.59(0.37,0.94] 2010 ——
02614 02203 250%  0.77(0.50,1.19] 2019 —
02624 01494 27.1%  1.30(0.97,1.74] 2021 TR
100.0%  0.69[0.39, 1.21] i
Heterogeneity: Tau? = 0.28; Chi*= 22.17, df= 3 (P < 0.0001); F= 86%
01 02 05 1 2 5§ 10

Favours [Statin] Favours [No-Statin)

Figure 2. Meta-analysis of studies investigating (a) the association between statin use or statin use
before androgen deprivation therapy (ADT) initiation (pre-ADT) with all-cause mortality of prostate
cancer (PCa) patients receiving ADT as their primary treatment and (b) the association between statin
use with all-cause mortality of PCa patients receiving definitive therapy as their primary treatment.

Among the five studies comparing all-cause mortality in PCa patients receiving ADT
as their primary treatment [24-28], four of them reported the HRs of all-cause mortality
for prevalent statin users (pre-ADT) [24,26-28]. The combined results showed that the
pre-ADT use of statins was not significantly associated with a reduction in the risk of
all-cause mortality (HR = 0.87, 95% CI = 0.66-1.16, p = 0.35, 12 = 94%, Figure 2a).

Four studies compared all-cause mortality in PCa patients receiving definitive therapy
as their primary treatment [8,29,31,32]. One of the studies (by Keskivali et al.) separately
reported statin use before and after a prostatectomy [29]. Furthermore, in one of the
other three studies (by Katz et al.), the effects of statin use on all-cause mortality in PCa
patients were provided separately in patients who underwent a radical prostatectomy or
radiotherapy [8]. Therefore, four HRs with 95% ClIs were pooled for these three studies. The
combined results showed that statin use was not significantly associated with a reduction in
the risk of all-cause mortality (HR = 0.69, 95% CI = 0.39-1.21, p = 0.20, 12 = 86%, Figure 2b).

3.5. Statin Use and Cancer-Specific Mortality

Five studies compared PCa-specific mortality in PCa patients receiving ADT as their
primary treatment [23,25-28]. One of the studies (by Peltomaa et al.) separately reported
statin use before and after ADT initiation [28]. Therefore, HRs with 95% Cls were pooled for
the four other studies. The combined results showed that statin use significantly reduced
the risk of PCa-specific mortality (HR = 0.61, 95% CI = 0.49-0.77, p < 0.0001, 12 = 89%,
Figure 3a).
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Study or Subgrou
definitive therapy

Caon 2014

Keskivali 2016
Joentausta 2018

Total (95% CI)

Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% ClI
ADT
Jung 2015 —-0.8916 0.2524 13.5% 0.41(0.25,0.67] 2015 e
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Figure 3. Meta-analysis of studies investigating (a) the association between statin use or statin
use before androgen deprivation therapy (ADT) initiation (pre-ADT) with prostate cancer (PCa)-
specific mortality of PCa patients receiving ADT as their primary treatment and (b) the association
between statin use with PCa-specific mortality of PCa patients receiving definitive therapy as their
primary treatment.

In the five studies comparing PCa-specific mortality in PCa patients receiving ADT
as their primary treatment [23,25-28], three of them reported the HRs of PCa-specific
mortality for prevalent statin users (pre-ADT) [26-28]. The combined results showed that
the pre-ADT use of statins was not significantly associated with a reduction in the risk of
PCa-specific mortality (HR = 0.84, 95% CI = 0.62-1.13, p = 0.25, I> = 89%, Figure 3a).

Three studies compared PCa-specific mortality in PCa patients receiving definitive
therapy as their primary treatment [9,29,30]. One of the studies (by Keskivali et al.) sep-
arately reported statin use before and after a prostatectomy [29], whereas another of the
studies (by Joentausta et al.) separately reported statin use before and after the PCa diag-
nosis [30]. Accordingly, the highest HRs with 95% Cls of the three studies were pooled
together in the main analysis. The combined results showed that statin use significantly
reduced the risk of PCa-specific mortality (HR = 0.82, 95% CI = 0.68-0.98, p = 0.03, 12 = 0%,
Figure 3b).

3.6. Sensitivity Analysis

To evaluate the effect of statin use on all-cause mortality and PCa-specific mortality,
sensitivity analyses were conducted in PCa patients receiving definitive therapy as their
primary treatment. For all-cause mortality, the five highest HRs and five lowest HRs from
four studies were pooled [8,29,31,32]. The combined results showed that statin was not
significantly associated with a reduction in the risk of all-cause mortality in either the
sensitivity analysis with the highest HRs (HR 0.90, 95% CI 0.55-1.48, p = 0.03, I* = 86%,
Supplementary Figure Sla) or that with the lowest HRs (HR = 0.90, 95% CI = 0.55-1.48,
p = 0.03, I> = 86%, Supplementary Figure Sla).
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For PCa-specific mortality, the three lowest HRs from three studies were pooled in
the sensitivity analysis [9,29,30]. The combined results showed that statin use significantly
reduced the risk of PCa-specific mortality (HR = 0.74, 95% CI = 0.59-0.91, p = 0.005, 12 = 0%,
Supplementary Figure S1b).

3.7. Discussion

This meta-analysis addressed the relationship between mortality and statin use in
PCa patients receiving ADT or definitive therapy as their primary treatment at the same
time. Our results showed that statin use was associated with a reduced risk of PCa-specific
mortality in patients receiving ADT or definitive treatment. However, the survival benefit of
all causes of death from statin use was only observed in patients receiving ADT. Moreover,
we studied the effect of the timing of statin initiation on mortality and did not find a
survival benefit in patients who had initiated statin use before receiving ADT.

Our meta-analysis did not show that prevalent statin users, PCa patients who had ini-
tiated statins before receiving ADT, had better all-cause mortality or PCa-specific mortality
compared to non-statin users. This discrepancy in mortality between prevalent and new
statin users might be explained by selection bias. Compared to non-statin users, prevalent
users may have had different characteristics that affected their survival. Despite these
observational studies adjusting for risk factors associated with mortality, residual con-
founding may still occur and cause differences in the effects of statins on mortality among
studies. However, statin use was associated with a reduced mortality risk in advanced
PCa patients receiving ADT. Collectively, our results indicated that the benefit of statin use
in advanced PCa patients receiving ADT might come from initiating statin use after ADT.
Corresponding to our results, an ongoing phase 3 clinical trial (NCT04026230) aimed to
evaluate the effect of statin use after ADT initiation on mortality in advanced PCa patients
receiving ADT. The trial results may potentially resolve the question of whether statins
have a positive effect on PCa outcomes.

A prior clinical trial showed that atorvastatin did not lower the PCa proliferation
rate compared to a placebo in PCa patients treated with a radical prostatectomy [33].
Notably, that clinical trial only focused on biochemical outcomes, such as intraprostatic
Ki-67 and serum prostate-specific antigen (PSA) changes, with short-term statin use and
follow-up. Three of our included observational studies reported the effect of statin use
on PCa-specific mortality in patients receiving definitive therapy, with at least 6 years
of median follow-up. Although all three studies showed a neutral effect, the combined
estimate in our meta-analysis suggested a significant beneficial effect of statin use on
PCa-specific mortality with no evidence of heterogeneity. Only a few studies investigated
the association between statin use and cancer-specific mortality in PCa patients receiving
definitive therapy. Thus, our meta-analysis conservatively pooled the highest HRs for each
study as the main analysis. The results of the sensitivity analysis that pooled the lowest
HRs in each study demonstrated a more substantial benefit. In contrast to cancer-specific
mortality, our meta-analysis did not show a significant beneficial effect of statin use on
all-cause mortality in PCa patients receiving definitive therapy. Given that the 10-year
survival in men with early-stage PCa is greater than 90% [34], the benefit gained from
statin use in patients with early-stage PCa receiving definitive therapy was too small to
demonstrate statistical significance.

Several possible mechanisms may account for the positive effect of statins on PCa,
which include inhibition of the proteasome pathway [35], reduction in cholesterol syn-
thesis [36], initiation of tumor-specific apoptosis [37], and anti-inflammatory and antian-
giogenic effects [38,39]. As cholesterol is the precursor of androgen production, statins
contributing to reducing testosterone and dihydrotestosterone synthesis could lead to a
reduction in androgen-dependent PCa tumor growth [2,40]. In addition to the reduction
in cholesterol formation, statins reduce androgen sensitivity and cell proliferation by de-
creasing the protein expression levels of androgen receptors in PCa cells [41]. In line with
this, our study suggested that statin use was associated with better mortality in both PCa
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patients receiving ADT or definitive therapy. However, all-cause mortality did not show
significance in PCa patients receiving definitive therapy.

The findings of our meta-analysis should be carefully interpreted due to the following
limitations: First, there could be a potential immortal time bias, as some of the cohort
studies included a time-fixed exposure to define statin use; that is, exposure to statins was
defined irrespective of when statin use truly began. By this definition, statin-unexposed
follow-up time would be misclassified as exposed time. Thus, PCa patients in the statin-
exposed group may inherently have been given a survival advantage. This misclassification
would have falsely exaggerated the effect of statin use on mortality among PCa patients.
Second, as we know, statins can be categorized into two types, namely, hydrophilic statins
(fluvastatin, pravastatin, and rosuvastatin) and lipophilic statins (atorvastatin, simvastatin,
pitavastatin, and cerivastatin). Moreover, the effect of statins on mortality in PCa patients
may depend on the type [42—44]. However, due to our meta-analysis, which pooled both
types of statins together, this study could not conclude which type of statin or specific
drug would have a stronger beneficial effect. Third, this meta-analysis could not provide
evidence for the impact of pre-definitive therapy or post-definitive therapy statin use
on mortality in PCa patients because the timing of statin initiation varied across the six
included studies. Within the six studies, some patients began using statins before or after
definitive therapy, while others began using statins before or after a PCa diagnosis. Finally,
the differences in time, dose, and duration of statins among the included studies could be a
potential cause for the heterogeneity in the pooled study estimates.

The findings and limitations of our study suggested the scope for future clinical trials
to evaluate the effects of statins combined with primary therapy in PCa patients. Statins
are relatively safer and cheaper than chemotherapy and newer generation anti-androgens.
Therefore, the beneficial effects associated with statins make them good candidates for
additional therapy to standard treatment to manage PCa.

4. Conclusions

Our meta-analysis suggested that statin use in combination with ADT was associated
with better all-cause and cancer-specific mortality in PCa patients; however, the beneficial
effect might not come from statin use before ADT initiation. Furthermore, we demonstrated
that statin use in combination with definitive therapy did not lower the risk of all-cause
mortality in PCa patients, although improved cancer-specific mortality was found in
this population.
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Sensitivity analysis of studies investigating the association between statin use with (a) all-cause
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as their primary treatment.
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