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Abstract
Increases in serum levels of prostate-speciﬁc antigen (PSA)
occur commonly in prostate cancer after radical prostatectomy
and are designated "biochemical recurrence." Because the phytochemical sulforaphane has been studied extensively as an anticancer agent, we performed a double-blinded, randomized, placebo-controlled multicenter trial with sulforaphane in 78 patients
(mean age, 69  6 years) with increasing PSA levels after radical
prostatectomy. Treatment comprised daily oral administration of
60 mg of a stabilized free sulforaphane for 6 months (M0–M6)
followed by 2 months without treatment (M6–M8). The study
was designed to detect a 0.012 log (ng/mL)/month decrease in
the log PSA slope in the sulforaphane group from M0 to M6.
The primary endpoint was not reached. For secondary endpoints,
median log PSA slopes were consistently lower in sulforaphane-

treated men. Mean changes in PSA levels between M6 and M0
were signiﬁcantly lower in the sulforaphane group (þ0.099 
0.341 ng/mL) than in placebo (þ0.620  1.417 ng/mL; P ¼
0.0433). PSA doubling time was 86% longer in the sulforaphane
than in the placebo group (28.9 and 15.5 months, respectively).
PSA increases >20% at M6 were signiﬁcantly greater in the
placebo group (71.8%) than in the sulforaphane group
(44.4%); P ¼ 0.0163. Compliance and tolerance were very good.
Sulforaphane effects were prominent after 3 months of intervention (M3–M6). After treatment, PSA slopes from M6 to M8
remained the same in the 2 arms. Daily administration of free
sulforaphane shows promise in managing biochemical recurrences in prostate cancer after radical prostatectomy. Cancer Prev

Introduction

been reported to reduce the risks of prostate cancer by 40%
(3, 4), extraprostatic prostate cancer by up to 40% (6), and
progression by 59% (7) in men diagnosed with nonmetastatic
disease.
In prostate cancer, primary curative procedures, such as radical
prostatectomy and external beam radiation therapy (EBRT), are
well-established options for the management of localized disease.
Generally curative, 25% to 40% of men with clinically
conﬁned cancer treated with radical prostatectomy will develop
biochemical recurrence (8), 34% of which will develop distant
metastases within 15 years of total follow-up (9). Pathologic
stage, Gleason score, and surgical margin status are independent predictors of biochemical recurrence and are used in
nomograms to predict outcome (10). A recent meta-analysis
has shown that GSTP1 hypermethylation may also be a potential predictive biomarker (11).
The management of patients with prostate cancer with recurrence after radical prostatectomy is not clearly deﬁned in nonlocal
relapsing patients. A consistently increasing prostate-speciﬁc antigen (PSA) level predates overt clinical progression, and a PSA
doubling time of less than 6 months is prognostic for metastasis
and prostate cancer–speciﬁc death (12).
Cruciferous vegetables contain glucosinolates (13), which are a
group of sulfur-rich phytochemicals that require conversion to
bioactive products, such as isothiocyanates by myrosinase, an
endogenous enzyme, released by plant harvesting, processing, or
chewing (14). One of the best studied isothiocyanates isolated
from cruciferous vegetables is sulforaphane (13), which was
originally isolated from broccoli and is produced from glucoraphanin, its glucosinolate precursor (15). Glucoraphanin is

Prostate cancer is the most common solid neoplasm in Europe
and the second leading cause of cancer mortality in men (1). In
addition to the well-established risk factors, including increasing
age, ethnic origin, and heredity, epidemiologic studies suggest
that diet and lifestyle are also involved. Obesity, high-saturated fat
consumption and a sedentary lifestyle (2) have been shown to
increase the risk of prostate cancer. Conversely, regular physical
activity (2) and the consumption of fruits and vegetables, particularly those belonging to the cruciferous family, may reduce this
risk (3–5). Indeed consumption of cruciferous vegetables has
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converted to sulforaphane by myrosinase, but myrosinase is
denatured by cooking, and when intact glucoraphanin is ingested,
it is eventually converted to sulforaphane by gut microbial thioglucosidases (14, 16).
Sulforaphane can target cancer cells through many demonstrated chemopreventive mechanisms (16). It can inhibit carcinogenic
mechanisms such as oxidative stress, phase I enzymes, inﬂammation angiogenesis, and metastasis and conversely induce "cytoprotective" mechanisms such as phase II detoxifying enzymes,
which include glutathione-S-transferases (17), heat shock
response, and apoptosis. Among epigenetic DNA alterations
observed in human cancers, sulforaphane inhibits DNA methylation (18, 19) and histone modiﬁcations.
In patients, GST isoenzyme P1 (GSTP1) promoter hypermethylation and therefore gene silencing is present in up to
90% of prostate cancer and is only rarely present in benign
prostate tissue (20).
In prostate cancer TRAMP C1 cells, sulforaphane regulates
Nrf20 s CpGs demethylation and reactivation in vitro, suggesting
that sulforaphane may exert its chemopreventive effect in part via
epigenetic modiﬁcations of Nrf2 gene with subsequent induction
of its downstream antioxidative stress pathway (21). In vivo,
TRAMP mice fed with 240 mg broccoli sprouts/mouse/d exhibited a signiﬁcant retardation of prostate tumor growth with
increased expression levels of Nrf2, HO-1, cleaved caspase-3,
cleaved PARP, and Bax proteins (22).
Sulforaphane is also a histone deacetylase (HDAC) inhibitor.
HDACs are a group of enzymes that are involved in epigenetic
gene silencing (23, 24, 25). For some authors, both DNA demethylation and HDAC inhibition are required to induce complete
gene expression of epigenetically silenced genes (26) and sulforaphane fulﬁlls both criteria.
Sulforaphane modulates the androgen receptor either by
increasing its degradation through the HDAC6 and heat shock
protein pathways (27) or by suppressing androgen receptor
transcription (28).
Sulforaphane administration inhibits prostate cancer progression and pulmonary metastasis in TRAMP mice by reducing cell
proliferation and augmenting natural killer cell lytic activity (29).
Androgen deprivation is a recommended treatment option;
however, its timing after biochemical recurrence remains controversial, particularly for lower risk patients. In a retrospective study
comparing early and delayed hormone therapy, early hormone
therapy was found to be an independent predictor of delayed
clinical metastases only for high-risk patients with a pathological
Gleason sum greater than 7 or PSA doubling time of 12 months or
less (30).
Watchful waiting may therefore be considered a reasonable
option for lower risk patients as early hormone therapy causes hot
ﬂushes, loss of libido and sexual activity, osteoporosis, and fatigue
with no evidence suggesting prolonged survival.
Therefore, the identiﬁcation of strategies that delay clinical
prostate cancer progression and prolong the interval from
treatment failure to hormonal ablation is clearly warranted.
Glucosinolates and isothiocyanates could be interesting candidates for such strategies. They have been investigated in clinical
trials with no signiﬁcant reported toxicity (31–33). However,
only sulforaphane precursors such as puriﬁed glucosinolates or
broccoli sprouts and not sulforaphane are currently in intervention trials because sulforaphane is highly unstable in its free
form (34). The bioavailability of sulforaphane is therefore
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dependent on the presence of myrosinase or gut thioglucosidases, which convert glucosinolate to sulforaphane. In this
setting, measurement of urinary levels of dithiocarbamates
(sulforaphane metabolites) indicated striking interindividual
differences in bioavailability (31).
In an unpublished non–placebo-controlled pilot study of 15
patients with biochemical recurrence following radical prostatectomy, with or without adjuvant or salvage external radiotherapy, treated with 30-mg doses of oral stabilized free sulforaphane daily during 3 months; we observed that sulforaphane was very well tolerated and that the PSA doubling time
increased from 10% to 400% for 80% of the patients. Assuming
that sulforaphane has a dose- and time-related effect on the
reduction of PSA progression, we chose to investigate in this
study the effect of a stabilized free-form sulforaphane using a
daily dose of 60 mg for a longer treatment time (6 months) in
the same population of patients.

Materials and Methods
Patients and recruitment
Ninety patients were enrolled between July 27, 2011 and
December 10, 2012 at 14 urological or oncological centers in
France. Eligible men presented biochemically recurrent prostate
cancer deﬁned by an increasing PSA (at 3 successive measurements) after radical prostatectomy with or without adjuvant or
salvage EBRT. Inclusion required the following characteristics:
postoperative undetectable PSA, a pT2 or pT3a–b pN0M0 pathologic stage with or without positive surgical margins, a specimen
Gleason score 7, an increasing PSA 0.2 and <5 ng/mL, and a
standardized PSA doubling time 5 and 36 months, calculated
on the Memorial Sloan Kettering Cancer Centre (MSKCC) web
site (9, 35). Exclusion criteria were patients with known allergy or
intolerance to cruciferous vegetables, severe hepatic, renal or
cardiovascular conditions, and those regularly taking other nutritional supplements, such as green tea, turmeric, or pomegranate.
Protocol
The baseline investigations included a medical history, urinary
comfort, body weight, body mass index (BMI), physical examination, and blood tests, including blood counts (hemoglobin, red
and white blood cells, platelets), hepatic proﬁle, including serum
alanine (ALT) and aspartate (AST) transaminases, alkaline phosphatases and total bilirubin, serum sodium, potassium, chloride,
and calcium, PSA, and total serum testosterone.
The National Regulatory (ID-RCB: 2011- A00347-34) and
Ethics Committees approved the protocol. All of the study participants provided written informed consent.
Randomization, masking and intervention
Eligible patients were randomly assigned to treatment groups
by a fax randomization system centralized by the Contract
Research Organization (CRO) to ensure that the investigators
were blinded to treatment allocation. Participants were randomly
assigned to receive either 60 mg of oral sulforaphane (2 tablets
containing 10-mg sulforaphane each, 3 times a day) for 6 months,
followed by 2 months without treatment. The patients were
excluded from the study in cases of signiﬁcant PSA progression
or >grade 2 adverse effects. Treatment was subsequently stopped
in both cases and androgen deprivation therapy initiated in case
of PSA progression.
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Urinary comfort, body weight, and physical examination
results were recorded, and blood tests, including PSA and total
serum testosterone, were measured at baseline (M0), 1 (M1), 3
(M3), 6 (M6), and 8 (M8) months. To avoid measurement
discrepancies, each patient was subjected to blood tests in the
same laboratory. To evaluate compliance, the allocated tablet
boxes were recovered to count the leftover materials.
Sulforaphane tablet composition
Each tablet contained 10 mg of free stabilized sulforaphane
extracted from broccoli seeds (Prostaphane). To improve the
stability of sulforaphane, a new cold press process was developed
by Nutrinov to produce immediate release tablets of microencapsulated active component powder extract. Placebo tablets were
similar in composition and appearance but contained no
sulforaphane.
Diet
To avoid any dietary covariant, patients were counseled not to
change their usual dietary habits.
Statistical analysis: sample size
The sample size calculation was based on our previous pilot
study, which showed that 80 subjects were required to detect a
0.012 log (ng/mL)/month reduction in the slope of log PSA and
an estimated 0.017 log (ng/mL)/month SD compared with the
placebo at an overall signiﬁcance level of 0.05 and a power of
85%.
Statistical analyses were performed on the set of all randomized subjects without violation of the inclusion criteria regarding
PSA levels (intention-to-treat) and on the subset of intention-totreat patients for whom the 4 PSA measurements (M0–M1–M3–
M6) were available. The patients were considered compliant
if they exhibited adequate tablet compliance (>70%). The
results are expressed as the means  SD and were considered
to be statistically signiﬁcant at P levels <0.05. The statistical
analyses were performed using JMP-SAS Institute 11.0 for Windows by 2 independent statistical consultancies: SLB Pharma
and Efﬁ-Stat.
Primary endpoint
The primary endpoint was the slope of log PSA determined
from the values obtained between M0 and M6. As PSA progression
is not linear, the log of PSA was chosen for slope calculation and
analysis as in the MSKCC algorithm (35). A classical analysis of
covariance (ANCOVA), using the initial preintervention slope of
log PSA as the covariate, was initially planned. However, the
normal quantile plot and the Shapiro–Wilk test for normality
both applied on the residuals of the ANCOVA model showed a
strong deviation from normality and the presence of 3 inﬂuential
outliers (1 placebo and 1 sulforaphane higher outlier and 1
sulforaphane lower outlier) at M1. No simple data transformation
could solve the normality issue. As a consequence, a nonparametric ANCOVA (Hettmansperger and McKean linear model
aligned rank test) was used (36). The Hodges–Lehmann estimator
(d) and its 95% conﬁdence interval (CI) assessed the treatment
effect. To assess sulforaphane activity as a function of time
(months), log PSA slopes were calculated by ﬁtting a linear
regression of the natural log of PSA measured at M0, M1, M3,
M6, and M8. The PSA doubling time was obtained by dividing the
natural log of 2 by the slope.
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Secondary endpoints
The differences in adverse events between the 2 groups were
tested using Fisher and c2 tests. PSA progression from baseline at
M6 was tested with the Wilcoxon test. The number of men at M6
with arbitrarily deﬁned lower (10% and below), stabilized
(10% < <þ20%), or increased (>20%) PSA values compared
with baseline were analyzed using a c2 test.

Results
Patient population
This study accrued and randomized 90 patients between July
27, 2011 and December 10, 2012 at 14 urological centers in
France. Eight randomized patients were excluded before start of
intervention because of major deviations in eligibility criteria, and
one patient withdrew his consent, leaving 81 men receiving by
random assignment sulforaphane or placebo. Before unblinding,
we excluded 3 patients from the efﬁcacy analysis for violation of
the inclusion criteria with respect to PSA levels, but they were
retained for the safety analysis. The intention-to-treat population
comprised 78 patients (40 placebo and 38 sulforaphane), including 3 patients (1 placebo and 2 sulforaphane) who discontinued
study before M6. Thus, for 75 subjects (39 placebo and 36
sulforaphane), the slope of log PSA was calculated by linear
regression with use of 4 PSA values from M0 to M6, whereas for
3 subjects, the slopes were calculated by using the 2 or 3 available
PSA values (Flow chart; Supplementary Fig. S1).
Two patients with a Gleason score of 8 (both in the sulforaphane arm) were admitted for enrollment as PSA progression was
slow and time from salvage EBRT to intervention was long (4
and 6 years). Six patients with post-prostatectomy levels above
0.1 ng/mL were also admitted for the same reasons as above. All
but one patient had adjuvant EBRT and time from EBRT to
intervention was a median 6 years with a median PSA doubling
time of 16 months.
The mean time between radical prostatectomy and the trial was
7  3 years. Ten patients had prior androgen deprivation (in
combination with radiation treatment). Mean time from the end
of androgen intervention to the trial initiation was 3.7  2 (range,
0.8–7) years. The mean serum total testosterone level at intervention was 4.6  1.4 ng/mL and did not differ statistically from
that of the other subjects.
Three patients (1 sulforaphane and 2 placebo) were withdrawn
from the study at V1, V3, and V4, respectively, due to signiﬁcant
PSA progression: þ60%, þ118%, and þ240%, respectively, and
were commenced on androgen deprivation therapy.
Participants in the sulforaphane or placebo groups were wellmatched and did not differ statistically at baseline with respect
to demographic, clinical, and pathologic features, blood chemistries, and PSA (Table 1). Although not statistically signiﬁcant,
there were slightly more patients with more serious pathologic
features (pT3b, Gleason 4þ3, and Gleason 8) in the sulforaphane group. The preintervention slopes of log PSA were 0.063 
0.03 log (ng/mL)/month in the placebo group and 0.067 
0.04 log (ng/mL)/month in the sulforaphane group, corresponding to PSA doubling times of 14.3 and 14.5 months,
respectively.
Primary endpoint: log PSA slopes
The observed median log PSA slopes, d treatment effects, and
statistical signiﬁcances are reported in Table 2. The primary
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Table 1. Matched baseline clinical, biologic, and pathologic characteristics of the randomly assigned groups
Placebo (n ¼ 40)
Age, y
Mean  SD
70.4  6,8
Weight, kg
Mean  SD
76.8  9.3
BMI, kg/m2
Mean  SD
26.5  2.7
Prostatectomy alone
n (%)
16 (40%)
Prostatectomy þ EBRT
n (%)
20 (50%)
Prostatectomy þ EBRT þ hormone therapy
n (%)
4 (10%)
Age at prostatectomy, y
Mean  SD
63.2  6.0
Years between prostatectomy and RTE
Mean  SD
3.6  2.8
Years between prostatectomy and intervention (M0)
Mean  SD
7.1  4.4
Postoperative PSA
0.1 ng/mL
n (%)
36 (90%)
>0.1 ng/mL
n (%; max)
4 (10%; 0.15)
PSA, ng/mL
Mean  SD
0.78  0.68
Median
0,50
Range
0.13–2.77
PSA DT mo
Mean  SD
14.34  7.54
Median
12.14
Range
5.41–33.58
Log PSA slope
Mean  SD
0.063  0.03
Median
0.057
[Q1–Q3] [Range]
[0.036-0.087] [0.021–0.128]
Testosterone, ng/mL
Mean  SD
4.45  1.39
Median
4.49
Range
1.91–7.1
Tumor stage (pTNM)
pT2a
5 (12.5%)
pT2b
9 (22.5%)
pT2c
14 (35%)
pT3a
7 (17.5%)
pT3b
5 (12.5%)
pN0
36 (90%)
pNx
4 (10%)
M0
40 (100%)
SM0
24 (61.5%)
SM1
14 (35.9%)
SM2
1 (2.6%)
Unknown SM data
0 (0%)
Gleason scores and (grades)
<6
5 (12.5%)
6 (3 þ 3)
9 (22.5%)
7 (3 þ 4)
18 (45%)
7 (4 þ 3)
8 (20%)
8 (4 þ 4)
0 (0%)
8 (3 þ 5)
0 (0%)

Sulforaphane (n ¼ 38)
68.8  6,4
81.7  13.2
27.8  4.1
13 (34%)
19 (50%)
6 (15.8%)
61.8  6
3.6  2.7
7  3.5
36 (94.7%)
2 (5.3%; 0.2)
0.74  0.64
0,44
0.15–2.47
14.53  8
14.26
4.17–33.93
0.067  0.04
0.049
[0.036–0.093] [0.020–0.166]
4.64  1.55
4.46
2.1–7.88
1 (2.6%)
8 (21.1%)
10 (26.3%)
12 (31.6%)
7 (18.4%)
32 (84.2%)
6 (15.8%)
38 (100%)
21 (56.8%)
15 (40.5%)
0 (0%)
1 (2.7%)
5 (13.1%)
4 (10.5%)
17 (44.7%)
10 (26.3%)
1 (2.6%)
1 (2.6%)

P
0.291
0.061
0.110
0.570
1
0.444
0.303
0.982
0.997
0.433

0.642

0.900

0.900

0.570

0.288

0.445
1
0.535

0.390

NOTE: Tumor pathological TNM (pTNM) stage.
Abbreviations: DT, doubling time; EBRT, external beam radiotherapy; SM, surgical margins; SM0, no surgical margin; SM1, positive surgical margin  4 mm; SM2,
positive surgical margin > 4 mm.

endpoint of the trial which was to detect a 0.012 log (ng/mL)/
month reduction in the slope of log PSA [SD, 0.017 log (ng/mL)/
month] compared with that of the group taking placebo, was not
reached in the intention-to-treat group (n ¼ 78): P ¼ 0.11, when
the slopes were calculated by ﬁtting 4 values of PSA at M0, M1, M3,
and M6. In this group, the adjusted median log PSA slope in the
sulforaphane group was 38.5% lower than in the placebo group
(Fig. 1). The PSA doubling time corresponding to the adjusted
median log PSA slope was 28 months for the sulforaphane group
and 16.5 months in the placebo group.

A full analysis of the 75 subjects with 4 available PSA measurements at M0, M1, M3, and M6 was performed. In this population,
the slope in the sulforaphane group was 37% lower than in the
placebo group. The PSA doubling time was 28.9 months for the
sulforaphane group and 15.5 months in the placebo group
(þ86%). Outcomes in this population were close to the intention-to-treat analysis (P ¼ 0.09).
Signiﬁcantly lower log PSA slopes in sulforaphane group were
observed when the slopes were calculated by ﬁtting 3 values of
PSA at M0, M3, and M6 and 2 PSA values at M0 and M6. In these

Table 2. Treatment effect assessed by different calculations of log PSA slopes after 6-month intervention
Slope of log PSA (n)
Placebo (n)
Sulforaphane (n)
d (95% CI) in log (ng/mL)/mo
M0–M1–M3–M6 (n ¼ 78)
0.0421 (40)
0.0248 (38)
0.0162 (0.0374 to þ0.0031)
M0–M1–M3–M6 (n ¼ 75)
0.0447 (39)
0.0240 (36)
0.0166 (0.0382 to þ0.0022)
M0–M3–M6 (n ¼ 75)
0.0417 (39)
0.0217 (36)
0.0180 (0.0380 to 0.0007)
M0–M6 (n ¼ 75)
0.0426 (39)
0.0216 (36)
0.0180 (0.0381 to 0.0004)

P
0.11
0.09
0.044
0.04

NOTE: Results for each group are medians of the log PSA slope adjusted to the preintervention slope. The treatment effect (d) and its 95% CI are estimated according
to Hodges–Lehmann.
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Adjusted median log PSA slope

0.06

0.05

0.04
−38.5%
Placebo

0.03

SF

0.02

0.01

0
Pretreatment

6-month treatment

Figure 1.
In the 78 ITT population, a 38.5% reduction of the slope of log PSA is observed
in the sulphoraphane-treated arm compared with the placebo arm, after
6-month treatment.

2 cases, the difference between groups was a decrease of 0.0180
log (ng/mL)/month (P < 0.05) and the PSA doubling times were
31.9 and 16.6 months in sulforaphane and placebo groups,
respectively (þ92%).
Exploratory time sequential analyses
To obtain further insight into sulforaphane effectiveness over
time, we examined the PSA slopes in different time subsegments
in the full analysis population. Median log PSA slopes were
signiﬁcantly lower in the sulforaphane group than in the placebo
group in the segment M3–M6 (P ¼ 0.011) and M3–M8 (P ¼
0.012), whereas the segments M0–M1 and M0–M3 were not
signiﬁcantly different between sulforaphane and placebo (Table
3). When treatment was stopped after M6, the M6–M8 mean log
PSA slopes were not different between the 2 groups.
Secondary endpoints: PSA progression
The proportion of men with a PSA increase greater than 20% at
M6 was signiﬁcantly greater in the placebo group (71.8%) than in
the sulforaphane-treated men (44.4%; P ¼ 0.0163; Table 4).
Mean PSA values are reported in Fig. 2 and Table 5. PSA levels
increased less in the sulforaphane arm and tended to stabilize after
M3. After 6-month intervention, the observed mean PSA change
from baseline was signiﬁcantly lower in the sulforaphane group
versus the placebo group: 0.099  0.341 versus 0.620  1.417
ng/mL (P ¼ 0.0433); d ¼ 0.521 (95% CI ¼ 1.004 to 0.038).
ANOVA revealed that during the preintervention period (from
M-14 to M-1), PSA variability did not differ between the 2 groups.
After M1, SDs in the PSA levels in the placebo group continued to
increase with time, whereas SD stabilized in the sulforaphane
group. After M3, the PSA variability was signiﬁcantly lower in the
sulphoraphane group than in placebo (Fisher test: P ¼ 0.0046 at
M3 and P < 0.001 at M6 and M8).
The compliance was excellent (96% in each group).
Table 3. Time sequential analysis of log
Slope of log PSA (n)
M0–M3 (n ¼ 76)
M3–M6 (n ¼ 75)
M3–M8 (n ¼ 72)
M6–M8 (n ¼ 72)

Safety and adverse events
Eighty-one patients were available for adverse event assessment. Thirty-six patients (44.4%) declared at least one adverse
event during the trial, 36.5% in the placebo group, and 52.5% in
the sulforaphane group. Most adverse events (89%) were grade 1
or at maximum grade 2. There were slightly more gastrointestinal
side effects (bloating) in the sulforaphane group (17 vs. 10). One
sulforaphane patient withdrew after 1 month due to bowel
discomfort. The difference in symptoms between the 2 groups
was not statistically signiﬁcant (P ¼ 0.149; c2 test). Furthermore,
most adverse events were short-term and only reported once
during the intervention. Three sulforaphane patients and 1 placebo recipient reported adverse events at 2 or 3 different follow-up
assessments. No grade 3/4 adverse events were reported.
There were no statistically signiﬁcant differences in body
weights and BMI, blood counts and chemistries, and testosterone
levels between the 2 groups throughout the trial.

Discussion
This trial was designed as a proof of concept study to
investigate the effects of a stabilized free form of sulforaphane
in a homogeneous population of men with biochemically
relapsing prostate cancer after radical prostatectomy, with or
without adjuvant or salvage radiation therapy. Although the
reduction in log PSA slopes between the sulforaphane (median
log PSA slope ¼ 0.0248) and placebo (median log PSA slope ¼
0.0421) arms was greater (0.0162) than the expected 0.012
log (ng/mL)/month, the primary endpoint was not reached,
most likely due to unexpected PSA variability at M1, to a
relatively short intervention time (6 months) and small number of patients involved in the trial. The difference in the log
PSA slopes between the 2 arms became signiﬁcant when PSA
values measured at M1 were omitted (M0–M3–M6 or M0–M6)
from the calculation. Therefore, there may be possibly an
activity signal and further consideration of sulforaphane as a
management option for men with biochemical recurrence after
deﬁnitive therapy is indicated. The resulting PSA doubling time
increase was substantial (almost double) and if conﬁrmed in
further trials, should be clinically relevant.
The decline in the PSA slopes became prominent after 3 months
of sulforaphane treatment suggesting that longer intervention
should be considered in future trials. After stopping treatment,
the PSA slopes from M6 to M8 were not different between the 2
arms, although there seemed to be a lag effect, as the difference in
PSA slopes between M3 and M8 was signiﬁcant. We initially
considered that 6 months of intervention was reasonable as
patients on placebo were not exposed to too much risk of prostate
cancer progression and that, although no signiﬁcant toxicity was
reported with broccoli extracts or sulforaphane precursors in the
literature, no data about long-term free-form sulforaphane intervention are available. Although use of PSA as an endpoint is a
recognized limitation, PSA remains the only available follow-up

PSA slopes and treatment effect (d)
Placebo (n)
Sulphoraphane (n)
0.061 (40)
0.046 (36)
0.049 (39)
0.023 (36)
0.049 (37)
0.023 (35)
0.057 (37)
0.032 (35)

d in log(ng/mL)/mo
0.015
0.027
0.026
0.025

P
0.09
0.011
0.012
0.15

NOTE: Results for each group are medians of the log PSA slope adjusted to the preintervention slope.
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Table 5. Mean  SD PSA values before (M-14 to M-1), during (M0–M6), and after
(M8) treatment for both randomized groups
Time, mo
Placebo (n)
Sulphoraphane (n)
M-14
0.4  0.382 (40)
0.38  0.423 (38)
M-6
0.55  0.46 (40)
0.54  0.549 (38)
M-1
0.74  0.636 (40)
0.73  0.637 (38)
M0
0.78  0.683 (40)
0.74  0.644 (38)
M1
0.86  0.799 (40)
0.75  0.661 (38)
M3
1.03  1.185 (40)
0.86  0.73 (36)
M6
1.41  1.897 (39)
0.87  0.638 (36)
M8
1.57  2.411 (37)
0.93  0.726 (35)

Table 4. Proportion of men with a higher, stabilized, or lower PSA at M6
PSA M0–M6 progression
Placebo, n (%)
Sulphoraphane, n (%)
Increase (>20%)
28 (71.8%)
16 (44.4%)
Stabilization (>10% and <20%)
10 (25.6%)
16 (44.4%)
Decrease (<10%)
1 (2.6%)
4 (11.2%)
NOTE: P ¼ 0.0163, c2 test.

marker in this setting. Furthermore, PSA doubling time is a
validated clinical prognostic marker (12, 30) and increases in
PSA levels during prostate cancer patient follow-up is a clinical
trigger for management changes.
The compliance was excellent, adverse effects were minimal,
and although more men treated with sulforaphane experienced
bloating, there were no overall statistically signiﬁcant differences
in symptoms compared with placebo.
The mechanisms of action of sulforaphane in this setting
remain to be investigated. Although the serum testosterone levels
did not differ between the sulforaphane- and placebo-treated men
throughout the trial, we cannot exclude an intracellular modulation of the androgen receptor (27, 28). Induced cell apoptosis
(25) could explain short-term (M1) unexpected PSA level variations (declines and increases), as apoptotic cells can release PSA as
observed during chemotherapy.
Epigenetic regulation could be the key factor, as GSTP1 and
GSTM1 hypermethylation and HDACs are prominently involved
in prostate carcinogenesis and it has been shown that sulforaphane suppresses both of these mechanisms (24, 25, 37). These
questions will be explored in future trials.
Dietary supplements, herbal remedies, and plant extracts are
widely promoted by manufacturers and embraced by patients
with cancer (38) who actively seek alternative lifestyle changes
and over-the-counter treatments. Experimental data suggest
many potential anticancer activities by natural compounds
such as genistein and isoﬂavones from soy (18), polyphenols
such as epigallocatechin gallate (EGCG) from green tea (18, 39)

NOTE: n, number of patients.

and pomegranate (40), and curcumin from turmeric (41).
Nevertheless, clinical evidence is scarce and provides conﬂicting
results for the effects of these compounds. In a double-blind
placebo-controlled study, green tea catechins (GTC) signiﬁcantly prevented prostate cancer development in men with highgrade premalignant prostate intraepithelial neoplasia (42).
Two randomized, double-blind, placebo-controlled short-term
isoﬂavone intervention trials before radical prostatectomy have
shown that genistein failed to change the PSA levels signiﬁcantly, even though it modulated the expression of several
genes involved in prostate cancer (43, 44). A 6-month double-blind, placebo-controlled intervention study with highdose soy extracts conducted in 53 men with prostate cancer
enrolled in an active surveillance program also failed to show
lower PSA levels (45). Conversely, soy extracts appear to be
more efﬁcient when combined with other compounds. In a
double-blind, placebo controlled, cross-over study, 49 patients
with a history of increasing PSA levels after radical prostatectomy (n ¼ 34) or radiotherapy (n ¼ 15) were allotted to receive
a cocktail of soy, isoﬂavones, silymarin, lycopene, and antioxidants. The study demonstrated a signiﬁcant decrease in the PSA
slope that translated into a 2.6-fold increase in the PSA doubling time (46).
Arm

2.5

Placebo
SF

Figure 2.
PSA progression (mean  SEM) curves in the 2
arms before and during the study.
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Only one placebo-controlled study has investigated the effects of
broccoli extracts blended with other natural compounds (pomegranate, turmeric, and green tea) in 199 patients with prostate
cancer (47). The median increase in the PSA level was 14.7% in the
intervention group compared with 78.5% in the placebo group
(P ¼ 0.0008). Nevertheless, as acknowledged by the authors, the
patient population was not homogeneous: the study involved
both low-risk patients with prostate cancer managed by active
surveillance (59%) but also higher risk patients (41%) on watchful
waiting for biochemical recurrence after radical treatment. In that
setting, the PSA response in non-prostatectomized patients on
active surveillance could therefore be related to the demonstrated
anti-inﬂammatory and antioxidant effects of sulphoraphane,
pomegranate, turmeric, and green tea (18).
A stabilized free-form sulphoraphane is a valuable asset in
anticancer prevention and therapy. Delivering a predeﬁned dose
of sulphoraphane (like any other chemical drug) is mandatory for
clinical trials and management. Our future studies will explore its
bioavailability in sera of prostate cancer men treated with sulphoraphane. Genomics and proteomics will be performed to have
further insight in the mechanisms of action involved. A larger and
longer phase III trial is also being designed to conﬁrm its clinical
and cost effectiveness.
In conclusion, the effectiveness of a biostable sulphoraphane
for decreasing the rate of PSA progression in men with prostate
cancer and biochemical recurrence after deﬁnitive radical prostatectomy appears promising. The compliance and tolerance were
very good. Further studies are required to conﬁrm the clinical
importance of this ﬁnding.
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