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Abstract
Guggulsterone is a plant polyphenol traditionally used to treat obesity, diabetes, hyperlipidemia,
atherosclerosis, and osteoarthritis, possibly through an anti-inflammatory mechanism. Whether this
steroid has any role in cancer is not known. In this study, we found that guggulsterone inhibits the
proliferation of wide variety of human tumor cell types including leukemia, head and neck carcinoma,
multiple myeloma, lung carcinoma, melanoma, breast carcinoma, and ovarian carcinoma.
Guggulsterone also inhibited the proliferation of drug-resistant cancer cells (e.g., gleevac-resistant
leukemia, dexamethasone-resistant multiple myeloma, and doxorubicin-resistant breast cancer
cells). Guggulsterone suppressed the proliferation of cells through inhibition of DNA synthesis,
producing cell cycle arrest in S-phase, and this arrest correlated with a decrease in the levels of cyclin
D1 and cdc2 and a concomitant increase in the levels of cyclin-dependent kinase inhibitor p21 and,
p27. Guggulsterone induced apoptosis as indicated by increase in the number of Annexin V- and
TUNEL-positive cells, through the down-regulation of anti-apoptototic products. The apoptosis
induced by guggulsterone was also indicated by the activation of caspase 8, bid cleavage, cytochrome
c release, caspase 9 activation, caspase 3 activation, and PARP cleavage. The apoptotic effects of
guggulsterone were preceded by activation of JNK and down-regulation of Akt activity. JNK was
needed for guggulsterone-induced apoptosis, inasmuch as inhibition of JNK by pharmacological
inhibitors or by genetic deletion of MKK4 (activator of JNK) abolished the activity. Overall, our
results indicate that guggulsterone can inhibit cell proliferation and induce apoptosis through the
activation of JNK, suppression of Akt, and down-regulation of anti-apoptotic protein expression.
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1. Introduction
Complementary and alternative medicine serves the medicinal needs of almost 80% of the
world's population [1]. Use of such formulations can be traced back to millennia-old medical
practices like Ayurveda and traditional Chinese medicine. One such traditional medicine,
guggulsterone, [4,17(20)-pregnadiene-3,16-dione], is a plant polyphenol obtained from the
gum resin of the Commiphora mukul tree; it has been used in oriental medical settings to treat
obesity, diabetes, hyperlipidemia, atherosclerosis, and osteoarthritis [2,3]. The anti-
inflammatory activity of gum guggul is well known [4-6], but the molecular mechanisms
underlying guggulsterone's action have begun to unfold recently. Guggulsterone can suppress
inflammation by inhibiting inducible nitric oxide synthetase (iNOS) [7]. We have shown that
this steroid can suppress activation of an inflammatory transcription factor NF-κB induced by
various carcinogens and tumor promoters [8]. We have also demonstrated that guggulsterone
can inhibit Receptor Activator of NF-κB Ligand (RANKL)-induced osteo-clastogenesis
through inhibition of NF-κB activation pathway [9]. Although NF-κB activation is closely
linked with carcinogenesis, in part through regulation of apoptosis [10], what role does
guggulsterone has in cancer is poorly understood [11,12].

Most apoptotic agents are known to induce apoptosis through one of two pathways, namely a
receptor-mediated or a non-receptor-mediated or chemical-induced pathway [13,14].
Cytokines, including members of the TNF superfamily, induce apoptosis by interacting with
the death receptor, which sequentially recruits TNF receptor-associated death domain; Fas-
associated death domain (FADD); FADD-like interleukin-1 converting enzyme (FLICE) (also
called caspase-8), and caspase-3; the last then cleaves various substrates leading to apoptosis.
In contrast, non-receptor-mediated apoptosis involves cleavage of Bid by activated caspase-8,
which causes the release of cytochrome c from the mitochondria, which together with APAF1
activates caspase-9 and which in turn activates caspase-3, resulting in apoptosis. Recent
evidence also indicate that apoptosis pathway is regulated by NF-κB [15], by c-Jun N-terminal
kinase (JNK) [16], and by GADD 45[17].

Because NF-κB activation has been closely linked with apoptosis, we investigated the role of
guggulsterone in modulation of proliferation and apoptosis of a variety of tumor cell types.
The effects of this steroid on cells resistant to chemotherapeutic agents like STI 571 (gleevac),
doxorubicin and dexamethasone, was also examined. To decipher the mechanism, the role of
NF-κB regulated anti-apoptotitic gene products, caspases, JNK, and Akt in regulation of
apoptosis was investigated. Overall, our results indicate that guggulsterone can inhibit cell
proliferation and induce apoptosis through the activation of JNK, suppression of Akt, and
down-regulation of anti-apoptotic protein expression.

2. Materials and Methods
2.1. Materials

Z-Guggulsterone, obtained from Steraloids, Inc. (Newport, RI), was dissolved in dimethyl
sulfoxide (DMSO) as a 10 mM stock solution and stored at -20°C. Penicillin, streptomycin,
RPMI 1640 medium, and FBS were obtained from Invitrogen (Grand Island, NY). The
following polyclonal antibodies were obtained from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA): anti-cyclin D1 against amino acids 1-295, which represents full-length cyclin D1
of human origin; anti-MMP-9; anti-polyadenosine ribose polymerase (PARP); anti-IAP1; anti-
IAP2; anti-Bcl-2; anti-Bid; anti-Bax, anti-cdc2, anti-cFLIP, anti-JNK, and anti-Bfl-1/A1. Anti-
survivin antibody was purchased from R & D systems (Minneapolis, MN). Anti-
phosphorylated JNK, anti-phosphorylated Akt (Ser 473), Akt (Thr 308), anti-caspase 3, anti-
caspase 9, anti-cleaved caspase 3, anti-cleaved caspase 9, anti-p21, anti-p27, anti-
phosphorylated-PDK1(Ser 241), anti-PDK1, anti-phosphorylated-GSK3β (Ser-9), anti-
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GSK3β, anti-phosphorylated-PI3K, and PI3K were obtained from Cell Signaling Technology
(Danvers, MA). Anti-COX-2, and anti-XIAP antibodies were obtained from BD Biosciences
(San Diego, CA). Akt inhibitor SH-5 was obtained from Alexis Biochemicals (San Diego, CA).

2.2. Cell lines
The cell lines used in our studies included ones established from chronic myelogenous
leukemia (KBM-5), human monocytic leukemia (U937), human melanoma (A375, WM35),
human lymphoblastic leukemia (Jurkat), human chronic myelogenous leukemia (K562),
human non-small cell lung carcinoma (H1299), human normal bronchial epithelial cells
(BEAS-2B), human multiple myeloma (U266, MM1), human head and neck cancer (HN5,
SCC4, FADU), human breast cancer (MCF-7), and human ovarian cancer (HEY8, SKOV3).
All cell lines were obtained from the American Type Culture Collection (Manassas, VA).
MKK4–deleted murine embryonic fibroblasts cells were kindly provided by Dr. Jonathan
Kurie (M.D. Anderson Cancer Center). MKK4 cells were cultured in DMEM with 10% FBS,
KBM-5 cells were cultured in Iscove's modified DMEM with 15% FBS, BEAS-2B cells were
cultured in keratinocyte serum-free media, melanoma cell lines were cultured in RPMI 1640
supplemented with 10% HEPES and 10% FBS, and all other cell lines were cultured in RPMI
1640 medium with 10% FBS. All media were supplemented with 100 U/ml penicillin and 100
μg/ml streptomycin. The mouse embryonic fibroblast (MEF) derived from GSK-3β –/–C57Bl/
6J mice and its wild type were kindly provided by Dr. James R. Woodgett (Ontario Cancer
Institute, Toronto, Canada). The MEF derived from p65 –/–C57Bl/6J mice and its wild type
were kindly provided by Dr. David Baltimore (California Institute of Technology, Pasadena,
CA). The MEF derived from IKK-β mice and its wild type were kindly provided by Dr. Inder
M. Verma (The Salk Institute for Biological Studies, La Jolla, CA 92037, USA.).

2.3. Cytotoxicity assay
The cytotoxicity of guggulsterone was determined by the MTT uptake method. Briefly, 5000
cells were incubated with guggulsterone in triplicate in a 96-well plate at 37°C. MTT solution
was then added to each well. After a 2-hour incubation at 37°C, extraction buffer (20% SDS,
50% dimethylformamide) was added, cells were incubated overnight at 37°C, and the optical
density was then measured at 570 nm using a 96-well multiscanner (Dynex Technologies,
MRX Revelation, Chantilly, VA).

2.4. Thymidine incorporation assay
The antiproliferative effects of guggulsterone were also monitored by the thymidine
incorporation method [18]. For this, 5000 cells were cultured in 100 μL of medium in triplicate
in 96-well plates in the presence or absence of guggulsterone for 72 hours. Six hours before
the completion of the experiment, cells were pulse treated with 0.5 μCi (0.0185 MBq) [3H]-
thymidine, and the uptake of thymidine was monitored by means of a Matrix-9600 β-counter
(Packard Instruments, Downers Grove, IL).

2.5. Flow cytometric analysis
To determine the effect of guggulsterone on the cell cycle, U937 cells were treated with
guggulsterone for different times, washed, and fixed with 70% ethanol [18]. After an overnight
incubation at −20°C, cells were washed with PBS and then suspended in staining buffer
(Propidium iodide, 10 μg/ml; Tween-20, 0.5%; RNase, 0.1% in PBS). The cells were analyzed
using a FACS Vantage flow cytometer that uses CellQuest acquisition and analysis software
(Becton Dickinson, San Jose, CA). Gating was set to exclude cell debris, cell doublets, and
cell clumps.
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2.6. Western blot analysis
Thirty to fifty micrograms of cytoplasmic, nuclear, or whole-cell protein was resolved on 10%
SDS–PAGE gel, transferred to a nitrocellulose membrane, blocked with 5% nonfat milk, and
probed with specific antibodies as per manufacturer's recommended protocol. The blots were
washed, exposed to horse radish peroxidase-conjugated secondary antibodies for 1 hour, and
finally detected by ECL reagent (Amersham Pharmacia Biotechnology, Piscataway, NJ). The
bands were quantitated using a Personal Densitometer Scan v1.30 using Imagequant software
version 3.3 (Molecular Dynamics, Piscataway, NJ).

2.7. RNA analysis and RT-PCR
U937 cells were left untreated or treated with 10 μM guggulsterone for various times, washed,
and suspended in Trizol reagent. Total RNA was extracted according to the manufacturer's
instructions (Invitrogen, Life Technologies, Grand Island, NY). Two micrograms of total RNA
was converted to cDNA by Superscript reverse transcriptase and then amplified by Platinum
Taq polymerase using Superscript One Step RT-PCR kit (Invitrogen). The relative expression
of COX-2, IL-1β, IL-6, and TNF was analyzed using quantitative RT-PCR with β-actin as an
internal control. The RT-PCR reaction mixture contained 25 μl of 2× reaction buffer, 2 μl each
of RNA and forward and reverse primers and 1 μl of RT-Platinum Taq in a final volume of 50
μl. The reaction was performed at 50°C for 30 min, 94°C for 2 min, 94°C for 35 cycles of 15
s each, 60°C for 30 s, and 72°C for 1 min with extension at 72°C for 10 min. PCR products
were run on 2% agarose gel and then stained with ethidium bromide. Stained bands were
visualized under UV light and photographed.

2.8. Annexin V Assay
One of the early indicators of apoptosis is the rapid translocation of the membrane phospholipid
phosphatidylserine from the cell's cytoplasmic interface to the extracellular surface and its
accumulation there, producing a loss of membrane symmetry that can be detected using annexin
V. Briefly, 1 × 106 cells were pretreated with 10 μM guggulsterone for various time points and
then subjected to annexin V staining. Cells were washed, stained with FITC-conjugated anti-
annexin V antibody, and then analyzed with a flow cytometer (FACSCalibur; BD Biosciences).

2.9. TUNEL Assay
We also assayed apoptosis by the terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end-labeling (TUNEL) method, which examines DNA strand
breaks that occur during apoptosis, using an in situ cell death detection reagent (Roche
Molecular Biochemicals, Mannheim, Germany). We performed this assay as described
previously [19]. Briefly, 5 × 105 cells were incubated with 10 μM guggulsterone for 24 h and
then fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X 100 in 0.1%
sodium citrate. After being washed, the cells were incubated with reaction mixture for 60 min
at 37°C. Stained cells were analyzed with a flow cytometer (FACSCalibur; BD Biosciences).

2.10. Live and dead assay
To measure apoptosis, we used the Live and Dead assay (Molecular Probes), which determines
intracellular esterase activity and plasma membrane integrity. This assay employs calcein, a
polyanionic dye, which is retained within the live cells and provides green fluorescence [20].
It also employs the ethidium monomer dye (red fluorescence), which can enter the cells only
through damaged membranes and bind to nucleic acids but is excluded by the intact plasma
membrane of live cells. Briefly, 1 × 105 cells were incubated with 10 μM guggulsterone for
various times at 37°C. Cells are stained with the Live and Dead reagent (5 μM ethidium
homodimer, 5 μM calcein-AM) and then incubated at 37°C for 30 min. Cells were analyzed
under a fluorescence microscope (Labophot-2, Nikon, Melville, NY)
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2.11. JNK assay
To determine the effect of guggulsterone on the kinase activity of JNK, JNK complex from
whole-cell extracts was precipitated with antibody against JNK1, followed by treatment with
protein A/G-Sepharose beads (Pierce, Rockford, IL). After 2 h of incubation, the beads were
washed with lysis buffer and then assayed in kinase assay mixture containing 50 mM HEPES
(pH 7.4), 20 mM MgCl2, 2 mM dithiothreitol, 20 μCi of [γ-32 P] ATP, 10 μM unlabeled ATP,
and 2 μg of substrate GST-c-Jun (1-79). The immunocomplex was incubated at 30°C for 30
min and then boiled with SDS sample buffer for 5 min. Finally, the protein was resolved on
10% SDS-PAGE, the gel was dried, and the radioactive bands were visualized using the
PhosphorImager. To determine the total amount of JNK1 in each sample, whole-cell extracts
were subjected to Western blot analysis using anti-JNK1 antibody.

2.12. Measurement of cytochrome c release
To determine the effect of guggulsterone on cytochrome c release, cells were treated with
guggulsterone as indicated and then the cytosolic extracts were prepared as described [21].
Briefly, the cells were washed with PBS, resuspended in the buffer containing 0.25 M sucrose,
30 mM Tris–HCl (pH 7.9), 1 mM EDTA, 1 mM PMSF, 2 mM sodium orthovanadate, 10 mM
NaF, 2 μg/ml leupeptin, and 2 μg/ml aprotinin and then homogenized gently with a glass
Dounce homogenizer for 20 strokes. The homogenates were centrifuged at 2000 rpm for 10
min to remove nuclei, and the supernatants were centrifuged at 14,000 rpm for 30 min to remove
mitochondria and other insoluble fragments. The supernatants were again centrifuged as above
to ensure complete removal of mitochondria. Protein (50 μM) was subjected to 15% SDS-
PAGE, and then Western blot analysis was performed using anti-cytochrome c antibody.

2.13. PARP cleavage assay
For detection of cleavage products of PARP, whole-cell extracts were prepared by lysing
guggulsterone-treated cells in lysis buffer (20 mM Tris, pH 7.4; 250 mM NaCl; 2 mM EDTA,
pH 8.0; 0.1 % Triton-X 100; 0.01 μg/ml aprotinin; 0.005 μg/ml leupeptin; 0.4 mM PMSF; and
4 mM NaVO4). Lysates were spun at 14000 rpm for 10 min to remove insoluble material,
resolved by 10% SDS PAGE, and probed with PARP antibodies.

3. Results
Guggulsterone inhibited the proliferation of human leukemia, head and neck carcinoma,
multiple myeloma, lung carcinoma, melanoma, breast carcinoma, and ovarian cancer cell lines
in a dose-dependent manner (Table 1). Guggulsterone also inhibited the proliferation of
gleevac-resistant K562 cells, dexamethasone-resistant MM1 cells, and doxorubicin-resistant
breast cancer cells. While dexamethasone-resistant and doxorubicin-resistant cells were less
sensitive than their parental clone; gleevec-resistant cells were more sensitive than the parental
clone. For convenience of cell culture, we selected U937 leukemia cells to investigate the
mechanism by which guggulsterone exhibits cytotoxicity.

3.1. Guggulsterone inhibits proliferation of tumor cells
The 3H-thymidine incorporation method showed that guggulsterone inhibited DNA synthesis
in U937 leukemia cells in a dose-dependent manner. Guggulsterone at a concentration of 25
μM was sufficient to inhibit proliferation by 80% within 24 hours (Fig. 1A). In comparison to
U937 cells, normal human fibroblasts were found to be relatively resistant to the cytotoxic
effects of guggulsterone (Fig. 1B). Because guggulsterone inhibited the proliferation of U937
cells, we asked how this drug affects the progression of these cells through the cell cycle. To
answer this question, we treated the cells with 10 μM guggulsterone and performed a cell cycle
analysis using flow cytometry. We found that guggulsterone induced a G1/S arrest (Fig. 1C).
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3.2. Guggulsterone inhibits the expression of cell cycle regulated proteins
Because D-type cyclins and cyclin-dependent kinases are required for the progression of cells
from the G1 phase to the S-phase of the cell cycle [22,23], we determined the effect of
guggulsterone on cyclin D1 expression in U937 cells. We found that guggulsterone inhibited
the expression of both cyclin D1 and cdc2 in a time-dependent manner (Fig 1D). The cyclin-
dependent kinase inhibitor p21 WAF1/CIP1 and p27 are prototypical member of the Cip/Kip
family of cyclin –dependent kinase inhibitors. They negatively modulate cell cycle progression
by inhibiting the activity of cyclin/Cdk2 complexes and blocks DNA replication by binding to
proliferating cell nuclear antigen [24]. Guggulsterone induced the expression of both p21 and
p27 in a time-dependent manner (Fig. 1D).

3.3. Guggulsterone inhibits anti-apoptotic gene products
Because the constitutive expression of the proteins Bfl-1, xIAP, cFLIP, BclXL, Bcl-2, and
survivin has been implicated in cell survival and anti-apoptosis [25-33], we examined the effect
of guggulsterone on the constitutive expression of these genes. Guggulsterone suppressed the
expression of these genes in a time-dependent manner (Fig. 2A). Guggulsterone also
downregulated the expression of COX-2 and c-myc, both of which have been closely linked
with growth modulation (Fig. 2B).

3.4. Guggulsterone modulates gene expression
To determine whether guggulsterone affects the transcription, the mRNA expression of COX2,
IL-6, IL-1β and TNF was examined. The mRNA of all these genes were constitutively
expressed and guggulsterone treatment suppressed the expression in a time-dependent manner
(Fig 2C). These results suggest that guggulsterone modulates the expression of genes at
transcription level.

3.5. Guggulsterone induces apoptosis in tumor cells
We next determined whether guggulsterone induced apoptosis in tumor cells. First of all, we
used annexin V staining, which detects an early stage of apoptosis. These results indicated that
guggulsterone induced apoptosis in a time dependent manner. The proportion of annexin V
positive cells increased from 6% to 87% within 48 hours (Fig. 3A). Similar results were
obtained with TUNEL staining (Fig. 3B). The Live and Dead assay, which detects intracellular
esterase activity and plasma membrane integrity, also showed that guggulsterone induced
apoptosis in a time-dependent manner (Fig. 3C).

3.6. Guggulsterone activates caspase-8 and induces BID cleavage, Bax expression, and
cytochrome c release

Previously it was demonstrated that apoptosis by most agents activates an upstream protease
called FLICE, or caspase-8 [13]. Western blotting showed that guggulsterone activated
caspase-8 (Fig. 4A, upper panel) and the proapoptotic protein Bax in a time-dependent manner.
Because chemotherapeutic agents induce apoptosis through the caspase-8-mediated cleavage
of Bid, a proapoptotic member of the bcl-2 family [34], we investigated guggulsterone's effect
on Bid cleavage. Western blot analysis demonstrated that guggulsterone also induced Bid
cleavage in a time-dependent manner (Fig. 4A, middle panel). Likewise, it induced the release
of cytochrome c from the mitochondria (Fig. 4B), another essential step in the apoptosis
pathway activated by chemotherapeutic agents [35,36].

3.7. Guggulsterone induces cleavage of procaspase 9, procaspase 3, and PARP
Because procaspase 9, procaspase 3, and PARP are associated with the apoptotic cell death
pathway [37], we next examined their levels in guggulsterone-treated U937 cells.
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Guggulsterone induced the cleavage of procaspase 9 at 4-8 h as seen by the disappearance of
the procaspase band and appearance of its cleavage products (Fig. 4C). Treatment with
guggulsterone also significantly induced the activation of caspase 3. The cleavage products of
procaspase 3 first appeared at 8 hours, and the caspase completely disappeared by 24 hours
(Fig. 4D). Guggulsterone induced PARP cleavage at 12 hours, leading to complete cleavage
by 24 hours (Fig. 4E). Overall, these results demonstrate that guggulsterone induced the
activation of caspase 9 and caspase 3 that led to the cleavage of PARP.

3.8. Guggulsterone suppresses Akt pathway
Because the PKB/Akt pathway provides a survival signal that protects tumor cells from
apoptosis induced by various stresses [38], we examined the effect of guggulsterone on Akt
activation. As shown in Fig. 5A, Akt was constitutively phosphorylated (i.e., activated) in U937
cells, but Guggulsterone treatment inhibited the Akt activation at 8 hours and completely
abrogated it by 12 hours. Our results show that guggulsterone treatment suppressed the
phosphorylation of Akt at both serine 473 and threonine 308. Guggulsterone had no effect on
Akt protein levels (Fig. 5A1, 5A2).

We then investigated the effect of guggulsterone on the proteins upstream and downstream of
Akt in the Akt signaling pathway. Guggulsterone suppressed the phosphorylation of the
upstream kinase PDK1 at Serine 241 (Fig. 5A3) and phosphorylation of the p85 subunit of
PI3K (Fig. 5A4). Suppression of Akt activation by guggulsterone led to the suppression of
phosphorylation at serine 9 of GSK3β, the substrate of Akt (Fig. 5A5).

3.9. Guggulsterone activates JNK
Because JNK activation is linked with apoptosis [16], we measured the effects of guggulsterone
on the activation of JNK by an in vitro kinase assay. Guggulsterone induced JNK activation
as early as 5 minutes after treatment without altering the levels of JNK protein expression (Fig.
5B). The specific JNK inhibitor, SP600125 completely inhibited guggulsterone-induced JNK
activation (Fig. 5C).

3.10. JNK activation is required for guggulsterone-induced apoptosis
We next determined whether suppression of JNK by a specific inhibitor of JNK restrains
guggulsterone-induced activation of caspase 3 and cleavage of PARP. Cells were pretreated
with SP600125 and then treated with guggulsterone. Western blot analysis showed that
SP600125 inhibited the activation of caspase 3 (Fig. 5D) and PARP cleavage (Fig 5E). We
next examined the effect of SP600125 on guggulsterone-induced apoptosis. The results in Fig.
5F suggest that suppression of JNK inhibited apoptosis induced by guggulsterone. These results
show that guggulsterone most likely induces apoptosis through the activation of JNK.

3.11. Genetic deletion of MKK4 abolishes guggulsterone-induced apoptosis
Because MKK4 phosphorylation has been shown to activate JNK [39], we compared the effect
of guggulsterone on JNK activation in mouse embryonic fibroblast from MKK4 gene-deleted
mice with its effects on JNK activation in wild-type murine embryonic fibroblasts.
Guggulsterone induced JNK activation in wild-type cells but not in MKK4-deleted cells (Fig
6A). To further establish the role of MKK4 in guggulsterone-induced apoptosis, we compared
the cytotoxic effect of guggulsterone on MKK4 gene-deleted and wild type cells. We found
that guggulsterone was cytotoxic to MKK4 wild-type cells but not mutant cells (Fig. 6B). These
results once again suggest that MKK4-induced JNK activation is required for guggulsterone-
induced apoptosis.

Shishodia et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.12. Suppression of Akt and activation of JNK by guggulsterone are functionally related
Because guggulsterone suppressed Akt activation and upregulated JNK activation, we
determined whether JNK upregulation and Akt downregulation are functionally related. We
determined the effect of Akt inhibitor SH-5 on guggulsterone-induced JNK activation. We
found that suppression of Akt by Akt inhibitor SH-5 led to the suppression of JNK activation
(Fig. 6C).

To further confirm the results, we examined the effect of guggulsterone on JNK activation in
GSK3β deficient cells. GSK3β is the substrate for Akt and is downstream of Akt in the Akt
signaling pathway. The results show that guggulsterone failed to activate JNK in GSK3β-
deficient cells (Fig. 6D). Thus it is possible that suppression of Akt and activation of JNK by
guggulsterone are related to each other.

We next determined whether guggulsterone-induced activation of JNK and suppression of Akt
is mechanistically related to NF-κB. To determine this, we examined the effect of
guggulsterone on JNK activation in IKKβ-deficient and p65-deficient murine embryonic
fibroblasts. NF-κB activation is impaired in IKKβ-deficient and p65-deficient murine
embryonic fibroblasts. Guggulsterone did not induce JNK activation in both IKKβ-deficient
and p65-deficient murine embryonic fibroblasts (Fig. 6E). These results suggest that activation
of JNK is mechanistically related to NF-κB activation.

4. Discussion
The present report describes the mechanism through which guggulsterone induces apoptosis
in tumor cells. Guggulsterone inhibited proliferation of a wide variety of tumor cells, including
ones resistant to gleevac, dexamethasone, and doxorubicin. It arrested cells at S-phase through
the down-regulation of cyclin D1 and cdc2 and upregulation of p21, and p27, and it inhibited
expression of the antiapoptotic genes Bfl-1, xIAP, cFLIP, cMyc, Bcl-2, Bcl-XL, survivin, c-
myc, and COX-2. Guggulsterone increased the number of apoptotic cells as demonstrated by
annexin V staining, TUNEL, and live-dead assays. Further, it activated caspase-8, induced Bid
cleavage, caused mitochondrial cytochrome c release, and induced caspase-3 activation and
PARP cleavage. We also found that guggulsterone induced activation of JNK that was mediated
through MKK4. Finally, suppression of JNK activation by the specific JNK inhibitor SP600125
or deletion of the MKK4 gene blocked guggulsterone-induced apoptosis.

Our results suggest that guggulsterone blocked proliferation of tumor cells by arresting the
cells in S-phase of the cell cycle. Cyclin D1 and cdc2 are required for the progression of cells
from the G1 phase to the S-phase of the cell cycle [22,23], and guggulsterone suppressed the
expression of both of them in a time-dependent manner in U937 cells. The expression of the
cyclin-dependent kinase inhibitors p21 WAF1/CIP1 and p27, which block cell cycle progression
by inhibiting the activity of cyclin/Cdk2 complexes, was also upregulated by guggulsterone.

Our results indicate that guggulsterone treatment downregulates the expression of antiapoptotic
gene products Bfl-1, xIAP, cFLIP, cMyc, Bcl-2, Bcl-Xl, survivin, c-myc and COX-2. These
observations are in agreement with a report in which guggulsterone was shown to downregulate
the expression of Bcl-2 and Bcl-XL in prostate cancer cell lines [11]. Our study also
demonstrates that guggulsterone induces apoptosis in part through the activation of caspase-8.
However, the mechanism by which guggulsterone activates caspase-8 is not clear. Several
reports indicate that auto-activation induced by oligomerization can activate caspase-8 [40,
41]. Thus, it may be possible that guggulsterone induces the oligomerization of caspase-8.
Activation of caspase 8 cleaves Bid that then translocates to the mitochondria and stimulates
the release of cytochrome c, which in turn activates caspase 9. Our results demonstrate that
guggulsterone induced Bid cleavage followed by the release of cytochrome c and the activation
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of caspase-3 and PARP cleavage. Thus, one possible mechanism by which guggulsterone
induces apoptosis is through changes in the mitochondrial membrane potential, which would
lead to the release of cytochrome c from the mitochondria, leading to sequential activation of
caspase-9 and caspase-3. These observations are in agreement with a report in which
guggulsterones were shown to induce a loss in mitochondrial membrane potential, leading to
apoptosis [12].

Interestingly, we found that normal human fibroblast cells are relatively resistant to growth
inhibition by guggulsterone in comparison to tumor cells. These observations are in agreement
with previous reports that guggulsterone inhibits proliferation of PC-3 cells, whereas the
normal prostate epithelial cell line is resistant to guggulsterone [11].

The pharmacological activity of guggulsterone has been suggested to be mediated by the
nuclear hormone receptor FXR. Guggulsterone has been shown to be an antagonist to ligand
for FXR. Previous studies have shown that FXR agonists enhance apoptosis in ovarian cancer
cells [42] and vascular smooth muscle cells [43]. FXR is expressed at a higher level in ductal
epithelial cells of normal breast and infiltrating ductal carcinoma cells in breast cancer. FXR
was also present in the human breast carcinoma cells, MCF-7 and MDA-MB-468. Activation
of FXR by high concentrations of ligands induced apoptosis in breast cancer cells [44]. A recent
study by De Gottardi et al. shows that overexpression of bile acid receptor FXR in Barrett's
esophagus enhances apoptosis by guggulsterone in vitro [45]. Thus, it is possible that this
steroid acts through the bile acid receptor.

Our results indicate that besides downregulating antiapoptotic gene products, guggulsterone
also mediates its effects through downregulation of Akt pathway. This pathway is closely
linked with cell survival [46]. We examined the effect of guggulsterone treatment on Akt
phosphorylation and found that guggulsterone suppressed the phosphorylation of Akt at both
Serine 473 and Threonine 308 residues. Guggulsterone also suppressed the phosphorylation
of the upstream kinase PDK1 at Serine 241. The phosphorylation of the p85 subunit of another
upsteam kinase, PI3K was also suppressed upon guggulsterone treatment. Suppression of Akt
by guggulsterone led to the suppression of phosphorylation of GSK3β, the substrate of Akt.
We also found that guggulsterone activated JNK and that suppression of JNK by its specific
inhibitor abolished the activation of caspase 3, PARP cleavage, and cell proliferation. The
activation of JNK requires the activation of an upstream kinase MKK4 [21]. Using MKK4-
gene deleted murine embryonic fibroblast cells, we found that guggulsterone activated JNK in
wild type cells but not in MKK4-deficient mutant cells, thus suggesting that the activation of
JNK by guggulsterone requires MKK4. The lack of JNK activation in mutated cells correlated
with suppression of guggulsterone-induced apoptosis; again suggesting the critical role of JNK.
These results are in agreement with reports that JNK is required for apoptosis induced by
TNFα [47], FasL [48], and TRAIL [49,50]. JNK activation is also needed for apoptosis induced
by chemotherapeutic agents [51]. Whether the mechanism of action of guggulsterone is
different in various cell types is possible but unlikely as we found that GS activated JNK in
both leukemic as well as in epithelial cells.

Guggulsterone treatment suppressed the activation of Akt, the prosurvival signal but induced
the JNK activation. The results suggest that suppression of Akt and activation of JNK by
guggulsterone are related to each other. Guggulsterone did not induce JNK activation in
IKKβ-deficient and p65-deficient murine embryonic fibroblasts, thereby, suggesting that
activation of JNK is mechanistically related to NF-κB activation, which has antiapoptotic role.

Because of lack of any known toxicity, guggulsterone should be further explored for its
anticancer potential. Whether the concentrations used in our studies can be achieved in vivo,
is unclear at present. No data is at present available on the pharmacokinetics,
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pharmacodynamics, and bioavailability of guggulsterone in animals or human. The
hypolipidemic and antoxidant effects have been reported in human with as little as 50 mg of
guggulipids, administered twice daily for 24 weeks [52]. How does these doses compare with
studies performed here, is not clear. Overall, our results indicate that guggulsterone inhibits
the growth of wide variety of cells and induces apoptosis through downregulation of
antiapoptotic gene products, modulation of cell cycle proteins, activation of caspases,
inhibition of Akt and activation of JNK.
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Fig. 1. Guggulsterone inhibits proliferation in U937 cells
A, U937 cells (5000 cells/0.1 ml) were incubated at 37°C with indicated concentrations of
guggulsterone for 72 hours, and the viable cells were assayed using [3H]-thymidine
incorporation as described in Materials and Methods. The results are shown as the mean ± s.d.
from triplicate cultures. B, Normal human fibroblasts are resistant to guggulsterone-
induced cytotoxicity. Normal human fibroblasts and U937 cells (5000 cells/0.1 ml) were
incubated at 37°C with indicated concentrations of guggulsterone for 72 h, and the viable cell
number was assayed by MTT uptake as described in Materials and Methods. The results are
shown as the mean ± s. d. from triplicate cultures. C, Guggulsterone arrests the cells at G1/
S phase of the cell cycle. U937 cells (2 × 106 cells/ml) were incubated in the absence or in
presence of 10 μM guggulsterone for 48 hours. Thereafter, the cells were washed, fixed, stained
with propidium iodide, and analyzed for DNA content by flow cytometry as described in
Materials and Methods. D, Guggulsterone modulates cell cycle proteins. Two million U937
cells were treated with guggulsterone (10 μM) for indicated time points and then whole cell
extracts were prepared. Sixty micrograms of whole-cell extracts were resolved on 10% SDS-
PAGE gel, electrotransferred onto a nitrocellulose membrane, and probed for cyclin D1, cdc2,
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p27, and p21. The same blots were stripped and reprobed with anti-β-actin antibody to show
equal protein loading (lower panel).

Shishodia et al. Page 15

Biochem Pharmacol. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
A, Guggulsterone inhibits the expression of anti-apoptotic gene products, Bfl-1/A1, XIAP,
cFLIP, Bcl-2, BclXL, and survivin: U937 cells (2 × 106/ml) were left untreated or incubated
with 10 μM guggulsterone for different times. Whole-cell extracts were prepared, and 50 μg
of the whole-cell lysate was analyzed by Western blotting using antibodies against Bfl-1/A1,
XIAP, cFLIP, Bcl-2, BclXL, and survivin as indicated. B, Guggulsterone inhibits COX-2
and c-myc expression. U937 cells (2 × 106/ml) were left untreated or incubated with 10 μM
guggulsterone for different times. Whole-cell extracts were prepared, and 80 μg of the whole-
cell lysate was analyzed by Western blotting using antibodies against COX-2 and c-myc. C,
Guggulsterone inhibits gene expression. Four million U937 cells were treated with
guggulsterone (10 μM) for indicated time points, and total mRNA was extracted and examined
for expression of COX-2, IL-1β, IL-6, and TNF mRNA by RT-PCR. β-actin mRNA was used
as an internal control to show equal RNA loading.
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Fig. 3. Guggulsterone induces apoptosis
A, Cells were treated with 10 μM guggulsterone for indicated times, incubated with anti-
annexin V antibody conjugated with FITC, and analyzed with a flow cytometer for early
apoptotic effects. B, U937 cells were treated with different concentrations of guggulsterone
for 48 h. Cells were fixed, stained with TUNEL assay reagent, and then analyzed with a flow
cytometer for apoptotic effects. The results are shown as the mean ± s.d. from three
experiments. C, Cells were treated with 10 μM guggulsterone for indicated times. Cells were
stained with Live and Dead assay reagent for 30 min and then analyzed under a fluorescence
microscope. The results are shown as the mean ± s.d. from three experiments.
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Fig. 4. Guggulsterone induces caspase activation, cytochrome c release and PARP cleavage
Cells were treated with 10 μM guggulsterone for the indicated times. Whole-cell extracts were
prepared and subjected to Western blot analysis using antibodies against A, caspase 8, bax,
and bid; B, cytochrome C; C, caspase 9; D, caspase 3; and E, PARP.
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Fig. 5.
A, Guggulsterone inhibits Akt pathway. U937 cells were incubated with 10 μM
guggulsterone for the indicated times. Whole-cell extracts were prepared and analyzed by
Western blot analysis using antibodies against phosphorylated Akt (ser 473 and thr 308), Akt,
phosphorylated PDK1 (ser 241), PDK1, phosphorylated PI3K, PI3K, phosphorylated GSK3β
(ser 9) and GSK3β. B, Guggulsterone induces JNK activation. Cells were incubated with
10 μM guggulsterone for the indicated lengths of time. Whole-cell extracts were
immunoprecipitated with an antibody against JNK and analyzed with an immunocomplex
kinase assay as described in Materials and Methods. To examine the effect of guggulsterone
on the level of expression of JNK proteins, whole-cell extracts were fractionated on SDS-PAGE
and examined by Western blot analysis using anti-JNK antibodies. The results shown are
representative of three independent experiments. C, D, JNK inhibition blocks caspase 3
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activation. U937 cells were pretreated with 10 μM JNK inhibitor (SP600125) for 1 hour and
then treated with 10 μM guggulsterone for indicated times. Whole cells extracts were prepared
and examined for JNK activation (C) and caspase 3 activation by Western blot (D). E, JNK
inhibition blocks PARP cleavage. U937 cells were pretreated with JNK inhibitor (SP600125)
for 1 hour and then treated with 10 μM guggulsterone for indicated times, and whole-cell
extracts were prepared and examined for PARP cleavage by Western blot. F, JNK inhibition
blocks guggulsterone-induced cytotoxicity. U937 (5000 cells/0.1 ml) were incubated at 37°
C with indicated concentrations of guggulsterone alone or in combination with JNK inhibitor
for 72 h, and the viable cell number was assayed by MTT uptake as described in Materials and
Methods. The results are shown as the mean ± s. d. from triplicate cultures.
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Fig. 6.
A, MKK4 is required for guggulsterone-induced JNK activation. MKK4 mutants and wild
type-cells were treated with 10 μM guggulsterone for indicated times, and a JNK assay was
performed as described in Materials and Methods. B, MKK4 is required for guggulsterone-
induced cytotoxicity. MKK4 mutants and wild-type cells (1000 cells/0.1 ml) were incubated
at 37°C with indicated concentrations of guggulsterone for 72 h, and the viable cell number
was assayed by MTT uptake as described in Materials and Methods. The results are shown as
the mean ± s. d. of triplicate cultures. C, Akt inhibitor suppresses JNK activation by
guggulsterone. U937 cells were pretreated with 5 μM Akt inhibitor (SH-5) for 4 hours and
then treated with 10 μM guggulsterone for indicated times. Whole cell extracts were prepared
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and examined for JNK activation as described in Materials and Methods. D, GSK3β is
required for JNK activation by guggulsterone. Wild type and GSK3β-deficient murine
embryonic fibroblasts cells were treated with 10 μM guggulsterone for indicated times. Whole
cell extracts were prepared and examined for JNK activation as described in Materials and
Methods E, p65 and IKK are required for JNK activation by guggulsterone. Wild type-,
IKKβ-deficient and p65-deficient murine embryonic fibroblast cells were treated with 10 μM
guggulsterone for indicated times. Whole cells extracts were prepared and examined for JNK
activation as described in Materials and Methods.
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