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Abstract

Elevated interleukin-6 (IL-6), a major mediator of the inflammatory response, has been implicated in androgen receptor (AR) activation, cellular growth
and differentiation, plays important roles in the development and progression of prostate cancer,and is a potential target in cancer therapy.Through drug
screening using human prostate cancer cells expressing IL-6 autocrine loop, we found that andrographolide, a diterpenoid lactone isolated from a traditional
Chinese and Indian medicinal plant Andrographis paniculata, could inhibit IL-6 expression and suppress IL-6—mediated signals. Andrographolide inhibits
IL-6 expression at both mRNA and protein levels in a dose-dependent manner. Andrographolide suppresses both IL-6 autocrine loop— and paracrine
loop—induced cell signaling including Stat3 and Erk phosphorylation. Furthermore, andrographolide inhibits cell viability and induces apoptotic cell death
in both androgen-stimulated and castration-resistant human prostate cancer cells without causing significant toxicity to normal immortalized prostate
epithelial cells. Moreover, treatment of andrographolide to mice bearing castration-resistant DU 145 human prostate tumors that express constitutive IL-6
autocrine loop significantly suppresses tumor growth.Taken together, these results demonstrate that andrographolide could be developed as a therapeutic
agent to treat both androgen-stimulated and castration-resistant prostate cancer possibly by suppressing IL-6 expression and IL-6—induced signaling.
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Introduction

Interleukin-6 (IL-6) is a glycoprotein consisting of 212
amino acids encoded by the /L-6 gene localized to chromo-
some 7p21-14." IL-6 is a pleiotropic cytokine that plays a
central role in host defense mechanisms by regulating
immune responses and hematopoiesis and inducing either
differentiation or growth of a variety of cells. The receptors
for the IL-6 family of cytokines (IL-6, IL-11, ciliary neuro-
trophic factor, oncostatin M, and leukemia inhibitory fac-
tor) are composed of an IL-6—specific receptor subunit (o
chain) and a signal transducer, gp130 (B chain). The binding
of IL-6 to an o chain results in the formation of a hexameric
complex containing 2 molecules of each component: 1L-6,
o chain, and gp130.°

IL-6 has been implicated in the modulation of growth
and differentiation in many cancers and is associated with
poor prognosis in renal cell carcinoma, ovarian cancer,
lymphoma, melanoma, and prostate cancer.” There is con-
siderable evidence for the involvement of IL-6 in the devel-
opment and progression of castration-resistant prostate
cancer.”® The expression of IL-6 and its receptor has been
consistently demonstrated in human prostate cancer cell
lines and clinical specimens of prostate cancer and benign
prostate hyperplasia.”” Multiple studies have demonstrated
that IL-6 is elevated in the sera of patients with metastatic

prostate cancer and that the levels of IL-6 correlate with
tumor burden, serum PSA, and clinically evident metasta-
ses.'”" In addition to the clinical data that IL-6 is associ-
ated with castration-resistant prostate cancer, experimental
studies demonstrate that IL-6 plays a critical role in prostate
cancer cell growth and differentiation. Okamoto et al. dem-
onstrated that IL-6 functions as a paracrine growth factor
for the human LNCaP androgen-sensitive prostate cancer
cells and as an autocrine growth factor for the human
DU145 and PC-3 androgen-insensitive prostate cancer
cells.'” It has also been reported that IL-6 mediates LNCaP
cell growth arrest and induces neuroendocrine differentia-
tion."*"* Results from a number of groups including ours
demonstrate that IL-6 activates AR-mediated gene
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Figure |. Knockdown of IL-6 signaling suppresses cell growth. (A)
DU145 cells were transfected with siRNA specific to IL-6R and gp130
as indicated. GFP siRNA was used as a control. The cells were counted
after 2 days following the transfection. (B) Expression of gp130 and IL-
6R mRNA was determined by RT-PCR. Asterisks (¥) indicate statistical
significance.

expression by activation of the AR through a Stat3 pathway
in LNCaP cells.'*"? Overexpression of IL-6 enhanced PSA
mRNA expression in LNCaP cells and can partially rescue
LNCaP cells from growth arrest induced by androgen depri-
vation therapy. In addition, overexpression of IL-6 protects
LNCaP cells from undergoing apoptosis induced by andro-
gen deprivation therapy.”” An elegant study showed that
osteoblasts promote prostate cancer cell growth through IL-
6-mediated activation of the AR.?' Collectively, these
findings suggest that IL-6 can regulate the expression
of androgen-responsive genes and promote castration-
resistant prostate cancer progression; targeting IL-6 signal-
ing may present an attractive approach for prostate cancer
therapy. Evidence suggests that targeting IL-6 signaling
using an anti-IL-6 monoclonal antibody induces regression
of human prostate cancer xenografts in nude mice.”> Most
excitingly, inhibition of IL-6 with CNT0328, an anti-IL-6
monoclonal antibody, suppresses conversion of an andro-
gen-dependent to an androgen-independent phenotype in a
prostate cancer xenograft in vivo model.

Andrographolide is a diterpenoid labdane that is the
main bioactive component isolated from a traditional herbal
medicinal plant Andrographis paniculata, which is effec-
tively used for the treatment of infection, inflammation,
cold, fever, and diarrhea in India and China.>* Numerous

studies demonstrate that andrographolide exhibits antican-
cer activity by inducing apoptosis and cell cycle arrest.
Andrographolide possesses strong anti-inflammatory activ-
ity mainly via inhibition of NF-kB signaling,*® suppression
of the expression of inducible nitric oxide synthase,”” and
the production of reactive oxygen species.” Androgra-
pholide can induce cell cycle arrest by increasing expres-
sion of p27 and decreasing expression of cyclin-dependent
kinase 4.° Andrographolide also triggers apoptosis via
the caspase-8—dependent pathway in human cancer cells.’’
In murine peritoneal macrophages, andrographolide inhib-
its the production of TNF-a and interleukin-12 via suppres-
sion of the ERK1/2 signaling pathway.*

In the present study, we found that andrographolide
could inhibit IL-6 expression and suppress IL-6—mediated
signals through drug screening using human prostate cancer
cells expressing IL-6 autocrine loop. Andrographolide
inhibits IL-6 production in a dose-dependent manner, sup-
presses IL-6—induced signaling including Stat3, Akt, and
ERK1/2, and prevents prostate cancer cell growth in vitro
and in vivo.

Results

Blocking IL-6 signaling inhibits prostate cancer cell growth.
Previous studies suggest that IL-6 plays critical roles in the
activation of androgen receptor and promoting prostate can-
cer cell growth.'*'** To examine the importance of IL-6 sig-
naling in prostate cancer cell growth, IL-6 signaling was
blocked in DU145 cells that constitutively express IL-6 auto-
crine loop using siRNAs specific to IL-6R and gp130.
Knockdown of IL-6 signaling by either IL-6R siRNA or
gp130 siRNA significantly suppressed DU145 cell growth
(Fig. 1), consistent with the essential role of IL-6 in the
growth of DU145 cells. These data suggest that IL-6 signal-
ing is a logical target for prostate cancer, and blocking IL-6
expression may have therapeutic effects on prostate cancer.

Andrographolide inhibits IL-6 expression. In an attempt to
identify potential inhibitors of IL-6, DU145 human prostate
cancer cells that express IL-6 autocrine loop were treated
with compounds from the Natural Compound Library
(TimTec LLC, Newark, DE) for 24 hours. The Natural
Compound Library consisted of 440 natural compounds
with minimal purity of 95%. The media were collected and
used for measurement of IL-6 protein by ELISA as described
previously.”> Compounds that decreased the levels of IL-6
protein by 50% were selected for further characterization.
One of the selected compounds is andrographolide (Fig.
2A). Andrographolide exhibits a wide spectrum of biologi-
cal activities of therapeutic importance including antibacte-
rial, anti-inflammatory, antimalarial, and anticancer
properties and is used extensively in the traditional medi-
cine of India and China.**
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Figure 2. Andrographolide inhibits IL-6 expression. (A) Chemical structure of andrographolide. (B) Effect of andrographolide on IL-6 protein expression.
DUI145 and PC3 cells were treated with different doses of andrographolide for 24 hours, and the supernatants were used for detection of IL-6 protein
expression by ELISA. The results were expressed as percentages compared to the vehicle control. (C) Time course effect of andrographolide on IL-6
protein expression. DU145 cells were cultured in 12-well plates. The media were changed when andrographolide (10 pM) was added to the cells. The
media were collected at the time points indicated and used for IL-6 determination by ELISA. (D) Effect of andrographolide on IL-6 mRNA expression
by qRT-PCR analysis. DU 145 cells were treated with different concentrations of andrographolide as indicated. Total RNA was isolated and subjected to

qRT-PCR analysis. Asterisks (*) indicate statistical significance.

We did a dose-response evaluation of andrographolide
on IL-6 expression to confirm the initial screening results.
Andrographolide inhibits IL-6 protein expression in a dose-
dependent manner. The concentration of andrographolide
required to decrease the levels of IL-6 protein in DU145
cells by 50% after 24 hours is about 3 pM, while 10 uM
andrographolide reduces IL-6 protein level by almost 80%
(Fig. 2B). A similar effect was observed in PC3 cells (Fig.
2B). The levels of IL-6 protein expression started to
decrease after 3 hours upon andrographolide treatment and
continued to decrease after 48 hours (Fig. 2C). Consistent

with the protein levels, andrographolide inhibits IL-6
mRNA expression (Fig. 2D). Taken together, these results
indicate that andrographolide inhibits IL-6 expression in
prostate cancer cells.

Andrographolide antagonizes IL-6—induced signaling. 1L-6
activates signaling including Stat3, Akt, and MAPK in
prostate cancer cells. To determine whether androgra-
pholide affects constitutive IL-6—induced signaling, DU145
cells that express constitutive IL-6 autocrine loop were
treated with increasing doses of andrographolide, and cell
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Figure 3. Andrographolide inhibits constitutive and IL-6—induced Stat3, MAPK, and AKT activity of human prostate cancer cells. (A) DU145 cells that
express |L-6 autocrine loop were treated with increasing doses of andrographolide for 24 hours,and cell lysates were collected and subjected to Western
blot analysis using the antibodies as indicated. (B) LNCaP cells that lack IL-6 but express IL-6 receptor and gp |30 were pretreated with andrographolide
for 4 hours. Cells were then stimulated with 10 ng/mL of IL-6 for 30 minutes after pretreatment with andrographolide.Whole cell lysates were prepared

and subjected to Western blot analysis using antibodies as indicated.

lysates were collected and analyzed for protein expression.
Andrographolide inhibits Stat3Tyr705 and Erk phosphory-
lation, whereas Akt phosphorylation was slightly inhibited
(Fig. 3A). To determine whether andrographolide inhibits
IL-6-stimulated signaling, LNCaP cells that lack IL-6
expression were pretreated with andrographolide for
4 hours, followed by 10 ng/mL of IL-6 treatment for 30
minutes. The cell lysates were collected and analyzed by
Western blots. Andrographolide was able to block IL-6—
stimulated Stat3Tyr705 phosphorylation, Erk phosphoryla-
tion, and Akt phosphorylation (Fig. 3B). These results
indicate that andrographolide inhibits both constitutive IL-6
autocrine loop and paracrine IL-6-stimulated signaling.

Andrographolide inhibits cell viability and induces apoptosis.
To determine whether andrographolide affects prostate can-
cer cell growth, human prostate cancer cell lines including
DU145 and PC-3 that express IL-6 autocrine loop and nor-
mal immortalized prostate epithelial PZHPV-7 that lacks
IL-6 expression were treated with increasing doses of
andrographolide and cell viability determined by trypan
blue assays. Andrographolide had little effect on cell
viability up to 5 uM at the 48-hour treatment (Fig. 4A).
However, andrographolide significantly inhibits DU145
and PC-3 cell growth at a concentration of 10 pM after 48

hours’ treatment (P < 0.001) (Fig. 4A). In contrast,
andrographolide had little effect on the growth of the nor-
mal immortalized prostate epithelial PZHPV-7 cells up to
10 uM concentration (Fig. 4A). These data suggest that
andrographolide may selectively inhibit the growth of pros-
tate cancer cells. We next determined whether androgra-
pholide-mediated growth inhibition is via induction of
apoptosis. Apoptotic cell death was determined using the
apoptosis-specific ELISA assay to evaluate DNA fragmen-
tation as described previously.”” Andrographolide treatment
at a concentration of 10 uM induces significant apoptosis in
both DU145 and PC-3 prostate cancer cells but had little
effect on PZHPV-7 cells (Fig. 4B). To determine the effects
of andrographolide on cell invasion, DU145 cells were
treated with different doses of andrographolide, and inva-
sion was determined as the ability of cells to penetrate
through Matrigel (BD Biosciences, San Jose, CA) in inva-
sion assay as described previously.’* As shown in Figure
4C, andrographolide inhibited the invasive ability of DU145
cells in vitro. Collectively, our data suggest that androgra-
pholide inhibits prostate cancer cell growth and invasion
via induction of apoptosis.

Andrographolide suppresses tumor growth. To explore the
potential antitumor activity of andrographolide in vivo, we
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Figure 4. Andrographolide inhibits the growth of prostate cancer cells.
(A) Andrographolide selectively inhibits the growth of DUI45 and PC-3
prostate cancer cells over normal immortalized prostate epithelial cells.
PC-3,DU145, or PZ-HPV7 cells were plated in 12-well plates and treated
with various concentrations of andrographolide. After 48 hours, the cells
were counted under a microscope. Results are expressed as the average
percentage of live cells with standard deviation. Each bar is representative
of 3 different experiments. Asterisks (*) indicate statistical significance.
(B) Effect on apoptosis. Mononucleosomes and oligonucleosomes in
the cytoplasmic fraction were analyzed by cell death detection ELISA as
described in Materials and Methods. (C) Andrographolide inhibits DU 45
penetration through Matrigel in invasion assay.

tested andrographolide on DU145 xenografts in male nude
mice. Andrographolide (4 mg/kg body weight) was admin-
istered intraperitoneally 3 days after ectopic implantation of
DU145 cells. Andrographolide treatment delayed tumor
growth by 3 weeks and significantly (P < 0.05) reduced

tumor volume throughout the experimental period (Fig.
5A). The andrographolide-treated mice gained weight simi-
lar to the control-treated mice and exhibited no obvious
toxic effects (Fig. 5SB).

Discussion

Considerable evidence from both clinical and experimental
studies demonstrated that IL-6 plays a vital role in promot-
ing castration-resistant prostate cancer (CRPC) progression
during androgen deprivation therapy. Evidence shows that
1) serum levels of IL-6 are elevated in men with advanced
CRPC*%%; 2) overexpression of IL-6 enhances castration-
resistant growth of the androgen-sensitive human LNCaP
and LAPC-4 cells in vitro and in vivo®>; 3) IL-6 enhances
AR activity and stimulates androgen-responsive gene
expression such as prostate-specific antigen (PSA) in pros-
tate cancer (CaP) cells in the castrate environment’®’; 4)
IL-6 protects CaP cells from apoptotic cell death and cell
cycle arrest initiated by androgen deprivation®™; 5) IL-6
increases expression of AR coregulators (p300 and SRC-1)
and enhances interaction of AR with coregulators®*’; 6)
IL-6 activates several major signaling pathways including
JAK-STAT, PI3K-AKT, Src, Etk, B-catenin, erbB1-3, and
MAPK in human CaP cells'>'®37414; 7) [L-6 increases the
expression of genes encoding many steroidogenic enzymes,
including HSD3B2 and AKR1C1-3, which play a critical
role in de novo androgen biosynthesis, suggesting that IL-6
may increase the levels of intraprostatic androgens®; 8)
IL-6 supports autocrine and paracrine androgen-dependent
cell survival in castrate conditions®; and 9) IL-6 increases
LNCaP cell resistance to bicalutamide treatment mediated
by the coactivator, TIF-2.*® In addition, IL-6 promotes pro-
liferation of neuroendocrine (NE) cells and stimulates the
production of neuroendocrine factors to support prostate
epithelial cells surviving after androgen deprivation ther-
apy. Collectively, these data suggest that IL-6 potentiates
the progression to castration-resistant prostate cancer by
sustaining prostate cancer cell survival in an autocrine and
paracrine fashion and influencing hypersensitivity of AR
and increasing intracrine de novo androgen biosynthesis
and coregulator expression. These convincing data suggest
that IL-6 signaling is an ideal target for prostate cancer.
In fact, inhibition of IL-6 with CNTO328, an anti-IL-6
monoclonal antibody, suppresses conversion of androgen-
dependent phenotype to a castration-resistant one in a pros-
tate cancer xenograft in vivo model.”* These results are very
encouraging because they indicate that inhibition of IL-6
and its signaling pathway could potentially yield antitumor
effects. In this study, we identified andrographolide, a herbal
medicine used in India and China, as a potent inhibitor
of IL-6 that suppresses human prostate cancer cell growth
in vitro and in vivo.
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Figure 5. Andrographolide suppresses DU 145 xenograft growth in nude
mice. Male nude mice were injected subcutaneously with | x 10° cells/
flank of DUI145 cells. The mice were randomly divided into 2 groups
with 10 mice each. One group received vehicle only as a control; another
group received andrographolide (4 mg/kg of body weight). The treatment
(intraperitoneal injection) was performed every other day starting 3 days
post—cell inoculation for 8 weeks. (A) Average tumor volume from day 0

to day 56.The tumor volume was measured twice a week using calipers.

(B) Average body weight after andrographolide treatment.

Our findings demonstrate that andrographolide inhibits
IL-6 expression at both protein and mRNA levels in DU145
cells. A similar inhibitory effect was observed in PC-3 cells
that express constitutive IL-6 autocrine loop, suggesting
that inhibition of IL-6 expression by andrographolide is not
DU145 cell specific. This phenomenon is consistent with a
report showing that andrographolide derivatives inhibit the
effects of LPS-induced TNF-a and IL-6 release in mouse
macrophages.’> One of the known mechanisms of androgra-
pholide-mediated suppression of inflammation is through
inhibition of LPS-induced NF-kB activation in human
umbilical vein endothelial cell (HUVEC) human adherent
macrophages.’**’

Several signaling pathways have been reported to be
crucial for IL-6-mediated AR activation and cellular func-
tions in prostate cancer cells including Stat3, Akt, and
MAPK. Among them, Stat3 is particularly involved in IL-
6-mediated AR activation, neuroendocrine differentiation,

proliferation, and survival upon androgen withdrawal. Our
data show that andrographolide reduced not only the levels
of Stat3Tyr705 in DU145 cells that express constitutive
IL-6 autocrine loop but also the levels of IL-6—induced
Stat3Tyr705 phosphorylation in LNCaP cells treated with
exogenous IL-6. Furthermore, andrographolide reduces the
levels of both constitutive and IL-6-induced p44/42
pPMAPK, while slightly inhibiting the levels of pAKT. Sim-
ilar observations have been previously described in other
cell types. Andrographolide treatment inhibits v-Src—
induced Erkl1/2 phosphorylation and Akt(Ser473) phos-
phorylation in v-Src—transformed rat kidney epithelial
PK3E cells.**

We have identified andrographolide as a potent IL-6
inhibitor that induces apoptosis and suppresses prostate
cancer tumor growth. Andrographolide inhibits expression
of IL-6 and blocks both autocrine and paracrine IL-6—
mediated signaling including Stat3 and ERK1/2. Inhibition
of IL-6 by andrographolide correlates with dose-dependent
apoptosis induction and growth inhibition in DU145 cells.
These data suggest that IL-6 signaling is a logical target for
prostate cancer, and blocking IL-6 expression using
andrographolide may have therapeutic effects on prostate
cancer. In summary, our studies suggest that androgra-
pholide, a herbal medicine used in China and India, may be
developed as a potential therapeutic agent to treat prostate
cancer.

Materials and Methods

Reagents and cell culture. LNCaP, DU145, and PC-3 cells
were maintained in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS) and 100 U/mL penicillin and 0.1
mg/mL streptomycin (PS). PZ-HPV7 cells were cultured
in keratinocyte-SFM medium supplemented with L-
glutamine, EGF, and BPE. The cells were maintained at
37°C in a humidified incubator with 5% carbon dioxide.
The Natural Compound Library consisting of 440 natural
compounds was purchased from TimTec LLC (Newark,
DE). Andrographolide was purchased from Sigma-Aldrich
(St. Louis, MO) and dissolved in DMSO for in vitro and in
vivo bioassays.

Compound screening. DU145 cells were seeded onto
96-well plates at 5,000 cells per well (200 pL) and allowed
to grow for 24 hours. The cells were then treated with the
compounds at a final concentration of approximately 5 uM
and incubated at 37°C for another 24 hours. The media
were collected and used for measurement of IL-6 protein by
ELISA as described previously.™

Real-time PCR andlysis. Total RNA was extracted using
Trizol (Invitrogen, Carlsbad, CA) reagent. There was 1 ug
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of RNA digested with DNase and reverse transcribed with
random primers and Im-Prom II Reverse transcriptase
(Promega, Madison, WI). The cDNA was subjected
to RT-PCR using specific primers for IL-6 (forward:
5'-AAGCCAGAGCTGTGCAGATGAGTA-3,reverse: 5'-
TGTCCTGCAGCCACTGGTTC -3") and B-actin (forward:
5-CCCAGCCATGTACGTTGCTA-3, reverse: 5'-AGGGCAT
ACCCCTCGTAGATG-3"). Quantitative real-time RT-PCR
was performed in a 25 pL reaction mixture using SYBR
Green 1Q supermix (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions. Expression
levels of IL-6 were normalized to B-actin. The experiment
was repeated 3 times with duplicates.

Western blot analysis. Whole cell protein extracts were
resolved on SDS-PAGE. Proteins were then transferred to
nitrocellulose membrane. After blocking for 1 hour at room
temperature in 5% milk in PBS/0.1% Tween-20, mem-
branes were incubated overnight at 4°C with the indicated
primary antibodies. Following secondary antibody incuba-
tion, immunoreactive proteins were visualized with an
enhanced chemiluminescence detection system (Amersham
Pharmacia Biotech, Little Chalfont, UK).

Cell growth assay. PC-3, DUI145, or PZ-HPV7 cells
were seeded on 12-well plates at a density of 1 x 10° cells/
well in RPMI 1640 media containing 10% FBS. The
cells were treated with increasing doses of andrographolide
(0-20 puM), and live cells were counted using trypan
blue exclusion after 24 hours. For transfection, DU145
cells were transiently transfected with siRNAs specific
for IL-6 receptor or gpl30 as described previously.”
The cells were counted after 2 days following the
transfection.

Invasion assay. Invasion assays were done according to
procedures described previously.’® Briefly, DU145 cells
(1 x 10°) were suspended in growth medium containing
dimethyl sulfoxide or various concentrations of androgra-
pholide into the cell culture inserts containing 8 pmol/L
pores for 24-well plates. The inserts were coated with
Matrigel (2-3 mg/mL protein) (BD Biosciences) and
allowed to solidify before cell plating. The lower chambers
were filled with 300 pL of growth medium containing con-
trol or drugs of corresponding concentrations. After 72
hours in culture, cells were fixed with 5% glutaraldehyde in
PBS and stained with 0.5% toluidine blue in 2% Na CO..
Only cells that penetrated the membrane were counted in 5
microscopic fields per filter.

Cell death ELISA. Cells were seeded on 12-well plates (1
x 10° cells/well) and treated with vehicle alone or different
doses of andrographolide for 48 hours. Mononucleosomes
and oligonucleosomes in the cytoplasmic fraction were

measured at 405 nm using the Cell Death Detection ELISA
kit (Roche, Basel, Switzerland) as described previously.”

In vivo tumor growth assay. DU145 prostate cancer cells
were used for this experiment. Twenty male nude mice were
randomly divided into 2 groups. The mice were inoculated
subcutaneously in the right and left flanks with 1 x 10° via-
ble cells. Three days after injection, one group of mice was
treated with andrographolide at 4 mg/kg body weight in 1%
DMSO; another group of mice was treated with 1% DMSO
as vehicle control. Treatment was performed intraperitone-
ally every other day for 8 weeks. Body weights were mea-
sured before and after the treatment. Tumor volume
measurements were taken twice per week after visible
tumors appeared. Animals were sacrificed 8 weeks after ini-
tial injections, and a final measurement of tumor volume
was taken. The volume of the growing tumors was estimated
by measuring their dimensions (length % width x depth) with
calipers. Mice were used in accordance with the approved
Institutional Animal Care and Use Committee Protocol.

Statistical analysis. Data are shown as mean + standard
deviation. Multiple group comparison was performed by
1-way ANOVA followed by the Scheffe procedure for com-
parison of means. P < 0.05 was considered statistically
significant.
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