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A B S T R A C T

Background: Prostate cancer (PCa) progression depends on androgen receptor activity. Cholesterol is required
for biosynthesis of all steroid hormones, including androgens. Impact of cholesterol-lowering statins on
androgens is unknown. We explored atorvastatin inﬂuence on serum and prostatic tissue steroidomic proﬁles (SP) to expose novel pathways for limiting androgen concentration in men with PCa.
Methods: This is a pre-planned post hoc analysis of ESTO-1 pilot randomised, double-blinded, clinical trial.
Statin naïve men, scheduled for radical prostatectomy due to localised PCa, were randomised 1:1 to use daily
80 mg of atorvastatin or placebo before the surgery for a median of 28 days. Participants were recruited and
treated at the Pirkanmaa Hospital District, Tampere, Finland. 108 of the 158 recruited men were included in
the analysis based on sample availability for hormone proﬁling. Serum and prostatic tissue steroid proﬁles
were determined using liquid chromatography mass spectrometry. Wilcoxon rank sum test and bootstrap
conﬁdence intervals (CI) were used to analyse the difference between placebo and atorvastatin arms.
Findings: Most serum and prostatic steroids, including testosterone and dihydrotestosterone, were not associated with atorvastatin use. However, atorvastatin use induced serum SP changes in 11-ketoandrostenedione (placebo 960pM, atorvastatin 617.5pM, p-value <0.0001, median difference -342.5; 95% CI -505.23
-188.98). In the prostatic tissue, atorvastatin was associated with plausible downshift in 11- ketodihydrotestosterone (placebo 25.0pM in 100 mg tissue/1 mL saline, atorvastatin 18.5pM in 100 mg tissue/1 mL saline,
p-value 0.027, median difference -6.53; 95% CI -12.8
-0.29); however, this association diminished after
adjusting for multiple testing. No serious harms were reported.
Interpretation: Atorvastatin was associated with adrenal androgen downshift in the serum and possibly in the
prostate. The ﬁnding warrants further investigation whether atorvastatin could improve androgen deprivation therapy efﬁcacy.
Funding: Funded by grants from the Finnish Cultural Foundation, Finnish Cancer Society, Academy of Finland,
and the Expert Responsibility Area of the Tampere University Hospital.
Clinicaltrials.gov identiﬁer: NCT01821404.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction
In 2018 the global prostate cancer (PCa) death toll was 358,000
and new diagnosed cases reached 1.2 million [1], making PCa the second most common cancer in men, superseded only by lung cancer
[1,2]. Roughly 15 20% of the diagnosed PCa cases are high-risk,
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potentially fatal PCa cancers [3,4]. PCa cells are known to exploit
increased androgen hormone intake to support cellular proliferation.
This is facilitated by androgen receptors (AR) [5]. Treatment of
advanced PCa includes systemic androgen deprivation therapy
(ADT), leading to castrate testosterone level due to inhibition of testicular androgen production [6].
Cholesterol is a precursor for steroid hormones including androgens, the drivers of PCa progression [7]. Statins are a commonly used
class of cholesterol-lowering drugs which lower blood cholesterol
level by inhibiting cholesterol-producing mevalonate pathway in the
liver [8]. However, mevalonate pathway is active also in the prostate
[9]. In ESTO1 clinical trial atorvastatin induced lipidomic changes in
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Research in Context
Evidence before this study
Prostate cancer cellular proliferation is driven by androgen steroids. Cholesterol, which is the precursor for all steroids, lowering statin use has been associated with improved prostate
cancer survival, but the mechanism is still unclear. Moreover,
statin use has been associated with improved efﬁcacy of androgen deprivation therapy (a common therapy in advanced prostate cancer management) than androgen therapy alone.

at urology outpatient clinic of the Pirkanmaa Hospital District, Tampere, Finland between 2012 and 2016. The study is registered at
EudraCT (22/05/2012, registration number: 2011 005,438 20) and
clinicaltrials.gov (01/04/2013, identiﬁer: NCT01821404).
Ethical statement
The study was performed in accordance with Declaration of Helsinki and good clinical practice. An informed consent was obtained
from all the participants in this study. ESTO-1 was approved by the
ethics committee of the Pirkanmaa Hospital District (decision number ETL R03230).

Added value of this study
This clinical trial investigated the inﬂuence of atorvastatin to
serum and prostatic tissue steroids. Atorvastatin lowers serum
adrenosterone concentration signiﬁcantly, which is produced
in the adrenal. Adrenosterone itself is not a potent androgen
but is metabolised into ketotestosterone and ketodihydrotestosterone which both are potent androgens, similar to the common androgens testosterone and dihydrotestosterone.
Moreover, atorvastatin was associated with lower ketodihydrotestosterone concentration in prostatic tissue, compared to placebo; however, this association was not robust when adjusted
for multiple comparison.
Implications of all the available evidence
Implications of all the available evidence: These ﬁndings suggest that the underlying biological mechanism between
improved prostate cancer survival and atorvastatin use may be
partly mediated by adrenal androgens. Moreover, it may partly
explain the association between atorvastatin use and improved
efﬁcacy of androgen deprivation therapy. The ﬁnding warrants
for further investigation and conﬁrmation of these results.

the serum and was associated with prostatic tissue lipidome compared to placebo [10]. It is unknown whether this is also reﬂected in
steroid hormone production. Statin use has been associated with
improved PCa survival compared to non-users [11]. Moreover, combination of statin use, and ADT have been observed to limit PCa progression longer than ADT alone [12]. Therefore, statin use may be
beneﬁcial in PCa treatments, especially in the context of ADT.
Concentrations of main AR agonists testosterone (T) and dihydrotestosterone (DHT) have not been observed to decrease in the serum
after statin use in epidemiological studies [13,14], while post hoc
analyses of clinical trials suggest a slight decrease in T [15]. Moreover,
to our knowledge, the impact of statins on intraprostatic steroid hormone proﬁles, including T and DHT concentrations, has not been
studied before. It is unclear whether statin use could affect hormone
proﬁles similarly in the serum and prostatic tissue. This is a preplanned post hoc analysis of ESTO1 clinical trial which was a piloting
hypothesis generating study. As a ﬁrst of a kind study, compelling
power calculation based on existing research was impossible to calculate in ESTO1. Although the main analysis result of ESTO1 was negative, some subgroup analyses were positive. In this pre-planned post
hoc analysis, we comprehensively explore the impact of atorvastatin
on the serum and on the prostatic tissue steroid hormone proﬁles,
with the a priori hypothesis that atorvastatin changes steroid hormone levels compared to placebo in both.
Methods
Prospective randomised, double-blind, placebo-controlled, clinical trial ESTO-1 was started in 2012. The participants were recruited

Sample size and randomization
Due to this being ﬁrst-in-man randomized study comparing atorvastatin in placebo amongst PCa patients the sample size calculations
were based on Ki-76 differences observed in cell culture models after
statin treatment. In the ESTO1, the target sample size of 160 men was
based on statistical power 0.80 (a=0.05) to detect 12% difference in
prostatic tissue Ki-67 levels and 13% difference in serum prostate
speciﬁc antigen (PSA), with assumed 10% dropout rate [16] (Supplementary ﬁle 1). This pilot post hoc analysis of atorvastatin affecting
serum and tissue steroidomic proﬁle is exploratory in nature; therefore, formal sample size for these outcomes were not assessed. Randomization was done by hospital pharmacy of Tampere University
Hospital which produced the blinded study drug capsules. All participants, study physicians, pathologists, and researchers evaluating the
outcomes remained blinded to the allocation until all data had been
collected. After data collection was completed, allocation concealment was removed by matching the patient research IDs with randomization list obtained from the hospital pharmacy.
Participants
ESTO-1 recruited 160 statin-naive Finnish men diagnosed with
PCa who were scheduled for radical prostatectomy for localised PCa.
Participants were randomised 1:1 to use either 80 mg atorvastatin or
placebo daily [16]. In total, 158 men completed the study. The 108
men who had blood sample available before and after the intervention for steroidomic assessment were included into pre-planned post
hoc analysis of steroid hormone proﬁle changes induced by statin
use. Out of the 108 men, 99 had prostate tissue sample available for
tissue steroid proﬁle assessment. Fig. 1 displays the participant and
randomisation scheme as a ﬂowchart (Fig. 1). ESTO1 clinical trial was
a pilot hypothesis generating study therefore compelling power calculation for the sample size was impossible to calculate based on
existing research.
Study design and setting
Participants were randomised with 1:1 ratio to use daily 80 mg
dose of atorvastatin or placebo from recruitment until radical prostatectomy. The median intervention time was 28 (IQR 14.5) days. No
minimum exposure time was set as the ethics committee of the Pirkanmaa Hospital District decreed that study participation must not
delay cancer treatment. Allocation concealment was ensured by randomising and blinding the equal looking drug capsules at
manufacturing site and containing them in equal looking boxes. Each
box was assigned with a rolling ID number from 1 to 160 before distributing the drugs to the patients. Intervention compliance was
monitored by counting of left-over drug capsules at the time of prostatectomy showing overall compliance of 96% [16]. No one in the placebo arm reported post-randomisation statin use when queried. An
unblinded interim analysis was done once 60 patients were recruited
and statistical signiﬁcance (p < 0.05) of the difference was tested but
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Fig. 1. Flowchart of the patient recruitment, randomization, and allocation scheme.

3

isotope-labelled steroids as internal standards; next, the steroids
were extracted with toluene and derivatised with hydroxylamine
prior to simultaneous LC-MS/MS analysis of all the steroids using Agilent 1290 UHPLC and Agilent 6495 QQQ. All serum steroid concentrations are continuous variables within the measurable (technical)
range and the unit is pM. Some prostatic steroids are outside the
measurable range showing min or max values for all the participants;
therefore, these steroids are not included in the analysis as the variance is zero. The unit for prostatic steroid concentration is pM in
homogenate (100 mg tissue / 1 mL saline).
Statistical analyses

not achieved; the clinical trial would have been terminated otherwise. The trial ended once all the participants were analysed, as
planned. Due to exploratory pilot nature of the study no bias adjustments nor adjustment on conﬁdence level in terms of data accumulation, i.e., unblinding, or any other, concerning the interim analysis
were made. This is a pre-planned post hoc analysis of ESTO1 clinical
trial and no changes to design or methods or the trial were done for
this analysis. Operational bias was eliminated by blinding of a study
allocation both for the physicians taking care of patients and
researchers who evaluated the study outcomes. No adaptation decisions to study protocol or analysis were made during the trial. Full
trial protocol is available as Supplementary ﬁle 1.
Serum and prostatic tissue steroidomic proﬁle assessment
Serum and prostatic steroid proﬁles were quantitated with validated liquid chromatography tandem mass spectrometry (LC-MS/
MS) method as described earlier [17]. In short, 50mL serum or 150mL
tissue homogenate (15 mg tissue/150mL saline) were spiked with

For conﬁrmatory analysis we used Wilcoxon rank sum test since
the underlying distribution is non-normal. Type 1 error was controlled by adjusting the p-values for multiple hypothesis testing
using Benjamini-Hochberg method (false discovery rate). The locations were estimated using median and scatter by using interquartile
range (IQR), reported as interquartiles. Median differences in serum /
prostatic steroid concentrations (atorvastatin placebo) were calculated and 95% bootstrap conﬁdence intervals (CI) for the median differences were estimated using 1000 bootstrap samples with
replacement.
Exploratory analysis for internal validation was conducted by
using random forest classiﬁcation (RFC). RFC is a non-parametric
supervised learning method based on classiﬁcation and regression
tree (CART) [18]. The RFC method is well established and studied
although sparsely used in clinical trials. In RFC, multiple CARTs are
grown by using bootstrap sample Zinxp of the original sample Minxp ,
where i is the i:th bootstrap sample, n is the sample size, and p is the
number of features (steroids in our case). At each splitting node xp
features are randomly selected from the p features and are used oneby-one to minimise Gini impurity function; the one minimising the
Gini impurity is used to split the sample into two sub samples. The
trees are either allowed to fully grow or by deﬁning minimum node
size. Typically, 100 to 500 trees are grown in one random forest
model. RFC classiﬁcation performance is estimated by calculating socalled out-of-bag (O O-B) error. In short, when a tree is grown by
using bootstrap sample, the observations that were not in that bootstrap sample are propagated through the decision tree, i.e., predicted;
an observation is misclassiﬁed if it ends into any of the wrong terminal nodes and is correctly classiﬁed if it ends into correct terminal
node. Finally, the trees are averaged by a majority vote; each tree
where the observation was not in the bootstrap sample casts one
class vote for that observation. The interpretation for the O O-B error
is roughly such that: 50% represents a model as good as a coin-ﬂip, 40
49% the model is slightly better than a coin-ﬂip, 20
30% the
model is good, 10 20% the model is excellent. Moreover, RFC can
also be used in an unsupervised fashion by calculating so-called proximity matrix. Proximity is deﬁned as: if two observations share a terminal node in a tree, their proximity is 1, and zero otherwise. The
proximities are accumulated over all trees in the model. Essentially,
the proximity is a distance measure between two points, like Euclidian distance is a distance measure. The proximities can be used for 2dimensional cluster visualisation by applying multidimensional scaling (very similar to principal component transformation) to the proximity matrix [19].
RFC can capture non-linear and complex relationships due to the
nature of decision trees. In RFC, a single tree can be over-ﬁtted which
is countered by taking the average over all bootstrapped trees. When
signal-to-noise ratio is poor, RFC can perform poorly since the probability that a signal feature gets selected in a split gets lower as the
number of noise features increase.
We used separate RFC models for serum steroidomic proﬁle
before and after, and intraprostatic tissue steroidomic proﬁle after.
All models were set to grow 500 trees and to use xp (rounded into
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nearest integer value) features at each tree branching where p is the
total number of classiﬁers. To counter the random forest Monte Carlo
error, inherent to RFC, an estimate for the classiﬁcation error rate and
Monte Carlo conﬁdence intervals were obtained by repeating each
RFC model 1000 times, followed by calculating the median, and ﬁnding the upper and lower 95% conﬁdence intervals using the percentile
method [20]. Moreover, we applied backward feature selection when
needed to counter the poor signal-to-noise ratio (all models are
reported for transparency). The O O-B error rates were calculated
for each model. In addition, proximity plots were generated to visualise the classiﬁcation performance and in-class similarity of the study
arms of each RFC model.
Wilcoxon rank sum test and RFC have different mathematical
assumptions, therefore if the results from these two modelling strategies are similar, it would make a stronger case for the results than
either method alone.
All statistical analyses were conducted using R (version 4.0.4).
Random forest was implemented with R package ‘randomForest’
(version 4.6 14).
Role of funding source
Finnish Cultural Foundation, Finnish Cancer Society, Academy of
Finland, and the Expert Responsibility Area of the Tampere University
Hospital provided only ﬁnancial support and did not interfere nor
participate with the study in any other fashion.
Results
The key background and clinical factors are divided rather equally
between the randomised study arms. The atorvastatin arm includes
more smokers compared to the placebo arm. Distribution of background and key clinical characteristics are shown in Table 1. There
were only 4 CTCAE 4.0 grade 2 adverse reactions, all in the atorvastatin arm. Grade 1 adverse reaction were distributed similarly between
the study arms. They were not associated with any of the outcomes.
Baseline serum steroid concentrations are shown in Supplementary
ﬁle 2, Table 1. Background characteristics table of the full ESTO1 clinical trial population is displayed in Supplementary ﬁle 2, Table 2.
Analysing the serum steroid hormone change by location and
scatter, the 11-ketoandrostenedione (11KA4) and Cortisol levels have
decreased by 35.6% and 12.5% in the atorvastatin arm, respectively.
The 11KA4 difference between the study arms is statistically signiﬁcant (Wilcoxon rank-sum test p-value <0.0001, median difference
324.5, 95% bootstrap CI 505.23 188.98) (Table 2). Adjusting
the p-values for multiple comparison by Benjamini-Hochberg
method, 11KA4 difference between the treatment arms retain the
statistical signiﬁcance (Wilcoxon rank-sum test p-value 0.001). Cortisol level difference between the study arms is statistically signiﬁcant
(Wilcoxon rank-sum test p-value 0.035), but top and bottom 95%
bootstrap conﬁdence interval have different signs (median difference
41,969, 95% bootstrap CI 86,983.9 8754.69) (Table 2). Moreover,
Cortisol levels are changing naturally during the day by circadian
rhythm thus the difference might also be due to patient sampling
time which was not standardised in this trial. This might have
induced non-differential misclassiﬁcation of cortisol values. 17-OHpregnenolone, Pregnenolone, DHEA, and Androstenedione display
slightly lower concentrations in the atorvastatin arm with borderline
statistically signiﬁcant difference by Wilcoxon rank-sum test
(Table 2), which is lost after controlling for false discoveries. No
changes in common androgens T or DHT were observed by Wilcoxon
rank-sum test (Table 2). Boxplots showing the serum steroid concentration distributions by study arm are shown in Supplementary ﬁle 2,
Figs. 3 to 36.
For prostatic tissue hormone proﬁle, the 11-ketodihydrotestosterone (11KDHT) concentration are lower by median 26% amongst

Table 1
Patient characteristic, tumour characteristic, and background variable distribution table. For continuous variables, median and interquartiles (IQ) are
reported. For categorical variables, number and percentage of patients are
reported. 1Proportion of study drug doses used from the target amount given
the duration of intervention. 2One man from both study arms suspended the
study early.
Continuous, median (IQ)

Placebo (n = 52)

Atorvastatin (n = 56)

Age at recruitment, years
Intervention time, days
BMI, kg/m2
PSA, ng/mL
%Used / Target capsules1
Categorical, n (%)
Smoking
- Non smoker
- Regular smoker
- Occasional smoker
- Previous smoker
Pathological Gleason grade
-5
-6
-7
-8
-9
Pathological T-stage
- N/A
- T2a T2c
- T3a, or higher
Diabetes
- No
- Yes
Hypertension
- No
- Yes
Completed study2
- Yes
- No
Sex
- Male
Ethnicity
- Finnish

64.5 (58 68)
27 (20.5 36)
26.4 (24.6 28.7)
7.6 (5.8 10)
97.00 (89.7 100)

64.5 (59 68)
28 (22.5 35)
26.1 (24.4 29.2)
8.4 (5.7 12)
97.64 (90 100)

43 (84.3)
5 (9.8)
3 (5.9)
0 (0)

42 (75.0)
11 (19.6)
2 (3.6)
1 (1.8)

1 (2.0)
9 (17.7)
35 (68.6)
3 (5.9)
3 (5.9)

0 (0)
12 (21.4)
40 (71.4)
1 (1.8)
3 (5.4)

1 (1.9)
28 (53.8)
23 (44.2)

0 (0)
30 (53.6)
26 (46.4)

45 (88.2)
6 (11.8)

52 (92.9)
4 (7.1)

33 (64.7)
18 (35.3)

35 (62.5)
21 (37.5)

51 (98.1)
1 (1.9)

55 (98.2)
1 (1.8)

52

56

52

56

atorvastatin users compared to placebo and the difference was statistically signiﬁcant (Wilcoxon rank-sum test p-value 0.027, median difference 6.53, 95% bootstrap CI 12.8 0.29) (Table 2). On the
contrary, Estrone and DHEA concentrations are higher in the atorvastatin arm by median 13.7% and median 39%, respectively, compared
to placebo, and the difference is statistically signiﬁcant (Wilcoxon
rank-sum test p-value 0.044 and 0.037 for Estrone and DHEA respectively) (Table 2). After adjusting for multiple comparisons by Benjamini-Hochberg
method,
differences
in
prostatic
steroid
concentrations are no longer statistically signiﬁcant with conﬁdence
level 0.05. Therefore, the association between atorvastatin use and
prostatic tissue steroidomic proﬁle is not strong by Wilcoxon rank
sum test. Other prostatic steroid hormone concentrations, including
DHT and T, are clearly indifferent between the study arms (Table 2).
Boxplots showing the prostatic tissue steroid concentration distributions by study arm are shown in Supplementary ﬁle 2, ﬁgures 37 to
47.
In the secondary analysis, the RFC model median classiﬁcation
error using the serum steroidome before the intervention is 46.30%
(95% CI 41.67
50.93) reﬂecting no difference between the study
arms. For serum steroidome after the intervention, the median classiﬁcation error is markedly lower 31.48% (27.78 35.19) indicating a
systematic change. Moreover, the atorvastatin arm class-speciﬁc
median classiﬁcation error is lower (25.89% (95% CI 21.43 30.36))
than the median classiﬁcation error of the placebo arm (38.46% (95%
CI 32.69 44.23)), which indicates a harmonising impact of atorvastatin use. This indicates systematic impact of atorvastatin on serum
steroidomic hormone proﬁle.
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Table 2
Median (interquartiles), Wilcoxon rank-sum test p-value, median difference (atorvastatin placebo), and 95% bootstrap conﬁdence intervals for median difference. The concentration units are pM for serum and pM in homogenate (100 mg tissue/1 mL saline) for prostatic tissue steroid hormone proﬁle. Cortisol and 11KA4 levels have decreased after atorvastatin intervention in the atorvastatin arm (n = 56) compared to placebo (n = 52), and the difference is statistically signiﬁcant. After adjusting the Wilcoxon rank-sum test p-values
for multiple comparison, the adjusted p-value for the 11KA4 difference between the study arms is 0.001. For prostatic tissue hormone proﬁle, the 11KDHT, Estrone, and DHEA are
signiﬁcantly differing between the study arms (atorvastatin n = 51, placebo n = 48). After adjusting the p-values for multiple comparison all p-values inﬂate above signiﬁcance level
0.05. In the serum, the median difference of 11KA4 is signiﬁcantly differing between the study arms ( 342.5, 95% bootstrap CI-505.23 188.98). In the prostatic tissue, the median
difference of 11KDHT is signiﬁcantly differing between the study arms ( 6.53, 95% bootstrap CI 12.80 0.29).
Serum hormone

Cortisol
Cortisone
11KA4
11KT
11OHT
11bOH A4
Estrone
11DOX
17OH Pregne
DHEA
Androstenedione
Testo
DHT
Androstanedione
17OH Proge
Pregnenolone
Progesterone

Placebo, median (Q1

333,333.5 (267,289.25 420,965.5)
61,173 (53,556 67,695)
960 (715.75 1254.25)
1275.5 (826.25 1852.25)
567 (444.75 800)
6043 (4073 8225.75)
142.5 (109 189.5)
849 (547.5 1372)
2815 (1928.25 4232.75)
9862.5 (6098.75 11,945.25)
2794.5 (1971.5 3702.5)
15,058.5 (12,481.75 20,652.25)
1252.5 (923 1648.25)
212.5 (134.5 259)
2430 (1579 3889.25)
2232.5 (1514.75 2852.75)
168 (127.25 287.25)

Prostatic tissue hormone Placebo, median (Q1

Cortisol
Cortisone
11KDHT
Estrone
17OH Pregne
DHEA
Androstenedione
Testo
DHT
AndrostAnedione
Pregnenolone

Q3), n = 52

Q3), n = 48

1218.775 (603.0525 2476.285)
225 (118.1375 437.7025)
25.015 (19.1 34.3125)
10.62 (5.7525 13.7075)
66.065 (49.155 106.5875)
2243.835 (1151.7075 3240.335)
11.325 (7.22 16.565)
10.08 (8.075 19.6925)
824.325 (677.6175 1050.8925)
77.55 (59.02 106.965)
394.76 (268.285 548.795)

Atorvastatin, median (Q1
n = 56

Q3),

p-value Median diff.

291,364.5 (234,340 358,946.75)
57,485 (50,435.75 68,475.25)
617.5 (506.5 825)
1214.5 (829 1546.5)
573.5 (444 728.25)
5292.5 (4098 6489.5)
129 (104 160)
903 (563.25 1185.75)
2121.5 (1567 3472.25)
7479 (5098.25 10,040.75)
2598.5 (1949.25 3487)
15,613 (11,116.5 20,581.25)
1248.5 (815.25 1720.5)
166 (114.75 231.75)
2076.5 (1627 2738)
1746 (1240 2689.75)
163.5 (112.75 204)

0.035
0.202
<0.0001
0.324
0.515
0.187
0.108
0.963
0.053
0.079
0.322
0.742
0.717
0.066
0.19
0.062
0.116

Atorvastatin, median (Q1
n = 51

p-value Median diff.

Q3),

1605 (791.42 2561.97)
280.25 (168.3 493.73)
18.49 (13.1 26.82)
12.08 (9.17 18.69)
68.77 (47.56 112.175)
3123.46 (1772.325 5043.845)
11.08 (7.635 15.275)
13.37 (7.72 31.145)
864.02 (684.585 1047.76)
78 (58.585 113.94)
444.5 (273.615 699.67)

Using all available prostatic tissue steroid hormones, the median
classiﬁcation error is 47.47% (95% CI 42.42 52.53) suggesting no
overall difference between the study arms in the prostatic tissue steroidome. Limiting the analysis into measurable steroid hormones, the
median classiﬁcation error is still relatively high at 47.47% (95% CI
43.43 51.52). In random forest, when most of the features are invariant between the classes, i.e., non-classifying (or noise), the probability that only noisy features are selected at each tree branch splitting
node is high whereas the probability that a class separating feature
gets selected is low.
To counter the weak signal, we used backward feature selection
and selected only the features that had signiﬁcant impact on the Gini
impurity measure in the ﬁrst RFC model including all available steroids. The variable importance plot is shown in Supplementary ﬁle 2,
Fig. 1. Testosterone (T), Dehydroepiandrosterone (DHEA), Estrone,
and 11KHDT fulﬁlled this criterion, thus they were chosen as classiﬁers in a separate analysis. This model yielded low median classiﬁcation error 37.88 (95% CI 35.35 40.40) suggesting that these steroid
hormones are differing between the study arms. Moreover, the classspeciﬁc median classiﬁcation error for atorvastatin arm is 33.33%
(29.41 37.25). This is low enough to indicate that atorvastatin use is
associated with systematic harmonic pattern in the prostatic tissue
steroidomic hormone proﬁle amongst atorvastatin users. The median
classiﬁcation error and class-speciﬁc classiﬁcation error for all models
are displayed on Fig. 2. Moreover, the RFC and Wilcoxon rank sum
modelling strategies agree, since RFC ﬁnds T, DHEA, Estrone, and
11KHDT the most-important classiﬁers; these same variables also
display the smallest p-values in the Wilcoxon rank sum test.

0.204
0.196
0.027
0.044
0.703
0.037
0.966
0.171
0.958
0.853
0.350

41,969
3688
342.5
61
6.5
750.5
13.6
693.5
2383
196
554.5
4
46.5
353.5
486.5
4.5

386.23
55.25
6.53
1.46
2.71
879.63
0.245
3.29
39.70
0.45
49.74

95% bootstrap CI for median difference.

86,983.9
9014.5
505.23
456.66
173
2033
44.03
221.33
1656.03
4388
620.09
2877.69
344.01
83.013
982.13
863.08
47.5

8754.69
1254.43
188.98
264.04
133.64
360.08
15.01
260.03
168.71
326
219.01
2981
363
20.5
358
38.2
28

95% bootstrap CI for median difference

182.19
38.11
12.80
0.88
14.54
20.65
3.28
0.29
137.01
21.57
50.00

868.96
191.60
0.29
5.43
27.12
1622.79
3.06
8.24
151.21
17.12
160.87

After the intervention, serum steroid hormones in the atorvastatin
arm are densely clustered in the random forest proximity plot reﬂecting systematic changes whereas placebo arm remains randomly scattered (Fig. 3a). The systematic differences between the atorvastatin
and placebo arm steroidomic proﬁle are not as pronounced in the
prostate as suggested by the random forest proximity plot using
Testo, DHEA, Estrone, and 11KHDT as classiﬁers; the atorvastatin arm
is clearly less clustered (Fig. 3b) compared to the serum (Fig. 3a). At
baseline, serum steroidomic proﬁle shows random distribution pattern in both study arms (Supplementary ﬁle 2, Fig. 2).
Additional Pearson correlation analysis between serum (before
and after), prostatic tissue (before and after), and PSA change are
shown in Supplementary ﬁle 2 as correlation matrix heatmaps
(Figure 50a placebo, Figure 50b atorvastatin, Figure 51 correlation
coefﬁcient difference atorvastatin placebo).
Discussion
In this ﬁrst-in-man pilot study, high-dose atorvastatin use
induced clear changes in serum adrenal androgens, and most prominently in 11KA4. Atorvastatin use was also associated with prostatic
tissue 11KDHT concentration. To our knowledge, this is the ﬁrst time
that atorvastatin has been observed to lower adrenal androgens compared to placebo in vivo clinical trial. Remarkably, the steroidomic
proﬁle differences, compared to placebo, differed between the serum
and prostatic tissue. This suggests that intraprostatic and serum steroidomic proﬁle milieus are dissimilar and possibly under differing
regulation in men with PCa [21].
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Fig. 2. Out-of-bag classiﬁcation error (black points) and 95% conﬁdence intervals (bars) for random forest classiﬁcation models as a forest plot. Grey and white points are classiﬁcation errors for atorvastatin and placebo arm, respectively; the bars are 95% conﬁdence intervals. The conﬁdence interval is for the Monte Carlo error. The vertical dotted line represents the 50% classiﬁcation error, i.e., as-good-as-coin-ﬂip; Out-of-bag classiﬁcation error below 50% can be considered better model than random. Serum steroidomic hormone
proﬁle after the intervention classiﬁes the treatment arms well. In the prostatic tissue, reduced model, with 11KDHT, DHEA, Estrone, and Testosterone as classiﬁers, classiﬁed the
treatment arms with moderately low prediction error, whereas using all features failed in the classiﬁcation task. For the serum, the sample sizes are n = 52 placebo and n = 56 atorvastatin. For the tissue, the sample sizes are n = 48 placebo and n = 51 atorvastatin.

Ketosteroids are mainly secreted by the adrenal gland. In the
serum, 11KA4 concentration was median 35.6% lower amongst atorvastatin users compared to placebo. 11KA4 metabolises into remarkable and potent androgen 11-ketotestosterone (11KT) [22].
Moreover, 11KA4 > 11KT conversion is mediated by steroidogenic
enzyme, aldoketoreductase 1C3 (AKR1C3) [22] which is overexpressed in castration-resistant PCa [23]. The clearly lowered 11KA4

concentration in the treatment arm suggests that atorvastatin can
modify androgen supply in the serum but not by limiting DHT and T.
In the prostatic tissue, 11KDHT was lower by median 25% in the
atorvastatin arm, compared to placebo. 11KDHT is a remarkable
androgen, nearly as potent as DHT, and can induce upregulation of
the hallmark PCa markers KLK3 and TMPRESS2 in vitro. This clearly
underlines the signiﬁcance of lowered 11KDHT in the context of PCa.

Fig. 3. Random forest proximity plots for the serum and prostatic tissue hormone proﬁles. Grey dots represent men who received atorvastatin intervention and white dots represent patients who received placebo. The large grey and white dots are the mean centroids of atorvastatin and placebo arms, respectively. More densely clustered patients demonstrate similar within-group hormone proﬁles. Fig. 3a) serum proﬁle after intervention shows densely clustered atorvastatin (n = 56) users indicating similarity in their hormone
proﬁles whereas placebo (n = 52) users are randomly scattered indicating that no harmonic changes occurred in placebo arm. Fig. 3b) prostatic tissue proﬁle after intervention does
not show as clear clustering amongst atorvastatin (n = 51) users compared to serum hormone proﬁles, and no clustering of placebo arm (n = 48). The mean centroids are separated
which indicates overall difference between the study arms.
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We suggest that atorvastatin use modulates adrenal steroidogenesis by simply reducing available cholesterol, the precursor for all steroids. The beneﬁt of statin use in PCa survival has been observed but
the mechanism is unclear. According to our study, it is plausible that
the beneﬁt is partly mediated by lowered adrenal androgen concentration.
ADT and statin use has been associated with increased ADT efﬁcacy [24,25]. ADT is usually implemented with GNRH agonists or
antagonists which limits T production in the testes by nearly 100%
whereas adrenal gland androgen production is limited only by 20
30% [26]. Therefore, we suggest that the synergism between statin
use and ADT is partly facilitated by the decreased adrenal androgens.
Moreover, similar juxtaposition scheme could apply to abiraterone
and statin anti-PCa effect, which have also been previously suggested
to have additive beneﬁts on PCa survival, compared to either drug
alone [27]. Abiraterone inhibits CYP17A1 which catalyses androgen
biosynthesis from pregnenolone and progesterone [28]. Statins on
the other hand inhibit cholesterol production thereby limiting pregnenolone and progesterone production in the ﬁrst place. Therefore,
statin and abiraterone are more likely to be synergistic rather than
competing agents.
Statin use has been linked with decreased risk of aggressive PCa
[29]. In the ESTO-1 clinical trial, we observed PSA decline amongst
men who had high-grade PCa (Gleason score 4 + 3 or third Gleason
grade 5) and used atorvastatin, compared to high-grade PCa in placebo arm [16]. PSA (KLK3) is an AR regulated gene, hence the atorvastatin impact on PSA could be partly mediated by limited local
androgen supply causing lower gene reading rate of AR in the prostate. Therefore, decreased PSA levels due to atorvastatin may reﬂect
lowered androgen stimulus in the atorvastatin arm.
Prostate cancer cells are known to exploit lipid metabolism pathways and increased fatty acid intake for cell proliferation [30,31]. Previously, we have demonstrated that atorvastatin induces signiﬁcant
changes in serum lipidomic proﬁle and moderately associates with
prostatic tissue lipidomic proﬁle [10]. Therefore, we suggest that the
anti-PCa mechanism of atorvastatin is multimodal, involving modiﬁed steroidome and lipidome. These modiﬁcations take place both in
the serum and locally in the prostate tissue.
The major strength of this study stems from the RCT study
design which mitigates confounding by known and unknown
background variables. Moreover, the steroidomic hormone proﬁles in the serum and the prostate were determined from the
same patients. To our knowledge, this is the ﬁrst time such comprehensive steroidome characterisation has been done in a welldeﬁned clinical trial population. Although the background and
clinical features were roughly equally distributed between the
study arms, the sample size is relatively small making the sample
prone to random effects and bias. However, the random effects
were countered by selecting appropriate statistical methods.
Moreover, the atorvastatin intervention time was relatively short
(median 28 days)
statins are typically used for years
we cannot say whether longer exposure time would expose weaker or
stronger changes in steroid hormones. Our sample consisted of
Caucasian men only, therefore generalisability of these results to
men of other ethnicities is uncertain.
Conclusions
In this ﬁrst-in-man pilot study, we demonstrate for the ﬁrst time
that atorvastatin lowers adrenal androgen concentration in the
serum in men with prostate cancer. The association between atorvastatin use and adrenal androgens were weak but not diminished in
the prostatic tissue. The ﬁndings suggest that one of the anti-PCa
mechanisms of atorvastatin is mediated by lowered adrenal androgen concentration. Atorvastatin may provide a novel well-tolerated
way to enhance ADT against PCa with simultaneous cardiological
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beneﬁts. Clinical efﬁcacy of atorvastatin especially in combination
with ADT requires further evaluation.
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