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ABSTRACT:

Background: Prostate cancer is the most commonly diagnosed form of cancer in men in Canada
and the United States. Both genetic and environmental factors contribute to the development and
progression of many cancers, including prostate cancer.

Context and purpose of this study: This study investigated the effects of magnolol, a
compound found in the roots and bark of the magnolia tree Magnolia officinalis, on cellular
proliferation and proliferation-linked activities of PC3 human prostate cancer cells in vitro.

Results: PC3 cells exposed to magnolol at a concentration of 80 pM for 6 hours exhibited
decreased protein expression of ornithine decarboxylase, a key regulator in polyamine
biosynthesis, as well as affecting the expression of other proteins involved in polyamine
biosynthesis and catabolism. Furthermore, protein expression of the R2 subunit of ribonucleotide
reductase, a key regulatory protein associated with DNA synthesis, was significantly decreased.
Finally, the MAPK (mitogen-activated protein kinase), PI3K (phosphatidylinositol 3-kinase),
NF«B (nuclear factor of kappa-light-chain-enhancer of activated B cells) and AP-1 (activator
protein 1) cellular signaling pathways were assayed to determine which, if any, of these
pathways magnolol exposure would alter. Protein expressions of p-JNK-1 and c-jun were
significantly increased while p-p38, JNK-1/2, PI3Kp85, p-PI13Kp85, p-Akt, NFkBp65, p-IkBa
and IxBa protein expressions were significantly decreased.

Conclusions: These alterations further support the anti-proliferative effects of magnolol on PC3
human prostate cancer cells in vitro and suggest that magnolol may have potential as a novel
anti-prostate cancer agent.
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INTRODUCTION:

Prostate cancer is the most commonly diagnosed form of cancer in men in Canada and the
United States, representing roughly 10% of cancer related deaths in men in both countries [1,2].
As a result, there is an increased interest in the research of natural products, many of which have
traditionally been used in herbal medicines, and their bioactive effects and potential
chemoprotective and chemopreventative capacities [3-5].

Magnolol, a lignan found in the roots and bark of the magnolia tree, Magnolia officinalis,
has previously been shown to affect important cellular processes, such as the cell cycle and
apoptosis in a variety of human cancer cell types both in vitro and in vivo [6-14]. Those studies
performed in vivo suggest that magnolol remains active when administered at a sufficient oral
dosage. Animal models have been used to determine the bioavailability of magnolol using two
delivery methods: oral administration and intravenous injection. It was found that an injected
dose of 2-10 mg/kg could achieve a maximum blood plasma concentration of 10 pg/ml or 40-uM
magnolol, while oral administration of 20 mg/kg could achieve a maximum blood plasma
concentration of 0.1 pg/ml or 0.4-uM magnolol [15-17]. Magnolol has also been shown to be
non-toxic and to have no drug related side effects at any dose including the highest tested doses
in several studies [15, 18, 19]. These previously observed effects warrant further investigation
into the mechanisms by which the cell responds to the anticancer effects of magnolol.

Polyamines (putrescine, spermidine and spermine) are essential to various cellular
processes, particularly cellular growth, and the levels of polyamines are carefully controlled
within a narrow range [20]. These compounds can bind to RNA, DNA, and proteins to change
their functions or to increase their expression; one of the most common ways in which
polyamines affect cells is in their binding to mMRNA and stimulating protein synthesis by causing
structural changes [21]. The biosynthesis of polyamines is controlled by ornithine decarboxylase
(ODC), a rate limiting factor in the conversion of ornithine to putrescine. S-adenosylmethionine
decarboxylase (SAMDC) is then responsible for further biosynthesis from putrescine to
spermidine and from spermidine to spermine. Two further proteins, polyamine oxidase (PAO)
and spermidine/spermine N1-acetyltransferase (SSAT), (both of which are capable of converting
spermine to spermidine and spermidine to putrescine), control polyamine catabolism. Elevated
polyamine levels have been associated with prostate cancer and altered expression of the rate
limiting enzymes involved in both polyamine biosynthesis and catabolism. These are often
observed during the development of cancer [22]. In particular, ODC expression is generally
increased in human cancers and therapies targeting these polyamine biosynthetic/catabolic
enzymes. This has been used in both chemotherapy and in chemoprevention [22].

In the present study, the in vitro effects of magnolol on the expression of proteins involved
in the biosynthesis and catabolism of polyamines in PC3 human prostate cancer cells were
examined. This is novel research, as the effects of magnolol on this polyamine pathway have not
yet been investigated. Furthermore this investigation seeks to determine the degree to which
polyamine related proteins are modulated in response to magnolol exposure and to characterize
the cellular signal transduction mechanisms involved in the effect of magnolol on cellular
proliferation.
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METHODS AND MATERIALS:

Materials: All antibodies used in this study were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). These include: goat polyclonal anti-ODC, anti-AZ, anti-R1, anti-R2, anti-
p-INK, anti-JNK-1, anti-p-PI3Kp85, anti-Akt, anti-Histone H2B and anti-p-IxBa, mouse
polyclonal anti-actin, anti-PAO, anti-SAMDC, anti-PI3Kp85 and anti-IkBa, and rabbit
polyclonal anti-SSAT, anti-AZl, anti-p-ERK, anti-ERK-1, anti-ERK-2, anti-p-p38, anti-p38,
anti-JNK-2, anti-PI3Kp110, anti-p-Akt, anti-NFxBp65, anti-c-jun and anti-c-fos. All other
chemicals and materials were purchased from Sigma-Aldrich Canada (Oakville, ON) unless
otherwise indicated.

Cell Culture and Treatment with Magnolol: Human PC3 prostate adenocarcinoma cells
(ATCC, Manasses, VA) were cultured on 100mm plastic tissue-culture dishes (Falcon,
Mississauga, ON) in RPMI (Gibco, Burlington, ON). These were supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotic-antimycotic (Invitrogen Canada, Burlington, ON), and
were incubated at 37°C in 5% CO,. At 70% confluence. The cells were exposed to 80 pM
concentrations of magnolol, dissolved in dimethyl sulfoxide (DMSO), for 6 hours (concentration
of DMSO in both magnolol-treated and control cells was 0.2% (v/v)). Control cells received only
DMSO. After treatment, cells were removed by trypsin diluted in phosphate buffered saline
(PBS) and re-suspended in RPMI with 10% FBS and centrifuged for 5 min at 500X g. The media
was then removed by aspiration. The remaining cell pellet was re-suspended and washed in cold
PBS. Cells were again centrifuged for 5 min at 500X g. After centrifugation, the PBS was
removed by aspiration and the pellet was then stored at - 80°C until further analysis.

Cellular Growth (Proliferation) Curve: PC3 human prostate adenocarcinoma cells were
subcultured at 25,000 cells/plate on 100mm plastic tissue culture dishes in RPMI supplemented
with 10% FBS and 1% antibiotic-antimycotic. Following 24 hours of incubation, cells were
counted using a haemocytometer to determine cell number at the O hour time point. Cells were
then treated with either 80 uM magnolol or DMSO (vehicle). Cells were again counted at 6, 24,
48 and 72-hour time points. Triplicate plates were counted for each treatment (control or 80 uM
magnolol) at each time point.

Nuclear and Cytosolic Protein Fraction Isolation: Nuclear and cytosolic protein isolation was
performed using a nuclear extraction kit (Cayman Chemical, Ann Arbor, MI) as per
manufacturer’s instruction. Briefly, cells were treated and pelleted as above, then cell pellets
were suspended in 250 pL of hypotonic buffer (10% 10x hypotonic buffer, 2% phosphatase
inhibitors, 1% protease inhibitors, 87% distilled water) and incubated on ice for 15 min. After 15
min, 50 pL of 10% Nonident P-40 assay reagent was added to each sample and mixed by
pipetting. Then samples were centrifuged at 14000X g for 30 sec at 4°C. The supernatant was
then removed and stored at - 80°C, as this represents the cytosolic fraction. The remaining cell
pellet was then resuspended in 50 uL of extraction buffer (50% 2x nuclear extraction buffer, 2%
phosphatase inhibitors, 1% protease inhibitors, 37% distilled water) and vortexed for 15 sec, then
shaken for 15 min on ice. Samples were again vortexed, for 30 sec, and shaken a second time for
15 min on ice. Finally, samples were centrifuged at 14000X g for 10 min at 4°C and the
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supernatant, representing the nuclear fraction, was removed and stored at - 80°C until further
immunoblot analysis.

Immunoblot Analysis: Cell pellets (for those samples not undergoing nuclear isolation) were re-
suspended in 100 ul of 10 mM Tris-HCI buffer (pH 7.4) containing 0.5 mM
phenylmethanesulfonylfluoride (PMSF), and briefly sonicated. Cell lysates were then
centrifuged at 9,300X g for 20 min at 4°C. The supernatant was removed from the pellet as this
represents a whole cell lysate sample. Nuclear, cytosolic and whole lysate samples were
evaluated for protein content. Equal amounts of protein from these extracts were mixed in a 3:1
ratio with standard Laemmli buffer consisting of 50 mM Tris-HCI (pH 6.8), 10% SDS, 0.1%
bromophenol blue, 10% glycerol and 100 mM p-mercaptoethanol and boiled for 3 min.
Electrophoresis through 10% SDS-PAGE gels was used to resolve proteins which were then
transferred onto nitrocellulose membranes (Bio-Rad, Mississauga, ON) by electro-blotting.
Membranes were then incubated in the presence of a 1% BSA (w/v) TBS-Tween (0.05% v/v)
solution overnight at 4°C. Primary antibodies diluted to 1:200 (v/v) were then applied to
membranes and incubated for 1 hour at room temperature. After incubation, the membranes were
washed three times with TBS-Tween (0.05% v/v) for a total of 30 min then incubated with
alkaline phosphatase (AP)-conjugated secondary antibodies (1:1000) for 1.25 hours at room
temperature. After incubation the membranes were again washed three times with TBS-Tween
(0.05%) for a total of 30 min and rinsed quickly with distilled water, then exposed to SigmaFast
BCIP-NBT tablets (Sigma-Aldrich, Oakville, ON) dissolved in distilled water. This was done to
visualize protein expression levels. Western blots were then photographed using Infinity Capture
Software (Lumenera Corp., Ottawa, ON), and densitometry was performed with Imagel
Software (National Institute of Health, Bethesda, MD).

Statistical Analysis: Statistical analysis was conducted using GraphPad Prism 4.03 for Windows
(GraphPad Software, Inc. San Diego, CA). Cell counts in the cellular growth (proliferation)
curve were compared to the corresponding cell count for control cells at the appropriate time
point using a simple t-test. Results were considered statistically significant at 7 < 0.1. Results of
immunoblot analysis were compared using a simple t-test and results were considered
statistically significant at P <0.1.

RESULTS:

Magnolol Affects Cellular Proliferation: It has previously been shown that magnolol is
cytotoxic to PC3 human prostate cancer cells in vitro [11, 23]. To confirm that this cytotoxicity
is accompanied by reduced cellular proliferation, a cellular growth curve experiment was
conducted (Figure 1). Time course experiments show that cellular proliferation is retarded in
PC3 cells exposed to 80 uM magnolol. A magnolol concentration of 80 uM has been previously
shown to be an effective concentration [11, 23]. At 6 hours exposure to magnolol there was no
significant difference in cellular proliferation between magnolol exposed and control cells;
however, by 24 hours a statistically significant difference in cell numbers was observed whereby
control cell count increased to 231% of 0 hour cell count and the magnolol exposed cell count
only increased to 151% of O hour cell count. Cellular proliferation in magnolol exposed cells was
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essentially stopped at 48 hours where cell counts were 154% of 0 hour counts- only a 2%
increase from 24 hour counts. By 72 hours magnolol exposed cell counts were lower than the 0
hour count while control cells counts were at 714% of 0 hour counts.
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Figure 1. Magnolol affects cellular proliferation of PC3 human prostate cancer cells in vitro.
Cells were treated with either DMSO (Ctrl) or 80 pM magnolol for 6, 24, 48 or 72 hours. The number of cells
present under these conditions was determined in three separate experiments for each time point. Statistical
significance between control and magnolol treated cells was determined at each time point. (*) indicates statistical
significance at P < 0.1 and (**) indicates statistical significance at P < 0.05.

Magnolol Affects Proliferation Linked Activities: Having established that magnolol exposure
results in decreased cellular proliferation, expression of proteins involved in two important
proliferation-linked activities were examined. In PC3 cells exposed to 80uM magnolol for 6
hours the protein expression of ornithine decarboxylase (ODC), antizyme inhibitor (AZI),
spermidine/spermine N1-acetyltransferase (SSAT) and polyamine oxidase (PAQO) were
significantly decreased by exposure to magnolol, while protein expression of S-
adenosylmethionine decarboxylase (SAMDC) was significantly increased (Figure 2).

Antizyme (AZ) protein expression remained unchanged (Figure 2). While ODC protein

expression decreased to 68% of control and AZI protein expression decreased to 73% of control,
protein expression of SAMDC increased to 154%. Of those proteins directly involved in
polyamine catabolism, SSAT protein expression decreased to 66% of control and PAO protein
expression decreased to 43% of control.

To further determine the effect of magnolol on cellular proliferation in PC3 cells, the two
subunits of ribonucleotide reductase (R1 and R2) (which is a key rate limiting and regulatory
activity of DNA synthesis) were assayed (Figure 3). As ribonucleotide reductase is necessary for
the synthesis of deoxyribonucleoside triphosphates, which are the building material for DNA,
changes in protein expression of the either R1 or R2 or both subunits would represent an
important pathway by which cellular proliferation may be affected [24, 25]. Since ribonucleotide
reductase is tightly linked to DNA synthesis, changes to either subunit or both would suggest
changes to DNA synthesis. While R1 protein expression was not significantly affected by
magnolol exposure the protein expression of R2 decreased to 62% of control.
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Figure 2(A-D). Magnolol affects expression of polyamine biosynthesis/catabolism-linked
proteins in PC3 cells in vitro. Cells were treated with either DMSO (Ctrl) or 80 uM magnolol for 6 hours.
Actin was used as a loading control (the actin used in Figure 1A is the same as those used in Figures 2B, 3B and 4B;
the actin used in Figure 1B is the same as those used in Figures 2A and 4C, as these samples were run concurrently).
Each blot shown is representative of results obtained from at least three replications from three separate

experiments.
A, B and C: Representative Western blots of proteins involved in polyamine biosynthesis and catabolism.
D: Graphical representation of protein expression. (*) indicates statistical significance at P < 0.1 and (**) indicates

statistical significance at P <0.05.
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Figure 2E: A diagram which illustrates the proposed sites of action (effects) of magnolol on
activities associated with polyamine biosynthesis and catabolism in PC3 human prostate cancer

cells. Open triangles indicate that magnolol decreases the expression levels of these proteins, whereas the closed
diamond indicates that magnolol increases the expression evels of this protein. AZ protein expression levels were
unaffected by magnolol.
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Figure 3. Magnolol affects expression of R2 subunit of ribonucleotide reductase in PC3 cells in

Vitro. Cells were treated with either DMSO (Ctrl) or 80 uM magnolol for 6 hours. Actin was used as a loading
control (the actin used in Figure 2A is the same as those used in Figures 1B and 4C; the actin used in 2B is the same
as those used in Figures 1A, 3B and 4B, as these samples were run concurrently). Each blot shown is representative
of results obtained from at least three replications from three separate experiments.

A and B: Representative Western blots of the R1 and R2 proteins, respectively.

C: Graphical representation of protein expression. (*) indicates statistical significance at P < 0.1 and (**) indicates
statistical significance at P < 0.05.
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Figure 4. Magnolol affects expression of MAPK pathway proteins in PC3 cells in vitro. Cells were
treated with either DMSO (Ctrl) or 80 M magnolol for 6 hours. Actin was used as a loading control (the actin used
in Figure 3A is the same as that used in Figure 4A, the actin used in 3B is the same as those used in Figures 1A, 2B
and 4B, as these samples were run concurrently). Each blot shown is representative of results obtained from at least
three replications from three separate experiments. A and B: Representative Western blots of proteins involved in
MAPK pathways. C: Graphical representation of protein expression. (*) indicates statistical significance at P < 0.1
and (**) indicates statistical significance at P < 0.05.
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Figure 5. Magnolol affects expression of PI3K pathway proteins in PC3 cells in vitro. Cells were
treated with either DMSO (Ctrl) or 80 pM magnolol for 6 hours. Actin was used as a loading control (the actin used
in Figure 4A is the same as that used in Figure 3A; the actin used in 4B is the same as those used in Figures 1A, 2B
and 3B, as these samples were run concurrently). Each blot shown is representative of results obtained from at least
three replications from three separate experiments.

A: Representative Western blots of Akt and p-Akt proteins.

B: Representative Western blots of PI3K proteins.

C: Representative Western blot of phosphorylated PI3Kp85 protein.

D: Graphical representation of protein expression. (*) indicates statistical significance at P < 0.1 and (**) indicates
statistical significance at P <0.05.
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Figure 6. Magnolol affects expression of NFkB and AP-1 pathway proteins in PC3 cells in vitro.
Cells were treated with either DMSO (Ctrl) or 80 uM magnolol for 6 hours. Actin was used as a loading control.
Each blot shown is representative of results obtained from at least three replications from three separate
experiments.

A: Representative Western blot of histone H2B protein indicating nuclear protein enrichment.

B: Representative Western blots of cytosolic fraction proteins of NFkB and AP-1 pathways.

C: Representative Western blots of nuclear fraction proteins of NFkB and AP-1 pathways.

D: Graphical representation of protein expression. (*) indicates statistical significance at P < 0.1 and (**) indicates
statistical significance at P <0.05.
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Magnolol Affects Various Cellular Signaling Pathways: Following the changes observed in
expression of polyamine biosynthesis and catabolism-linked proteins, several cellular signaling
pathways were assayed to determine which, if any, of these pathways may be involved in the
cellular response to magnolol exposure. By investigating these cellular signaling pathways and
their regulators the signaling mechanism(s) through which magnolol acts can be further
elucidated.

Of the MAPK pathway (Figure 4) proteins the expression of the following were significantly
altered from control: p-p38 decreased to 75%, c-Jun N-terminal kinase (JNK)-2 decreased to
81%, JNK-1 decreased to 41% and p-JNK-1 increased to 116% (Figure 4). Of the PI3K pathway
proteins (Figure 5) the expression of the following were significantly altered from control:
PI3Kp85 decreased to 26%, p-PI3Kp85 decreased to 74% and p-Akt decreased to 63% (Figure
5). The expression of the following proteins of the NFkB pathway (Figure 6) was significantly
altered from control (Figure 6): NFkBp65 nuclear fraction decreased to 60%, NFxBp65 cytosolic
fraction decreased to 88%, p-IkBa decreased to 76% and nuclear factor of kappa-B inhibitor
(IkBa)) decreased to 84%. Finally, of the transcription factors involved in the activator protein-1
(AP-1) pathway (Figure 6) assayed, the expression of c-jun significantly increased to 207% of
the control value while no statistically significant change was observed in expression of the c-fos
protein.

DISCUSSION:

In this study the effect of magnolol on the behavior of PC3 human prostate cancer cells in vitro
was examined. Previously, magnolol has been found to cause alterations in expression of cell
cycle proteins in DU145 and PC3 human prostate cancer cells [23]. In the present study,
magnolol was found to affect cellular proliferation through alterations to proteins involved in
polyamine biosynthesis and catabolism. Cellular proliferation of PC3 cells exposed to magnolol
was reduced after 24 hour exposure and cell number remained virtually unchanged when cells
were counted at 48 hours after exposure. Decreased protein expression of ODC in response to
magnolol suggests that production of putrescine from ornithine is being limited. This is
supported by reduced protein expression of AZI, and the unchanged protein expression of AZ.
AZ acts as a non-competitive inhibitor of ODC, with AZ and ODC forming a dimer and
increasing ODC degradation [26]. By increasing protein expression of AZ in an in vivo mouse
model of upper aerodigestive tract cancers, carcinogenesis was reduced and polyamine levels
decreased [27]. A reduction in AZI protein expression coupled with no significant change in AZ
protein expression should affect a similar condition where available AZ is increased. Decreased
ODC protein expression has also been associated with induction of apoptosis in MCF-7 breast
cancer cells in vitro [28]. Magnolol has previously been shown by Lee et al. [11] to induce
apoptosis in PC3 human prostate cancer cells. The decreased protein expression of ODC
observed in the present study combined with the finding of Lee er al. [11] could indicate a
similar connection between decreased ODC expression and apoptosis.

SAMDC functions in production of spermidine from putrescine and spermine from
spermidine. The increase in SAMDC protein expression is opposite to that of ODC, (which
decreased), suggesting that SAMDC may be compensating for the loss of ODC in driving
polyamine production forward. In in vivo mouse models, an increase in SSAT protein expression
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was accompanied by increasing ODC protein expression, compensating for the increased
polyamine catabolism with increased biosynthesis [29, 30]. This suggests that the decreases in
SSAT and PAO in the present study may be due to a similar compensatory mechanism whereby
decreased polyamine biosynthesis through reduced ODC protein expression is compensated with
reduced SSAT and PAO protein expression. This results in a reduced polyamine catabolism.
Inhibition of PAO has also previously been linked to the induction of apoptosis in certain
leukemia cell lines in vitro [31].

In assaying the protein expression of the R1 and R2 subunits of ribonucleotide reductase,
only the protein expression of the R2 subunit was decreased. As ribonucleotide reductase
functions in converting ribonucleosides to deoxyribonucleosides, this enzyme is of key
importance to cellular proliferation. R1 protein is constitutively expressed throughout the cell
cycle, but R2 protein expression is most closely associated with the S-phase of the cell cycle [24,
25]. The change in the availability of the R2 subunit is due both to changes in protein expression
as well as changes in protein degradation [24]. The R2 subunit is also recognized as the rate-
limiting factor in conversion of ribonucleosides to deoxyribonucleosides, thereby acting as an
important regulator of DNA synthesis with inhibition of this R2 subunit slowing down DNA
synthesis [24]. As a result of its intimate ties to DNA synthesis, ribonucleotide reductase has
been the target of chemotherapies in various types of cancer [24]. As magnolol has previously
been shown to cause alterations in the cell cycle of PC3 human prostate cancer cells in vitro, the
reduction of R2 protein expression in the current study further supports reduced proliferation and
reduced ability for PC3 cells to proceed through the cell cycle in the presence of magnolol [23].

Finally, several cellular signaling pathways were assayed to determine which, if any, are
affected in the cellular response to magnolol exposure. Of the MAPK pathways, magnolol has
previously been shown to decrease protein expression of p38 and increase extracellular signal-
regulated kinase p-(ERK)-1/2 protein expression with no significant change to protein expression
of ERK-1/2 nor p-p38 in SKOV3 human ovarian cancer cells in vitro [6]. In COLO-205 human
colon cancer cells in vitro magnolol exposure was associated with an increase in p-ERK-1/2
protein expression, however; protein expression of ERK-1/2 was not affected [7]. In human
urinary bladder cancer 5637 cells in vitro exposed to 60 uM magnolol for 3, 6 and 12 hours, an
increase in protein expression of p-ERK-1/2, p-p38 and p-JNK-1/2 with no apparent change in
the non-phosphorylated forms occurred [10]. In U373 human malignant glioblastoma cells in
vitro exposed to magnolol, increased protein expressions of p-ERK-1/2 and p-p38 were observed
after exposure to 100 uM magnolol for 60 min with no change to JNK-1/2, ERK-1/2, p38 or p-
JNK-1/2 [32]. In VSMC human aortic smooth muscle cells in vitro no effect on ERK-1/2 or p-
ERK-1/2 was observed in response to magnolol [9]. In the present study, the alterations to the
MAPK pathways are relatively minor, with significant changes only occurring in p-p38, INK-1/2
and p-JNK-1. The changes to MAPK protein expression is variable throughout these previous
studies with no observed change to ERK-1/2 observed in any of the referenced studies and
increases in protein expression of p-ERK-1/2 occurred in all studies aside from the present
investigation and that of Kim ez a/. [9]. Inhibition of ERK-1/2 and p-ERK-1/2 has previously
been associated with decreased expression of ODC in human leukemia L1210 cells in vitro,as
well as the opposite, increased ERK-1/2 and p-ERK-1/2 associated with increased ODC. As no
change in expression of these proteins was observed in the present study it is unlikely that they
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are involved in the decrease of ODC expression in response to magnolol observed in the present
study [33]. Protein expression of p-p38 is especially variable with increases in expression
observed by Chen and Lee [32] and Lee et al. [10], but no change observed by Chuang et al. [6]
and a decrease in expression observed in the present study. The highly variable effect of
magnolol on proteins of the MAPK pathways are likely due to these proteins being differently
affected across various cell lines.

Unlike the variable nature of the effect of magnolol on the MAPK pathways, the effects of
magnolol on the expression of those proteins involved in the PI3K/Akt pathway appear to be
conserved across cell lines. The PI3K/AKkt signaling pathway has previously been found to be
involved in apoptosis-related signaling in various cancer cell lines in vitro in response to
magnolol exposure [6, 11, 14]. These studies observed decreased protein expression of p-PI3K
and p-Akt with no change in protein expression of Akt. The results of the present study support
those observations of the previous study involving PC3 human prostate cancer cells in that
alterations to cellular viability were associated with these changes to the PI3K pathway, but
show an additional change in PI3Kp85, which was not observed previously [11]. This change
may be related to the higher concentration of magnolol, 80 uM as opposed to 60 uM, used in the
present study. While the PI3K pathway is typically associated with cell survival, the pathway
also plays an important role in activating proliferation by controlling cyclin D and p27 activity
[34]. The PI3K pathway can also control cell growth through mTOR, with decreased PI3K
expression resulting in decreased cellular growth though this pathway [34]. The decreased
activation of the PI3K/Akt pathway observed in the present study may affect both cellular
growth and proliferation through these mechanisms.

The protein expression of NFkBp65 was decreased both in the cytoplasm and more sharply
decreased within the nucleus in the present study. This suggests that there is reduced expression
of this protein and that translocation of NFkBp65 into the nucleus is reduced in response to
magnolol exposure. NFkB is an inhibitor of apoptosis as well as being involved in the
transcription, and activation, of cyclin D [35]. Lastly, the increased protein expression of c-jun
observed in the present study is contrary to the anti-proliferative effect of magnolol on PC3
human prostate cancer cells. As increased c-jun transcription is generally associated with
increased cellular proliferation, it is possible that protein expression of c-jun is increased in a
compensatory manner. While protein expression of c-fos was not significantly altered in
response to magnolol exposure in the present study, the increased expression of c-jun may act in
concert with stable expression of c-fos to activate the AP-1 pathway. While reduced expression
of c-jun and c-fos is associated with decreased cellular proliferation, increased expression of
these two proteins involved in the AP-1 pathway can also be an indication of apoptotic
conditions, although it is unknown if there is a functional role played by the AP-1 pathway or if
it is merely an associated indicator [36].

Whether such changes observed with our in vitro studies would also occur in in vivo studies
remains to be determined. The bioavailability of magnolol would certainly have an influence on
what would occur in an in vivo environment. In this regard, studies have shown that a 5mg /50 g
injection of magnolol ( 5 injections on alternate days ) in nude mice with U375 xenografts
resulted in a reduction in tumor size in the mice [32]. Magnolol (100uM) was also used in in
vitro assays with U375 cells [32]. This concentration is higher than that used in our study. This
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finding would suggest that magnolol can have a marked effect in an in vivo environment and
would suggest that the effective concentrations to acquire this effect would be achievable .

CONCLUSIONS:

In conclusion, the present study has shown that magnolol does affect expression of proteins
involved in cellular proliferation-linked activities in PC3 human prostate cancer cells. These
effects were modulated through alterations in multiple cellular signaling pathways. Although the
effects of magnolol on the MAPK signaling pathways are highly variable between various cancer
cell types, the PI3K pathway is consistently altered and as such is a likely pathway by which
magnolol affects cellular proliferation. Changes in the NFkB pathway similarly suggest that PC3
response to magnolol exposure is to reduce cellular proliferation. This study was performed
using PC3 androgen-insensitive human prostate cancer cells. It would be predicted that similar
observations might occur with other androgen-insensitive human prostate cancer cell lines, such
as DU145 cells. However such studies with DU145 cells examining the effects of magnolol on
the cellular proliferation linked activities which were evaluated in PC3 cells have not been
performed.  Further research is required to determine the effects of magnolol on cellular
proliferation in an in vivo model, and to determine if magnolol affects cellular proliferation
through alternative pathways, such as disruptions to growth factor signaling.

Abbreviations: AP-1: activator protein 1, AZ: antizyme, AZI: antizyme inhibitor, ERK:
extracellular signal-regulated kinase, IkBa: kappa-B inhibitor, JNK: c-Jun N-terminal kinase,
MAPK: mitogen-activated protein kinase, NFkB: nuclear factor of kappa-light-chain-enhancer of
activated B cells, ODC: ornithine decarboxylase, PAO: polyamine oxidase, PI3K:
phosphatidylinositol  3-kinase, SAMDC: S-adenosylmethionine decarboxylase, SSAT:
spermidine/spermine N1-acetyltransferase
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