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The molecular mechanism by which the lipido-sterolic extract of Serenoa repens (LSESr, Permixon1) affects prostate cells remains to
be fully elucidated. In androgen-independent PC3 prostate cancer cells, the LSESr-induced effects on proliferation and apoptosis were
evaluated by counting cells and using a FACScan cytofluorimeter. PC3 cells were stained with JC-1 dye to detect mitochondrial membrane
potential. Cell membrane lipid composition was evaluated by thin layer chromatography and gas chromatographic analysis. Akt
phosphorylation was analyzed by Western blotting and cellular ultrastructure through electron microscopy. LSESr (12.5 and 25 mg/ml)
administration exerted a biphasic action by both inhibiting proliferation and stimulating apoptosis. After 1 h, it caused a marked
reduction in the mitochondrial potential, decreased cholesterol content and modified phospholipid composition. A decrease in
phosphatidylinositol-4,5-bisphosphate (PIP2) level was coupled with reduced Akt phosphorylation. After 24 h, all of these effects were
restored to pre-treatment conditions; however, the saturated (SFA)/unsaturated fatty acid (UFA) ratio increased, mainly due to a
significant decrease in v6 content. The reduction in cholesterol content could be responsible for both membrane raft disruption and
redistribution of signaling complexes, allowing for a decrease of PIP2 levels, reduction of Akt phosphorylation and apoptosis induction.
The decrease inv6 content appears to be responsible for the prolonged and more consistent increase in the apoptosis rate and inhibition
of proliferation observed after 2–3 days of LSESr treatment. In conclusion, LSESr administration results in complex changes in cell
membrane organization and fluidity of prostate cancer cells that have progressed to hormone-independent status.
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The lipidosterolic extract of Serenoa repens (LSESr, Permixon1)
consists of a complex mixture of free fatty acids and their esters,
small quantities of phytosterols (b-sitosterol, campesterol,
stigmasterol, and cycloartenol), aliphatic alcohols (C26, C28,
C30) and various polyprenic compounds (Buck, 2004).

A number of pharmacodynamic effects have been
demonstrated in vivo and in vitro (Plosker and Brogden, 1996),
suggesting multiple mechanisms of action including inhibition of
both type 1 and 2 isoenzymes of 5a-reductase (Bayne et al.,
1999; Raynaud et al., 2002), anti-androgen and anti-oestrogen
actions (Briley et al., 1983; Di Silverio et al., 1992), an
antioedematous effect (Tarayre et al., 1983) and interference
with mediators of inflammation (Ragab et al., 1988). The
molecular mechanism of action of LSESr has yet to be fully
elucidated. It has been suggested that LSESr disrupts the cell
membrane properties upon interaction and/or exchange with
phospholipids (Délos et al., 1994); therefore, the drug likely
affects cell membrane permeability, ionic exchange and the
mobility of membrane proteins. Our previous studies on
human prostate cancer cell lines demonstrated that, in the
androgen-sensitive LNCaP cells, LSESr significantly reduced
androgen-induced proliferation and induced differentiative
morphological changes. High doses of LSESr completely
inhibited proliferation of the androgen-independent, poorly
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differentiated PC3 cells (Ravenna et al., 1996). Other
authors showed a decreased proliferation index and increased
apoptosis rate in both the epithelium and stroma of
LSESr-treated patients (Vacherot et al., 2000). Recently, it has
been demonstrated that LSESr induced apoptosis of LNCaP
cells (Yang et al., 2007). However, data concerning induction
of apoptosis by LSESr are still controversial (Iguchi et al., 2001;
Hill and Kyprianou, 2004; Vela-Navarrete et al., 2005).

The aim of the present study was to analyze the changes in
composition, ultrastructure and fluidity of cell membranes
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induced by LSESr treatment of PC3 cells and to correlate the
data with the effects of LSESr on cell proliferation and the
apoptosis rate.
Materials and Methods
Cell culture

PC3 cells were a gift from Dr. ME Kaighn (Pasadena Foundation for
Medical Research, Pasadena, CA). Culture conditions and LSESr
exposure conditions are described elsewhere (Ravenna et al.,
1996). Briefly, the cells were grown in D-MEM medium (Flow
Laboratories, Ayrshire, Scotland) supplemented with 5%
heat-inactivated fetal calf serum (Flow Laboratories), 100,000 U/L
penicillin and 100 mg/L streptomycin. Cells were maintained in
a tissue culture incubator at 378C with one atmosphere of 5%
CO2-95% air. Before treatment with LSESr (5–50 mg/ml), cells
were grown for 4 days in phenol red-free medium supplemented
with 5% dextran-coated charcoal-stripped serum (DCC-FCS).

LSESr, lot 41307W46597, was supplied by Pierre Fabre
Medicament (Castres, France).

Cell proliferation studies

PC3 cells were plated in 60-mm dishes at a density of 106 cells per
dish. The cells were treated with LSESr (5, 12.5, 25, 50 mg/ml) for
the indicated time periods. Thereafter, the cells were trypsinized
and counted using a Burker chamber.

Detection of apoptosis by propidium iodide-staining, flow
cytometry, and morphological analysis

After 8, 24, and 48 h of LSESr treatment, PC3 cells were harvested,
pooled with floating cells in the culture medium and resuspended in
PBS. Cell suspension was divided into two aliquots. One aliquot
was used for morphological analysis (cytospin staining with
May-Grunwald/Giemsa solution) while the cells in the other aliquot
were fixed with 80% ethanol at 48C for 60 min, resuspended in a
solution containing 75 KU/ml RNase A and 50 mg/ml propidium
iodide and evaluated using a FACScan cytofluorimeter. Logarithmic
red fluorescence was measured with an LP 620 filter. Overall,
20,000 events per sample were collected using log amplification.

Determination of mitochondrial potential

The mitochondrial membrane potential Dcm was monitored
with the potential-sensitive JC-1 (5,50,6,60-tetrachloro-1,10,3,30-
tetraethyl benzimidazolylcarbocianine iodide) cationic dye, which
exhibits potential-dependent accumulation in mitochondria, as
indicated by a fluorescence emission shift from green (525 nm)
to red (590 nm).

Following a 15 min incubation at 378C in JC-1 containing medium
(1.0mg/ml), the cells were washed in PBS (08C). The cells were then
submitted to experimental observations by confocal laser scanning
microscopy.

Characterization of PC3 cell membrane lipid composition

PC3 cells were treated with 25 mg/ml LSESr. At various intervals,
cells were collected by gentle scraping, washed twice with PBS, and
analyzed by:
(a) T

Fig. 1. Effects of different concentrations (5, 12.5, 25, and 50 mg/ml)
of LSESr on PC3 cell proliferation (a) and apoptosis (b) after several
times of treatment. Cell proliferation values are expressed as
percentage of plated cells number (time U 0). The apoptosis data
describe quantification of propidium iodide staining by a FACScan
cytofluorimeter, as described in Materials and Methods Section. Data
are shown as the mean W SE of four experiments of at least two
replicates. Asterisk (M) indicates P < 0.05.
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hin layer chromatography: A series of different solvent systems
and chromatographic plates were used to isolate and measure the
lipids of interest. Medium samples containing LSESr were si-
multaneously analyzed. Lipids were extracted from ortho[32P]
phosphate-labeled and unlabelled cells (Folch et al., 1957). The
total lipid extracts were separated by thin layer chromatography
on semipreparative silica gel 60 plates (Merck, Darmstadt,
Germany) with a solvent system of toluene/ether/ethanol
(105:30:3, v/v/v). The zones on the silica gel, corresponding to the
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[32P]-labeled phospholipids, were scraped, counted in a liquid
scintillation counter and further developed by high performance
thin layer chromatography (HPTLC) with a solvent system
of CHC13/methanol/acetic acid/water (50:37.5:3.5:2, v/v/v).
Acidification of chloroform/methanol solutions and EDTA
(10 mM) ensures better recovery of polyphosphoinositides from
the cells; the concentrations of HCl used do not cause hydrolysis
of phospholipids (Iorio et al., 2003). Inositol phospholipids were
separated on silica gel plates (HPTLC) impregnated with 1%
potassium oxalate containing 2 mM EDTA. A chloroform/
acetone/methanol/acetic acid/water (40:15:13:12:8) solution
was used as the solvent system (Horwitz and Pearlman, 1987).
The HPTLC plates were then exposed to a Kodak BIOMAX-AR
(Sigma, Milan, Italy, Europe) film for 6/12 h at �808C.
Identities of individual phospholipids and phosphoinositides
[phosphatidylinositol-4-phosphate (PIP) and phosphatidylinositol-
4,5-bisphosphate (PIP2)] were confirmed by comparison with a
simultaneously run of authentic standards identified with
molybdenum blue reagent. Neutral lipid analyses were performed
using a solvent system of hexane/diethyl ether/acetic acid
(70:30:1, v/v/v) and were detected by staining with 2% copper
acetate solution in 8% phosphoric acid and subsequent heating at
1208C for 15 min. After about 3 min, free cholesterol and
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cholesterol esters yielded red spots on a white background,
which were converted into pink-brown spots after 10 min.
(b) G
as chromatographic analysis: The phospholipids obtained from
unlabelled cells, as described above, were scraped and eluted
from silica gel with a chloroform/methanol (2:1) solution. The
fatty acids and a known amount of heptadecanoic acid, as internal
standard, were determined as methylesters after vigorous
methanolysis with 0.5 N anhydrous HCl at 808C for 18 h.
After cooling, the solution was extracted four times with
hexane. The hexane phases were dried and injected (0.5 ml in
dichloromethane) into a SPB-2380 (Supelco, Milan, Italy) fused
capillary column programmed at 58C/min from 140 to 1708C. The
types and percentages of fatty acids were calculated by comparing
these results with retention times (RT) of authentic standards and
calculating the relative retention times (RRT), considering the
RRT of stearic acid to be equal to one.
Akt phosphorylation analysis with monoclonal anti-human
phospho-Akt antibody

PC3 cells (2� 108 cells/ml), incubated as described above, were
collected, pelletted and resuspended in a 2� Lysis Buffer (5 mM
EDTA, 0.15 M NaCl, 0.1 M Tris, pH 8.0, 1% Triton and Protease
Inhibitor Cocktail) (Sigma, Milan, Italy). Equal amounts of protein
(40mg/lane), as estimated by the Bradford assay, were solubilized in
a 2� Laemmli Sample Buffer containing 2-mercaptoethanol and
loaded on a denaturing SDS/10% polyacrylamide gel. Western blot
analysis was performed with a rabbit anti-human Phospho-Akt
antibody (S473) (1 mg/ml) (R&D Systems, Milan, Italy) with an
overnight incubation at 48C. The blots were developed with a
peroxidase-conjugated anti-rabbit secondary antibody (1:4,000)
(Amersham, Milan, Italy). Immune complexes were detected by
enhanced chemiluminescence. The relative amount of Akt
phosphorylation was analyzed by autoradiography. The developed
spots on the film were quantified by densitometric analysis using an
NIHimage 1.62f analyzer. The values are expressed as relative units.

Transmission electron microscopy studies

After 24 h of exposure to 5, 12.5, or 25mg/ml LSESr, PC3 cells were
fixed and analyzed as described elsewhere (Ravenna et al., 1996).
2. Flow cytometric histogram of cell cycle phase distribution in untr
Sr. Representativemicrographs ofcytospinstainedwithMay-Grunwald
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Statistical analysis

Student t-test was used for comparisons between two groups,
using PRISM statistical analysis software (GraphPad Software, San
Diego, CA). The results are expressed as mean� standard errors
(SE) and derived from at least four independent experiments.
Significance was defined as a P value <0.05.
Results
Apoptosis and cell proliferation

LSESr exerted a dose-dependent inhibitory effect on the PC3
cells, showing no effect with a 5mg/ml treatment, but significant
decreases in proliferation with 12.5, 25, and 50 mg/ml LSESr
(18%, 32%, and 55% inhibition, respectively, after 48 h LSESr
exposure) (Fig. 1a). Since 50 mg/ml LSESr caused a weak toxic
effect after 3 days of treatment (9% necrotic cells), we limited
our analysis to the effects of 5, 12.5, and 25 mg/ml LSESr in
the following experiments.

The administration of 5 mg/ml LSESr did not cause any
effective difference in the apoptosis rate, while treatment with
12.5 and 25 mg/ml of LSESr led to significant increases in
apoptosis at 8 h (5.5% and 7.3%, respectively with respect
to 2.3% apoptotic cells in the controls), at 24 h (5% and 8%,
respectively) and, more strikingly, at 48 h (22% and 25%,
respectively) (Fig. 1b). The results obtained by FACScan analysis
(Fig. 2a–c) were confirmed by morphological data (Fig. 2d,e).
LSESr treated cells showed chromatin condensation in
crescent-shaped masses, nuclear fragmentation and cytoplasm
blebbing, all of which are considered typical morphological
signs of apoptosis (Fig. 2e). These results demonstrated the
induction of apoptosis and confirmed the inhibition of PC3 cell
proliferation by LSESr, with a biological effect starting at the
12.5 mg/ml dose.

Mitochondrial membrane potential (Dc)

Mitochondrial depolarization is an early event in the apoptosis
cascade. The assay used to detect these early changes employs
eated cells (a) and after 24 h (b) and 48 h (c) treatment with 25 mg/ml
/Giemsasolutionofuntreated(d)and25mg/ml LSESrtreatedcells (e).
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the fluorescent cation JC-1, which emits a red color when
sequestered into the mitochondria of healthy cells. Upon
depolarization, the red staining is replaced by a diffuse green
monomeric fluorescence. Some of the green fluorescence
may remain associated with the mitochondria due to the
potential-independent interaction of the JC-1 monomer with
mitochondrial membranes.

After a 30 min treatment, a net decrease in the red/green
fluorescence intensity ratio, induced by all doses of LSESr, with
respect to the control, was observed (data not shown). After a
1 h treatment, 5 mg/ml Permixon1 did not induce substantial
Fig. 3. Mitochondrial membrane potential monitored with JC-1 dye afte
potential-dependent aggregation of JC-1 dye in the mitochondria. Green fl
aftermembranedepolarization.Confocal imagesshowsinglered(590nm)
(right column) fluorescence emissions. A: Control untreated cells. B: Cell
D: Cells treated with 25 mg/ml LSESr.
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changes with respect to the control. Treatment with 12.5 and
25mg/ml LSESr resulted in a marked reduction in the red/green
ratio (Fig. 3). After 24 and 48 h of treatment, a shift in JC-1
fluorescence to orange-red, consistent with restoration of
mitochondrial membrane polarization, was observed (data
not shown). These data suggest that treatment with 5 mg/ml
LSESr induces a rapid transient mitochondrial depolarization
that is unable to trigger an apoptotic response, while higher
biologically effective doses of LSESr induce a more prolonged
mitochondrial depolarization that results in apoptotic death.
These data prompted us to investigate the changes in
r a 60-min treatment with LSESr. Red emission of the dye indicates
uorescence is emitted by the monomeric form of JC-1, which appears
(leftcolumn), singlegreen(525nm)(middlecolumn)andredandgreen
s treated with 5 mg/ml LSESr. C: Cells treated with 12.5 mg/ml LSESr.
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membrane composition and ultrastructure induced during the
first 60 min of LSESr treatment.

Lipid composition in cell membrane

Analysis of cell membrane lipid composition showed significant
modifications in phospholipid composition, cholesterol content
and the SFA/UFA ratio following LSESr treatment.
(a) P
Fig.
a: P
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hospholipid composition: HPTLC of phospholipid extracts
revealed that the percentages of phosphatidylcholine (PC),
phosphatidylserine (PS), and phosphatidylethanolamine
(PE) were basically unchanged, while a net significant
increase in phosphoinositides (PIs) occurred after 1 h
treatment with LSESr (Fig. 4).
Fig. 5. Effect of LSESr on membrane PI composition.
a: Incorporation of [32P] into PIs (PI, PIP, and PIP2) was analyzed
(b) P
by HPTLC analysis in control PC3 cells (A), and PC3 cells after a
30-min (B) or 60-min (C) treatment with 25 mg/ml LSESr. b: Relative
densitometric analysis was performed with the NIH 1.63 program.
hosphoinositides: A further HPTLC analysis of [32P]-PIs
demonstrated a parallel increase in phosphatidylinositol
(PI) and PIP and a decrease in PIP2, after 1 h treatment with
LSESr (Fig. 5).
The results are expressed as the mean W SE of four independent
experiments. An asterisk (M) indicates P < 0.05.
(c) C
holesterol content: Cholesterol content showed a marked
decrease in cells analyzed after 30 and 60 min treatments
with LSESr (Fig. 6). As previously reported for
mitochondrial membrane potential, the modifications in
phospholipid and cholesterol content were completely
reversed after 24 and 48 h LSESr treatment (data not
shown).
(d) F
atty acid analysis: From gas chromatographic analysis of the
phospholipid extracts, it was possible to calculate the ratio
of saturated (SFA) to unsaturated fatty acids (UFA). In
untreated PC3 cells, the SFA/UFA ratio was 2.1. After
LSESr administration, the ratio initially decreased (1.4 after
15 min; 1.1, after 30 min; 1.1, after 60 min), but sharply
increased after 24 h (3.6) The increase in the SFA/UFA
ratio after a 24 h treatment with LSESr was largely the
result of a significant reduction in UFA content. Analysis
of UFA components showed that the variations were
mainly due to v6 fatty acids that transiently increased after
short treatments and significantly declined after 24 h of
treatment (Fig. 7). Further analysis after 48 h showed that
UFA and v6 decrease was persistent (data not shown).
Determination of Akt kinase activity

Akt kinase activity, which was assayed by Western blot analysis
(Fig. 8), demonstrated a significant decrease in Akt
phosphorylation after a 60-min LSESr treatment, which was
4. Effect of LSESr on membrane phospholipid composition.
C, PS, PE, and PIs contents were analyzed by HPTLC of
spholipid extracts in control PC3 cells (A), and PC3 cells after a

in (B) or 60-min (C) treatment with 25 mg/ml LSESr. b: Relative
itometric analysis was performed with the NIH 1.63 program.
results are expressed as the mean W SE of 4 independent
riments. An asterisk (M) indicates P < 0.05.
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restored at baseline levels, after 24 and 48 h treatment (data not
shown). Under these conditions, decreased phosphorylation of
Akt was associated with decreased levels of PIP2 (see Fig. 5).

Transmission electron microscopy studies

Untreated PC3 cells showed irregular cell perimeters with large
irregular nuclei and nucleoli, which are characteristic of
transformed cells. They appeared rich in mitochondria and
poor in other organelles. Shedding of plasma membrane is a
frequent feature of transformed cell in culture, but it was almost
absent in PC3 cells. Instead, these cells were characterized by
protruding small microvilli and vesicles released from the
plasma membrane (Fig. 9A). Treatment with non-toxic doses of
LSESr (5–25mg/ml) for 24 h led to a sharp increase in membrane
shedding that became even more evident at doses of 12.5 and
25 mg/ml. At these doses, villi evolved in large blebs and
vesicles diameter increased (Fig. 9B–D). This phenomenon
was more pronounced after 48 h (not shown).

Discussion

Data that emerge from the present investigation suggest that, in
the human prostate cancer PC3 cell line, LSESr exerted biphasic
Fig. 6. Effect of LSESr on membrane cholesterol content.
a: Cholesterol content was analyzed by HPTLC in control PC3 cells
(A), and PC3 cells after a 30-min (B) or 60-min (C) treatment with
25 mg/ml LSESr. b: Relative densitometric analysis was performed
with the NIH 1.63 program. The results are expressed as the
mean W SE of four independent experiments. An asterisk (M) indicates
P < 0.05.



Fig. 7. Effect of LSESr treatment on the contents of SFA, UFA, and v6 fatty acids. PC3 cells treated with 25 mg/ml LSESr for 15, 30, 60 min
or 24 h were compared to control untreated cells. The SFA and UFA content was evaluated as the percentage of total fatty acids. V6 fatty acids
were reported as the percentage of UFA. The results are expressed as the mean W SE of four independent experiments. An asterisk (M)
indicates P < 0.05.
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action. The first phase occurred at early treatment times
(30–60 min) and was characterized by major changes in
membrane composition and function. In the second phase,
24–48 h after LSESr administration, the cells recovered from
the previous membrane composition changes, membrane
v6 content was considerably reduced and modifications in
apoptosis and the proliferation rate became evident.

Early events: changes in membrane composition and
their effects on membrane fluidity

After treatment with LSESr, early changes in membrane
composition included decreased cholesterol content,
modifications in phospholipids and a lower SFA/UFA ratio. This
was associated with a rapid loss of mitochondrial membrane
potential (Dc) and a net increase in membrane shedding.
Overall, these changes strongly suggest an increase in
membrane fluidity, likely due to an exchange between
membrane cholesterol and saturated lipids and LSESr
non-cholesterolic lipidic compounds, that is, liposterolic
components.
(1) M
Fig.
cont
Mat
mea
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embrane fluidity and raft disruption: The fluidity and
permeability of biological membranes mainly depend upon
their lipid composition. More specifically, cholesterol
decreases membrane fluidity and permeability, while UFA
increases these factors (Stillwell et al., 2005). An increase
8. EffectofLSESrtreatmentonAKTphosphorylation.a:PC3cellstreated
rol untreated cells (A). Cells were harvested, and the cell lysates were subm
erial and Methods Section. b: Relative densitometric analysis was perform
n W SE of four independent experiments. An asterisk (M) indicates P < 0.05
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in cholesterol has been implicated in the maintenance
of functionally active membrane rafts. Rafts are small
segments of the membrane that are enriched in
cholesterol, sphyngolipids, saturated phospholipids and
specific membrane proteins, such as kinases, transduction
proteins, etc., that characterize their specific functions
(Ntambi, 1999; Simons and Toomre, 2000). In contrast,
the increase in UFA appears to be related to an increase in
permeability to polar compounds and to a more dynamic
aggregation or disarray of functional membrane rafts
(Niemela et al., 2007).
(2) M
itochondrial membrane potential: The loss of Dc and the
increase in membrane shedding activity are related to
changes in membrane permeability. Permeability of the
inner mitochondrial membrane increases following the
change in cytosolic potential modified by the change in
membrane ion permeability. Protons are released from the
mitochondrial matrix and Dc is lost (Bernardi et al., 2002).
(3) C
ell membrane shedding and blebbing: Membrane shedding is
a microdomain phenomenon that includes a small local
cytosolic increase in pCa2þ and consequent Ca-dependent
contraction of the submembranaceous cytoskeleton.
Cytoskeletal contraction leads to the formation of
small microvilli protrusions of the plasma membrane.
Microvesicles may then be shed from the microdomain at
the site where the membrane is most fluid (Russo et al.,
1982). In the late phase, the microvesicles tend to reduce
with25mg/mlLSESrfor30min(B)or60min(C)werecomparedto
itted to western blot analysis of phosphor-Akt, as described in the
ed with the NIH 1.63 program. Results are expressed as the
.



Fig. 9. Effect of a 24 h treatment with LSESr on ultrastructural
features of PC3 cells. A: Untreated cells. B: 5 mg/ml LSESr-treated
cells. C: 12.5 mg/ml LSESr-treated cells. D: 25 mg/ml LSESr-treated
cells.

Fig. 10. Schematic mechanisms of early and late effects of LSESr
administration on PC3 cells.
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or evolve into blebbing, which is suggestive of progression
to necrosis or apoptosis.
(4) P
I pathway: It has been widely hypothesized that PIP2 pools
are spatially confined in the smaller structures such as
rafts. Possible confinement of the PIP2 pool in rafts is a
mechanism by which the cell may prevent the spread of
effects of local PIP2 breakdown by phospholipase C (PLC)
(Van Rheenen et al., 2005). Treatment of PC3 cells with
LSESr induced a rapid and temporary reduction of
cholesterol content that may be responsible for raft
disruption and a decrease in PIP2, which is likely degraded
by PLC. Furthermore, we found that the decrease in PIP2
was accompanied by an increase in PI and PIP. This
overproduction of PI and PIP may be due to decreased
activity of PIP kinases.
(5) R
ole of Akt: The phosphorylated phosphoinositides,
such PIP2, have been implicated in the promotion of
cell survival. They stimulate the phosphorylation of Akt
(Dounward, 1998), a serine/threonine kinase that
inactivates multiple components of the apoptotic
machinery. The mechanism maintaining the balance
between phosphoinositides and Akt phosphorylation was
carefully examined. The classical pathway of Akt activation
involves its phosphorylation at the threonine site. Once
activated, Akt phosphorylates and inhibits proapoptotic
proteins, thereby inhibiting apoptosis (Altomare and
Testa, 2005). Zhuang et al. (2002) demonstrated that
cholesterol present in membrane microdomain is a
prominent mediator of survival in prostate cancer cells.
NAL OF CELLULAR PHYSIOLOGY
Akt phosphorylation was inhibited and autonomous cell
survival was reduced when the rafts were disrupted, while
reconstitution of the rafts with cholesterol restored Akt
signaling. Monitoring Akt activation showed reduced Akt
phosphorylation in LSESr-treated PC3 cells with respect
to control cells. In our model, the decreased activity of
Akt appears to be related to decreased levels of both
cholesterol and PIP2, indicating an interplay of these
pathways. The effects of LSESr treatment are, in part,
reversible after 24 h, at which time the mitochondrial
potential, cholesterol, PIP2 levels and Akt phosphorylation
are restored.
Late events: effects of LSESr on proliferation
and apoptosis
(1) A
poptosis and proliferation: An increase in the apoptotic rate
which paralleled a decrease in proliferation was clearly
evident after 48 h of treatment with LSESr. A parallel sharp
increase in shedding of the membrane was also evident.
The shedding activity progressively evolved to a frank
blebbing activity, which is consistent with apoptosis.
(2) In
creased SFA/UFA ratio: Unlike the changes in other
membrane components, which almost completely
recovered after 24 h of LSESr treatment, the SFA/UFA
ratio showed opposite biphasic variations. After the
initial reduction, it considerably increased, mainly due to a
net decrease in v6 content. The latter modification was
consistent and stable also after 48 h (data not shown),
correlated with inhibition of PC3 proliferation and further
contributed to the increase in the apoptotic rate. In the
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early events, despite the increase ofv6 content, the effects
of LSESr on cholesterol depletion and raft disruption
prevailed, allowing for a decrease in PIP2 and inhibition of
Akt phosphorylation.
Increasing evidence supports the hypothesis that essential
fatty acids stimulate cell growth; however, the molecular
mechanism for this stimulation remains to be fully elucidated.
As previously shown, arachidonic acid (AA) and other
polyunsaturated fatty acids (v6) regulate fatty acid synthase,
stimulate early gene expression and are considered growth
mitogens (Sessler and Ntambi, 1998; Hughes-Fulford et al.,
2001; Xia et al., 2005). However, the relative contributions
of endogenous AA or its downstream metabolites to cell
death remain obscure. In human lung cancer cells,
adenovirus–mediated gene transfer of the n-3 desaturase led
to a marked reduction in the ratio of AA relative to
eicosapentaenic acid, induction of apoptosis and reduction
of the invasion potential by downregulation of adhesion/
invasion–related gene expression (Hughes-Fulford et al., 2006).
Conclusions

Recently, Permixon1 was reported to offer a major
therapeutic advantage over other 5a-reductase inhibitors since
it does not interfere with PSA expression, which is assessed
during prostate cancer screening and tumor progression
monitoring (Habib et al., 2005). Data that emerged from the
present investigation show that LSESr exerts biological effects
on prostate cancer cells, also after progression to hormone-
independent status. The mechanism by which LSESr stimulates
apoptosis and inhibits cell growth includes rapid transient and
prolonged changes in cell membrane organization, as described
in our model (Fig. 10).
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Carrasco C. 2005. Serenoa repens treatment modifies Bax/Bcl index expression and
caspase-3 activity in prostatic tissue from patients with benign prostatic hyperplasia. J Urol
173:507–510.

Xia S-H, Wang J, Kang JX. 2005. Decreased n-6/n-3 fatty acid reduces the invasive potential of
human lung cancer cells by downregulation of cell adhesion/invasion-related genes.
Carcinogenesis 26:779–784.

Yang Y, Ikezoe T, Zheng Z, Taguchi H, Koeffler HP, Zhu W. 2007. Saw Palmetto induces
growth arrest and apoptosis of androgen-dependent prostate cancer LNCaP cells via
inactivation of STAT 3 and androgen receptor signalling. Int J Oncol 31:593–600.

Zhuang L, Lin J, Lu ML, Solomon KR, Freeman MR. 2002. Cholesterol-rich lipid rafts mediate
Akt-regulated survival in prostate cancer cells. Cancer Res 62:2227–2231.


