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ABSTRACT

Gugulipid (GL), extract of Indian Ayurvedic medicinal plant
Commiphora mukul, has been used to treat a variety of ail-
ments. We report an anticancer effect and mechanism of GL
against human prostate cancer cells. Treatment with GL signif-
icantly inhibited the viability of human prostate cancer cell line
LNCaP (androgen-dependent) and its androgen-independent
variant (C81) with an IC5, of ~1 uM (24-h treatment), at phar-
macologically relevant concentrations standardized to its major
active constituent z-guggulsterone. The GL-induced growth
inhibition correlated with apoptosis induction as evidenced by
an increase in cytoplasmic histone-associated DNA fragmen-
tation and sub-G,/G,-DNA fraction, and cleavage of poly(ADP-
ribose) polymerase. The GL-induced apoptosis was associated
with reactive oxygen species (ROS) production and c-Jun NH,-
terminal kinase (JNK) activation. The induction of proapoptotic

Bcl-2 family proteins Bax and Bak and a decrease of anti-
apoptotic Bcl-2 protein Bcl-2 were observed in GL-treated
cells. SV40 immortalized mouse embryonic fibroblasts derived
from Bax-Bak double-knockout mice were significantly more
resistant to GL-induced cell killing compared with wild-type
cells. It is interesting to note that a representative normal pros-
tate epithelial cell line (PrEC) was relatively more resistant to
GL-mediated cellular responses compared with prostate can-
cer cells. The GL treatment caused the activation of JNK that
functioned upstream of Bax activation in apoptosis response.
The GL-induced conformational change of Bax and apoptosis
were significantly suppressed by genetic suppression of JNK
activation. In conclusion, the present study indicates that ROS-
dependent apoptosis by GL is regulated by JNK signaling axis.

Introduction

Novel strategies for the prevention of prostate cancer are
highly desirable because prostate cancer continues to be the
leading cause of cancer-related deaths among men in the
United States (Whittemore et al., 1995; Jemal et al., 2009).
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Prostate cancer is usually diagnosed in the sixth or seventh
decade of life, which allows a large window of opportunity for
intervention to prevent or slow the progression of the disease
(Whittemore et al., 1995; Gilligan and Kantoff, 2002). Thus,
clinical development of agents from natural products that are
relatively safe but can delay the onset and/or progression of
human prostate cancer is highly desirable.

Gugulipid (GL), extract of Commiphora mukul, has been
safely used in the Indian Ayurvedic medicine practice for
treatment of different ailments (Badmaev et al., 2003; Urizar
and Moore, 2003; Shishodia et al., 2008). Several products of
standardized formulations of C. mukul are already in human

ABBREVIATIONS: GL, gugulipid; CDCFDA, (5-(and-6)-carboxy-2’,7’-dichloroluorescein diacetate, succinimidyl ester; HE, hydroethidine; PARP,
poly(ADP-ribose) polymerase; DMSO, dimethyl sulfoxide; DCF, 2',7'-dichlorodihydrofluorescein; JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated protein kinase; JNKK2, c-Jun N-terminal kinase kinase 2; PrEC, normal human prostate epithelial cell line; ROS, reactive oxygen species;
ANOVA, analysis of variance; ERK, extracellular signal-related kinase; MEF, mouse embryonic fibroblast; DKO, double knockout; WT, wild type;
NAC, n-acetyl cysteine; z-Gug, z-guggulsterone; siRNA, small interfering RNA; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]propane-
sulfonate; mTOR, mammalian target of rapamycin; SV40, simian virus 40.
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use as cholesterol-lowering agents (Badmaev et al., 2003;
Urizar and Moore, 2003; Shishodia et al., 2008). The z- and
E-forms of guggulsterone [4,17(20)-pregnadie-3, 16-dione]
have been identified as major active components of GL,
which has been used in many clinical trials that have focused
on its cholesterol-lowering effect (Badmaev et al., 2003; Uri-
zar and Moore, 2003; Shishodia et al., 2008). Although the
antitumor activity of GL has not been studied, the studies,
including ours, have shown that z-guggulsterone (z-Gug) in-
hibits proliferation, induces apoptosis, and suppresses angio-
genesis as well as the invasion and metastasis of cancer cells
(Gujral et al., 1960; Sinal and Gonzalez, 2002; Urizar et al.,
2002; Wu et al., 2002; Badmaev et al., 2003; Cui et al., 2003;
Urizar and Moore, 2003; Shishodia and Aggarwal, 2004;
Samudio et al., 2005; Singh et al., 2005b, 2007; Cheon et al.,
2006; Ichikawa and Aggarwal, 2006; Shishodia et al., 2008;
Xiao and Singh, 2008). Apoptosis induction by Gug has been
reported in leukemia, multiple myeloma, melanoma, head
and neck, lung, ovarian, prostate, and breast cancer cells
(Sinal and Gonzalez, 2002; Urizar et al., 2002; Wu et al.,
2002; Cui et al., 2003; Shishodia and Aggarwal, 2004; Samu-
dio et al., 2005; Singh et al., 2005b, 2007; Cheon et al., 2006;
Ichikawa and Aggarwal, 2006; Xiao and Singh, 2008). We
have shown previously that z- and E-Gug inhibit growth of
PC-3, DU145, and LNCaP human prostate cancer cells in
culture by causing apoptosis (Singh et al., 2005b, 2007). It is
noteworthy that a normal prostate epithelial cell line (PrEC)
is significantly more resistant to growth inhibition and apopto-
sis induction by z-Gug compared with prostate cancer cells
(Singh et al., 2005b, 2007). The z-Gug-induced cell death in
PC-3 cells was not influenced by Bcl-2 protein level but
correlated with induction of proapoptotic multidomain Becl-2
family members Bax and Bak and activation of caspases
(Singh et al., 2005b). The z-Gug-induced apoptosis in human
prostate cancer cells was initiated by reactive oxygen inter-
mediate-mediated activation of c-Jun NH,-terminal kinase
(Singh et al., 2007). Our previous study demonstrated that
z-Gug and E-Gug inhibit angiogenic features (capillary-like
tube formation and/or migration) of human umbilical vein
endothelial cells and DU145 human prostate cancer cells in
vitro at pharmacologically relevant concentrations (Xiao and
Singh, 2008). Furthermore, oral gavage of 3 umol z-Gug to
male nude mice (five times per week) inhibits in vivo angio-
genesis (Xiao and Singh, 2008).

Based on these data, we hypothesized that GL might be
more effective apoptosis-induced in prostate cancer cells be-
cause it contains a number of steroids, including the two
isomers, z- and E-Gugs (Badmaev et al., 2003; Urizar and
Moore, 2003; Shishodia et al., 2008). In the present studies,
we tested this hypothesis by examining the effect of GL
standardized to z-Gug.

Materials and Methods

Reagents. GL, derived from the gum guggul resin (gum guggul)
produced in the soft bark ducts of the C. mukul tree, is a registered
product of Sabinsa Corporation (Majeed et al., 2002). A manufactur-
ing flow chart for gum guggul resin to GL was described by us
previously (Badmaev et al., 2003). Standardization of GL was per-
formed by high-performance liquid chromatography and found to
contain ~3.75% z-Gug (Badmaev et al., 2003). The GL was stored at
4°C and found to be stable for at least 6 months. The z-Gug was from
Steraloids (Newport, RI). Reagents for cell culture including me-

dium, penicillin and streptomycin antibiotic mixture, and fetal bo-
vine serum were purchased from Invitrogen (Carlsbad, CA). The
hydroethidine (HE) and 5-(and-6)-carboxy-2’,7’-dichlorofluorescein
diacetate, succinimidyl ester (CDCFDA) were from Invitrogen
Probes. The enzyme-linked immunosorbent assay kit for quantita-
tion of cytoplasmic histone-associated DNA fragmentation was from
Roche Diagnostics (Mannheim, Germany). The p38 MAPK and p44/
p42 MAPK (Erk1/2)-targeted small interfering RNA (siRNA) were
from Cell Signaling Technology (Danvers, MA). The anti-Bax (6A7)
monoclonal antibody was from BD Pharmingen (San Diego, CA),
antibodies against Bax (polyclonal anti-Bax), Akt, phosphor-Akt, and
phosphor-mTOR were from Cell Signaling Technology, the antibody
against a-Tubulin was from Sigma-Aldrich (St. Louis, MO), the
antibodies specific for detection of poly(ADP-ribose) polymerase
(PARP), Bak, total c-Jun NH,-terminal kinase (JNK), phospho-
(Thr183/Tyr185)-JNK, total p38 MAPK, phospho-(Tyr182)-p38
MAPK, extracellular signal-related kinase 1/2 (ERK1/2), phospho-
ERK1/2, and phospho-(Ser63/730)-c-Jun were from Santa Cruz Bio-
technology (Santa Cruz, CA), the anti-Bcl-2 antibody was from Dako
North America, Inc. (Carpinteria, CA), and anti-actin antibody was
from Oncogene Research Products (San Diego, CA). N-acetyl-L-cys-
teine (NAC) was obtained from Sigma-Aldrich.

Cell Culture and Cell Survival Assays. Monolayer cultures of
LNCaP and C81 cells were maintained in RPMI 1640 medium sup-
plemented with 10% (v/v) fetal bovine serum, 10 mM HEPES, 1 mM
sodium pyruvate, and 0.2% glucose and antibiotics. Normal prostate
epithelial cell line PrEC (Lonza Walkersville, Inc., Walkersville, MD)
was maintained in PrEBM (Lonza Walkersville, Inc.). The MEFs
derived from wild-type and Bax-Bak double-knockout (DKO) mice
and immortalized by transfection with a plasmid containing SV40
genomic DNA were generously provided by the late Dr. Stanley
Korsmeyer (Dana-Farber Cancer Institute, Boston, MA), and were
maintained as described previously (Singh et al., 2005b). Each cell
line was maintained in an atmosphere of 95% air and 5% CO, at
37°C. The effect of GL and z-Gug on cell viability was determined by
colonogenic survival assay and trypan blue dye exclusion assays as
described previously (Xiao et al., 2006a, 2008; Kim et al., 2007; Xiao
and Singh, 2007). For the colonogenic survival assay, cells (1.5 X 10°)
were plated in six-well plates for incubation overnight and then were
treated with 0.1% DMSO (control group) or 1, 2.5, and 5 uM GL for
24 h. The treated cells were reseeded in six-well plates (500 cells/
well) in complete medium without drug. The media were changed
every 2 days. After culture for 10 days, the cells were fixed and
stained with 0.5% crystal violet in 20% MeOH for colony counting.

Detection of Apoptosis. Apoptosis induction was assessed by
analysis of cytoplasmic histone-associated DNA fragmentation, flow
cytometric analysis of cells with sub-G/G; DNA content after stain-
ing with propidium iodide, and immunoblotting analysis of cleavage
of PARP as described previously (Xiao et al., 2006a; Kim et al., 2007).

Immunoblotting. The cells were treated with GL and were lysed
as described previously (Singh et al., 2007; Xiao and Singh, 2008).
The lysate proteins were resolved by 6 to 12.5% SDS-polyacrylamide
gel electrophoresis and transferred onto membrane. Immunoblotting
was performed as described previously (Singh et al., 2007; Xiao and
Singh, 2008). The blots were stripped and reprobed with anti-actin
antibody to correct for differences in protein loading. Change in
protein level was determined by densitometric scanning of the im-
munoreactive band and corrected for actin loading control. Immuno-
blotting for each protein was performed at least twice using inde-
pendently prepared lysates to ensure reproducibility of the results.

ROS Generation Assay. Intracellular ROS generation was mea-
sured by flow cytometry after staining with HE and CDCFDA essen-
tially as described previously (Xiao et al., 2008). In brief, 2 X 10° cells
were plated in 60-mm culture dishes, allowed to attach by overnight
incubation, and exposed to DMSO (control) or desired concentration
of GL for specified time intervals. The cells were stained with 2 uM
HE and 5 uM CDCFDA for 30 min at 37°C. The cells were collected,
and the fluorescence was measured using a Coulter Epics XL Flow



Cytometer. In some experiments, cells were pretreated for specified
time periods with NAC (10 mM) before GL exposure and analysis of
ROS generation.

Genetic Suppression of JNK in LNCaP Cells. The LNCaP
cells were transiently transfected with the plasmid encoding for
catalytically inactive mutant of JNK kinase 2 [JNKK2(AA)], a gen-
erous gift from Dr. Michael Karin (University of California at San
Diego, La Jolla, CA), or empty pcDNAS3.1 vector as described previ-
ously (Xiao et al., 2008). The cells were then treated with DMSO
(control) or 5 uM GL for specified time periods and processed for
analysis of DNA fragmentation, immunoblotting for phospho-JNK
and phospho-c-Jun or conformational change of Bax.

Analysis of Bax Conformation Change. The cells were treated
with 5 uM GL or DMSO (control) for specified time interval and lysed
using a solution containing 10 mM HEPES, pH 7.4, 150 mM NaCl,
1% CHAPS, and protease inhibitor cocktail. Aliquots containing 200
ung of lysate proteins were incubated overnight at 4°C with 4 pg of
anti-Bax 6A7 monoclonal antibody. Protein G-agarose beads (50 ul;
Santa Cruz Biotechnology) were then added to each sample, and the
incubation was continued for an additional 2 h at 4°C. The immu-
noprecipitates were washed five times with lysis buffer and sub-
jected to electrophoresis followed by immunoblotting using poly-
clonal anti-Bax antibody.

RNA Interference of p38 MAPK and Erk1/2. The cells (1 X
10°) were seeded in six-well plates and allowed to attach by over-
night incubation. The cells were transfected with 200 nM control
nonspecific siRNA or p38 MAPK or Erkl/2-targeted siRNA using
Oligofectamine (Invitrogen) according to the manufacturer’s recom-
mendations. Twenty-four hours after transfection, the cells were
treated with DMSO (control) or 5 uM GL for specified time period.
The cells were collected, washed with phosphate-buffered saline, and
processed for immunoblotting or analysis of cytoplasmic histone-
associated DNA fragmentation as described previously (Xiao et al.,
2008; Xiao and Singh, 2010, 2007).

Statistical Analysis. Statistical significance of difference in mea-
sured variables between control and treated groups was determined
by ¢ test or one-way ANOVA. Difference was considered significant at
P < 0.05.

A

w

100

JNK Activation in Gugulipid-Induced Apoptosis 501

Results

GL Inhibited Viability of Human Prostate Cancer
Cells. The effect of GL standardized to z-Gug on cell viability
was determined by the colonogenic assay. By following the
colony-formation assaying procedure, the cells were cultured
for 10 days after 24-h exposure to GL, and the colony forma-
tion (>50 cells/colony) was determined. The viability of both
LNCaP and its androgen-independent variant C81 (Fig. 1A)
was decreased significantly in a concentration-dependent
manner with an IC;, for GL of ~1 uM, which is at pharma-
cologically achievable concentrations (~3 uM; Verma et al.,
1999). The growth-inhibitory effect of GL was confirmed by
trypan blue dye exclusion assay. Treatment with GL for 24 h
resulted in a significant reduction in cell viability in both
cells (Fig. 1B). Even though viability of LNCaP and C81 cells
was also decreased in the presence of z-Gug (Fig. 1C), the GL
seemed relatively more effective compared with z-Gug
against both cell lines. Growth-inhibitory effect of GL to the
cancer cells was ~10-fold stronger compared with z-Gug (Fig.
1). The results indicate that the anticancer effect of GL
against prostate cancer cells is most likely attributable to
z-Gug and to other constituent(s). It is noteworthy that a
normal prostate epithelial cell line (PrEC) was significantly
more resistant to growth inhibition by GL compared with
prostate cancer cells (Fig. 1D). For instance, 2.5 uM GL,
which inhibited the viability of LNCaP and C-81 cells by
approximately 50% (Fig. 1B), had minimal effect on PrEC cell
viability (Fig. 1D). These data indicated that human prostate
cancer cells, but not normal prostate epithelial cell PrEC,
were sensitive to inhibition of cell viability by GL. Because
the LNCaP and C81 cells exhibited comparable sensitivity,
we can also conclude that androgen-responsiveness is not a
critical factor in GL-mediated growth inhibition in prostate
cancer cells.
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GL-Mediated Suppression of Cancer Cell Growth
Correlated with Apoptotic DNA Fragmentation. To
gain further insights into the mechanism of GL-mediated
inhibition of prostate cancer cell growth, we determined its
effect on cytoplasmic histone-associated DNA fragmentation,
a widely used technique for the detection of apoptosis. The
GL treatment resulted in a dose-dependent increase in cyto-
plasmic histone-associated DNA fragmentation in both
LNCaP and C81 cells (Fig. 2A). Consistent with cell viability
data (Fig. 1D), the PrEC cells were resistant to GL-induced
cytoplasmic histone-associated DNA fragmentation (2A). To
conform the results of GL-induced apoptotic cell death, we
further investigated whether GL treatment increased sub-
Go/G; DNA content. A dose-dependent increase in the pro-
portion of cells with sub-G,/G, content was observed in GL-
treated LNCaP and C81 cells but not in PrEC compared with
DMSO-treated control (Fig. 2B). Furthermore, an immuno-
reactive band corresponding to cleaved PARP was observed
in both cancer cells after treatment with GL (Fig. 2C). Taken
together, these observations clearly indicate that the antipro-
liferative effect of GL against prostate cancer cells was asso-
ciated with apoptosis induction, and this effect was selective
for prostate cancer cells.

GL Treatment Caused ROS Production in Prostate
Cancer Cells but Not in a Normal Prostate Epithelial
Cell PrEC. Our previous studies have shown that many
natural products, such as phenethyl isothiocyanate (Xiao et
al., 2006b; Xiao and Singh, 2010), benzyl isothiocyanate (Xiao
et al., 2006¢, 2008), sulforaphane (Singh et al., 2005a; Xiao et
al., 2009), diallyl trisulfide (Xiao et al., 2005b), and z-Gug
(Singh et al., 2007) cause apoptosis through the mediation of
ROS. We tested whether GL-induced apoptosis was ROS-
dependent using flow cytometry after staining with HE and
CDCFDA. As can be seen in Fig. 3A, GL-treated C81 cells
exhibited a dose- and time-dependent increase in mean DCF
fluorescence compared with DMSO-treated (control) cells.
For example, the DCF fluorescence in DCF in C81 cells
treated for 30 min with 2.5 and 5 uM GL was increased by
approximately 7.5- and 3.2-fold compared with control group
(Fig. 3A). In time-course experiments, the ROS production
was observed as early as 30 min and peaked between 1 and
2 h after exposure (Fig. 3A). The LNCaP cells had almost a
same response to GL treatment (Fig. 3B). It is important to
note that ROS generation was not determined in the normal
prostate epithelial cell PrEC treated with GL (Fig. 3C). These
observations clearly indicated that GL treatment resulted in
ROS production selectively in human prostate cancer cells.

NAC, an Antioxidant, Attenuated GL-Induced ROS
Production and Apoptosis in Prostate Cancer Cells.
Next, we designed experiments to determine whether GL-
induced ROS generation and apoptotic cell death were atten-
uated by NAC, an antioxidant. The present results showed
that pretreatment with NAC conferred significant protection
against GL-induced ROS production and apoptosis in LNCaP
cells (Fig. 3D).

Effect of GL Treatment on Levels of Bcl-2 Family
Proteins. The Bcl-2 family proteins have emerged as critical
regulators of mitochondria-mediated apoptosis by function-
ing as either promoters (e.g., Bax and Bak) or inhibitors (e.g.,
Bcl-2 and Bel-xL) of the cell death process (Chao and Kors-
meyer, 1998; Xiao et al., 2004, 2005¢). We proceeded to test
whether GL-induced apoptosis was regulated by Bcl-2 family

proteins. The effect of GL treatment on the levels of Bcl-2
family proteins in LNCaP cells was determined by immuno-
blotting, and representative blots are shown in Fig. 4A. The
levels of multidomain proapoptotic proteins Bax and Bak
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Fig. 2. GL induced apoptosis in LNCaP and C81 cells but not in normal
human prostate epithelial cells PrEC, determined by quantitation of
cytoplasmic histone associated DNA fragmentation (A), flow cytometry
analysis of sub-G,/G; cell phase (B), and immunoblotting cleavage of
PARP (C). Cells were treated with the indicated concentrations of GL or
DMSO (control) for 24 h. Results in A and B are expressed as enrichment
factor relative to cells treated with DMSO (control). Results are mean *
S.E. (n = 3). *, significantly different (P < 0.05) between the indicated
groups by one-way ANOVA followed by Dunnett’s test. In C, the cleaved
PARP by immunoblotting using lysates from GL-treated or DMSO-
treated LNCaP and C81 cells. The blot was stripped and reprobed with
anti-a-tubulin antibody to ensure equal protein loading. Similar results
were observed in at least two independent experiments. Representative
data from a single experiment are shown.



were increased with treatment of LNCaP cells with GL. For
example, GL-treated cells for 2 to 24 h resulted in an increase
of 2- to 4-fold for Bax and approximately 2-fold for Bak
protein expression (Fig, 4A). In addition, the level of antiapo-
ptotic proteins Bcl-2 was significantly decreased on treat-
ment of LNCaP cells with GL (Fig. 4A). However, the expres-
sion of Bax proteins was not altered by the same treatment of
GL in human normal prostate epithelial cell PrEC (Fig. 4B).
These results indicated that GL treatment altered the ratio
of proapoptotic to antiapoptotic Bcl-2 family proteins in
LNCaP cells.

Bak and Bax Deficiency Conferred Significant Pro-
tection against GL-Induced Apoptosis. Because GL
treatment increased the Bax and Bak levels in the cancer
cells (Fig. 4A), we hypothesized that these proteins might
play an important role in the regulation of GL-induced apopto-
sis. The SV40-immortalized MEFs derived from wild-type
(WT) and DKO mice were selected to test the hypothesis.
Because of immortalization by transfection with SV40
genomic DNA, the MEF's cannot be regarded as normal fi-
broblasts. Initially, we used the MEFs from WT and DKO
mice to determine the effect of GL treatment on the cleavage
of PARP. Similar to LNCaP cells, GL treatment caused a
significant increase in the cleavage of PARP in WT MEF's but
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much less in the DKO MEFs (Fig. 4C). The GL treatment
caused concentration-dependent and statistically significant
inhibition of cell growth, an increase in apoptotic cells in WT
MEFs as judged by trypan blue dye exclusion assays (Fig.
4D), and the analysis of cytoplasmic histone-associated DNA
fragmentation (Fig. 4E), respectively. On the other hand, the
MEFs derived from DKO MEFs mice were significantly more
resistant to GL-induced growth inhibition and cytoplasmic
histone-associated DNA fragmentation compared with WT
MEFs (Fig. 4, C-E). Together, these results indicated that
Bax and Bak play an important role in the execution of
GL-induced apoptosis.

GL-Activated JNKs in Human Prostate Cancer Cells
but Not in PrEC. We and others have demonstrated previ-
ously that z-Gug-induced apoptosis is regulated by JNKs
(Singh et al., 2007; Sarfaraz et al., 2008). However, the role of
JNK and other MAPK kinases, such as p38-MAPK and ERK
in GL-induced apoptosis, has not been studied. To elucidate
the mechanism of GL-induced apoptosis in human prostate
cancer cells, we investigated its effect on MAPKs. The
LNCaP (Fig. 5A) and C81 cells (results not shown) with 5 uM
GL exhibited a rapid but sustained activation of JNK for at
least 8 h. JNK phosphorylation in GL-treated LNCaP cells
could be detected as early as 2 h (1.4-fold compared with the

=1 h
o mm2h

DCF fluorescence
Enrichment factor

~— 130 min

|*

*
DCF fluorescence
Enrichment factor

0 25 5.0

GL (uM)

w
(@)

il T

Fig. 3. GL-induced ROS production was
involved in apoptotic cell death caused by
GL. GL caused ROS generation in C81 (A)
and LNCaP (B) cells in dose- (A, left, for
C81) and time- (A, right, for C81 and B for

5uM

GL (uM)

30 min
1 h
4 EEE2h

LNCaP

|*

| PrEC

LNCaP) dependent manner but not in
PrEC (C). D, NAC protected against GL-
mediated ROS production and apoptosis.
LNCaP cells were treated with 10 mM
NAC for 2 h and then exposed to 5 uM GL

*

e M

0.5F

DCF fluorescence
Enrichment factor

DCF fluorescence
Enrichment factor

0.0

standardized to z-Gug for 30 min (D, left)
or 24 h (D, right). In A to D, results are
mean = S.E. (n = 3). *, significantly dif-
ferent (P < 0.05) between the indicated
groups by one-way ANOVA followed by

0 5uM

GL (uM)

O

Dunnett’s test (A and C, left) and Bonfer-
roni multiple comparison test (D) and by
paired ¢ test (A and B, right). Experi-
ments were repeated twice with triplicate
measurements in each experiment. The
results were consistent, and representa-
tive data from a single experiment are

25

GL (uM)

5.0

4
LNCaP

2l

[ ] :

DCF fluorescence
Enrichment factor
DNA fragmentation
Enrichment factor

| LNCaP

[

shown.

[

NAC (10 mM) — + - +
GL (5 uM) - - + +

NAC (10 mM) —
GL(BWM) -

+ - +
- + +



504

Xiao et al.

control cells) after treatment, which was not attributable to
an increase in total JNK protein level (data not shown).
However, the GL treatment did not activate p38 MAPK and
ERK kinases (Fig. 5A) or affected their total protein level
(data not shown). In addition, 5 uM z-Gug treatment was not
found to activate JNK in LNCaP (Fig. 5A) or C81 (data not
shown) cells. We raised the question of whether GL-mediated
JNK activation was selective for cancer cells. In contrast to
prostate cancer cells, GL did not result in the activation of
JNK in normal human prostate epithelial cell PrEC (Fig. 5B).
The NAC significantly reduced the phospho-c-Jun (Fig. 5C)
protein expression by GL in LNCaP cells. These results in-
dicate that JNK activation mediated by ROS may be involved
in GL-induced apoptosis that seemed selective toward pros-
tate cancer cells.

GL-Mediated Activation of Bax Was Inhibited by the
Ectopic Expression of JNKK2(AA). The results shown
above indicate critical roles of JNK and Bax activation in
GL-induced apoptosis but do not provide any insight into the
signaling pathways linking these effects. Next, we ques-
tioned whether JNK activation contributed to GL-mediated
activation of Bax. We addressed this question by determining
the effect of ectopic expression of catalytically inactive mu-
tant of JNKK2, which is a JNK-specific upstream kinase
(Chen et al., 1998; Singh et al., 2007). GL treatment caused
an increase in phosphorylations of JNK and its downstream
target c-Jun in the empty vector-transfected LNCaP cells
(Fig. 6A). In contrast, GL-mediated hyperphosphorylation of
both JNK and c-Jun were fully abolished by the ectopic ex-
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pression of catalytically inactive JNKK2(AA) in the LNCaP
cells (Fig. 6A). In addition, statistically significant increase
in cytoplasmic histone-associated DNA fragmentation (6.6-
fold of control) resulting from 24-h exposure to GL 5 uM was
observed in the empty vector-transfected LNCaP cells but
partially and significantly decreased in the cells transiently
transfected with JNKK2(AA) (Fig. 6B). Genetic suppression
of JNK also attenuated the inhibition of LNCaP cell growth
by GL (data not shown). Furthermore, immunoprecipitation
analysis of activate Bax from cell lysates was performed by
using a monoclonal antibody (6A7) that recognizes an epitope
at the N terminus of the active Bax followed by immunoblot-
ting using polyclonal anti-Bax antibody. The GL treatment
caused a remarkable increase in Bax conformational change
in the empty vector-transfected LNCaP cells (Fig. 6C). More
importantly, overexpression of JNKK2(AA) conferred protec-
tion against GL-mediated conformational change of Bax (Fig.
6C). Together, these results indicated that the GL-mediated
conformational change of Bax was regulated by JNK signal-
ing axis.

However, inhibition of the JNK signaling was not fully
protective against the GL-induced cell death (Fig. 6B). There-
fore, the roles of the other MAPK signaling such as p38
MAPK and ERK in the apoptosis induction by GL were
determined by using the siRNA technology. As can be seen in
Supplemental Figs. S1 and S2, the protein levels of p38
MAPK and ERK were knocked down ~50 to 90% by transient
transfection of LNCaP cells with p38 MAPK or ERK-targeted
siRNA compared with cells transfected with a control non-
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specific siRNA. However, p38 MAPK-siRNA or ERK-siRNA
did not have any protection against the apoptotic cell death
induced by GL (Supplemental Figs. S1 and S2). The data
indicate that the GL-induced apoptosis is not mediated by
p38 MAPK or ERK.

Moreover, we investigated whether Akt signaling was af-
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Fig. 5. The GL treatment increased activating phosphorylation of JNK in
LNCaP cells, but not in PrEC. Immunoblotting for phospho-JNK, phos-
phor-Erk, and phospho-p38 MAPK using lysates from LNCaP cells (A)
and immunoblotting for phospho-JNK using lysates from PrEC treated
with DMSO (control) or 5 uM GL standardized to z-Gug or 5 uM z-Gug for
the indicated time periods (B). The blots were stripped and reprobed with
anti-actin antibody to ensure equal protein loading. Immunoblotting for
each protein was performed twice using independently prepared lysates
and the results were similar. Representative data from a single experi-
ment are shown. Fold change in phospho/total protein level relative to
DMSO-treated control at each time point is shown on top of the immu-
noreactive band. C, NAC protected against GL-mediated JNK activation.
LNCaP cells were treated with 10 mM NAC for 2 h and then with or
without 2.5 uM GL standardized to z-Gug for 8 h. The cellular lysates
from these groups were performed for immunoblotting of phospho-c-Jun.
The blots were stripped and reprobed with anti-actin antibody to ensure
equal protein loading. The numbers on top of the immunoreactive bands
represent the change in protein levels relative to corresponding DMSO-
treated control. Immunoblotting for the protein was performed twice
using independently prepared lysates and the results were similar. Rep-
resentative data from a single experiment are shown.
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fected in GL-treated LNCaP cells. Exposure of LNCaP cells
to GL resulted in a concentration-dependent and significant
inactivation of Akt and its substrate mTOR (Fig. 6D). These
results suggested that Akt signaling pathway may be in-
volved in the regulation of GL-induced cell death.

Discussion

GL, extract of C. mukul, has been safely used for thousands
of years in the Indian Ayurvedic medicine practice for treat-
ment of different ailments and has been used recently in
many clinical trials focused on its cholesterol-lowering effect
(Badmaeyv et al., 2003; Urizar and Moore, 2003; Shishodia et
al., 2008). In the present study, we, for the first time, show
that GL has a stronger anticancer potential in human pros-
tate cancer cells as evidenced by the inhibition of cell growth
and induction of apoptotic cell death compared with one of its
active constituents (z-Gug). Statistically significant inhibi-
tion of cell survival by GL was evident at IC;, ~1 uM con-
centrations standardized to z-Gug. The effect on growth in-
hibition by GL was ~10-fold stronger compared with z-Gug
(Fig. 1). It is noteworthy that a normal prostate epithelial cell
line PrEC was significantly more resistant to growth inhibi-
tion by GL compared with prostate cancer cells. Based on
these results, we conclude that GL treatment decreases sur-
vival of human prostate cancer cells irrespective of their
androgen-responsiveness, a normal prostate epithelial cell
line is significantly more resistant to growth inhibition by
GL, and uncharacterized constituent(s) of GL may interact
additively or synergistically to inhibit the viability of human
prostate cancer cells. Even though pharmacokinetic param-
eters for GL have not been determined in humans, the max-
imal plasma concentration of z-Gug (C,,,,) in rats was shown
to be 3.3 and 18.3 uM after oral gavage with 50 mg z-Gug/kg
body weight and intravenous injection with 18 mg z-Gug/kg
body weight (Verma et al., 1999). Based on these pharmaco-
kinetic observations, it is possible that the concentrations of
GL needed to inhibit cancer cell growth may be achievable in
humans. More recently (Leeman-Neill et al., 2009), we re-
ported that treatment with GL (3 wmol standardized to z-
Gug, daily for 3 weeks) resulted in the enhancement of ce-
tuximab activity in xenograft model of head and neck cancer.

Apoptosis has emerged as an important mechanism for anti-
cancer effects of many naturally occurring and synthetic agents
(Shishodia and Aggarwal, 2004; Samudio et al., 2005; Singh et
al., 2005a, 2007; Cheon et al., 2006; Ichikawa and Aggarwal,
2006; Xiao et al., 2006a,c, 2008; Kim et al., 2007; Xiao and
Singh, 2007, 2008, 2009, 2010). Our present study indeed indi-
cated that GL inhibits prostate cancer cell viability by causing
apoptosis that is characterized by the appearance of cytoplas-
mic histone-associated DNA fragmentation, subdiploid cells,
and cleavage of PARP (Fig. 2). In contrast, PrEC is more resis-
tant to apoptosis induction by GL (Fig. 2). These results clearly
indicate that antitumor activity of GL against prostate cancer
cells is associated with apoptosis induction.

Tumor-specific induction of oxidative stress is expected to
offer a powerful therapeutic modality. In fact, many anticancer
agents and naturally occurring and synthetic agents exhibit
antitumor activity via ROS-dependent activation of apoptotic
cell death (Xiao et al., 2005b,¢, 2006b,c; Fang et al., 2007; Kim
et al., 2007; Singh et al., 2007). The present results indicate that
the cell death caused by GL in human prostate cancer cells is
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triggered by ROS generation. This conclusion is based on the
following observations: 1) GL treatment caused a dose- and
time-dependent ROS production in LNCaP and C81 cells (Fig.
3, A and B); 2) GL-mediated ROS generation and apoptotic cell
death was significantly attenuated by antioxidant NAC (Fig.
3D); and 3) the same treatment with GL did not affect the ROS
induction (Fig. 3C) and caused apoptotic cell death (Fig. 2, A
and B) in PrEC. It was also reported by us (Singh et al., 2007)
that ROS is indispensable for z-Gug, one of the important active
components of GL, and caused apoptosis in human prostate
cancer PC-3 cells.

The proapoptotic Bel-2 family proteins, which can be sub-
divided into the Bax subfamily of multidomain proteins (e.g.,
Bax and Bak) or BH3-only subfamily (e.g., Bid and Bim),
induce mitochondrial membrane permeabilization and re-
lease of apoptogenic molecules from mitochondria to the cy-
tosol (Singh et al., 2005a; Xiao et al., 2005b,c). An increase in
protein levels of Bax and Bak was observed in GL-treated
human prostate cancer cells (Fig. 4A), but not in normal
prostate epithelial PrEC cell line (Fig. 4B). Furthermore, the
SV40-immortalized MEFs derived from Bax- and Bak-DKO
mice are statistically significantly more resistant toward GL-
induced cell viability and apoptotic cell death compared with
MEFs derived from WT mice (Fig. 4, C-E). The present study
indicates that the multidomain proapoptotic Bcl-2 family

members Bax and/or Bak play a critical role in regulation of
GL-induced apoptosis. The GL-induced apoptosis in human
prostate cancer cells may be exacerbated because of down-
regulation of Bcl-2 (Fig. 4A). Therefore, further studies are
needed to determine the role of antiapoptotic Bcl-2 family
members, such as Bcl-2 in regulation of GL-mediated cell
death in prostate cancer cells.

The involvement of MAPK signaling pathways in carcinogen-
esis and cancer prevention and therapy is well documented
(Xiao et al., 2004, 2005a). An interesting observation of the
present study is that GL-induced ROS-dependent apoptosis in
our model is regulated by JNK signaling axis (Figs. 5 and 6): we
show that 1) GL treatment causes a time-dependent JNK acti-
vation in human prostate cancer LNCaP (Fig. 5A) and C81
(date not shown) cells; 2) pharmacological inhibition of JNK
confers significant protection against GL-mediated apoptosis in
LNCaP and C81 cells (data not shown); 3) GL-induced JNK
activation, Bax conformational change (activation) and apopto-
sis induction were observed in empty vector-transfected LNCaP
cells but were inhibited in the cells after ectopic expression of
catalytically inactive mutant of JNKK2 (Fig. 6, A-C); and 4) GL.
treatment could not activate the JNK activation in PrEC (Fig.
5B); JNK was reported to regulate Bax translocation through
phosphorylation of Bim (Lei and Davis, 2003) and to promote
Bax translocation through phosphorylation of 14-3-3 proteins
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Fig. 6. A, immunoblotting for phospho-JNK and phospho-c-Jun using lysates from LNCaP cells transiently transfected with the empty pcDNA3.1
vector or pcDNA3.1 vector encoding catalytically inactive mutant of JNKK2 [JNKK2(AA)] and treated for 8 h with DMSO (control) or 5 uM GL. B,
cytoplasmic histone-associated DNA fragmentation in LNCaP cells transiently transfected with the empty pcDNAS3.1 vector or pcDNA3.1 vector
encoding JNKK2(AA) and treated for 24 h with DMSO (control) or 5 uM GL. Results are mean = S.E. (n = 3). *, significantly different (P < 0.05)
between the indicated groups by one-way ANOVA followed by Bonferroni’s multiple comparison test. C, analysis of conformational change of Bax using
lysates from LNCaP cells transiently transfected with the empty pcDNA3.1 vector or pcDNA3.1 vector encoding JNKK2(AA) and treated for 8 h with
DMSO (control) or 5 uM GL. Bax protein was immunoprecipitated from equal amounts of lysate proteins using ant-Bax 6A7 monoclonal antibody. The
immunoprecipitated complexes were subjected to immunoblotting using anti-Bax polyclonal antibody. D, immunoblotting for Akt, Ser473-phosphor-
Akt, and Ser2448-phospho-mTOR proteins using lysates from LNCaP cells treated with DMSO (control) or indicated concentrations of GL standard-
ized to z-Gug for 24 h. For A and D, the blots were stripped and reprobed with anti-actin antibody to ensure equal protein loading. The numbers on
top of the immunoreactive bands represent change in protein levels relative to corresponding DMSO-treated control. Each experiment was repeated
twice with comparable results. Representative data from a single experiment are shown.



(Tsuruta et al., 2004; Kim et al., 2006). Thus, it is reasonable to
conclude from the present study that GL-inducted Bax activa-
tion is regulated by JNK signaling axis. However, it was re-
ported by Sarfaraz et al. that z-Gug-inhibited skin tumorigen-
esis in SENCAR mice via inhibition of JNK activation. Further
studies are needed to systematically explore the role of JNK
activation in GL anticancer potential in vivo and other cancers
in the future studies. These results indicate also that other
MAPK signaling such as p38 MAPK and Erk are not, but the
survival signaling Akt may be a mediator for the apoptotic
induced by GL.

In conclusion, the present study reveals that GL is a potent
inhibitor of prostate cancer cell growth. The GL-mediated
antitumor activity is associated with ROS-dependent apopto-
tic cell death and is regulated by JNK signaling axis.
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