
Abstract. Background/Aim: The hypoglycemic drug metformin
(MET) and the anti-epileptic drug valproic acid (VPA) have
individually shown anti-tumor effects in prostate cancer in vitro.
The present study intended to investigate the efficacy of the
combination of MET and VPA in prostate cancer treatment in a
pre-clinical xenograft model. Materials and Methods: Prostate
cancer cell lines (LNCaP and PC-3) were inoculated under the
skin of BALB/c nude mice. The mice were treated with 200 μl/ml
MET and/or 0.4% (w/v) VPA diluted in drinking water, or with
vehicle control, and were monitored until the tumor volume
reached 2,000 mm3. Evaluation of toxicity of the drug
combination was determined in liver and kidney by histology.
Results: In both LNCaP and PC-3 xenografts, MET combined
with VPA significantly reduced tumor growth during the first 4
weeks following treatment, and delayed the time-to-tumor
volume of 2,000 mm3 by 90 days, as compared to MET or to
VPA alone, and to vehicle control. There was no significant
difference in total mouse weight, liver or kidney morphology in
response to combination treatment (MET+VPA) compared to
MET or VPA alone and vehicle control. Conclusion. The
combination treatment of MET with VPA is more effective at

slowing prostate tumor growth in vivo compared to either drug
alone, in mouse xenografts. These pre-clinical results support
previous in vitro data and also demonstrate the low toxicity of
the combination of these drugs, suggesting that this may be a
potential new therapy to be investigated in clinical trials for
prostate cancer.

Prostate cancer (PCa) represents the highest incidence of
cancer among male patients in the Western world (1-3).
Early stages of the disease can be treated with active
surveillance, radical prostatectomy, and radiation therapy
(external-beam radiation or low dose-rate brachytherapy),
while the advanced or relapsing disease needs either
hormonal therapy or chemotherapy (4, 5). The management
of patients that develop castrate-resistant prostate cancer
(CRPC) following hormonal therapy remains a challenge
with a low median survival time of 12-15 months (6).
Current chemotherapies only extend the survival time of
CRPC by a mean of 3-6 months (7-10) and are associated
with significant cytotoxic effects (9, 11). Therefore, it is
clear that new cancer therapies are required for more robust
cancer control, preferably with minimal toxicity.

Metformin (MET) is the first-line therapy for controlling
glucose levels in blood and has been widely used in diabetic
patients (12). The pleiotropic beneficial effects of MET have
been evident in the polycystic ovarian syndrome (13), in non-
alcoholic fatty liver disease (14), in premature puberty (15),
as well as in cancer prevention (16, 17). Inhibition of the
mammalian target of rapamycin (mTOR) (18-21) and of
cyclin D1 contributes to the anti-cancer effect of MET (18).
A recent epidemiological study has demonstrated that overall
PCa risk decreases in diabetic patients treated with MET
(HR=1.44, 95% CI=1.09-1.91) (22), while a single-arm phase
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II clinical trial has found that MET can delay the progression
of metastatic PCa, as measured by prostate-specific antigen
(PSA) doubling time (23). However important these findings
may be, they have been obtained after only a short period of
treatment with no control arm included in the studies.

Valproic acid (VPA) is mainly indicated for epilepsy
treatment (24). VPA has been shown to have potential as an
anti-cancer therapeutic drug through its broad range activity
as a histone deacetylase (HDAC) inhibitor targeting HDAC
class I and II (IIa) enzymes (25, 26). The antineoplastic
effects of VPA may be attributed to its regulation of cellular
activities that are important in cancer cell growth including
cell cycle control, cell differentiation, DNA repair, and
apoptosis (27-30). However, the only phase II clinical trial
of VPA for prostate cancer failed to achieve the optimal
pharmacological level due to its toxicity (31).

Combination therapy targeting multiple neoplastic
pathways is likely to be more effective than monotherapy
(32). Both MET and VPA appear promising as anti-cancer
agents, but at doses required for anti-cancer effects they both
exhibit limitations related to toxicity (31, 33). However,
MET and VPA act via different molecular biological
pathways even though they both induce cell-cycle arrest, and
have anti-proliferative and anti-apoptotic effects (18, 25).
Under this scope, we hypothesized that the combination of
MET with VPA may be more effective as an anti-cancer
therapy than either drug alone, potentially allowing for lower
drug doses to be effective in the combination treatment.

We recently reported that MET and VPA in combination
synergistically reduced the proliferation of prostate cancer cell
lines in vitro (PC-3 and LNCaP), with minimal adverse effects
in normal prostatic epithelial cells (34). This combination also
synergistically induced cell apoptosis in the presence of p53
and the androgen signaling pathway (34). An additional in
vitro report has demonstrated that MET combined with VPA
act synergistically as anti-proliferative and pro-apoptotic
agents in two clear cell renal cell carcinoma cell lines, but no
mechanistic data were included in this study (35). There is,
however, in vivo evidence showing that treatment exclusively
with MET or VPA alone delays the growth of prostate cancer
xenografts (18, 36). Here, we demonstrate that the
combination of MET and VPA at doses that do not cause any
obvious liver or kidney damage, induce a greater anti-tumor
effect compared to MET or VPA alone in prostate cancer cell
line xenografts. These results suggest that chronic
administration of MET combined with VPA may provide an
effective low toxicity therapy for prostate cancer patients.
Materials and Methods
In vivo experimental design. The overall experimental design is
shown in Figure 1 for LNCaP and PC-3 cells. This study was
approved by the Flinders University Animal Welfare Committee
(AWC Approval 893/15). Briefly, female nude (nu/nu) mice were

obtained at 5 weeks of age and allowed to acclimate in the animal
facility for one week. The mice were injected with the appropriate
number of LNCaP or PC-3 cells determined in pilot studies
(unpublished data) and the tumors allowed to grow to a volume of
100 mm3. The mice were then randomized into 4 different groups
(n=10/group), which received one of the following in normal drinking
water for a total period of 8 weeks: i) drinking water; ii) 200 μg/ml
MET; iii) 0.4% (w/v) VPA in water; iv) 200 μg/ml MET + 0.4% (w/v)
VPA. When the tumors reached a volume of 2,000 mm3, peripheral
blood was collected from the submandibular vein to assess plasma
levels of MET and VPA, and then the mice were euthanized and the
tumors were harvested for further analysis.

In the PC-3 xenograft group, one mouse was euthanized on day
2 (MET+VPA group) and one on day 3 (VPA group) of treatment,
due to lesions sustained from fighting, while one mouse in the VPA
group was euthanized at day 14 due to chylothorax (cause
unknown). One mouse with LNCaP xenograft in the MET+VPA
treatment group was euthanized at day 32 due to a tumor-associated
motility problem, and one mouse with a PC-3 xenograft in the
MET+VPA treatment group was euthanized due to tumor ulceration
at day 58. These mice were not included in our analyses. The
experimental design and final numbers of animals analyzed are
summarized in Figure 1.

Cell culture and chemicals. LNCaP (clone FGC) (CRL-1730) and
PC-3 (CRL-1435) prostate cancer cell lines were newly obtained
from the American Type Culture Collection (ATCC®, Manassas,
Virginia, USA). Metformin (PHR1084-500MG) and valproic acid
(P4543-10G) were purchased from Sigma-Aldrich (Castle Hill, New
South Wales, AU) and stocks (15 mg/ml for each drug) were made
in distilled water and were sterilized using a 0.22 μm filter. Cancer
cell lines were grown in RPMI 1640 medium (ThermoFisher,
Melbourne, Victoria, AU) supplemented with 100 U/ml penicillin,
100 μg/ml streptomycin and 5% fetal bovine serum (FBS; Bovogen,
Melbourne, Victoria, AU). When cells reached 80-90% confluence,
they were harvested using 0.05% Trypsin/0.48 mM EDTA
(ThermoFisher).

Establishment of tumor xenografts. Balb/c nude male mice
(BALB/c-Fox1nu/Arc) were obtained from the Animal Resources
Centre (Perth, Australia). LNCaP and PC-3 were grown up to 80-
90% confluence and were harvested on the day of inoculation. The
cells were washed briefly with PBS and were then centrifuged at
160 × g for 5 min at room temperature. Cell pellets were
resuspended in 50 μl PBS and the same volume of Corning®
Matrigel® Matrix (In Vitro Technologies, Melbourne, Victoria, AU)
was added to the cell suspension to obtain 1×106 cells for the PC-
3 and 3×106 cells for the LNCaP line in a final volume of 100 μl
at 4˚C. Cell suspensions were kept on ice until they were injected
subcutaneously into the right hind flank. All animals were
subsequently checked on a daily basis for their general health
condition, including faecal consistency, evidence of dehydration,
general movement and breathing. Mouse weight and tumor size
were measured 3 times per week throughout the study. Tumor
volume was calculated using the formula (π/6) × A × B2 where A
was the larger tumor diameter and B was the smaller tumor
diameter (18, 37). When the tumor reached a volume of 2,000
mm3, the mice were euthanized and the tumor, liver and kidneys
were harvested. Gross necropsy of the animals was performed to
ensure that there were no confounding health conditions.
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Administration of MET and VPA. MET and VPA were added to the
drinking water and this was replaced with a fresh solution every 3.5
days (36, 38). The drug concentrations of MET at 200 μg/ml and
VPA at 0.4% (w/v) in water were based on previous studies where
MET and VPA on their own were shown to reduce LNCaP
xenograft growth (18, 36).

Plasma concentrations of MET and VPA using mass spectrometry.
An initial pilot study was performed (n=3 for each treatment group)
to verify the presence of MET and VPA in peripheral blood plasma

using ultra-performance liquid chromatography-mass spectrometry
(UPLC-MS). The protocols were adapted for mice. Peripheral blood
(50-100 μl) was collected from the submandibular vein of mice. The
plasma was isolated from total blood by centrifuging at 1,000 × g
for 10 min at 4˚C, which was then stored at –20˚C for subsequent
analysis. Plasma samples (20 μl) for MET detection were injected
onto a Phenomenex Kinetex HILIC column (2.1×100 mm, 2.6 μm)
and were analyzed using an AcquityTM Ultra Performance LC
(Waters, Rydalmere, New South Wales, AU). For VPA detection,
UPLC-MS analysis was performed using an AcquityTM Ultra
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Figure 1. Study design summary of metformin (MET) plus valproic acid (VPA) treatment in mice with PC-3 or LNCaP xenografts. Six-week-old
nude mice (n=80) were randomly assigned into two groups and inoculated with either LNCaP (n=40) or PC-3 (n=40) cells. Once the xenograft
tumor reached 100 mm3, mice were randomly assigned into one of 4 groups (n=10/group), treated with i) vehicle control, ii) 200 μg/ml MET alone,
iii) 0.4% (w/v) VPA alone, and iv) 200 μg/ml MET + 0.4% (w/v) VPA. The xenograft tumors were allowed to grow until a maximum volume of 
2,000 mm3 was reached. aTwo mice were excluded from the study, one due to fighting lesions on day 3 and the other due to chylothorax on day 14
of treatment. bOne mouse was excluded from the study due to fighting lesions on day 2 and one mouse was censored on day 58 of treatment due to
tumor ulceration. cOne mouse was censored on day 32 of treatment due to tumor affecting mouse movement.



Performance LC system (Waters) coupled to a Premier qToF mass
spectrometer (Waters). The mass spectrometer was operated on
negative ionisation mode with a capillary voltage at 2.6 kV, a source
temperature at 100˚C, a desolvation temperature 300˚C, a sample
cone voltage of 26 V and a collision energy of 6 V. VPA was
detected on tandem mass spectrometry mode by pseudo multiple
reaction monitoring at the parent ion mass [M-H]-=143.1 Da. 

Evaluation of liver and kidney histopathology. Liver and kidney
tissues were fixed in 10% formalin (Sigma-Aldrich) overnight, and
were then processed using an STP 120 Spin Tissue Processor
(ThermoFisher). The processed tissues were embedded in paraffin
(#Paraplast®, Surgipath®, Melbourne, Victoria, AU) using a
Histostar™ Embedding Workstation (ThemoFisher). Hematoxylin
(#II500JJ, ThermoFisher) and Eosin (#HT110116, Sigma-Aldrich)
(H&E) staining was performed using the routine diagnostic protocol
of the Pathology Department, Flinders Medical Centre, Adelaide,
AU. In brief, paraffin embedded tissues were cut into 5-μm sections
using a Microtome (Leica, Melbourne, Victoria, AU). The sections
were mounted on APES (3-aminopropyltriethoxysilane) coated
slides. The remaining paraffin was removed by placing the slides in
an oven at 70˚C for 20 min, and washing the slides twice with the
Histochoice® Clearing Agent (#H2779, Sigma-Aldrich) for 2 min
with shaking. The sections were rehydrated by washing twice each
in 100%, 95%, 70% and 50% ethanol for 1 min per wash with
shaking, followed by a final wash in tap water. The slides were
quickly dipped in acid ethanol and ammonia water before staining
with Eosin for 2 min followed by Haematoxylin stain for 2 min. The
slides were rehydrated serially in tap water, ethanol, and
Histochoice® Clearing Agent, allowed to dry, and then mounted
with Leica CV Mount (Leica, Melbourne, Victoria, AU) and imaged
using an Olympus microscope (BX63). The histological score
adapted from Chen et al. (39), was used to evaluate the glomerular
changes (hypercellularity, hypertrophy, cellular crescent formation,
thrombotic changes, fibrinoid material deposition), tubular dilation,
necrosis, and inflammation. The toxicity of the liver was
investigated using the histological score adapted from Mendler et
al. (40) to evaluate portal fibrosis, lobular inflammation or necrosis,
Mallory bodies, hepatocyte ballooning, peri-sinusoidal fibrosis, and
indications of fatty liver diseases.

Statistical analysis. IBM SPSS 23 was used for statistical analyses.
Differences in tumor volumes in vivo were analyzed using a two-
way ANOVA test. Kaplan-Meier analysis was used to plot the time-
to-tumor volume of up to 2,000 mm3 in the different treatment
models.

Results
Chronic administration of MET combined with VPA in
drinking water does not cause significant adverse effects. A
pilot study was conducted to investigate possible adverse
effects in nude mice in the absence of tumor xenografts in
response to an 8-week treatment with either vehicle, 
200 μg/ml MET alone, 0.4% (w/v) VPA alone, or 200 μg/ml
MET + 0.4% (w/v) VPA treatment (n=3 in each group). The
mice exhibited no side-effects as a result of any treatment.
There was no significant variation in mouse weight observed
between the vehicle, MET alone, VPA alone, and

combination treatment (MET+VPA) groups throughout the
course of experiment (p>0.05) (Figure 2A). Histological
scoring of the kidney (Figure 2B) and liver (Figure 2C)
showed no damage (score=0) to either organ in any of the
treatment groups.

Drinking consumption of MET and VPA in the nude mice
was evaluated. The presence of MET and/or VPA in
peripheral blood plasma was confirmed in all animals at 4
and at 8 weeks of treatment. As the drinking water
containing the drugs was provided ad libitum, and the assays
were semi-quantitative, it was not possible to accurately
determine the exact drug concentrations in the blood. 

MET combined with VPA causes greater reduction of tumor
growth in both PC-3 and LNCaP xenografts than either drug
alone. In order to investigate the effect of MET and VPA in
tumor growth of PC-3 and LNCaP xenografts, 6-week-old
male mice were inoculated with LNCaP (n=40) or PC-3
(n=40), then they were randomly assigned into vehicle
control (water), MET, VPA, or MET+VPA treatment groups
(n=10/treatment group/cell line). Once the xenograft tumor
reached 100 mm3, mice were treated with either the vehicle
control, 200 μg/ml MET alone, 0.4% (w/v) VPA alone, or
200 μg/ml MET + 0.4% (w/v) VPA. There were no
significant differences in the time taken for the tumors to
reach 100 mm3 in any of the four treatment groups and for
either cell line. The tumor-take rate in this study was 87.5%
(35/40) for LNCaP and 90% (36/40) for PC-3 cells. No
spontaneous tumor regression was observed in the study.
Tumor volumes were compared after each treatment was
added, using the cut-off time of when the first PC-3 or
LNCaP xenograft tumor reached 2,000 mm3, which was 28
days for PC-3 and 21 days for LNCaP xenografts. Mice
euthanized before the cut-off time (one mouse in the VPA
and one in the MET+VPA group both with PC-3 xenografts
and one mouse in the VPA group with LNCaP xenografts)
were excluded from analysis and mice euthanized after the
cut-off time were removed from the Kaplan-Meier analysis
(one mouse in the MET+VPA group with PC-3 and one in
the same group with LNCaP xenografts).  

In the PC-3 xenograft group, there was no significant
difference in tumor volume in mice treated with MET alone,
VPA alone, or with vehicle alone (p>0.05). The combination
of MET with VPA significantly inhibited the volume of the
PC-3 tumor xenograft (86.7% decrease, p=0.001), whereas
the MET alone (63.9% decrease, p=0.005), and VPA alone
(59.7% decrease, p=0.04) (Figure 3A and C) had a less
robust effect, as compared to the vehicle alone model on day
28 of the treatment. 

In the LNCaP xenograft group, MET alone inhibited
tumor growth compared to vehicle treatment (40.1%
decrease, p<0.001), as did VPA alone (42.2% decrease,
p<0.001) (Figure 3B and D). MET combined with VPA
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Figure 2. The weight of nude mice (mean ± SE) was evaluated before and after treatment with MET alone, VPA alone, MET plus VPA, or vehicle
control (n=3). There was no significant difference in weight between the groups over 8 weeks of treatment (p>0.05) (A). Representative hematoxylin
and eosin staining images (10× and 40×) of the kidney (B) and the liver (C), during week 8 of treatment. The histological scoring of the kidney (B)
showed no tubule (t) changes, thrombosis, dilation, necrosis, or inflammation (score 0). The histological scoring of the liver (C) showed no signs
of portal fibrosis around central vein (c), lobular inflammation or necrosis, Mallory bodies, hepatocyte ballooning, perisinusoidal fibrosis, or fatty
changes (score 0). Scale bar 4 mm for 10× images, and 80 μm for 40× images.



significantly inhibited tumor growth (77% decrease,
p<0.001), with less dramatic changes in the MET alone
(61.6% decrease, p<0.001), and the VPA alone (60.2%
decrease, p<0.001) treatment, as compared to the vehicle
alone model on day 21 of the treatment (Figure 3B and D). 

Chronic administration of MET combined with VPA delays
time-to-maximum tumor volume in LNCaP and PC-3
xenografts treated with MET and VPA. Throughout this
study, there was no tumor regression observed in the absence
of treatment. Mice were euthanized when the tumor volume
reached 2,000 mm3. Most of the tumor xenografts reached
2,000 mm3 before day 90 following drug treatment initiation,
with the exception of one LNCaP xenograft tumor which
decreased to an undetectable size in the MET plus VPA
group and one PC-3 xenograft in the MET plus VPA group
which only reached 350 mm3. These mice were culled on

day 102 and 114, respectively, as they exhibited no changes
in tumor size for 2 weeks prior to euthanasia. 

Analysis of cumulative survival using the Kaplan-Meier
method showed that MET combined with VPA significantly
delayed the time-to-maximum tumor volume in PC-3
xenografts compared to vehicle treatment (92.2% increase,
p<0.001), MET alone (60.5% increase, p=0.002), and VPA
alone (43.7% increase, p=0.01). Treatment of nude mice
bearing PC 3 xenografts with VPA alone also delayed the
time-to-maximum tumor volume compared to the vehicle
treatment (32.8% increase, p=0.006), whereas the difference
was not significant for the MET alone compared to the
vehicle treatment group (p=0.08) (Figure 4A). 

In the LNCaP xenograft group, the time-to-maximum tumor
volume in response to MET plus VPA was significantly delayed
compared to MET alone (44.2% increase, p=0.002), VPA alone
(43.9% increase, p=0.001), and vehicle treatment (120%
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Figure 3. Tumor growth in response to metformin (MET) and/or valproic acid (VPA) treatment. Nude mice at 6 weeks of age were inoculated
subcutaneously with PC-3 (A) or LNCaP (B) cells. The xenograft tumors were allowed to grow to 100 mm3 before treating the mice with either
vehicle control, 200 μg/ml MET alone, 0.4% (w/v) VPA alone, or 200 μg/ml MET+0.4% (w/v) VPA. The sample size (N), mean tumor volume (mm3)
and standard error (SE) of PC-3 xenografts on day 28 of treatment and LNCaP xenografts on day 21 of treatment are presented in tables C and D,
respectively. *p<0.05 compared to the vehicle, MET alone, and VPA alone. **p<0.005 compared to the vehicle, MET alone, VPA alone, and
MET+VPA (7≤n≤10).



increase, p<0.001). Treatment with either MET or VPA alone
significantly delayed the time-to-tumor volume of 2,000 mm3
compared to vehicle treatment (52.4% increase, p<0.001 and
52.8% increase, p<0.001, respectively) (Figure 4B).

On necropsy, only one abdominal lymph node metastasis
was identified in a mouse with a PC-3 xenograft (1/36) in
the vehicle treatment group (day 33 after treatment), while
no metastases of LNCaP xenografts (0/35) were observed.

Discussion

Our previous in vitro findings have demonstrated that the
combination treatment of MET and VPA induces a
synergistic anti-proliferative response in LNCaP and PC-3
cell lines with no significant side-effects in normal prostatic
epithelial cells (PrEC) (34). A significant synergistic
apoptotic response was observed in vitro in LNCaP, but not
in PC-3 cells. MET combined with VPA reduced
proliferation and induced apoptosis in human prostate tumor
biopsy explants (34). The presence of p53 and the androgen
signaling pathway were shown to play an important role in
the synergistic apoptosis of prostate cancer cell lines in
response to MET+VPA (34, 41). Here, we performed an in
vivo study to investigate the combination of MET and VPA
in PC-3 and LNCaP xenografts in nude mice to support these
in vitro findings and provide preliminary safety evidence for
the use of this drug combination in clinical studies. In our
xenograft experiments 200 μg/ml of MET and 0.4% (w/v) of
VPA were diluted in drinking water, which relates to human

equivalent doses of 2.0-4.1 mg/kg/day for MET (42, 43) and
40.6-79.4 mg/kg/day for VPA (36). These doses are in the
therapeutic range and are already being used for non-cancer
purposes in humans with minimal adverse effects (44).

The combination of MET with VPA did not cause any kidney
or liver toxicity. In previously published xenograft studies
mice were administered MET alone, or VPA alone in drinking
water, at the same doses as used here, with no health-related
issues (18, 36). However, there are currently no reports on
tissue toxicity in response to the combination of MET and
VPA. The mice in our study showed no general side-effects
during the 8 weeks of receiving 200 μg/ml MET, 0.4% (w/v)
VPA or both drugs combined in their drinking water. Gross
necropsy indicated no tissue toxicity and histopathological
analyses of liver and renal tissue (major metabolic sites of
MET and VPA, respectively) showed no evidence of damage.
These results suggest that chronic administration of MET and
VPA can be combined at the doses used here with possibly
minimal side-effects to the liver or kidney.

The combined treatment of MET with VPA inhibits tumor
growth. There was no natural tumor regression observed after
tumors reached 100 mm3 in our pilot study, therefore drug
treatment was commenced at this point. Our current study used
Matrigel® for inoculating the cancer cell lines and the tumor
take-rate was 87.5 % for the LNCaP and 90% for the PC-3
xenograft. These results show a stronger effect than the one
reported by Davoodpour et al. (45) who used culture medium
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Figure 4. Kaplan-Meier analysis of percentage of animals reaching a tumor volume of 2,000 mm3 during the treatment with metformin (MET) and
valproic acid (VPA). Mice bearing tumor xenografts with either PC-3 or LNCaP were treated with vehicle control, MET alone, VPA alone, or MET
plus VPA. The mice were euthanized when the tumor volume reached 2,000 mm3. One mouse bearing a PC-3 xenograft in the MET+VPA treatment
group only reached a tumor size of 350 mm3 and was euthanized on day 114 of treatment, while the tumor of one mouse bearing a LNCaP xenograft
in the MET+VPA treatment group was reduced to an undetectable size and was euthanized on day 102 of treatment. *p<0.05 compared to vehicle
treatment; **p<0.005 compared to vehicle treatment, MET alone, and VPA alone (7≤n≤10).



for inoculating cancer cells in the xenograft, but are comparable
to those of Gustavsson et al. (46), who, similarly to us, used
Matrigel®. In the study presented here, subcutaneous injections
of PC-3 and LNCaP cells were performed and a low metastatic
rate at 2.8% (1/36) was shown in PC-3 xenografts, while no
metastases in LNCaP xenografts (0/35), in line with the
literature (36, 37, 39, 40). No significant differences in tumor
growth of PC-3 xenografts were observed in response to either
MET or VPA alone compared to the vehicle treatment over the
first 4 weeks of treatment. Our findings differ from the report
by Shabbeer et al. (2007), where the administration of 0.4%
(w/v) VPA in drinking water of nude mice for 4 weeks
significantly reduced the PC3 xenograft tumor volume by 57%
compared to the vehicle treatment (p=0.05, n=8) (47). This
inconsistency could be attributed to the different time-point for
treatment initiation, which was 2 weeks after inoculation in the
study of Shabbeer et al. (2007) versus 41.2±9.4 days after
inoculation (when the tumor reached 100 mm3) in our study.
Although no anti-tumoral effect of VPA alone was observed at
4 weeks, long-term administration of VPA up to 90 days
delayed the tumor progression by 32.8%. Importantly, the
combination of MET with VPA, compared to MET alone, VPA
alone or vehicle treatment, inhibited the tumor growth of PC-3
xenografts by 59-86% in both the first 4 weeks of treatment and
further extended the time-to-tumor volume of 2,000 mm3 by
43-92% in long term treatment. There was only one PC-3
xenograft that did not reach a final tumor size of 2,000 mm3
during the study and this was in the MET+VPA treatment
group. PC-3 has the characteristics of a small cell
neuroendocrine carcinoma, which is highly aggressive and
hormone refractory (48). The response of the PC-3 xenografts
to MET and VPA combination therapy in our study highlights
the potential of this combination treatment as an effective
therapy even in castration-resistant prostate cancer.

In LNCaP xenografts, MET or VPA alone reduced the
tumor volume by approximately 40% in the first 4 weeks after
treatment and prolonged the time-to-tumor volume of 2000
mm3 by approximately 44% compared to the vehicle
treatment. Our results agree with previous findings, where the
addition of MET or VPA alone in the drinking water in nude
mice bearing LNCaP xenografts reduced the tumor volume
growth after 3-4 weeks of treatment (55% and 40% reduction,
respectively) (18, 36). Combining MET with VPA induced a
stronger inhibition of initial tumor growth by 60-77% in the
short-term (4 weeks) while the long term treatment further
extended the time-to-tumor-volume of 2,000 mm3 by 42-120%
at day 90, indicating the effectiveness of MET plus VPA
combination therapy over the MET or VPA monotherapies.

LNCaP cells have normal p53 expression and are
responsive to androgen receptor (AR), similar to early-stage
localized PCa, while PC-3 cells have no p53 expression and
are AR-independent, thus they behave more like CRPC and
possibly represent PCa at different stages (48). We found

greater anticancer effects using the combination of MET plus
VPA in both initial and long-term treatments in LNCaP
xenografts, compared to MET alone, VPA alone or vehicle
treatment. There was one LNCaP xenograft in the present
study which completely regressed and this was in the MET
plus VPA treatment group. These findings suggest that the
combination treatment of MET with VPA may be more
effective in earlier stages of prostate cancer where p53
expression and AR responsiveness is more common (49).

In conclusion, long-term administration of MET and VPA
in combination, at doses lower than the human therapeutic
dose of MET for diabetes and at the same human therapeutic
dose of VPA for epilepsy, could be a relatively non-toxic and
efficient systemic therapy at different stages of prostate
cancer. Based on these findings, our group has recently
commenced a phase I clinical trial investigating the
combination of MET with VPA as a neoadjuvant therapy
prior to radical prostatectomy (ACTRN 12616001021460).
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