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Abstract
Prostate cancer (PC) patients once Paclitaxel (TAX) treatment responsive later develop hormone
refractory PC, thus becoming TAX-insensitive. This underscores the urgent need to develop novel
anti-PC therapies. Vernonia amygdalina (VA) could be one such candidate agent. We have shown
that androgen-independent PC-3 cells are sensitive to VA treatment in-vitro. VA extract (0.01, 0.1
and 1mg/ml) inhibited DNA synthesis by 12%, 45%, (P<0.05), and 73% (P<0.01) respectively. In
contrast, TAX (0.01, 0.1, and 1μM) failed to significantly affect cell growth, suggesting TAX
resistance. We tested molecular mechanisms which may lend to the observed PC-3 cell VA
sensitivity/TAX resistance. Though both VA and TAX stimulated MAPK activity, VA’s induction
was more intense, but transient, compared to TAX’s sustained action. NF-κB activation was
inhibited on average by 50% by either 1mg/ml VA or 1 μM TAX. VA extract caused 35% and
45% increases in c-Myc activity at 10 and 60 min intervals respectively, with the highest
stimulation attained 1 hr after treatment. In contrast, similar levels were attained by TAX rapidly
(within 5 min) and were sustained compared to the slow/multiphasic action of VA. VA extract
treatments had no effect on AKT gene expression, while TAX treatments yielded a four-fold
(P<0.01) increase; and P-glycoprotein (P-gp) activity was inhibited by VA and stimulated by
TAX, compared to control (basal ATPase activity). This study shows that TAX-resistant PC-3
cells are sensitive to VA, perhaps explained by differential regulatory patterns of MAPK, c-Myc,
AKT, and Pgp activities/expressions.

© 2012 Elsevier GmbH. All rights reserved.
*Corresponding author. Tel.: 601-979-3468; fax: 601-979-5853, carolyn.b.howard@jsums.edu.

Author agreement: All authors contributed to and participated in the experimental design, analyses and interpretation of the data.
Professor Ernest B. Izevbigie, and Drs. Carolyn B. Howard and Keyuna S. Cameron contributed to the formatting, editing and
preparation of this manuscript. This work has not been published before (except as a part of the thesis for Keyuna S. Cameron, then a
PhD student in the laboratory of Professor Ernest Izevbigie a Jackson State University (JSU). This publication is not under
consideration elsewhere and its publication has been approved by all co-authors as well as all authorities at JSU.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Toxicol Pathol. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Exp Toxicol Pathol. 2013 September ; 65(6): 759–765. doi:10.1016/j.etp.2012.11.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Vernonia amygdalina; PC-3 cells; Chemotherapy; Signal transduction; Proto-oncogenes; P-
glycoprotein activity

1. Introduction
Prostate cancer (PC), the most common type of cancer in American men, accounts for 10%
of all cancer-related deaths in men (Jemal et al., 2008). Risk factors associated with PC
include age, familial history, ethnicity and hormonal status, with seventy-five percent of all
cases of PC found in men 65 years or older (Ramon and Denis, 2007). Treatment options
available for PC are surgery, radiation therapy, hormone therapy, and chemotherapy (ACS,
2011). Paclitaxel (Taxol, TAX), a chemotherapeutic agent, is currently considered to be
among the most effective anticancer agents used in the treatment of cancer (Miller and
Ojima, 2001). Isolated from the needles and bark of the Pacific yew tree (Taxus brevifolia),
this member of the taxane class of antitumor compounds (Huizing et al., 1995) inhibits
mitosis by promoting both the inhibition and disassembly of stable microtubules. By binding
to the beta-subunit of tubulin in the microtubules, TAX exposure leads to mitotic arrest and
subsequently cell death (Kamath et al., 2005). Studies show that TAX is effective in the
treatment of hormone-refractory prostate carcinoma. However, human cancerous cells
acquire spontaneous mutations in the beta1-tubulin gene that cause resistance to TAX,
suggesting that patients with some polymorphisms in the beta1-tubulin gene may require
higher TAX concentration or alternative therapy (Obasaju and Hudes, 2001; Yin et al.,
2010). In addition, multidrug resistance (MDR) and numerous side effects are associated
with the treatment of PC with TAX (Miller and Ojima, 2001).

Still, given the significant toxicities associated with current treatments, scientifically
validated efficacious natural supplements can serve as novel and effective alternative
strategies for PC management (Kumar et al., 2010). In PC cells, aside from TAX, herbal
agents including resveratrol, capsaicin, PC-SPES, Phellodendron amurense barks, Piper
species, ginger and rosemary extracts have been observed to influence multiple mechanisms
associated with PC (Kubota et al., 2000; Bonham et al., 2002; Bigler et al., 2003; Mori et al.,
2006; Gill et al., 2007; Yesil-Celiktas 2010; Lopes et al., 2012; Oboh et al., 2012). In
addition, the leaf extract of Vernonia amygdalina (VA) plant is gaining global attention as a
possible anti-cancer agent. The VA plant shrub or small tree grows well in the tropical areas
of Africa and is used for both therapeutic and nutritional purposes (Bonsi et al., 1995). VA
leaves contain about 18% proteins and 8.5% fiber based on dry matter (Igile et al., 1994).
Wild chimpanzees use VA for treatment of parasitic diseases (Huffman and Seifu, 1989).
Other investigators have shown that VA extracts possess antimalarial and antihelmintic
properties, and the sesquiterpene and steroidal constituents of VA have been reported as an
effective treatment against Plasmodium falciparium in vitro, making VA suitable for use as
an antiplasmodial agent (Abosi and Raseroka, 2003). Extracts of VA also exhibited
hypoglycaemic and hypolipidaemic properties in experimental animals, and hence, may be
used in the management of diabetes mellitus (Akah and Okafor, 1992; Uhegbu and Ogbuehi,
2004); and VA is reported to be hepatoprotective (Leonard et al., 2002; Babalola et al.,
2001). Recent studies in our laboratories have shown that aqueous VA extract retards the
proliferation of ER+ and ER− breast cancerous cells (Izevbigie, 2003; Gresham et al., 2008)
and Opata et al showed that aqueous extract of VA alters cell membrane permeability and
efflux in breast cancer cells (Opata and Izevbigie, 2006).

Prostate cancer (PC) is often caused by endogenous processes since there is no definitive
exogenous carcinogen (Schultz, 2005). In the healthy prostate, the rate of proliferation and
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apoptosis are tightly regulated. However, in PC, the balance between proliferation and
apoptosis is compromised, resulting in a greater proliferation than death rate, producing
continuous net growth (Denmeade et al., 1996). In this study, we hypothesized that aqueous
VA extract would inhibit the proliferative activity of TAX-resistant prostate
adenocarcinoma cells (PC-3 cells) by mitigation of key regulatory patterns of MAPK and
pro-tumor transcription factors/proto-oncogenes. Substantial evidence suggests that MAPK,
NF-κB, c-Myc, and AKT are involved in tumor cell proliferation, survival, and metastasis
(Spencer and Groudine, 1991; Teramoto and Gutkind, 1996; Dang, 1999; Huang et al.,
2001; Chuang et al., 2002; Malik et al., 2002; Bernard et al., 2003; Cassinelli et al., 2004;
Izevbigie et al., 2004; Ghosh et al., 2005; Lee et al., 2005; Laidler et al., 2007; Karin, 2009;
Paur et al., 2010) and other parameters to broad to detail here. Mitogen activated protein
kinases (MAPKs) or extracellular signal regulated kinases (ERKs) are essential components
in transduction through their role in modulating gene transcription in the nucleus in response
to changes in the cellular environment (Teramoto and Gutkind, 1996). Activation of ERK is
instrumental in normal and aberrant cell growth, including malignant transformation
(Teramoto and Gutkind, 1996; Izevbigie et al., 2004; Ghosh et al., 2005; Lee et al., 2005).
The pro-inflammatory transcription factor, NF-κB provides a critical link between
inflammation and cancer based on its ability to up-regulate the expression of tumor
promoting cytokines such as IL-6 or TNF-α, and survival genes such as Bcl-XL (Karin,
2009). NF-κB has emerged as a vital player in the development and progression of
malignant cancers, and it has been showed that blockade of NF-κB activity in human PC
cells is associated with suppression of invasion and metastasis (Huang et al., 2001). Natural
product agents that inhibit NF-κB have shown promise as a mode of chemoprevention
(Chuang et al., 2002; Paur et al., 2010). Over-expression of c-Myc accounts for one-seventh
of all cancer related deaths, leading to intensified efforts to investigate the function of the c-
Myc protein in cancer biology and to test it as a therapeutic target (Spencer and Groudine,
1991; Dang, 1999; Bernard et al., 2003; Laidler et al., 2007). Cassinelli et al., 2004,
investigated the role of c-Myc in the cellular response after treatment with TAX and found
that hormone-refractory prostate carcinoma cells’ response to TAX involves over-expression
of c-Myc. Finally, Malik et al., 2002, showed that advanced PC is accompanied by
activation of ERKs and PTEN/P13K/AKT modulation and Ghosh et al., 2005, showed that
AKT plays a critical role in prostate cancerous cell proliferation.

Multidrug resistance (MDR) is a major obstacle associated with the effectiveness of
chemotherapies in the treatment of cancer (Gottesman and Pastan, 1993; Gonzalez-Mariscal
et al., 2008). As a result of MDR, in vitro tumor cells exposed to a cytotoxic agent develop
cross-resistance to a range of structurally and functionally unrelated compounds. Epithelium
regulates the transportation of molecules in and out of the cells by two pathways:
transcellular and paracellular. The former is utilized by hydrophobic, amphiphatic, natural
product-derived compounds, such as taxanes (paclitaxel, docetaxel), vinca alkaloids
(vinorelbine, vincristine, vinblastine), anthracyclines (doxorubicin, daunorubicin,
epirubicin), epipodophyllotoxins (etoposide, tenipo-side), topotecan, dactinomycin, and
mitomycin C, the cytotoxic drugs most associated with MDR (Mullin et al., 1986; Pauletti et
al., 1997; Crowe, 2002; Jia et al., 2003). In contrast, hydrophilic molecules cannot cross
biological membrane, and are restricted to paracellular pathways (Pauletti et al., 1997;
Gonzalez-Mariscal et al., 2008). The development of drug resistance in cancerous cells often
results from the over-expression of certain proteins, such as cell membrane transporters.
These membrane proteins lead to an increased efflux of the cytotoxic drug from the
cancerous cell, thus lowering their intracellular concentrations (Mullin et al., 1986). The
increased efflux and subsequent low intracellular drug concentration are attributable (at least
in part) to either over-expression and/or high activity of a particular member of a
superfamily of ATP-dependent transport proteins known as P-glycoprotein (Pgp). Pgp is a
170 kDA ATP-dependent membrane transporter protein molecule which functions as an
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energy-dependent pump for the efflux of a myriad of anticancer drugs from MDR cells. Pgp-
mediated MDR tumor cells play a major role in a patient’s response to chemotherapy.
Conversely, chemosensitizers are compounds with the ability to reverse the MDR
phenotype, thus providing new insights into improving efficacy for some nonresponsive
malignancies (Mullin et al., 1986; Pauletti et al., 1997; Crowe, 2002; Jia et al., 2003;
Thomas and Coley, 2003). We believe VA acts as a chemosensitizer. Hence, another clear
objective of this study is to determine whether VA is able to reverse MDR phenotype by
remaining within the cancerous cells at sufficient concentrations, and not affecting the
ATPase activity of P-glycoprotein compared to TAX which we expect to increase P-
glycoprotein ATPase activity in PC-3 cells.

2. Materials and methods
2.1. Cell culture

Hormone refractory or androgen independent prostate adenocarcinoma (PC-3 cells) were
purchased from American Type Culture Collection (Manassas, VA). DMEM Medium, Fetal
Bovine Serum (FBS), and Antibiotic/Antimycotic solution were purchased from Fisher
Scientific (Houston, TX). NF-κB and c-Myc kits were purchased from Active Motif
(Carlsbad, CA). AKT and NF-κB antibodies were purchased from Cell Signaling (Danvers,
MA). P-glycoprotein kit was purchased from Fisher Scientific (Houston, TX). All other
chemicals were obtained from Sigma (St. Louis, MO).

2.2. Aqueous Vernonia amygdalina extract preparation
Fresh pesticide-free Vernonia amygdalina (VA) leaves collected in Benin City, Nigeria,
were rinsed with cold, distilled water. After rinsing, the leaves were spread out evenly on
galvanized–wire screens with the edges bent upward 2 inches on all sides. For complete
dryness, the galvanized–wire screens were placed in a specially-constructed dryer and
heated to 130–140°F within 4h. Three hundred grams of dried leaves were soaked in 6 L of
ddH2O (1:20 w/w) overnight at 4°C before squeezing by hand to a mixture. The mixture was
filtered through a 0.45-μm filtration unit for sterilization after filtration through a clean
white gauge to remove the particulate matter. The resulting sample solution was then
lyophilized to a dry powder (30 g) on a SpeedVac Concentrator (Savant SC210A),
transferred into a 50 ml centrifugation tube and stored at −20°C for bioactivity assays.

2.3. DNA synthesis determination
DNA synthesis was determined by [3H] thymidine incorporation assays. Prostate carcinoma
cells (PC-3) were seeded at a density of 5 × 104 in 35 mm diameter plates. PC-3 cells were
allowed to grow to 60% confluence before stimulating the cells with either VA or Paclitaxel
(TAX) for 18 h. Treatments included 0.01, 0.1, and 1 mg/ml of VA and 0.001, 0.1, 1 and 10
μM TAX. Twenty microliters (2μCi/2 ml) of [3H] thymidine/35 mm well was added after
18 h of incubation and incubated again for 6 h at 37°C. All incubations were terminated by
aspirating the DMEM medium and doing triplicate washes with 2 ml of cold PBS to remove
residual [3H] thymidine. Two milliliters (2 ml) of 10% cold TCA was added to each well
and incubated at 4°C for 10 min for cell fixation. Following fixation, the cells were washed
three times with ddH2O and solubilized by incubation for 30 min with 0.5 M NaOH (2ml/
35mm) at 37°C. Upon solubilization, 1 ml of cell solution was added to 5 ml of scintillation
cocktail and mixed vigorously. A scintillation counter was used to determine radioactivity.

2.4. Assessment of MAPK activity
The cells were grown in DMEM medium supplemented with 10% FBS and 1% antibiotic/
antimycotic solution. The medium was changed every 2–3 days until the cells were 70–80%
confluent. The medium was aspirated and replaced with fresh medium before adding
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treatments of either VA or TAX for different time intervals (0, 5, 10, 20, 40, and 60 min).
The cells were harvested under non-denaturing conditions (by removing the medium, rinsing
the cells once with ice-cold PBS; adding 0.5 ml ice-cold 1X cell lysis buffer plus 1mM
phenylmethylsulfonyl fluoride (PMSF); and incubating on ice for 5 minutes). The cells were
scraped off the plate and transferred to the appropriate tubes kept on ice. The samples were
microcentrifuged for 10 min at 4°C and the supernatants were transferred to other tubes.
Protein content determination within cell lysates was made using the BCA method. After
quantification, 200 μl of cell lysates were immunoprecipitated with immobilized p44/42
primary antibody by adding 15 μl of immobilized bead slurry. The tubes were incubated
with gentle rocking overnight at 4°C then the cell lysate/immobilized antibody was
microcentrifuged at 14,000 × g for 30 sec at 4°C. The pellet was washed with 500 μl 1X
Cell Lysis Buffer kept on ice, followed by washing with 500 μl of 1X Kinase Buffer kept on
ice, and then suspended in 50 μl of Kinase Buffer supplemented with 200 μM ATP and
appropriated quantities of kinase substrate. The cocktails were incubated for 30 min at 30°C;
the reactions were terminated with the addition of 25 μl of 3X SDS Sample Buffer;
vortexed, and microcentrifuged for 30 sec before heating the samples to 95–100°C for 2–5
min. After heating, the samples were loaded on an SDS-PAGE gel for analysis.

2.5. NF-κB activity determination
The medium from confluent cells was replaced with fresh medium and the cells were treated
with either VA or TAX at different time intervals (0, 5, 15, 30, 45, and 60 min). Wash
Buffer and Binding Buffers were prepared according to manufacturer’s protocol. Two
hundred microliters (200 μl) of 1X Wash Buffer was added to each well and incubated for
20 min at room temperature, followed by 3 washes of 1X Wash Buffer. The plates were
inverted and tapped 3 times on absorbent paper towel. Forty microliters of Binding Buffer
was used for each well. Ten microliters of the samples diluted in Nuclear Extract Dilution
Buffer per well using 10 μg of nuclear or whole cell extract were added per well. The plate
was sealed and incubated at room temperature for 1 hr on a plate rocker. The cells were
washed 3 times with 200 μl 1X Wash Buffer, tapped 3 times on absorbent paper towel, and
100 μl of diluted NF-κB p50 antibody at a 1:200 dilution was added to each well. The plate
was sealed and incubated for 1 hr on a plate rocker. The cells were washed 3 times with 200
μl 1X Wash Buffer and tapped 3 times on absorbent paper towel. After washing and tapping
dry, 100 μl of diluted anti-rabbit antibody was added to each well and incubated for 1 hr at
room temperature on rocking platform. During the incubation, the Developing Substrate
Solution (DSS) was placed at room temperature, followed by washing and tapping dry, 100
μl of DSS was added to each well. The plates were incubated for 5–15 minutes at room
temperature protected from direct light. Blue color development in sample and positive
control wells was monitored until it turned medium to dark blue preventing
overdevelopment. One hundred microliters (100 μl) of Stop Solution was added and the blue
solution turned yellow once the reaction ceased. Absorbance was read within 5 min using a
spectrophotometer at 450 nm with an optional reference wavelength at 655 nm.

2.6. c-Myc activity determination
Subconfluent cells were treated at different time intervals (0, 5, 10, 20, 40, and 60 min)
previously mentioned. Nuclear extracts were prepared at each time point by aspirating
medium, washing with 5 ml ice-cold PBS/Phosphatase inhibitors, and gently scraping the
cells off with cell scrapers before transfer to pre-chilled 15 ml conical tubes. Followed by
centrifugation at 500 rpm at 4°C, the supernatants were discarded while retaining the pellets
kept on ice. For cytoplasmic fraction collection, the cells were resuspended in 500 μl 1 X
hypotonic buffer by pipetting up and down several times before transferring the suspension
to pre-chilled microcentrifuge tubes. The suspensions were incubated on ice for 15 min
followed by the addition of 25 μl of detergent and vortexed. The suspension were
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centrifuged for 30 sec at 14, 000 × g in a microcentrifuge pre-cooled to 4°C. The
supernatants were discarded and pellets were used for nuclear fraction collection, wherein
pellets were resuspended in 50 μl Complete Lysis Buffer (CLB) by pipetting up and down
and incubated for 30 min on ice on a rocking platform at 150 rpm. Next, the suspension was
centrifuged for 10 min at 14, 000 × g in a microcentrifuge pre-cooled at 4°C. The
supernatant was transferred to a pre-chilled microcentrifuge tube and quantified for protein
contents using the BCA assay. Afterwards, 40 μl of Complete Binding Buffer (CBB) was
added to the 96-well plate to which oligonucleotide containing a c-Myc consensus sequence
had been immobilized. The samples were diluted to 5 μg/ml in CBB. Ten microliters of
each diluted sample was added to each sample well. Five micrograms of provided Jurkat
Nuclear Extract diluted in 10 μl of CBB was added to the positive control wells. Ten
microliters of CBB was added to the blank wells. The plate was sealed and incubated for 1
hr at room temperature with mild agitation on a rocking platform. Each well was washed 3
times with 200 μl 1 X Wash Buffer. For each wash, the plate was flicked over a sink to
empty the contents of the wells, then tapped and inverted 3 times on absorbent paper towels.
For binding of the primary antibody, 100 μl of diluted c-Myc antibody (1:1000 of 1 X
Antibody Binding Buffer) was added to all wells. The plate was covered and incubated for 1
hr at room temperature without agitation. The wells were washed 3 times with 200 μl of 1 X
Wash Buffer. For binding of the secondary antibody, 100 μl of diluted HRP-conjugated
antibody (1:1000 dilution in 1 X Antibody Binding Buffer) was added to each well. The
plate was covered and incubated for 1 hr at room temperature without agitation. During the
incubation, the developing solution was placed at room temperature. After 1 hr, the wells
were washed with 200 μl 1 X Wash Buffer. Afterwards, 100 μl of developing solution was
added for colorimetric reaction. The plate was incubated for 2–10 min protected from direct
light until blue color development. One hundred microliters of Stop Solution was added
turning the blue color yellow. Absorbance was read on spectrophotometer at 450 nm
wavelength.

2.7. Western Blot analysis
Following the same culturing techniques and treatment intervals previously indicated, cells
were harvested under non-denaturing conditions and lysed in order to extract the protein
contents quantified and used to run Western blots. Two 12% SDS Resolving PAGE were
prepared by adding 4.8 ml distilled deionized water, 3.75 ml 1.5 M Tris HCl pH 8.8, 6.25 ml
Acrylamide stock, 150 μl 10% SDS, 75 μl 10% ammonium persulfate (APS), and 5 μl
Temed. Following polymerization, two 4% stacking gels were prepared by adding 1.5 ml
distilled deionized water, 625 μl 0.5 M Tris HCl pH 6.8, 335 μl acrylamide stock, 25μl 10
% SDS, 12.5 μl 10% APS, and 1.25 μl Temed.

2.8. P-glycoprotein activity assay
All reagents were prepared according to the manufacturer’s protocol. Twenty microliters of
PgP-Glo Assay Buffer was added to wells labeled “no treatment” (NT). Twenty microliters
of 0.25 mM Na3VO4 in the PgP-Glo Assay Buffer was added to the wells labeled Na3VO4
on the 96 well plate. Twenty microliters of 0.5 mM Verapamil in PgP-Glo Assay Buffer was
added to the wells labeled “Ver” and 20 μl of 2.5 X concentrated test compounds was added
to the experimental test compound wells. Afterwards, 20 μl of diluted PgP membranes was
added to each well and incubated at 37°C for about 5 min (floating in 37°C water bath). The
reactions were initiated by the addition 10 μl of 25 mM MgATP to all wells and mixed
briefly by gentle tapping before placing in a 37°C incubator for 40 min. Fifty microliters of
ATP Detection Reagent was added to each well after removing the plate from the heat
source. The plate was mixed briefly and incubated at room temperature for 20 min to allow
the luminescent signal to develop. Luminescence was read on a plate-reading luminometer.
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2.9. Statistical analysis
The experimental replicates within individual experiments were averaged and expressed as
mean ±SD. The comparisons between means were determined by Dunnett’s test, unpaired
students t-test with 2 tailed P values reported, employing Graph Pad statistical software
package. Each experiment was replicated three times with comparable results. Mean data
were determined to be statistically significant if values were 0.05 or less.

3. Results
3.1. Effects on DNA synthesis

The result showed that VA extract, but not TAX, inhibits DNA synthesis in PC-3 cells in a
concentration-dependent fashion (Figure 1). Treatment of cells with increasing
concentrations of VA (0.01, 0.1, and 1 mg/ml) decreased DNA synthesis by 12%, 45%
(P<0.05), and 73% (P<0.01) respectively compared to control. This is in agreement with
previous studies conducted in our laboratory (Izevbigie, 2003; Opata and Izevbigie, 2006;
Gresham et al., 2008). In contrast, neither TAX concentration (0.01, 0.1, 1 or 10 μM)
treatment had any significant affect on DNA synthesis (Figure 1). Previous studies have
reported an IC50 value at 17.4 nM and an inhibitory effect at 100 nM of TAX in PC-3 cells
(Jia et al., 2003; Ping et al., 2010).

3.2. Effects on MAPK
VA treatment led to a time-dependent activation (3-fold) of MAPK in the first 10 min
followed by a decline to a basal level compared to control treatment (Figure 2). This is
consistent with previous finding in MCF-7 cells (Pauletti et al., 1997). TAX increased
MAPK activity by approximately 50% (or 0.5 fold) up to 20 min after stimulation followed
by a decline to a less than basal level in 40 min compared to control (Figure 2). Both VA
and TAX stimulated MAPK activity, but VA-induced MAPK stimulation was more intense
and short-lived. In contrast, TAX-induced MAPK activity was less intensive, but sustained.
The observation that TAX activated MAPK in the present study is supported by previous
studies in DU-145 and PC-3 cells (Lee et al., 2005).

3.3. Effects on NF-κB activity
Exposure of cells to either 1 mg/ml VA extract or 1 μM TAX for 5 min yielded decreased
NF-κB activity by approximately 50 %. Longer exposure times (15, 30, 45, and 60 min)
with either VA extract or TAX, had no significant affect on NF-κB activity compared to
control (Figure 3). This suggests that neither VA extract nor TAX-induced NF-κB activity is
time-sensitive. These findings are in agreement with previous findings by Chuang et al
(Chuang et al 2002).

3.4. Effects on NF-κB expression
Cells exposed to either VA (1 mg/ml) or 1 μM TAX at various intervals showed increased
NF-κB expression 15 minutes after stimulation, which remained elevated (four-fold) for 60
minutes compared to control as determined by Western blots (Figure 3). This result suggests
that VA and TAX regulation of NF-κB activity occurs at the activation level, not expression
level.

3.5. Effects on c-Myc
Treatment of cells with the indicated doses of VA for 10 min caused modest and transient
activation, of c-Myc, with a return to basal levels in 40 min and a doubling at 60 min. This
revealed a biphasic effect of VA treatment (Figure 4). In contrast, TAX treatment yielded a
twofold pattern of activation at 5 min with sustained elevation for 60 min (Figure 4). This is
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in agreement with previous findings by others (Bernard et al., 2003; Laidler et al., 2007)
which showed a positive correlation between c-Myc activity and PC-3 cell proliferation.

3.6. Effects on AKT expression
Treatment of cells with 1mg/ml VA extracts for intervals (5, 10, 20, 40, and 60 min) did not
statistically affect AKT gene expression as revealed by Western Blot analysis shown in
Figure 5. In a sharp contrast, TAX (1μM) at 5 min caused an average five-fold increase
(P<0.01) in the AKT gene expression of (Figure 5). AKT expression or over-expression has
been implicated in tumorigenesis (Ghosh et al., 2005).

3.7. Effects on P-glycoprotein activity
Neither concentrations of VA extracts (0.01, 0.1, and 1 mg/ml) statistically (P>0.05)
affected the ATPase activity of P-glycoprotein compared to basal level control. Again, in
sharp contrast, TAX treatment at all concentrations (0.01, 0.1, and 1 μM) resulted in an
average fourfold increase in the ATPase activity of P-glycoprotein compared to control
(Figure 6).

4. Discussion
Prostate Cancer (PC) is the second leading cause of cancer-related deaths amongst American
men. Estimated new cases and deaths from PC in the U.S. in 2012 are 241,740 and 28,170
respectively (ACS, 2011). Vernonia amygdalina (VA) extract, given alone or in combination
with conventional therapies is likely a beneficial regimen for PC patients. Here, we have
shown that TAX-insensitive PC-3 cells (used in these studies and exposed to up to 10 μM
TAX) were sensitive to VA treatment. Our observation that the PC-3 cells were insensitive
to TAX treatment is at variance with a previous report that TAX exhibited an IC50 value of
100 nM in hormone-refractory PC cell growth inhibition (Ping et al., 2010). Treatment of
cells with 1 mg/ml VA inhibited DNA synthesis by 73% (P<0.01) (Fig. 1). Next, we
investigated the mechanisms that underlie VA-sensitivity and TAX-insensitivity of these
cells, and our findings show that both VA and TAX stimulated MAPK activity in a similar
fashion but at different intensity. Previous investigators have shown that TAX stimulated
MAPK activity in DU-145 and PC-3 cells (Lee et al., 2005) which is in agreement with the
present studies.

NF-κB, a transcription factor, regulates gene expression involved in cell proliferation and
survival, inflammatory responses, and other functions. Evidence suggests that NF-κB is
involved in the development of drug resistance in cancerous cells. Chuang et al examined
the baseline levels of NF-κB activity of carcinoma cell lines and the alteration of NF-κB
activity in response to anticancer drugs including TAX (Chuang et al 2002). Their findings
showed that carcinoma cell lines responded with a transient activation of NF-κB followed
by a decline to basal level despite variation in the concentration of the agent and the duration
of the treatment (Chuang et al 2002). In contrast, in the present study, we found that both
VA and TAX down- regulated NF-κB activation by approximately 50%.

In a sharp contrast, VA caused a modest and transient activation of c-Myc, with a return to
basal level in 40 min; but TAX treatment yielded a two-fold, rapid, sustained increase in c-
Myc activity. c-Myc is a proto-oncogene whose over-expression has been implicated in
hematopoietic tumors and other types of tumors (Spencer and Groudine, 1991; Bernard et
al., 2003; Laidler et al., 2007). It has been demonstrated that over-expression of c-Myc in
mouse prostate and normal epithelial resulted in tumor transformation with invasive
phenotype (Spencer and Groudine, 1991). In addition, both human androgen independent
and dependent PC cells expressing c-Myc grew in the absence of androgen and presented
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tumoregenic properties suggesting that c-Myc is required for by both androgen receptor
(AR) AR+ and AR− PC cells (Bernard et al., 2003).

Many factors, including multi-drug resistance (MDR), contribute to PC incidence and
deaths. MDR, commonly found in tumor cells, is a direct limitation of conventional cancer
chemotherapies (Gonzalez-Mariscal et al., 2008). MDR can be achieved by the active efflux
of a broad range of anticancer drugs through the plasma membrane by MDR proteins,
including the ATP binding cassette transporter family of proteins (Mullin et al., 1986;
Pauletti et al., 1997; Crowe, 2002; Jia et al., 2003; Gonzalez-Mariscal et al., 2008). It causes
the cells to rapidly clear out anticancer drugs faster that they can elicit their therapeutic
actions and subsequently renders the drug ineffective. Therefore, MDR contributes to poor
prognosis and treatment outcome in PC patients (Spencer and Groudine, 1991; Dang, 1999;
Bernard et al., 2003; Cassinelli et al., 2004; Laidler et al., 2007). The P-glycoprotein
molecule (Pgp), a MDR protein, is a member of the ATP-binding cassette-transporter family
(Gonzalez-Mariscal et al., 2008). Generally, cells utilize two mechanisms for the permeation
of drugs across the cell membrane, lipophilic and hydrophilic drugs pathways (Gonzalez-
Mariscal et al., 2008). Hydrophilic drugs are unable to cross the cell plasma membrane.
Therefore, they are restricted to the paracellular pathway, which consists of aqueous pores
created by tight junctions (Mullin et al., 1986; Gonzalez-Mariscal et al., 2008). Suppression
of Pgp activity may improve cancerous cell sensitivity and improve treatment outcome
(Gottesman and Pastan, 1993; Mullin et al., 1986; Crowe, 2002; Jia et al., 2003; Gonzalez-
Mariscal et al., 2008). Novel therapies that could mitigate MDR by the inhibition of Pgp
activity and render hormone-refractory PC more sensitive to chemotherapies, and thus
improve treatment outcome and save lives, will be welcome allies for the fight against
cancer. In the present study, we found that all concentrations of TAX tested stimulated Pgp
ATPase activity (P<0.05) above basal level. Interestingly, in a sharp contrast, VA treatment
elicited an inhibitory effect on basal Pgp ATPase activity suggesting that, besides the
anticancer property, VA is a chemosensitizer that may be helpful in the treatment of PC. In
summary, the TAX-resistant, but VA-sensitive nature of these PC-3 cells may be explained
by differential regulatory pattern of MAPK, c-Myc, AKT, and Pgp activities and/or
expression.
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Figure 1.
Effect of VA extract (A) or TAX (B) treatment on DNA synthesis in PC-3 cells in vitro.
PC-3 cells at the logarithmic growth phase were incubated with 0.01, 0.1, and 1 mg/ml VA
or with 0.01, 0.1, and 1 mg/ml TAX for 18h before the addition of 1 μCi/ml [3H] thymidine.
Each data point represents the mean of three independent experiments done in triplicates
(n=9); *, P < 0.05; **, P < 0.01, data means represented by the same letter are not
statistically different from each other. DNA synthesis was determined as described under
Materials and Methods.
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Figure 2.
Effect of VA extract or TAX treatment on MAPK in vitro. PC-3 cells were treated with
1mg/ml VA or 1 μM TAX at different time intervals. The cells were lysed and the protein
concentrations were determined by the BCA method followed by immunoprecipitation
assays.
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Figure 3.
Effect of VA extract or TAX treatment on NF-κB activity in PC-3 cells. Cells were exposed
to either 1 mg/ml VA extract or 1 μM TAX for 5, 15, 30, 45 or 60 min time intervals before
extraction of protein. Protein was quantified and used for assessment of VA and TAX
effects on NF-κB activity as compared to control as determined by Western blotting
analysis. β-actin was used as a loading control.
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Figure 4.
Effect of VA extract or TAX treatment on c-Myc activity in PC-3 cells. Subconfluent cells
plated in 100 mm tissue culture plates were treated at different time intervals (0, 5, 10, 20,
40, and 60 min) and absorbance was read on a spectrophotometer at 450 nm wavelength.
The cells were lysed and treatment protein quantified using the BSA method. c-Myc
activities were assessed following protocol in the Materials and Methods section.
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Figure 5.
Effects of VA or TAX treatment on AKT regulation. Cells were lysed after treatments at
different time intervals, and protein was extracted and quantified using the BCA assay as
described under the Materials and Methods section. β-actin was used as a loading control for
the Western blots.
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Figure 6.
Effects of VA or TAX treatment on stimulation of P-glycoprotein (Pgp) ATPase activity.
Treatments using VA or TAX at the indicated concentrations, yielded luminescence
readings which were measured against Na3VO4 – treated samples RLU (Na3VO4).
ΔRLU basal reflects basal Pgp ATPase activity. Differences between average luminescent
signals from RLU (Na3VO4) and test compounds RLU TC were used to determine Pgp
ATPase activity in the presence of a test compounds.
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