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Abstract

Overexpression of 15-lipoxygenase-1 (15-LOX-1) enzyme has been reported in prostate tumors, and its expression levels are
associated with the degree of cancer malignancy. The aim of this study was to investigate inhibitory effects of stylosin and some
similar synthetic monoterpenoids on 15-LOX and also their cytotoxic and anti-cancer activities on prostate cancer cells.
Cytotoxicity of compounds was evaluated on prostate cancer cell line “PC-3” and normal human fibroblast “HFF3” cells using
AlamarBlue reduction test. The inhibitory effects of the compounds against soybean 15-LOX, a commercially available enzyme,
were also assessed. Finally, mechanism of cell death was investigated by flow cytometry. Some of these terpenoids had cytotoxic
effects on PC-3 cells, and strong positive correlation was observed between the 15-LOX-1 inhibition potential and the cytotox-
icity of the compounds. Moreover, flow cytometry results indicated that apoptosis was the predominant mechanism of induced
cell death, which emphasizes the potential of these compounds in prostate cancer therapy. Among studied terpenoids, “fenchyl
ferulate” exhibited about three times more cytotoxicity than cisplatin. Strong positive correlation observed between 15-LOX
inhibition potential and cytotoxicity of the compounds indicates selective anti-cancer properties of the compounds might be
exerted via inhibition of 15-LOX-1 in PC-3 cells. Furthermore, observed cytotoxicity is mediated through apoptosis, which is
probably triggered via 15-LOX-1 inhibition.

Keywords Prostate cancer - Stylosin - 15-LOX-1 - Monoterpenoids - Cytotoxicity

Introduction approaches should be continued and more researches need

to be done to attain more efficient and targeted therapies/com-

Cancer is a major cause of death all around the world, and
prostate cancer (PC) is the most commonly diagnosed malig-
nancy in men and the second leading cause of cancer-related
deaths in the USA (Siegel et al. 2016). The high incidence rate
of PC indicates that treatment of this type of malignancy is still
not efficient, and the search for finding novel therapeutic
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pounds. Use of plant-derived compounds in traditional medi-
cine has made them a valuable source with reputable thera-
peutic potential in cancer treatment. Despite working on herb-
al medications for more than 2000 years, plants still remain a
precious source for discovery of novel drugs (Atanasov et al.
2015; David et al. 2015). More than 500 pharmaceutical
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natural-based small molecules have been approved between
1981 and 2014 (Newman and Cragg 2012, 2016), and the
search still continues. However, using natural products has
some limitations like biodiversity diminishing due to
overharvesting of such plants (Cordell 2011; Vines 2004), cost
of cultivation, extraction, and purification of specific agents
and supply limitation (the well-known example for this is
“taxol supply crisis”) (Cragg et al. 1993; Kingston 2010).
Moreover, natural compounds are finite in number, but syn-
thetic compounds can be considered as an infinite source. So
finding effective natural compounds and synthesizing their
derivatives to improve pharmacologic specifications such as
solubility and drug delivery characteristics can be an appro-
priate practice to reach efficient drugs eventually.

PC incidence rates indicate more than 25-fold variation
worldwide. This variation is due in part to differences in die-
tary fat intake (Allott et al. 2017; Zadra et al. 2013). Among
different dietary fats, two types of polyunsaturated fatty acids
(PUFAs), w-6 PUFAs and w-3 PUFAs, have the highest im-
pact on prostate malignancies with opposite effects, as w-3
PUFASs have protective effects while w-6 PUFAs have cancer-
promoting effects in both human and animal models (Akinsete
et al. 2011; Berquin et al. 2007; Kobayashi et al. 2006;
Larsson et al. 2004; Norrish et al. 1999; Rose 1997; Rose
and Connolly 1991; Terry et al. 2001, 2003). PUFAs exert
their effects on PC cells in part via 15-lipoxygenase (15-
LOX) enzyme pathways. There are two isoforms of 15-LOX
in humans, 15-LOX-1 and 15-LOX-2, which have opposite
roles in PC development. 15-LOX-1 is highly expressed in
malignant prostate tissues and cells, e.g., PC-3 cell line,
whereas 15-LOX-2 expression decreases during transforma-
tion. It has been shown that overexpression of 15-LOX-1 in-
creased prostate cell proliferation while its downregulation
caused cell senescence and apoptosis (Hu et al. 2010, 2012;
O’flaherty et al. 2012; Suraneni et al. 2010). 15-LOX-1 pref-
erentially converts linoleic acid (18:2 w-6 PUFA) into metab-
olites such as 13-S-hydroxyoctadecadienoic acid (13-HODE)
by which exerts its pro-carcinogenic effects. Thus,
downregulation/inhibition of 15-LOX-1 can slow down or
even inhibit the PC development via induction of apoptosis
in PC cells, so it can be considered as a suitable target for PC
treatment.

Terpenes are a large and diverse family of natural organic
compounds which have been shown to possess a wide range
of pharmacological activities such as cytotoxic and anti-
cancer properties (Arghiani et al. 2014; Chen et al. 2007,
Choi and Lee 2009; Jagetia et al. 2005; Mansoor et al. 2009;
Matin et al. 2014; Paterna et al. 2015; Shang-Gao et al. 2012).
Many terpenes have been reported to inhibit 15-LOX en-
zymes (Chung et al. 2009; Gutierrez-Lugo et al. 2004; Rai
etal. 2010). Stylosin is a terpene which has been isolated from
Ferula stylosa, Fraxinus stylosa, and Ferula ovina species
and shown to have cytotoxic and proapoptotic effects on
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5637 (transitional cell carcinoma), CHI1 (ovary cancer), SK-
MEL-28 (melanoma), and A549 (lung cancer) cells (Bagirov
et al. 1980; Guo and Zhang 1983; Rassouli et al. 2011;
Valiahdi et al. 2013). We have synthesized some stylosin de-
rivatives (Fig. 1) in order to reach more potent compounds on
prostate cancer cells, and in this research, the cytotoxicity and
anti-cancer effects of stylosin and its synthetic derivatives
were evaluated on PC-3 cell line. Moreover, cisplatin, a com-
mon chemotherapeutic drug in clinical practice, was also used
for comparison purposes in all experiments. 4-Methyl-2-(4-
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Fig. 1 Chemical structures of tested compounds (reproduced from
Sadeghian et al. 2018)
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methylpiperazinyl) pyrimido [4,5-b] benzothiazine (4-
MMPB), a potent 15-LOX-1 inhibitor (Bakavoli et al.
2007), was also considered as a positive control.

Materials and methods
Synthesis of monoterpenoid compounds
Stylosin and its mentioned derivatives were synthesized

through the esterification of corresponding alcohols and acids
as described previously (Sadeghian et al. 2018).
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Cell culture

Human prostate cancer cell line, PC-3, was obtained from
Pasteur Institute, Tehran, Iran, and in order to determine the
toxicity of the compounds on normal cells, experiments were
also carried out on a nonneoplastic human foreskin fibroblast
cell line, HFF3, kindly provided by Royan Institute, Tehran,
Iran.

PC-3 cells were cultured in Roswell Park Memorial
Institute, RPMI 1640 medium (Gibco), supplemented with
10% fetal bovine serum (Biosera) and 2 g/l NaHCO;. HFF3
cells were kept in Dulbecco’s modified Eagle’s high glucose
(4500 mg/L) medium, DMEM-HG (Gibco), supplemented
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Fig. 2 Dose-response curves indicating the effects of different concentrations of tested compounds on PC-3 and HFF3 cell lines viability, during 24, 48,

and 72 h time intervals. Data are expressed as mean = SEM, n=3
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Fig. 2 (continued)

with 15% fetal bovine serum and 3.7 g/l NaHCOs;. Both cell
lines were maintained at 37 °C under 5 and 10% CO,, respec-
tively, and subcultured twice a week.

Solution preparation

Two milligrams of each tested compound was dissolved in
100 uL of dimethyl sulfoxide (DMSO) to make a stock solu-
tion 020,000 ng/mL. Different concentrations were then pre-
pared by four times 1:1 v/v serial dilution from the stock so-
lution, and then 2.5 uL of each solution was diluted to 1 mL
with culture medium. Thus, the concentrations of the obtained
solutions were 50 pug/mL, 25 pg/mL, 12.5 pg/mL, 6.25 pg/
mL, and 3.125 pg/mL and the final amount of DMSO in all
solutions was 0.25% v/v. To prepare 4-MMPB solutions, 2 mg
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of 4-MMPB was dissolved in 100 uL 0.3 M hydrochloric acid
(HCI) and further dilutions were prepared as mentioned above.
For cisplatin preparation, aqueous solution of cisplatin (Mylan)
with 1 mg/mL concentration was used as primary stock and
50 pg/mL, 25 pg/mL, 12.5 pg/mL, 6.25 ug/mL, and
3.125 pg/mL concentrations were obtained in culture media.

Cytotoxicity assay

Cytotoxic properties of compounds were assessed using a fluo-
rescent dye AlamarBlue (resazurin, Sigma-Aldrich) reduction
assay, following the manufacturer’s protocol. To do so, PC-3
and HFF3 cells were seeded at densities of 10,000 and
8000 cells/well, in 96-well flat-bottom microplates, respective-
ly. After 24 h, the media were replaced with 200 uL of prepared
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Fig. 2 (continued)

solutions in each well and incubated for 24, 48, and 72 h at
37 °C. After that, 20 uL. AlamarBlue solution was added and
incubated for 3—6 h at 37 °C in the dark. The spectrophotomet-
rical emission of the samples was then measured using Biotek
Synergy H4 microplate reader (USA) with the 530—560 nm and
590 nm wavelengths of excitation and emission, respectively
(Khalifa et al. 2013; Rampersad 2012). Experiments were per-
formed in triplicate for each compound tested.

Enzyme activity assay

The inhibitory activity of compounds against soybean 15-
LOX (L1; type I-B; EC 1,13,11,12) was evaluated using
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modified DMAB-MBTH method as described by Iranshahi
and his colleagues (Iranshahi et al. 2012), and 4-MMPB, a
potent 15-LOX inhibitor, was used as a positive control. The
method is based on oxidative coupling of 3-methyl-2-
benzothiazolinone hydrazone (MBTH) with
3-(dimethylamino) benzoic acid (DMAB) in a hemoglobin
catalyzed reaction. The reaction is triggered in the presence
of lipoxygenase catalytic product and linoleic acid hydroper-
oxide and results in formation of a blue color with a peak
absorption at 598 nm. Linoleic acid and two stock solutions
(A and B) were prepared in advance. Solution A was com-
posed of 50 mM DMAB and 100 mM phosphate buffer
(pH =7.0) while solution B was prepared by mixing 3 mL
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Table 1 In vitro cytotoxic activity of tested compounds on human cell lines during 24, 48, and 72 h of treatments

ICso (uM) £ SEM
compound structure PC-3 HFF3
24 h 48 h 72 h 24 h 48 h 72 h
stn 101.75  100.63  88.80 163.49 157.58 137.78
£733 £5.19 +10.22 +15.16 +6.81 =+13.31
H
H S 74.71 63.85  56.44 103.96 100.49 100.84
AdCf y £535  +9.52 +11.33 +9.04 +8.72 =+16.11
H o 89.60 84.28  93.87 12079 137.74 127.12
FeCf +11.26  +11.35 +14.33 +9.93 +15.02 =+8.73
H
FeGa H 18321  167.11 144.05 20137 246.97 177.95
y £12.93 +14.05 =11.56 +30.61 5321 +10.03
H
y 11036 110.22  106.43 159.71  125.73  122.42
FeCa £848  +4.79 +10.17 +19.23 +4.65 +6.13
H

AdVa W 93.83 9138  82.71 22522 174.09  196.52
’ £12.94  +1185 =9.04 £19.46 +18.07 +14.03

FeDb 88.58 9449 9339 201.64 20829 192.03
£743  £4.83  £9.60 £24.47 +1343 +16.45

11833  108.20 105.25 314.85 262.55 189.40
FeMb +£8.64 +£12.15 +4.48 +46.57 +42.37 +24.99
H 159.37  137.87 135.21 200.80 210.83 218.03
AdGa +11.84  +13.61 =+15.22 +26.14 +32.68 +28.01
H
H
FeFe X 33.86 27.83 28.98 82.02 65.78 68.24
H £354  +351 +5.66 +£9.09 +9.96 =+10.69
401.75 65227 636.49
BoVa " +81.24 +93.07 +84.79 - - -
12465 9224  58.08 211.74 183.62 165.71
4-MMPB +4424 +£951 +15.43 +53.18 +£25.10 +27.74
cisplatin 103.36 8653  63.73 3 3

+13.93 +15.10 =+15.60 -
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Fig. 3 Comparison of the cytotoxic potential of compounds on PC-3 cells, after a 24 h, b 48 h, and ¢ 72 h of their administration in vitro. Data are

expressed as mean + SEM, n=3

MBTH (10 mM) and hemoglobin (5 mg/mL, 3 mL) in 50 mM
phosphate buffer at pH 5.0 (25 mL). The linoleic acid solution
was prepared by adding 5 mg linoleic acid to 0.5 mL ethanol
and diluting the resulted solution with KOH (100 mM) to a
final volume of 5 mL. Different concentrations (0.5, 5, 50, and
500 uM) of stn, FeCf, AdCf, BoVa, and 4-MMPB were dis-
solved separately in 25 pL ethanol and mixed in a test tube
with soybean 15-LOX (4000 units/mL, prepared in 25 uL
phosphate buffer pH=7.0, 50 mM) and 900 pL phosphate
buffer (50 mM, pH =7) and preincubated for 5 min at room
temperature. Fifty microliters of linoleic acid was then added
to start the peroxidation reaction. After 7 min, solution A
(270 uL) and solution B (130 pL) were added to the tube.
Five minutes later, 200 uL of sodium dodecyl sulfate (SDS)
solution (2%) was added to terminate the reaction. The absor-
bance at 598 nm was measured and compared with the control
reaction, which had ethanol without any compound. All tests
were carried out in triplicate.

Apoptosis evaluation

Apoptosis was quantified using flow cytometry with
“FITC Annexin V Apoptosis Detection Kit with PI”
(Biolegend) to measure the levels of detectable
phosphatidylserine on the surface of apoptotic cells. PC-3
cells were seeded in 6-well plates (3 x 10° cells/well) and
incubated with the compounds solutions. The concentra-
tion of each compound was equal to its corresponding
ICso value on PC-3 cells. After 24 h, cells were harvested
and washed twice with phosphate-buffered saline (PBS)
followed by centrifugation (130xg for 5 min) and re-
suspended in cell staining buffer at 4 °C. Cells were then
centrifuged and re-suspended in binding buffer at a con-
centration of 7 x 10° cells/mL. One hundred microliters of
each cell suspension was added to a flow cytometry tube.
Five microliters of FITC Annexin V and 10 uL of 20 mg/
mL propidium iodide (PI) were further added to the tube,
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followed by 15-min incubation in the dark. Quantitative
analysis of apoptotic cells was performed using a Flow
Cytometer (BD Accuri C6), and data analysis was per-
formed using the flowJo 7.6 software.

Calculations and statistics

Cytotoxicity tests were performed and emissions data
were standardized following the method described by
Al-Nasiry and his colleagues (Al-Nasiry et al. 2007).
Emission values were compared with baseline (cells
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Fig. 5 Dose-response curves indicating the effects of different tested
compounds on soybean 15-LOX enzyme activity. Data are expressed as
mean + SEM, n=3
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treated with solvent), and results were expressed as per-
centage of cell survival. Dose-response curves were de-
veloped for various concentrations of each tested com-
pound and corresponding ICs, values were calculated
using a nonlinear regression model curve fitting based
on sigmoidal dose-response curve (variable slope) which
was computed using GraphPad Prism 6.0.1. Significant
differences between groups were assessed by Student’s ¢
test using 95% confidence interval, and P value of <0.05
was considered significant.

To assess the correlation between 15-LOX inhibition po-
tential and tumor cell death caused by tested compounds, the
data with the skewness between - 2 and 2 were considered as
distributed normally and Pearson’s correlation coefficient was
calculated.

Table 2 Enzyme

inhibitory assessment Compound ICsp (uM) SEM

data of the compounds

against soybean 15-LOX ~ 4-MMPB 17.1 548

in vitro stn 66.8 17.6
BoVa 399 722
AdCf 26.1 1.45
FeCf 11.0 0.72
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Table 3  Flow cytometry analysis of PC-3 cells stained with FITC
Annexin V Apoptosis Detection Kit with PI, after 24 h incubation with
corresponding ICsq values for each compound

Compound Annexin (+) PI () (%) Annexin (+) PI (+) (%)
Untreated 0.06 0.04
DMSO 2.20 349
stn 30.6 5.64
FeDb 30.5 6.67
AdCf 31.1 5.23
AdVa 33.1 5.24
FeCf 28.0 14.1
FeFe 34.0 5.17
HCI 6.47 2.56
Cisplatin 28.6 17.3
4-MMPB 30.4 338
Results

Cytotoxicity assay

The cytotoxic effects of stylosin and some of its synthetic
derivatives on PC-3 and HFF3 cell lines were investigated.
Both cell lines were treated with various concentrations
(3.125-50 pg/mL) of the compounds. After 24, 48, and
72 h of treatments, the percentage of live cells was mea-
sured by AlamarBlue assay and cell viabilities were calcu-
lated. Dose-response curves are presented in Fig. 2. PC-3
cells exhibited different sensitivities to various
monoterpenoid compounds. The ICs, values of tested
agents on both cell lines are shown in Table 1. BoVa and
FeFe exhibited the lowest and highest cytotoxic potential
among the tested compounds, respectively. Gallic acid de-
rivatives showed relatively weak cytotoxic effects. Others
had only moderate cytotoxicity (Fig. 3). To investigate the
anti-cancer properties of these monoterpenoids, the ICsq
value of each compound on HFF3 cell line was also deter-
mined and compared with the corresponding value on PC-
3 cells (Fig. 4).

Fig. 6 Comparison of apoptosis
induced by different compounds
tested. Data are expressed as
percentage of cells placed in each
quadrant (Q2-Q4)

cells %

RN

> O &
G T

Enzyme activity assay

Inhibitory properties of synthesized compounds were ex-
amined against soybean 15-LOX (L1; type I-B; EC
1,13,11,12) enzyme and dose-response curves were plot-
ted (Fig. 5). ICso values were calculated and compared
with 4-MMPB as a reference compound (Table 2). In
general, most compounds demonstrated 15-LOX inhibito-
ry potential. BoVa displayed the lowest inhibitory activity
in this series while FeCf had the best 15-LOX inhibitory
potential (IC5o=11.0 uM) even more than the reference
compound, 4-MMPB, (IC5o=17.1 uM).

Apoptosis evaluation

Many natural and synthetic compounds can inhibit tumor cell
proliferation and result to cell death, but not all of them can
trigger apoptosis. To determine whether apoptosis was in-
duced by the compounds, flow cytometric analysis was per-
formed using FITC Annexin V Apoptosis Detection Kit with
PI. Apoptotic cells can be identified by attachment of FITC
Annexin V to phosphatidylserines on the outer membrane of
the cells at early stages of apoptosis. Late apoptotic/necrotic
cells are also distinguished by their ability to take up PI. The
results indicated that the predominant mechanism of cell death
induced by all tested compounds was apoptosis (Table 3).
Figure 6 illustrates the comparison of apoptosis/necrosis in-
duction between different studied compounds.

Discussion

Cancer is the result of misregulation in multiple cell signaling
pathways which lead to uncontrolled cell proliferation and
differentiation. Thus, one approach to treat cancer is to mod-
ulate these dysregulated pathways or to activate death promot-
ing signals in such cells. Natural products and their derivatives
represent potent sources for cancer treatment causing such
modifications (Anand et al. 2008). 15-LOX-1 is one of these
signaling mediators, and its overexpression specifically in the
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normal prostate epithelium could be one of the contributory
factors facilitating the progression to high-grade neoplasia.
Since many studies have reported high levels of 15-LOX-1
expression in PC-3 cell line (Hosseinymehr et al. 2016;
Kelavkar et al. 2000, 2007; Orafaie et al. 2017; Spindler
et al. 1997), these cells were used as a model to investigate
the inhibitory effects of selected monoterpenes on its activity.
15-LOX-1 regulates the expression and activation of insulin-
like growth factor-1 receptor IGF-1R) and thereby affects the
proliferation of PC cells. Blocking 15-LOX-1 inhibited the
IGF-1/MAP (mitogen-activated protein) kinase signaling
and proliferation of PC-3 cells (Kelavkar and Cohen 2004).
In this study, the cytotoxic effects of stylosin and some of its
synthesized derivatives were evaluated against PC-3 tumor
cell line. BoVa exhibited very poor anti-proliferative proper-
ties while some compounds had remarkable cytotoxicity, as
stn, AdVa, FeCf, FeDb, and AdVa indicated equal or slightly
more anti-proliferation potential than cisplatin, a conventional
chemotherapy drug, and FeFe indicated more than 3-fold cy-
totoxic effects in comparison to cisplatin, against PC-3 cells
after 24 h of administration. Results revealed that almost all
compounds act in a time- and dose-dependent manner, but
overall comparison of corresponding data indicated that gal-
late derivatives were the weakest growth inhibitors; caffeate,
vanillate and chatechuate derivatives had almost similar ef-
fects and ranked in second place, while ferulate derivative
showed the most cytotoxic potential on PC-3 cells, among
them. In the case of alcoholic part of compounds, adamantyl
was similar to fenchyl and exerted growth inhibition effects
far more than bornyl. In order to determine their selective anti-
cancer effects, fast growing human HFF3 normal cells were
also used and corresponding ICs, values against the two can-
cerous and normal cell lines were compared. AdVa, FeDb, and
FeFe exhibited the most selective anti-cancer effects among
the others, having higher cytotoxicity in cancerous cells dur-
ing 24, 48, and 72 h, of administration. However, further
in vitro investigations on wider range of prostate cancer cells
and also using animal studies are still needed to confirm the
potential use of these agents as anti-cancer drugs. The exact
mechanism of action for these compounds is still not clearly
understood. In a specific tumor, one pathway may play a more
important role than the others but the cytotoxic effects may not
be due to a single mechanism, and it might be due to operation
of several pathways in concert with each other. To discover the
eventual mechanism of action of the compounds on tumor
cells, their inhibitory potencies against soybean 15-LOX were
further assessed. The linear correlation coefficient for 15-LOX
inhibition and tumor cell death potential indicated a strong
positive correlation (R=0.983, R=0.993, and R=0.991 for
24, 48, and 72 h respectively), which suggests that 15-LOX
pathway may have great impact on inhibition of PC-3 cell
proliferation. This hypothesis gets strengthened by the obser-
vation of apoptosis, as tumor cell death mechanism, since 15-
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LOX inhibition will trigger cascades which lead to apoptosis
eventually. However, other pathways may in part have been
responsible for the observed anti-proliferative effects.

Conclusion

We evaluated the inhibitory effects of some synthesized
stylosin derivatives on proliferation of human fibroblast and
PC-3 cancer cells. We showed that some of these compounds
exerted cytotoxic and anti-cancer effects on PC-3 prostate
cancer cells. Our results suggest that the observed anti-
proliferative effects are mediated through apoptosis, which is
probably triggered via 15-LOX-1 inhibition. However, further
investigations are needed to confirm the potential of these
compounds as anti-cancer drugs and to discover their exact
chemotherapeutic mechanism of action.
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