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Abstract

Obijective: Ascorbic acid (AA), at physiological concentrations, is a well known anti-oxidant but, at higher concentrations, it can be selectively toxic to cancer cells.
Controversial data have shown that administration of intravenous high-dose AA can improve therapeutic outcomes in cancer patients. These effects are thought
to occur mainly due to direct cytotoxicity mediated by generation of reactive oxygen species. The anti-tumour effects of AA can also be due to inhibition of
angiogenesis, however, this has been poorly studied. This study aimed to investigate the effect of AA on prostate cancer cells and angiogenesis.

Materials and Methods: Hormone resistant and naive human prostate cancer cell lines (PC-3 and LnCaP respectively) were treated with different concentrations
of AA. Cell viability was determined by the resazurin assay. Polymer scaffolds that releases lower (0.01 g/g polymer) and higher (0.1 g/g polymer) concentrations
of AA were used to evaluate the effects of AA on angiogenesis. Angiogenesis was investigated by an in vivo chick chorioallantoic membrane assay.

Results: AA was toxic to PC-3 and LnCaP prostate cancer cell lines in a dose-dependent manner. Confluent cultures of LnCaP was more sensitive to high-dose AA,
while confluent cultures of PC-3 were resistant. There was a biphasic in vivo angiogenic response to AA, that is, while high-dose of AA inhibited angiogenesis, low
dose AA stimulated angiogenesis. In addition, a stable form of AA (ascorbate-2 phosphate) was not angiostatic at high concentrations, suggesting that angiostatic
actions of high-dose AA may be due to its direct toxicity on endothelial cells.

Conclusion: We demonstrated that AA was toxic to prostate cancer cell lines, and inhibits angiogenesis at high doses. Further in vivo studies are required to validate
these finding before any clinical inference can be made.
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Introduction patients whose PCa develops into disease progression after the

) docetaxel treatment. In this regard, better treatments modalities
Prostate cancer (PCa) is the most common type of cancer that  that can increase patient survival or quality of life are currently
affects male adults. In Turkey, PCa is the most prevalent cancer in being investigated.

men after lung cancer, with 17,332 new cases recorded per year
(1). Deaths due to PCa accounts for 1.5% of all deaths in men
(2). At the time of diagnosis, 80% of men diagnosed with PCa
have organ confined disease which is can be treated by surgery
and/or radiotherapy. However, some patients may subsequently
develop systemic disease with distal organ involvement.
Metastatic PCa responds sensitively to androgen deprivation
therapy initially, but resistance to the hormone develops few
years later, resulting in a castration resistant PCa which requires
systemic chemotherapy. Docetaxel based chemotherapy
improves overall survival in patients with metastatic castration
resistant PCa, and is therefore the standard first-line treatment
for these patients (3). However, there are limited options for

Ascorbic acid (AA), either alone or as a supplementary agent,
has been put forward as a treatment option for patients with
advanced PCa. AA is one of the essential vitamins in humans,
and it is best known for its role in regulating the biosynthesis of
collagen. Anti-tumour effects of high-dose AA was first reported
in the 1970s (4). Unfortunately, subsequent clinical trials failed
to demonstrate any therapeutic benefit of AA in patients
with advanced cancers (5,6). These controversial findings are
thought to be due to the differences in pharmacokinetics of AA
when administered orally or intravenously (7). Recent evidence
from clinical studies suggests a potential synergistic effect of
high-dose intravenous AA and other chemotherapeutic agents
(8). For treatment of PCa, AA was demonstrated to effectively
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inhibit cell division and DNA synthesis in vitro (9,10), and
also decrease tumour growth in animal models (11). Available
clinical data revealed that high-dose intravenous AA can safely
be administered in PCa patients (7), with some clinical benefits
(12). However, recent evidence does not support the usage of
high-dose intravenous AA in patients with PCa (13). Therefore,
the role of high-dose AA in treatment of patients with advanced
PCa is still controversial.

Another contributing factor on this controversy has to do with
the less investigated anti-tumour aspect of AA, that s, its effect on
angiogenesis. All tumours require a blood supply to grow in vivo.
Hypothetically, the therapeutic effects of AA treatment in cancer
patients could be mediated via modification of angiogenesis in
the tumour. Moreover, AA plays a key role in the synthesis and
post-translational modification of collagen Il and IV, which are
the main structural proteins that form the wall of blood vessels
and the basement membrane. AA has also been previously
suggested as a factor involved in angiogenesis (14,15). The
effects of AA on angiogenesis is not well investigated as studies
have only reported the angiostatic (16) and proangiogenic
effects (17).

The aimed to investigate the anti-tumour effects of AA. We have
initially examined the effect of high-dose AA on two PCa cell
lines, and then investigated the angiogenic effect of different
doses of AA in vivo.

Materials and Methods

Culturing of PCa Cell Lines

This is an experimental study using human cell lines. Two
human PCa cell lines were used to investigate the toxic effects
of AA. The PC-3 cell line represented the hormone resistant PCa,
while LnCaP represented the hormone naive PCa. We obtained
this cell lines as a generous donation from doctor Adam Glen
[who initially purchased them from the American Type Culture
Collection (Manassas, VA)]. Both cell lines were cultured in T75
flasks and maintained in RPMI-1640 medium supplemented
with fetal calf serum (10% v/v), L-glutamine (2 uM), Penicillin
(100 U/mL), Streptomycin (100 ug/mL) and Fungizone (0.625
ug/mL), all from Sigma-Aldrich.

Cultures of PC-3 and LnCaP were plated at a concentration of
50,000 cells per well in a 12-well plate. Proliferating cultures
were treated with AA at 24 hours, while confluent cultures were
treated with AA at 72 hours. Solutions of AA were prepared in
distilled water with concentrations of 0, 50, 100, 250, 500 and
1,000 uM, and were freshly used. At the start of the experiments,
the culture media were removed from the plates and the wells
were washed three times with phosphate buffered saline (PBS).
Freshly prepared solutions of AA were added into each plate and
left in an incubator for 2, 4 and 6 hours. All experiments were
repeated thrice.

Assessment of Toxicity

AA toxicity was assessed using a resazurin assay which essentially
measures cell metabolic activity. In briefly, at 2, 4 and 6 hours, all
media were removed from the culture plates and PBS was used
to wash the wells. Then, 5 mL of resazurin solution (125 pl/mL
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resazurin in PBS) was added into each well and incubated for 45
minutes at 37 °C. Absorbance was then measured at 570 nm
with a colorimetric plate reader (Bio-TEK, NorthStar Scientific
Ltd, Leeds, UK). Culture wells without cells were used as blanks.

Achieving a Continuous Release of High-dose AA from
Polymers

Studying the effect of AA on angiogenesis requires a continuous
drug-release system that can effectively deliver high-dose AA
into the cells. This was achieved by using a polymer as the drug
carrier as previously described (18). In briefly, an electrospun
polylactic acid (PLA) was used as the drug carrying polymer for
AA. A technique of emulsion electrospinning was employed to
obtain a stable solution of AA and the polymer. Drug releasing
PLA materials were prepared in two different concentrations
including 0.01 (low dose) and 0.1 (high-dose) grams of
the drug per gram of PLA polymer. A salt formulation of AA
[L-ascorbic acid 2-phosphate (A2P)] was used as a control to
test the difference between the active form of AA (L-AA) and
the salt form. PLA scaffolds releasing hydrocortisone were also
constructed to serve as a negative control. This is hydrocortisone
is a known angiostatic agent with an appreciable solubility in
lipid, making it an excellent candidate for the negative control.
All reagents and chemicals were obtained from Sigma-Aldrich,
United Kingdom.

Studying Angiogenesis

The effect of AA on angiogenesis was studied ex-ovo using
a chick chorioallantoic membrane (CAM) assay described
previously (19). All embryo cultures were covered under a
home office licence. Briefly, fertilised chicken eggs (gallus gallus
domesticus) were cultured in a rotating egg incubator till day
3 of the embryonic development. The embryos were then
transferred into petri dishes in order to continue the embryo
culture ex-ovo in a humidified cell culture incubator at 38 °C.
The AA releasing scaffolds were cut into 7 mm diameter circles
with a laser cutter device [Epilog Laser Cutter (Clevedon, UK)].
Sterilisation of the drug releasing polymers were performed
via exposure to ultraviolet light for 30 minute. At day 7 of the
embryonic development, the test samples were placed on the
CAM surface and cultured for 4 days.

At day 11 of embryonic development, the area of the CAM
containing the test samples were photographed with a digital
microscope. Afterwards, the cultures were terminated by
sacrificing the chick embryos.

Digital photographs of the area of interest were taken at the end
of the experiment. A total of 6-8 photographs were evaluated
for each group. The digital photographs were converted to
grayscale, and the contrast was enhanced using Image] software
and Neuron], as described previously (20). All discernible blood
vessels in the photographs were marked using the Neuron]
tracing tool. The total number of blood vessels, total length of
blood vessels and mean length of blood vessels were calculated
using the processed images.

Statistical Analysis

Statistical analysis was performed with SPSS version 17.0 (SPSS
Inc., Chicago, lll., USA). Differences between groups were tested
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for statistical significance by Mann-Whitney U test. P values
<0.05 was considered significant.

Results

Effect of AA on PC3 Cells

Supplementation of AA on proliferating cultures of PC3 cells at
concentrations of 0, 50, 100, 250 and 1,000 pM resulted in a
dose dependent reduction in cell viability as measured by the
metabolic activity of the cells. AA concentrations >250 uM were
the most effective to reduce PC3 cell viability. There were no
significant differences between measurements taken at 2, 4 and
6 hours. On the other hand, the same concentrations of AA had
no significant effect on cell viability of the confluent cultures of
PC3 cells (Figure 1).

Effect of AA on LnCaP Cells

Supplementation of AA on both proliferating and confluent
cultures of LnCaP cells at concentrations of 0, 50, 100, 250
and 1,000 pM resulted in a dose dependent reduction in cell
viability as measured by the metabolic activity of the cells. AA
Concentrations >250 uyM were the most effective to reduce
LnCaP cell viability (Figure 2).

Effect of AA on Angiogenesis

The effect of AA on angiogenesis was investigated using a PLA
electrospun polymer system that ensures continuous release of
AAatlow (0.01 g/g PLA) and high (0.1 g/g PLA) concentration. It
is important to continuously release the AA on the experimental
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Figure 1. Assessment of different concentrations (0-1000 pM) of ascorbic
acid (AA) on proliferating and confluent cultures of PC3 cells at different time
points. There was a dose-dependent decrease in the metabolic activity of PC3
proliferating cells, particularly above concentrations of 250 uM. The confluent
cultures of PC3 cells were resistant to the effects of high-dose AA in the cell
culture medium (*p<0.05 as compared to a concentration of 0 pM)
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Figure 2. Assessment of different concentrations (0-1000 pM) of ascorbic acid
(AA) on proliferating and confluent cultures of LnCaP cells at different time
points. There was a dose-dependent decrease in the metabolic activity of both
proliferating and confluent cultures of LnCaP cells, starting from a dosage of 100
UM (*p<0.05 as compared to a concentration of 0 pM)

medium since AA is immediately oxidised after being applied. In
these experiments plain PLA scaffolds were used as controls and
hydrocortisone releasing PLA scaffolds were used as negative
control to show the reaction with a known angiostatic agent
(Figure 3).

High-dose of AA showed an angiostatic effect, with a significant
decrease in total number of blood vessels (35.44+2.56 vs
85+5.66, p<0.005) and total length of blood vessels (11.14+0.61
cm vs 19.59£0.79 cm, p<0.005) when compared to control. AA
caused the decrease in the total number of blood vessels and
total length of blood vessels when compared to the negative
control (hydrocortisone releasing scaffolds). However, these
reductive effects were not statistically significant (35.44+2.56 vs
43+3.80 and 11.14£0.61 vs 13.67£0.91, respectively).

In contrast to high-dose AA, low dose AA exhibited a
proangiogenic, causing a significant increase in total number
blood vessels (35.44+2.56 vs 85+5.66, p<0.005) and total
length of blood vessels (11.14£0.61 cm vs 19.59+0.79 cm,
p<0.005) when compared to control. In addition, high and low
dose of L-A2P caused an similar effect to that of low dose AA,
yielding a total number of blood vessels of 100.57+6.28 and
101+4.95 at high and low dose of A2P, respectively and a total
length of blood vessels of 22.43+0.77 cm and 23.8+0.77 cm at
high and low dose of A2P, respectively.

The mean length of blood vessels was increased in the
angiostatic samples and this can be due to the lack of newly
forming blood vessels which consequently leaves a scattered
larger calibre of blood vessels. These scattered larger calibre of
blood vessels subsequently increased the mean vessel length.
Low concentrations of AA caused a significant increase in the
total number of blood vessels.

Discussion

This study confirmed the toxic effects of high-dose AA on PCa
cell lines. More importantly, this is the first study to show a

High dose A2P Low dose A2P

Negative control Control
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Total number of blood vessels
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Figure 3. Demonstration of the angiogenic response to high and low doses
of ascorbic acid (AA) when released from electrospun polylactic acid (PLA)
scaffolds. Hydrocortisone releasing PLA scaffolds was used as negative control,
whereas plain PLA scaffolds were used as controls. Additionally, the same
concentrations of a more stable form of AA, L-ascorbic acid 2-phosphate (A2P)
attached to the releasing scaffold was taken as another control group to check
if the AA effect could be due to the acidity of the compound. High-dose AA
inhibited angiogenesis, whereas low dose AA stimulated it. Both high and low
doses of A2P stimulated angiogenesis, suggesting that stable forms of AA are not
angiostatic (error bar represents 200 um for all images)
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biphasic in vivo angiogenic response to AA, where high doses
inhibited new blood vessel formation and low doses stimulated
it. This explains the contradictory reports on the angiogenic
potential of AA in literature.

AA has been demonstrated to have different effects on cancer
cell viability when used in high and low doses, thus suggesting a
biphasic response. High doses of AA (1-10 mM) has been shown
to reduce cell viability and mobility in PCa cells via production
of excessive intracellular reactive oxygen species, triggering
necrotic cell death (11). In contrast, low doses of AA are known
to protect cells against oxidative stress. In the present study, the
toxic effects of AA was seen at concentrations above 250 mM.

The mechanisms underlying AA toxicity is relatively well-
defined. Although we have not studied the mechanisms behind
the reduction of cell viability in PC-3 and LnCaP cell lines, the
present study contributes to knowledge by demonstrating that
confluent cell cultures of PC-3 cells were resistant to AA toxicity,
whereas both proliferating and confluent cultures of LnCaP
cell lines were equally sensitive to AA toxicity. Previous studies
reported differences in response to treatment with high-dose
AA between hormone treatment sensitive and resistant PCa cells
(21). This implies that different cell lines can differ in terms of
responsiveness to AA toxicity. This may also differ depending
on the stage of the cancer cell cycle. Therefore, our findings
confirm the toxicity of high-dose AA on PCa cell lines. Also, we
suggest that this response can be dependent on the cell type
and the stage of the cell culture.

Study Limitations

Several studies have also reported a reduction in tumour cell
mass with systemic administration of AA in animal models (22).
Angiogenesis is essential for tumour growth in vivo, and another
mechanism for anti-tumour effects of high-dose AA could be
through inhibition of angiogenesis. This has not been studied in
literature, presumably because of the challenges in achieving a
sustained release of AA in vivo. The present study addressed this
challenge by constructing an AA releasing polymer system that
ensured constant release of AA on the surface of the blood vessels,
resulting in better visualisation of the effect. Taken altogether,
our findings explained why AA is regarded as an angiostatic in
literature (16) whereas others reported a proangiogenic effect
(17). We further suggest that the contradictory results on the
angiogenic potential of AA was due to difference in experimental
design and dose regimens. Additionally, we provided a direct
comparison of two different forms of AA (AA and A2P) at two
different concentrations. To the best of our knowledge, this is
the first direct in vivo comparison.

In regard to the underlying mechanisms of angiostatic effects
of AA, we can argue that the inhibitory effect of high-dose AA
on new blood vessel formation is a directly toxic to the rapidly
proliferating endothelial cells of the CAM by increasing the
reactive oxygen species. This argument is supported by the lack
of anti-angiogenic effect of the same dose of A2P which is a
stable form of AA that does not rapidly trigger the accumulation
of free radicals.

Another limitation of the available studies on the angiogenic
potential of AA is the use of conventional 2D in vitro
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methodologies. Studying angiogenesis is complex and thus
requires specialised in vivo methodologies to allow observations
of interactions between endothelial and non-endothelial cells,
as well as with many enzymes, growth factors and adhesion
molecules that play a role in the formation of new blood vessels.
This is only possible using in vivo methodologies, however,
such methodology requires specialised equipment and
expertise, and are often expensive (eg dorsal skin fold assay).
In the current study, we made use of a modified CAM assay
to study angiogenesis in a reproducible and relatively easy way
(19). Our findings were obtained with a robust experimental
methodology.

Conclusion

Although this study provides strong pre-clinical data on the
effects of AA on PCa cells and on angiogenesis, it has several
limitations. Firstly, the preliminary results lack confirmatory
studies with larger animal models. Therefore, further studies on
appropriate animal models are needed before any conclusion
is reached. Secondly, the results do not imply any clinical
applications at this stage. Thirdly, we have not undertaken
any molecular investigation to help elucidate the mechanisms
underlying the effects of AA. We believe that the methodology
described in this study would trigger further experiments that
will illuminate the underlying molecular mechanisms.
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