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Abstract

Inhibition of metabolic re-programming represents an attractive approach for prevention of prostate cancer. Studies have
implicated increased synthesis of fatty acids or glycolysis in pathogenesis of human prostate cancers. We have shown
previously that prostate cancer prevention by sulforaphane (SFN) in Transgenic Adenocarcinoma of Mouse Prostate
(TRAMP) model is associated with inhibition of fatty acid metabolism. This study utilized human prostate cancer cell
lines (LNCaP, 22Rv1 and PC-3), two different transgenic mouse models (TRAMP and Hi-Myc) and plasma specimens from

a clinical study to explore the glycolysis inhibition potential of SFN. We found that SFN treatment: (i) decreased real-time
extracellular acidification rate in LNCaP, but not in PC-3 cell line; (ii) significantly downregulated expression of hexokinase
IT (HKII), pyruvate kinase M2 and/or lactate dehydrogenase A (LDHA) in vitro in cells and in vivo in neoplastic lesions in the
prostate of TRAMP and Hi-Myc mice; and (iii) significantly suppressed glycolysis in prostate of Hi-Myc mice as measured
by ex vivo 'H magnetic resonance spectroscopy. SFN treatment did not decrease glucose uptake or expression of glucose
transporters in cells. Overexpression of c-Myc, but not constitutively active Akt, conferred protection against SFN-mediated
downregulation of HKII and LDHA protein expression and suppression of lactate levels. Examination of plasma lactate
levels in prostate cancer patients following administration of an SFN-rich broccoli sprout extract failed to show declines
in its levels. Additional clinical trials are needed to determine whether SFN treatment can decrease lactate production in

human prostate tumors.

Introduction

Metabolic deregulation is now regarded as one of the hallmarks
of different malignancies including prostate cancer, which is
a leading cause of cancer-related death in men in the United
States and other Western countries (1,2). Earlier studies impli-
cated increased de novo synthesis of fatty acids, which is very
low in most normal tissues including the prostate gland, in
pathogenesis of human prostate cancer (3,4). This hypothesis

was corroborated by studies showing overexpression of fatty
acid synthase (FASN) complex that catalyzes the terminal
steps of the de novo fatty acid synthesis, in early [prostatic
intraepithelial neoplasia (PIN)] as well as in late-stage prostate
cancers (5). The expression of FASN was shown to be higher by
~5.7-fold in human PIN lesions when compared with the normal
prostate tissue (5). These results indicated that overexpression
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Abbreviations
ANOVA analysis of variance
AR androgen receptor
caAkt constitutively active Akt
Cr creatine
DMSO dimethyl sulfoxide
ECAR extracellular acidification rate
FASN fatty acid synthase
GLUT glucose transporter
HKII hexokinase II
Lac lactate
LDHA lactate dehydrogenase A
MCT1 monocarboxylate transporter 1
MI myo-inositol
PIN prostatic intraepithelial neoplasia
PKM2 pyruvate kinase M2
PSA prostate-specific antigen
SFN sulforaphane
SFN-BSE sulforaphane-rich broccoli sprout
extract
TRAMP Transgenic Adenocarcinoma of

Mouse Prostate

of FASN, and hence increased de novo synthesis of fatty acids,
was an early event in prostate carcinogenesis (5). Moreover,
overexpression of FASN in prostate of transgenic mice resulted
in development of PIN lesions (6). Inhibition of FASN as well as
other enzymes of the fatty acid synthesis pathway pharmaco-
logically or through genetic knockdown (RNA interference) in-
hibited growth of prostate cancer cells by induction of apoptosis
(7-9). Clinical development of fatty acid synthesis inhibitors
continues to be a priority for treatment of cancers (10).

Accumulating evidence indicates that human prostate
cancer is a metabolically heterogeneous disease characterized
by increased glycolysis in a subset of patients (11-15). Increased
tumor glycolysis even under normoxic conditions is a phenom-
enon common to many cancers and first observed by Dr Otto
Warburg several decades ago (16-18). Using *H high-resolution
magic angle spinning spectroscopy of snap-frozen prostate bi-
opsies, Tessem et al. (11) observed a highly significant increase
in lactate levels in prostate cancer biopsies compared with be-
nign tissue. Integrated metabolic profiling of oncogenically
transformed human prostate epithelial cells and prostate tumor
specimens from transgenic mice and humans also revealed en-
richment of glycolysis intermediates in a subset of patients (13).
Overexpression of lactate dehydrogenase A (LDHA), which cata-
lyzes the final step of aerobic glycolysis, has been reported in
clinical prostate cancer specimens in comparison with benign
prostate hyperplasia (15). Therefore, an agent with the ability to
simultaneously inhibit both fatty acid synthesis and glycolysis
is attractive to prevent metabolically heterogeneous prostate
cancer.

Natural products continue to be investigated for targeting
cell metabolism for possible prevention and treatment of pros-
tate cancer (19). Sulforaphane (SFN) and SFN-rich broccoli
sprout extract (SFN-BSE), which have been investigated clinic-
ally for modulation of androgen receptor (AR) activity in pros-
tate cancer patients with biochemical recurrence (20,21), are
known to inhibit growth of prostate cancer cells preclinically in
both therapeutic and preventative settings in vivo without any
overt side effects (22-25). In one study, SFN administration sig-
nificantly inhibited the in vivo growth of PC-3 cells implanted in
male athymic mice (22). Prostate cancer prevention by dietary

administration of SFN-BSE has also been documented in the
Transgenic Adenocarcinoma of Mouse Prostate (TRAMP) mouse
model (24).

We have shown previously that SEN treatment inhibits fatty
acid synthesis in human prostate cancer cells in vitro and in
prostate adenocarcinoma of TRAMP mice in vivo (26). We also
found a significant decrease in plasma and prostate adenocar-
cinoma levels of acetyl-CoA, which is the building block of fatty
acid synthesis and partly derived from glycolysis intermedi-
ates (3), in SFN-treated TRAMP mice in comparison with control
(26). Therefore, it was of interest to determine whether SFN in-
hibits glycolysis. Another rationale for this study was that SFN
treatment inhibits transcriptional activity of Myc, an oncogene
known to regulate tumor glycolysis (27,28). The present study
utilized human prostate cancer cell lines (LNCaP, 22Rv1 and
PC-3 cells), two different transgenic mouse models (TRAMP and
Hi-Myc) and plasma specimens from a clinical study to explore
the glycolysis inhibition potential of SFN.

Materials and methods

Ethics statement and animal models

Use of TRAMP and Hi-Myc mice for the in vivo data presented herein was
approved by the University of Pittsburgh-Institutional Animal Care and
Use Committee. After transgene verification, 5-week-old male trans-
genic Hi-Myc mice (NIH mouse repository) were randomly divided into
two groups. Control group of mice was administered with 100-pl corn oil,
whereas the mice in the treatment group were administered with 1 mg
SFN/mouse in 100-pl corn oil. Treatment was done by gavage three times
per week for 5 weeks. At the end of the study, prostate tissues were col-
lected and flash-frozen for ex vivo 'H magnetic resonance spectroscopy or
fixed in 10% neutral-buffered formalin for immunohistochemistry. Blood
was collected at the time of sacrifice using heparin-coated syringe. Plasma
was obtained after centrifuging the blood and stored at -80°C. Plasma and
prostate/adenocarcinoma specimens from TRAMP mice from our pre-
viously published studies were used to determine the effect of SEFN on
markers of glycolysis (23,25).

Reagents

SFN (purity > 98%) was purchased from LKT Laboratories (St. Paul, MN).
Cell culture reagents were purchased from Life Technologies-Thermo
Fisher Scientific (Waltham, MA) or Corning (Manassas, VA). Antibodies
against phosphorylated s473 Akt, hexokinase II (HKII; for western blot-
ting), pyruvate kinase M2 (PKM2) and LDHA (for western blotting) were
purchased from Cell Signaling Technology (Danvers, MA); an anti-
body against p-actin was from Sigma-Aldrich (St. Louis, MO); a rabbit
monoclonal anti-LDHA antibody used for immunofluorescence mi-
croscopy and immunohistochemistry was from Novus Biologicals
(Centennial, CO); anti-glucose transporter (GLUT) 1 and anti-GLUT4
antibodies were purchased from Proteintech Group (Rosemont, IL),
whereas anti-monocarboxylate transporter 1 (MCT1) antibody was pur-
chased from Santa Cruz Biotechnology (Dallas, TX); and a rabbit poly-
clonal anti-HKII antibody used for immunofluorescence microscopy and
immunohistochemistry was purchased from Abcam (Cambridge, MA).
Kits for measurement of lactate (catalog #K607-100), pyruvate (catalog
#K609-100), and glucose uptake (catalog #K676-100) were purchased from
BioVision (Milpitas, CA).

Cell lines

The LNCaP, 22Rv1 and PC-3 cell lines were purchased from the American
Type Culture Collection (Manassas, VA) and cultured by following supplier’s
recommendations. These cell lines were last authenticated by us in March
2017 and found to be of human origin and devoid of cross-contamin-
ation. The 22Rv1 cells stably transfected with empty pcDNA3 vector or
pcDNA3-Myc plasmid were maintained as described by us previously (29).
The 22Rv1 cells were stably transfected with empty pcDNA3 vector or



pcDNA3-myr-HA-Akt1 (constitutively active Akt, hereafter abbreviated as
caAkt) plasmid and selected in the presence of 800 pg/ml of G418.

Determination of real-time extracellular
acidification rate

The effect of SFN treatment on extracellular acidification rate (ECAR),
a measure of glycolysis, in LNCaP, 22Rv1 or PC-3 cells was determined
using the Seahorse Bioscience flux analyzer essentially as described by
us previously (30). Briefly, 22Rv1 (3 x 10* cells per well) or PC-3 cells (1 x
10* cells per well) were plated in Seahorse XF96 cell culture microplates
with three to six replicates. After overnight incubation, the cells were
treated with dimethyl sulfoxide (DMSO) or SEN (5 or 10 pM) for 6 or 9 h.
For LNCaP cells, Seahorse XF24 flux analyzer was used and the results
were normalized for number of cells, while those from 22Rv1 and PC-3
cells were performed using Seahorse XF96 flux analyzer and normalized
for crystal violet staining. Metabolic inhibitors like oligomycin (O), car-
bonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone (R),
and 2-deoxyglucose (2-DG) were included as controls to ensure proper
functioning of the Seahorse flux analyzer. The basal ECAR signifies acid-
ification rate indicative of lactate production in the absence of metabolic
inhibitors.

Immunofluorescence microscopy in cells

LNCaP (2 x 10%) or 22Rv1 (3 x 10 cells were plated in triplicate on coverslips
in 24-well plates. After overnight incubation, the cells were treated with
DMSO or SFN (10 pM) for 24 h. The cells were then fixed and permeabil-
ized with 2% paraformaldehyde and 0.5% Triton X-100, respectively. After
blocking with phosphate-buffered saline containing 0.5% bovine serum
albumin and 0.15% glycine, cells were treated overnight at 4°C with the
desired primary antibody (HKII, PKM2 or LDHA) followed by Alexa Fluor
488-conjugated goat anti-rabbit antibody for 1 h, and then counterstained
with DRAQ5 (nuclear stain) for 5 min at room temperature in the dark.
Corrected total cell fluorescence was quantitated using Image]J software.

Immunoblotting

Cells treated with DMSO (solvent control) or desired doses of SFN were
lysed as described by us previously (31). Immunoblotting was performed
as described by us previously (31). Blots were stripped and re-probed
with anti-p-actin antibody for normalization. Immunoreactive bands
were visualized by enhanced chemiluminescence method. Densitometric
quantitation was performed with the use of UN-SCAN-IT version 5.1 (Silk
Scientific Corporation, Orem, UT).

Immunohistochemistry

Immunohistochemistry was performed as described by us previously
(26). Briefly, prostate tissues (Hi-Myc mice) or prostate adenocarcinoma
(TRAMP mice) sections (4-5 pm thick) were de-paraffinized, hydrated in
graded alcohol, and then washed with phosphate-buffered saline. Antigen
retrieval was performed using citrate buffer solution (pH 6.0) at 100°C
for 20 min. Sections were immersed in 0.3% hydrogen peroxide in 100%
methanol for 20 min at room temperature. The tissue sections were incu-
bated with the blocking buffer for 1 h followed by exposure to the desired
primary antibody (HKII 1:50 dilution; PKM2 1:400 dilution; LDHA 1:50 dilu-
tion) in phosphate-buffered saline containing antibody diluting solution
and background-reducing components (Dako; catalog #S3022) overnight
in humid chambers at room temperature. Sections were treated with
3,3’-diaminobenzidine and counterstained with hematoxylin. At least
6-10 non-overlapping images were taken at x40 objective magnification
and analyzed by positive pixel count algorithm using Aperio ImageScope
software.

Measurement of lactate and pyruvate levels

Lactate and/or pyruvate levels in cell lysate, plasma and tumor tissue
supernatants from TRAMP mice, and in human plasma specimens were
measured by using commercially available assay kits. Briefly, tumor tis-
sues were sonicated in assay buffer. Tumor homogenates were centrifuged
at 14 000 rpm for 10 min, and supernatant was used for protein estimation
and lactate or pyruvate assay. Both supernatant from tumor homogenate
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and plasma were filtered using 10 kDa protein filter. Assays were per-
formed according to the manufacturer’s instructions.

Glucose uptake

LNCaP (1.5 x 10%well) or PC-3 (1 x 10%/well) cells were plated in six-well
plates in triplicate. Following overnight incubation, the cells were treated
with DMSO or SEN (5 or 10 pM) for 24 h in complete growth medium. Cells
were washed with glucose-free RPMI1640 medium, incubated in this me-
dium for 40 min at 37°C in a 5% CO, incubator for glucose starvation,
and further incubated for 20 min after adding 2 mM 2-DG to the cells.
Instructions from the supplier of the kit were followed for glucose uptake
assay.

Ex vivo *H magnetic resonance spectroscopy

Flash-frozen prostate tissue samples were placed into a 5-mm Shigemi
NMR tube (Shigemi) with D,0. Single voxel 'H spectroscopy was performed
at 500 MHz on a Bruker AVANCE 3HD 11.7 Tesla microimaging system
equipped with a 5 mm MR microscopy RF resonator and ParaVision 6.0.1
(Bruker Biospin, Billerica, MA). Signal acquisition was carried out using a
point-resolved spectroscopy sequence (32) with VAPOR water suppression
(33) from a 2 x 2 x 2mm?® voxel placed in the center of the sample. The
protocol parameters were as follows: TR/TE = 2500/30ms, spectral band-
width = 10kHz, number of data points = 2,048, number of averages = 256.
Localized shimming was performed with Mapshim, yielding a water line
width of ~15 Hz. The 1D proton spectra were analyzed using Topspin
3.1 software (Bruker Biospin, Billerica, MA). The signal intensity was de-
termined from spectral peaks of lactate (4.2 p.p.m., Lac), myo-inositol
(3.7 p.p.m., MI), taurine (3.4 p.p.m., Tau), creatine (3.0 p.p.m., Cr), citrate
(2.6 p.p.m.,, Cit) and polyamines (1.9 p.p.m.). Results are expressed as the
following metabolite ratios: Lac/Cr, MI/Cr, Tau/Cr and Cit/Cr.

Clonogenic assay

22Rv1 (1000 cells) cells overexpressing Myc or caAkt and corresponding
empty vector-transfected control cells were seeded in six-well plates
in triplicate and allowed to attach by overnight incubation. Cells were
treated with DMSO or desired doses of SFN. The medium containing
DMSO or SFN was replaced every third day. After 8 days of treatment,
cells were fixed with 100% methanol for 5 min at room temperature and
stained with 0.5% crystal violet solution in 20% methanol for 30 min at
room temperature.

Clinical specimens

Plasma specimens from a previously published clinical study of SFN-
BSE in prostate cancer patients with biochemical recurrence were used
for the measurement of lactate and pyruvate levels (20). This study was
conducted at the Knight Cancer Institute, Oregon Health and Science
University (Joshi J. Alumkal, Principal Investigator), and was registered at
the clinicaltrials.gov (NCT01228084). Details of the study design, patient
population and characteristics, and treatment can be found in Alumkal
et al. (20).

Statistical analyses

Statistical significance of difference was determined by Student’s t-test
or one-way analysis of variance (ANOVA) followed by Dunnett’s adjust-
ment (dose-response) or Bonferroni’s (multiple comparison) test using
GraphPad Prism (version 7.02).

Results

SFN treatment decreased ECAR in cultured LNCaP
and 22Rv1 human prostate cancer cells

Initially, we explored the possibility of whether SFN treat-
ment inhibited ECAR, a measure of glycolysis rate, in LNCaP
and 22Rv1 cells following 6 or 9 h treatment with 5 and 10 pM
SFN. LNCaP and 22Rv1 cells were selected because they are
well-characterized representatives of androgen-responsive and
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Figure 1. SFN treatment decreased ECAR and protein levels of HKII, PKM2 and LDHA in prostate cancer cells. Pharmacologic profiling of ECAR in LNCaP cells through
real-time measurements using the Seahorse flux analyzer following 6- (A) or 9-h (B) treatment with DMSO or SFN (5 or 10 uM). After measurement of basal ECAR, the
cells were treated with metabolic inhibitors, including 1 pM oligomycin (O), 300 nM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (F), 1 mM 2-deoxy
glucose (2-DG) or 1 pM rotenone (R) at the indicated times. Basal ECAR was calculated using the difference between the mean of time points prior to injection of O (#1
to #4). Oligomycin-sensitive rate was calculated using the difference between the mean of time points prior to injection of F (#5 to #7). Quantitation of basal ECAR (C)



castration-resistant prostate cancer cells. A highly glycolytic
cell line that lacks AR expression (PC-3) (14) was also included
for comparison. The doses for SFN for the in vitro studies were
selected based on the results of our own clinical trial with
SFN-BSE in patients with atypical nevi (34). The plasma levels
of SFN reached up to 7.4 uM (range: 2.2-7.4 pM) after 28 days
of daily oral treatment with 200 pmol BSE-SFN (34). Real-time
ECAR in LNCaP cells following 6- and 9-h treatment with DMSO
(solvent control) or 5 and 10 pM SFN are shown in Figure 1A
and B, respectively. The basal ECAR (Figure 1C) in the absence of
metabolic inhibitors and oligomycin-induced ECAR (Figure 1D)
were significantly lower in SFN-treated LNCaP cells when com-
pared with the solvent control. The effect of SFN on ECAR was
inconsistent in 22Rv1 cells (data not shown). On the other hand,
PC-3 cell line was resistant to ECAR inhibition by SFN treatment
in three independent experiments (Supplementary Figure S1A-
C, available at Carcinogenesis online). These results indicated
suppression of ECAR by SFN treatment in LNCaP cells but not
in a highly glycolytic cell line (PC-3).

SFN treatment downregulated expression of HKII,
PKM2 and LDHA in LNCaP and 22Rv1 human
prostate cancer cell lines in vitro

Lactate production in glycolysis starts with glucose uptake and
is facilitated by a series of catalytic steps. We determined the
effect of SFN treatment on protein levels of several glycolysis-
related enzymes, including HKII, PKM2 and LDHA, that are
overexpressed in prostate cancer (15,35). Figure 1E depicts im-
munocytochemical staining for HKII, PKM2 and LDHA in LNCaP
and 22Rv1 cells treated for 24 h with DMSO or 10 uM SFN. Each
protein was primarily localized in the cytoplasm in DMSO-
treated control LNCaP and 22Rv1 cells (Figure 1E). The cyto-
plasmic levels of HKII, PKM2 and LDHA proteins were lower
following SFN treatment in both cell lines (Figure 1F). Because
ECAR was not inhibited by SFN treatment in PC-3 cells, this
cell line was not included in this experiment. The results of
immunofluorescence microscopy were confirmed by western
blotting revealing downregulation of HKII, PKM2 and LDHA in
SFN-treated LNCaP and 22Rv1 cells (Figure 2A).

SFN administration decreased tumor expression of
glycolysis-related proteins and plasma lactate level
in TRAMP mice in vivo

We have shown previously that oral SFN administration (three
times per week for 17-19 weeks) prevents prostate cancer devel-
opment in TRAMP mice (23). In this study, the incidence of PIN
and well-differentiated adenocarcinoma in the dorsolateral pros-
tate was lower by ~23-28% in the SFN treatment group compared
with controls (23). SFN administration also caused a decrease
in area of well-differentiated adenocarcinoma compared with
the control group (23). Prostate adenocarcinoma sections from
control and SFN-treated TRAMP mice were used to determine
expression of HKII, PKM2 and LDHA. Immunohistochemistry
images for glycolysis-related enzyme proteins in the prostate
adenocarcinoma of control and SFN-treated TRAMP mice are
shown in Figure 2B. The prostate tumor expression of HKII, PKM2
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and LDHA proteins was decreased by 32-45% (HKII: 32%; PKM2:
45%; LDHA: 33%) in the SFN treatment group compared with
control, and the difference was statistically significant for PKM2
(Figure 2C). Furthermore, oral SFN administration resulted in a
significant decrease in both plasma and prostate tumor levels of
lactate in comparison with control mice (Figure 3A).

SFN administration decreased lactate level in the
prostate of Hi-Myc mice

We used Hi-Myc mice to further test the inhibitory effect of SFN
administration on glycolysis. Unlike TRAMP mice, this study was
not powered to determine the effect of SFN treatment on inci-
dence of PIN and invasive carcinoma. Figure 3B shows 'H mag-
netic resonance signals for various metabolites, including Lac,
M], Tau, Cit and polyamines, in the prostate of a control Hi-Myc
mouse. Five-week treatment of Hi-Myc mice with SFN (1 mg/
mouse, three times per week—this dose is comparable with that
used in the TRAMP mice; ref. 23) starting at 5 weeks of age (10
weeks of age at sacrifice) resulted in a statistically significant de-
crease in the Lac/Cr signal ratio when compared with control mice
(Figure 3C; n = 6 for control and n = 5 for SFN group). The signal
ratio was very weak in one specimen from the SFN treatment
group that was not included in the data analysis. The Hi-Myc
mice at 10 weeks of age predominantly develop PIN lesions. The
expression of HKII, PKM2 and LDHA protein was statistically
significantly lower in the PIN lesions of SFN-treated mice when
compared with control as revealed by immunohistochemistry
(Figure 4). Collectively, these results provided in vivo evidence for
SFN-mediated suppression of glycolysis in prostate cancer cells.

Effect of SFN treatment on glucose uptake

We also considered the possibility of whether SFN-mediated de-
crease in glycolysis was due to inhibition of glucose uptake. As
shown in Supplementary Figure S2 (available at Carcinogenesis
online), glucose uptake was modestly but significantly de-
creased by SFN treatment in LNCaP cells at the 10 pM concen-
tration. On the other hand, SFN treatment caused an increase in
glucose uptake in PC-3 cells (Supplementary Figure S2, available
at Carcinogenesis online), which may be due to an increase in
GLUT1 expression in this cell line (Supplementary Figure S3A
and B, available at Carcinogenesis online). The western blotting
for GLUT1, GLUT4 and MCT1 proteins was repeated three times
using independently prepared lysates from control and SFN-
treated LNCaP and PC-3 cells (Supplementary Figure S3A, avail-
able at Carcinogenesis online). Probing with the anti-GLUT1 and
anti-GLUT4 antibodies exhibited nonspecific band(s) in each
experiment for the PC-3 cells. However, densitometric quanti-
tation was done for the correct molecular weight size band for
each protein. The expression of GLUT1, GLUT4 and MCT1 was
not significantly altered by SFN treatment in LNCaP cells as evi-
denced by densitometric quantitation of western blots.

Myc overexpression partially attenuated SFN-
mediated suppression of glycolysis

Next, we investigated the mechanism underlying glycolysis
inhibition by SFN using cultured prostate cancer cells. We

and oligomycin-sensitive ECAR (D) in LNCaP cells following 9-h treatment with DMSO or SFN. Quantitative data for the 6-h time point are not shown as the difference
was not significant. The experiment was repeated three times in triplicate, and combined data are expressed as mean + SEM. Significantly different (*P < 0.05) compared
with control by one-way ANOVA followed by Dunnett’s test. (E) Confocal images (x63 oil objective magnification) for HKII, PKM2 and LDHA (green fluorescence) in LNCaP
and 22Rv1 cells following 24-h treatment with DMSO or 10 pM SFN. Nucleus was stained with DRAQS (blue fluorescence). (F) Quantitation of corrected total cell fluor-
escence (CTCF) using Image] software in LNCaP and 22Rv1 cells following treatment with DMSO or SFN for the specified time points. *Significant (P < 0.05) compared
with DMSO-treated control by Student’s t-test. Results were consistent in two independent experiments.
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Figure 2. SFN treatment inhibited expression of glycolysis-related enzyme proteins in prostate cancer cells in vitro and in vivo. (A) Immunoblotting for HKII, PKM2 and
LDHA proteins using lysates from LNCaP and 22Rv1 cells after 24-h treatment with DMSO or the indicated doses of SFN. Numbers above bands are fold changes in pro-
tein expression relative to respective DMSO-treated controls. (B) Immunohistochemical images for HKII, PKM2 and LDHA protein expression in representative prostate
adenocarcinoma sections of TRAMP mice (x40 objective magnification, scale bar = 50 pm). (C) H-score for HKII, PKM2 and LDHA protein expression in TRAMP tumor
section. The results shown are mean = SD (n = 6). Statistical analysis was performed by Student’s t-test (*P < 0.05).

focused on Myc and Akt because they both have been im-
plicated in regulation of glycolysis (13,36). Overexpression
of Myc and caAkt in stably transfected 22Rv1 cells was
confirmed by western blotting (Figure 5A). SFN-mediated
downregulation of HKII, PKM2 and LDHA was markedly at-
tenuated by overexpression of Myc, but not caAkt (Figure
5B). As an example, the protein expression of LDHA in empty
vector-transfected control 22Rv1 cells was decreased by ~80%
upon 24-h treatment with 10 pM SFN in comparison with

solvent-treated control cells. A similar SFN treatment caused
only ~30% decrease in LDHA protein expression in Myc
overexpressing cells (Figure 5B). Clonogenic survival of empty
vector-transfected control 22Rv1 cells was dose dependently
inhibited in the presence of SFN, and this effect was partially
attenuated by overexpression of Myc, but not caAkt (Figure
5C and D). Finally, overexpression of Myc, but not caAkt, con-
ferred protection against decrease in intracellular lactate
levels resulting from SFN treatment (Figure SE).
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Oral SFN-BSE administration did not decrease
circulating levels of lactate in humans

Plasma specimens collected at baseline and 9, 17 and 21 weeks
after SFN-BSE treatment were used to measure lactate and pyru-
vate levels. SFN-BSE administration did not lower circulating
levels of lactate (Figure 6A) or pyruvate (Figure 6B) even after
21 weeks of administration. However, additional clinical studies
are needed to determine whether SFN administration can alter
prostate tumor levels of lactate.

Discussion

The present study provides in vitro and in vivo evidence for re-
versal of the Warburg effect in prostate cancer by a phytochem-
ical that is safe and exhibits preventative activity in preclinical

models of prostate cancer (23,25). The glycolysis inhibition by
SFN is associated with a significant decrease in protein levels
of key enzymes, including HKII, PKM2 and LDHA, at least in the
Hi-Myc mouse model. A trend for reduced expression of these
proteins was also discernible in prostate adenocarcinoma of
TRAMP mice, although the difference from controls was not sig-
nificant for HKII and LDHA due to a large variability. Published
studies have shown alterations in expression of these proteins in
prostate cancer (15,37). The expression of HKII, which catalyzes
the first step in glucose metabolism by converting it to glucose-6-
phosphate, is significantly higher in prostate cancers, especially
castration-resistant disease, in comparison with benign prostate
hyperplasia (37). The expression of HKII is increased following
androgen deprivation in Pten/Tp53-deficient prostate cancer
models (38). Studies have also established that HKII-mediated
glycolysis is required for Pten- and p53-deficiency-driven prostate
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cancer (39). Similarly, immunohistochemistry revealed high ex-
pression of PKM2 protein, which is responsible for the conver-
sion of phosphoenolpyruvate to pyruvate, in high Gleason grade
tumors (35). A significant positive association between nuclear
expression of PKM2 with aggressiveness has also been observed
in prostate cancer (40). As mentioned previously, expression of
LDHA, which catalyzes the conversion of pyruvate to lactate, is
also higher in prostate cancer specimens when compared with
benign prostate hyperplasia (15). Taken together, data presented
herein suggest that circulating levels of lactate coupled with
tumor expression of HKII, PKM2 and LDHA may be useful bio-
markers of SFN or SFN-BSE in future clinical trials. Identification
of mechanistic biomarkers is essential especially for the clinical
development of cancer chemopreventive interventions. Other
mechanistic effects of SFN in prostate cancer cells are summar-
ized in Figure 6C (22,23,25-27,41,42).

SFN treatment was unable to inhibit ECAR in PC-3 cells, which
lack AR expression. These results suggest that anti-glycolytic ef-
fect of SFN in prostate cancer cells may be AR dependent. In this
context, we have shown previously that SFN treatment inhibits
activity of AR and Myc in prostate cancer cells (27,42). Studies
have also implicated AR in upregulation of Myc expression (43).

It is interesting to note that SFN administration suppresses
fatty acid synthesis (26) as well as glycolysis (present study) in
the TRAMP mouse model. These observations raise the ques-
tion of whether these mechanistic effects of SFN are inter-
related. Acetyl-CoA, which is the building block of fatty acid
synthesis, is partly generated by pyruvate dehydrogenase
complex-mediated decarboxylation of glycolysis intermediate
pyruvate. We have shown previously that SFN administration
decreases plasma and prostate tumor levels of acetyl-CoA in
TRAMP mice (26). Therefore, it is reasonable to postulate that
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Figure 5. Overexpression of Myc, but not constitutively active Akt (caAkt) partially attenuated SFN-mediated decrease in protein levels of HKII, PKM2, and LDHA in
22Rv1 cells. (A) Immunoblotting for Myc, total Akt, and phosphorylated s473 Akt using lysates from 22Rv1 cells stably transfected with empty vector, Myc or caAkt.
(B) Immunoblotting for HKII, PKM2 and LDHA using lysates from 22Rv1 cells stably transfected with empty vector (EV) or Myc or caAkt plasmids and treated for 24 h
with DMSO or the indicated doses of SFN. (C) Representative images of colonies resulting from 22Rv1 cells after 8 days of treatment with DMSO or the indicated
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treated control or *between cells transfected with EV and Myc or caAkt by one-way ANOVA followed by Bonferroni’s multiple comparisons test. Comparable results
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acetyl-CoA suppression is probably the common mechanistic
link in SFN-mediated inhibition of fatty acid synthesis (26) and
glycolysis (present study).

Studies have indicated a role for Myc as well as Akt not only
in the regulation of glycolysis but also in the pathogenesis of
human prostate cancer (28,44,45). The expression of c-Myc is
positively associated with that of HKII and LDHA, but not PKM2,
in prostate cancer TCGA (46). Both these oncogenic regulators are
inhibited by SFN or SFN-BSE treatment in prostate cancer cells in
vitro and/or in TRAMP tumors in vivo (24,47). Overexpression of

Myc attenuates the inhibitory effect of SFN on prostate cancer
stem-like cells (27). The present study also reveals attenuation
of SFN-mediated inhibition of glycolysis by overexpression of
Myc, but not by overexpression of caAkt. Partial reversal of gly-
colysis inhibition by SFN after Myc overexpression suggests that
additional mechanism(s) are probably contributing to the gly-
colysis inhibition by SFN. For example, studies have implicated
histone methyltransferase enhancer of zeste homolog 2 (EZH2)/
micro RNA miR-181b axis in regulation of HKII and glycolysis
(37). Increased glycolysis is reported following overexpression of



both full-length AR and its splice variant AR-V7, the latter is ro-
bustly expressed in 22Rv1 cells (48). SFN is known to inhibit AR
as well as AR-V7 in 22Rv1 cells (42,49). This is significant because
the presence of AR-V7 splice variant in the circulating tumor
cells in metastatic castration-resistant prostate cancer patients
was associated with primary resistance to enzalutamide and
abiraterone. The effect of SFN on EZH2 is yet to be studied in
prostate cancer cells, but it is possible that inhibition of gly-
colysis by this phytochemical may also be regulated by EZH2
and/or AR signaling axis. Studies are necessary to systematically
explore these alternate mechanistic possibilities in glycolysis
inhibition by SFN.

Inhibition of glycolysis appears to be a common meta-
bolic effect for at least two different isothiocyanates, including
phenethyl isothiocyanate (46) and SFN (present study). Like anti-
glycolytic effects of SFN showed in the present study, phenethyl
isothiocyanate treatment also suppresses protein levels of HKII,
PKM2 and LDHA in cultured LNCaP and 22Rv1l prostate cancer
cells in vitro and decreases plasma lactate levels in TRAMP mice
in vivo (46). Consistent with the results of the present study,
colony formation inhibition; suppression of HKII, PKM2 and
LDHA protein expression; and decrease in intracellular levels
of lactate resulting from treatment with phenyl isothiocyanate
are partly attenuated by overexpression of Myc at least in 22Rv1
cells (46).

A few studies have documented conflicting effects of SFN on
immune cells (reviewed in ref. (50). The authors of this review
article suggested that SFN may interfere with T cell-mediated
cancer immunotherapies (50). Further studies are needed for ex-
perimental validation of this concern, but we have shown pre-
viously that prostate cancer prevention by SFN in TRAMP mice
is accompanied by increased activity of natural killer cells (23).

Studies have clinically investigated SFN-BSE and stabilized
free SFN for their effects on AR activity (20,21). In one study of
SFN-BSE in 20 prostate cancer patients with biochemical recur-
rence characterized by rising prostate-specific antigen (PSA)
levels, the primary end point of >50% decline in the PSA was
observed in only one patient, but there were no Grade 3 or 4 ad-
verse events in any subject. Several patients exhibited a smaller
decrease in PSA level (20). Interestingly, a significant lengthening
of the on-treatment PSA doubling time was observed when
compared with the pretreatment doubling time (20). In a double-
blinded, randomized, placebo-controlled multicenter trial in
prostate cancer patients with biochemical recurrence, a con-
sistent decrease in median log PSA slopes was observed by daily
oral administration of 60 mg of stabilized free sulforaphane for
6 months (21). However, the primary end point of 0.012 log (ng/
ml) PSA/month decrease was not observed (21). This study also
reported an 86% longer PSA doubling time in the SFN treatment
group when compared with patients receiving a placebo (21).

In the present study, analysis of the plasma specimens from
one of these studies (20) did not indicate a decrease in lactate
levels. Several possibilities exist to explain these negative re-
sults. First, we still do not know if the prostate adenocarcinoma
level of lactate is affected by treatment with SFN-BSE or free
SFN. Second, in all cases, subjects enrolled in the clinical trial
consumed their last dose of SFN-BSE the day prior to blood col-
lection (20). Thus, we do not know the effect of SFN-BSE on lac-
tate at time points closer to dosing. Third, treatment duration
longer than 21 weeks or a higher dose of SFN-BSE or SFN may be
necessary for decreasing circulating levels of lactate.

In conclusion, the present study demonstrates that a very
mild regimen of three times per week SFN administration sig-
nificantly decreases lactate levels in the plasma and prostate of
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Hi-Myc and TRAMP mice. Inhibition of Myc-regulated expres-
sion of HKII and LDHA is partially responsible for reversal of the
Warburg effect by SFN. However, additional clinical studies are
necessary to determine whether SFN or SFN-BSE administration
can suppress prostate tumor levels of lactate or expression of
HKII, PKM2 and/or LDHA.
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Supplementary data are available at Carcinogenesis online.
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