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Abstract

Despite advances in conventional therapies, treatment of prostate cancer is
still a challenge. The study aims to assess the possible anti-cancer effects of
tangeretin, a dietary flavonoid on human prostate cancer cells (DU145, PC3,
LNCaP). Tangeretin (25, 50 and 100 pM) significantly inhibited cancer cell
viability and induced DNA fragmentation and apoptosis by increasing
caspase-3 and pro-apoptotic proteins (Bad and Bax) with reduced anti-
apoptotic proteins (Bcl-2 and Bcl-xL) expressions. Significant inhibition of
androgen receptor (AR) and prostate specific antigen (PSA) were seen. Dose-
dependent inhibition in Notch signal was observed in expression of Notch 1
and Jagged 1 along with PI3/Akt/mTOR signalling pathway. The results
suggest that tangeretin inhibited prostate cancer cell proliferation and
induced apoptosis via inhibiting critical pathways in cancer development -

Pharmacol. 2015; 10: 937-47.

AR signalling and PI3/Akt/mTOR - Notch signalling pathways.

Introduction

Prostate cancer is one of the most common malignant
cancers in men with high mortality rates (Siegel et al.,
2012). Its etiology is yet to be completely understood
(Bosland, 2000; Mahmoud et al., 2014) with risk factors
as age, genetics, lifestyle, and diet contributing to its
incidence (Whittemore et al., 1995; Crawford, 2003;
Gronberg, 2003; Gupta et al., 2010). Treatment for
locally confined prostate cancer is possible by surgery
and/or radiation. Metastasis remains a major cause of
mortality with bone metastasis in 50% of patients (Seo
et al., 2006; Jemal et al., 2011) thus presenting a huge
challenge to conventional therapies.

Androgen receptor signalling plays a crucial role in
prostate cancer tumorigenesis (Huggins and Hodges,
1972; Chen et al, 2004; Siegel et al., 2013). Anti-
androgen approaches such as androgen deprivation

therapy often coupled with androgen receptor anta-
gonists are considered as first-line therapy (Loddick et
al.,, 2013; Schrecengost and Knudsen, 2013). Most
prostate cancer respond to androgen deprivation thera-
py, however, patients frequently develop recurrent
castration-resistant prostate cancer with aberrant
reactivation of androgen receptor (Chen et al., 2004;
Yuan et al.,, 2014). Prostate cancer progression and as
well to castration-resistant prostate cancer accumulates
alterations in various signalling pathways, vital to cell
cycle progression and angiogenesis (Hanahan and
Weinberg, 2011; Schrecengost and Knudsen, 2013).

Overexpression of pathways as the PI3K/Akt, MAPK
and NFxB signalling are seen in prostate cancer (Oh et
al., 2001; Majumder and Sellers, 2005; Ahn et al., 2007;
Polakis, 2007, Barault et al., 2008; Fecher et al., 2008).
PI3K/ Akt pathway is frequently activated due to loss of
PTEN (phosphatase and tensin homolog) seen in
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around 70% prostate cancer cases (Abate-Shen and
Shen, 2000; Shen and Abate-Shen, 2010).

Notch signalling pathway, vital for normal growth and
development of the prostrate (Leong and Gao, 2008)
regulates PTEN (Song et al., 2012). Notch is over-
expressed in prostate cancer (Shou et al.,, 2001; Leong
and Gao, 2008) and also overlaps PI3K/Akt pathway
proteins (Gutierrez and Look, 2007; Salmena et al.,
2008). Down-regulated Notchl and its ligand, Jagged-1
has been shown to inhibit prostate cancer cell
proliferation (Wang et al., 2010). Thus targeting Notch
and PI3K/Akt pathway could possibly inhibit prostate
cancer tumorigenesis.

Numerous plant-derived products have been reported
to have chemopreventive properties (Yang et al., 2009;
Meiyanto et al., 2012). Tangeretin, a polymethoxylated
citrus flavonoid possesses biological effects as neuro-
protective (Datla et al., 2001) and anti-metastatic effects
(Seo et al., 2011; Lakshmi and Subramanian, 2014). This
study attempts to investigate the ability of tangeretin to
inhibit cell proliferation and promote apoptosis in
human prostate cancer cells.

Materials and Methods
Cell lines

The androgen-dependent (LNCaP) and androgen-
independent (PC3 and DU145) human prostate cancer
cell lines were purchased from ATCC (Chicago, USA).
The cells were cultured in RPMI-1640 medium
supplemented with 10% (v:v) fetal bovine serum (FBS)
(Sigma Aldrich, USA), 100 pg/mL of streptomycin and
100 IU/mL of penicillin (Invitrogen Inc., USA) and
incubated at 37°C with 5% CO..

Chemicals and antibodies

Tangeretin was purchased from Sigma Aldrich (USA)
and was dissolved in DMSO to obtain a stock solution
of 100 mM. The desired concentrations of tangeretin
were obtained by dilutions accordingly from stock
solution. Primary anti-human antibodies against Bcl-2
(sc-509), Bax (sc-493), Bad (sc-8044), Bcl-xL (sc-8392),
caspase-3 (sc-7148), androgen receptor (sc-7305), pros-
tate-specific antigen (PSA) (sc-7638), PTEN (sc-7974), m-
TOR (sc-8319), p-mTOR (Ser2448; sc-101738), GSK-3p
(sc-9166), p-GSK-3p (sc-135653), Notch 1 (sc-9170),
Jagged 1 (sc-8303) from Santa Cruz Biotechnology, USA
and Akt (4685), p-Akt (Ser473, 4058) and B-actin (4970)
from Cell Signaling Technology, USA were used for
western blot analysis. All other chemicals used were
from Sigma Aldrich (USA) otherwise are mentioned.

Determination of cell viability

The viability of prostate cancer cells were assessed as
described previously (Pan et al., 2010; Zheng et al.,

2010). The human prostate cancer cells were seeded in
96-well microplates at a density of 2 x 10> cells/well.
Cancer cells were treated with tangeretin at 25, 50 or
100 uM for 48 hours after the cells reached 70%
confluence. Following incubation, 10 uL of MIT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(5 mg/mL) in PBS was added at a final concentration of
0.5 mg/mL to each well and further incubated for 4
hours. One hundred pL of a solution containing HCI
(0.01 M), 10% SDS (pH 4.8) and 5% isobutyl alcohol was
added to each well after discarding the supernatant and
mixed well to dissolve formazan crystals. Viability of
prostate cancer cells was measured at 570 nm using
ELISA reader (RT6000, China). The cell viability was
expressed as:

cell viability (%) = ODtest/ ODcontrot X 100%
DNA fragmentation assay

DNA fragmentation following exposure to various
concentrations of tangeretin was assayed by agarose gel
electrophoresis as described by Wang et al. (2009).
Prostate cancer cells at a density of 1 x 106 cells/mL
were seeded in 6-well plates and were incubated with
tangeretin (25, 50 or 100 uM) for 48 hours. The cells
were collected by centrifugation and total DNA was
extracted using DNA isolation kit (Waston Biotechno-
logies Inc., China). The DNA samples were separated by
electrophoresis in agarose gel (1%) and stained with ethi-
dium bromide. The bands were detected under ultraviolet
illumination by Image Master VDS-CL (Tokyo, Japan).

Western blotting

The human prostate cancer cells (PC3, DU145, and
LNCaP) were incubated with tangeretin (25, 50 or 100
uM) for 48 hours. The cells were washed twice with
cold PBS and lysed with lysis buffer (Cell Signalling
Technology) for 20 min on ice. Cellular proteins were
extracted and the concentrations were determined
using BCA kit (Sigma Aldrich) according to the manu-
facturer’s instructions. Equal amounts of isolated
protein samples were separated by electrophoresis in
SDS-PAGE gels and transferred to PVDF membranes
(GE Healthcare). The membranes were blocked for 1
hour at room temperature in tris-buffered saline con-
taining 0.1% Tween-20 and 5% non-fat dry milk and
were probed overnight at 4°C with primary antibodies.
The membranes were then washed thrice in PBS and
incubated with HRP-conjugated secondary antibodies
for 1 hour at room temperature. The immunoreactive
bands were visualized using enhanced chemiluminescence
as described by the supplier (GE Healthcare). Band
intensity was measured using Image] software
(National Institute of Health, USA).

RNA isolation and RT-PCR

Influence of tangeretin on the expression of androgen
receptor at the gene level was determined by RT-PCR



Bangladesh ] Pharmacol 2015; 10: 937-947 939

analysis. Briefly, following exposure to tangeretin for 48
hours, the total cellular RNA was extracted from
prostate cancer cells using TRIzol reagent (Life
Technologies). cDNA was synthesized from mRNA
using Thermo Script™ RT-PCR system (Invitrogen
Inc.). The primers used were for human androgen
receptor forward- GACCAGATGGCTGTCATTCA;
reverse - GGAGCCATCCAAACTCTTGA, PSA forward -
CATCAGGAACAAAAGCGTGA-3; reverse - AGCTG-
TGGCTGACCTGAAAT and GAPDH forward - TGCAC-
CACCAACTGCTTAGC; reverse - GGCATGGACTGTGG-
TCATGAG. PCR reactions were carried out in eppendorf
thermocycler using platinum PCR super mix (Invitro-
gen Inc.). PCR products were analyzed by agarose gel
electrophoresis (1%) stained with ethidium bromide.

Statistical analysis

The values are expressed as mean + SD from three or
six individual experiments. The experimental data were
subjected to one-way analysis of variance (ANOVA)
followed by post-hoc analysis by Duncan’s Multiple
Range Test (DMRT) using SPSS statistical software
(version 21.0). The values at p<0.05 are considered to be
statistically significant.

Results

Tangeretin inhibits prostate cancer cell proliferation

The anti-proliferative effect of various concentrations of
tangeretin on PC3, DU143 and LNCaP cells was
assessed by MTT reduction assay. Tangeretin at 25, 50
and 100 uM concentrations caused significant (p<0.05)
decline in viability of the prostate cancer cells.
Concentration of 100 pM tangeretin effectively decrea-
sed viable cell counts compared to the lower doses
(Figure1). However, tangeretin induced inhibition of
cell proliferation was observed to be more prominent in
PC3 cells at all the concentrations as compared to
LNCaP and DU145 cells. The inhibitory effects were in
the order PC3>DU145>LNCaP. At 100 uM concentra-
tion, the viability percentage was 30.2%, 36.5% and
41.2% in PC3, DU145 and LNCaP cells respectively.

Tangeretin induces DNA fragmentation of prostate
cancer cells

Apoptosis is a highly regulated death process that leads
to the activation of endonucleases and cleavage of DNA
into fragments that eventually leads to inducible non-
necrotic cellular suicide. Apoptosis is pivotal in cancer
therapy (Kerr et al., 1994; Piao et al., 2001) Treatment of
prostate cancer cells with tangeretin resulted in
fragmentation of DNA (Figure 2). Apoptosis-related
fragmenting was very much visible after treatment with
tangeretin at 25, 50 and 100 pM. However, 100 uM
tangeretin resulted in more DNA laddering than 50 and
25 uM. DNA fragmentation was absent in cells not
treated with tangeretin.

Cell viability %

PC3

= Control 25 pM Tangeretin

DU145

® 50 pM Tangeretin

LNCaP

m 100 pM Tangeretin

Figure 1: Cytotoxicity of tangeretin on human prostate cancer cells at different concentrations. Tangeretin markedly decreased the

viability of the prostate cancer cells in a dose-dependent way

Values are represented as mean + SD; n=6; ‘a’ represents statistical significance at p<0.05 compared against respective controls
and ‘b-¢’ represents significant difference (p<0.05) between mean values within the groups of same cell line as determined by one-

way ANOVA followed by DMRT analysis
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Figure 2: Tangeretin induced DNA fragmentation in prostate cancer cells. Tangeretin at different concentrations caused significant
fragmentation of DNA in PC3, DU145 and LNCaP prostate cancer cells; (L1- control; L2- 25 pM tangeretin, L3- 50 uM tangeretin

and L4- 100 uM tangeretin)

Tangeretin
proteins

induces the expressions of apoptotic

Influence of tangeretin on the expression of proteins of
the apoptotic pathway was assessed by western
blotting. Caspases play a crucial role as regulators of
apoptosis (Zhuo et al, 2009). Tangeretin exposure
bought a multi-fold increase in the expression of
caspase-3. Further, as the proteins of Bcl-2 family are
important in the induction of apoptosis, we also
examined the effects of tangeretin on the expressions of
Bcl-2 proteins. Tangeretin dose-dependently caused up-
regulation in the expression of Bax and Bad with a
significant (p<0.05) down-regulation of anti-apoptotic
proteins- Bcl-xL and Bcl-2. Tangeretin at 100 pM caused
nearly two-fold enhanced expression of Bax in
comparison with cells which are not exposed (Figure 3).

Influence of tangeretin on androgen receptor and
androgen receptor signalling

Studies have demonstrated that androgen-androgen
receptor signalling have critical roles in prostate cancer
development and progression through the transcrip-
tional regulation of androgen receptor responsive genes
in part (Lonergan and Tindall, 2011). Tumour cells also
express androgens. Further, castration-resistant pros-
tate cancers do not respond much to androgen
deprivation therapy. In our study, we evaluated ability
of tangeretin to inhibit the expression of androgen
receptor and PSA, an important androgen receptor
responsive protein and a most commonly used
biomarker to indicate prostate tumor growth (Armbrus-
ter, 1993). Tangeretin potentially inhibited the expre-
ssion of both androgen receptor and PSA in PC 3, DU
145 and LNCaP cells (Figure 4). Striking down-
regulation of the androgen receptor and PSA was
observed in cells exposed to higher concentration of
tangeretin (100 uM) compared to lower doses. Further-

more, tangeretin treatment was found to have an
impact at the gene expression levels, that was evident
by the drastic (p<0.05) reduction in expressions of
androgen receptor and PSA mRNA in all the prostate
cancer cells (Figure 4). These observations suggest that
tangeretin was effective in down-regulating androgen
receptor as well as androgen receptor-signalling path-
way.

Effect of tangeretin on P13/Akt signalling cascade

The PI3K/AKT pathway that is crucial in cell survival
is activated in various cancers including prostate cancer
(Wang et al, 2015). Accumulating reports indicate
possible crosstalk between PI3K/Akt/mTOR and
androgen receptor signalling that directly regulates
androgen receptor expression and activation (Morgan
et al, 2009). Inhibition of the pathway could also
contribute to down-regulation of androgen receptor
expression. Tangeretin (25, 50 and 100 pM) doses
effectively decreased expression of Akt, p-Akt, p-
GSK3B and mTOR with up-regulation of PTEN
expression levels (Figure 5). Loss of PTEN function is
reported in nearly 30-50% of CaP (Morgan et al., 2009).
The strikingly elevated expressions of PTEN observed
following tangeretin exposure suggests the efficacy of
tangeretin in down-regulating the PI3/Akt signalling
cascades.

Influence of tangeretin on Notch signalling

Notch signalling plays an important role in cell fate
determination in embryonic and adult tissues (Gridley,
2007; Fortini, 2009) and normal prostatic development
as well as in pathogenesis of prostate cancers (Leong
and Gao, 2008). Notch signalling has been reported to
be abnormally activated in cancers (Carvalho et al,
2014). Marked down-regulation in the expression of
Notch 1 was observed following tangeretin exposure.
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Figure 3: Tangeretin induced apoptosis of PCa cells by modulating the expression of the proteins of apoptotic pathway. Tangeretin
induced expression of proapoptotic proteins (Bad, Bax and caspase 3) and down-regulated the expression of anti-apoptotic pro-
teins Bcl-2 and Bel-xL in PC 3 (a, d) DU145 (b, e) and LNCaP (c, f) cells

Values are represented as mean + SD; n=3; ‘a’ represents statistical significance at p<0.05 compared against respective controls and ‘b-e” represents
significant difference (p<0.05) between mean values within the groups of same cell line as determined by one-way ANOVA followed by DMRT
analysis

Tangeretin  significantly  (p<0.05) inhibited the anticancer therapies (Farnebo et al., 2010; Nouri and

expression levels of Notch 1 ligand, Jagged 1 in the
prostate cancer cells (Figure 6). Further, tangeretin at 25
uM though decreased the expression of Notch and
Jagged 1 but the effects were non-significant. Concen-
tration of 50 and 100 pM brought about significant
(p<0.05) changes in all the 3 prostate cancer cell lines.

Discussion

Tangeretin effectively inhibited the viability of PC3,
DU145 and LNCaP cells. Further, it also caused
fragmentation of DNA which is an important feature of
cells undergoing apoptosis (Chen et al., 1996; Yu et al,,
1999). Induction of apoptosis could be a valuable
strategy in successful cancer treatment.

Apoptosis, a programmed cell death occurs via
activation of the cell suicide machinery (Kaufmann and
Hengartner, 2001). Apoptosis is one of the main goals of

Yazdanparast, 2011). Apoptotic cascade is activated via
a complex interactions of molecular events (Pulido and
Parrish, 2003) of extrinsic (death receptor-dependent)
and intrinsic (mitochondria-dependent) pathways
(Thornberry et al., 1997).

To further assess the effects of tangeretin on the
molecular events of apoptosis, the expression of Bcl-2
family proteins were determined following tangeretin
exposure. The Bcl-2 family members are chief players of
the mitochondria-dependent intrinsic pathway of
apoptosis.The Bcl-2 family consists of proapoptotic
(Bax, Bid and Bad) and anti-apoptotic proteins (Bcl-2
and Bcl-xL) that maintain the balance between cell
survival and death (Gross et al., 1999; Reed, 2001; Zhao
et al., 2003). Bax promotes the proapoptotic factors and
induce apoptosis, while anti-apoptotic protein, Bcl-2
inhibits the release of proapoptotic factors and prevents
apoptosis (Yang et al., 2006). The down-regulated
expression of Bcl-2 and Bcl-xL along with enhanced
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Figure 4: Tangeretin regulates androgen receptor and androgen receptor-signalling. Tangeretin inhibits expressions of androgen
receptor and PSA at mRNA levels (a) as determined by RT-PCR and also western blotting analysis reveals that tangeretin down-
regulates the expressions of androgen receptor (b, d) and PSA (c, e) at protein level
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Values are represented as mean + SD, n=3.

represents statistical significance at p<0.05 compared against respective controls and “b-e” represents

significant difference (p<0.05) between mean values within the groups of same cell line as determined by one-way ANOVA followed by DMRT
analysis. (L1- control; L2- 25 uM tangeretin; L3- 50 uM tangeretin and L4- 100 pM tangeretin)

expression of Bax and Bad observed on exposure to
tangeretin possibly contributes to the tangeretin-
induced apoptosis of prostate cancer cells. Activation of
executioner caspases subsequently leads to apoptosis.
In our study, up-regulated expression of caspase-3 was
observed in prostate cancer cells upon tangeretin
treatment suggesting induction of caspase cascade
leading to apoptosis. The observations of the study
suggest that tangeretin-induced decrease in cell
viability could be due to inhibition of cell division and
induction of apoptosis as well.

The prostate cells depend on androgen-mediated-
androgen receptor signalling for growth, development
and function which also gets retained in most of the
prostate cancers (Heinlein and Chang, 2004). Constitu-
tive androgen receptor signalling leads to the transla-
tion of chief genes involved in tumorigenesis (Wendel
et al, 2007) and also in castration-resistant prostate
cancer, most of the prostate cancer cells express
androgen receptor, suggesting the crucial role of
androgen receptor signalling in the progression of
prostate cancer (Heinlein and Chang, 2004). While
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Figure 6: Tangeretin effectively modulated Notch signalling in prostate cancer cells. Tangeretin inhibits expression of Notch 1 (a,
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Values are represented as mean + SD; n=3; ‘a’ represents statistical significance at p<0.05 compared against respective controls and
‘b-e’ represents significant difference (p<0.05) between mean values within the groups of same cell line as determined by one-way

ANOVA followed by DMRT analysis

studies report elevated androgen receptor expression in
progression to castration-resistant prostate cancer,
experiments with rodent models demonstrate de novo
androgen receptor up-regulation in prostate cancer
(Stanbrough et al, 2001; Zhu et al, 2011). Thus
targeting the androgen receptor signalling is vital for
treatment, where androgen deprivation therapy is not
much effective. RT-PCR analysis following exposure to
various concentrations of tangeretin indicated down-
regulation in the levels of androgen receptor mRNA
correlated with decrease in androgen receptor expre-
ssion as analysed by western blotting. Also, the expre-
ssion levels of PSA, one of the androgen- responsive
genes is a clinically important marker for prostate
cancer (Kupelian et al., 1996; Sato et al., 1996), was also
found reduced in line with androgen receptor indica-

ting effective down-regulation and blocking of the
androgen receptor-signalling pathway by tangeretin.
Thus, tangeretin could possibly stand as an effective
source of treatment of castration-resistant prostate
cancers. Exploring further to gain insights on molecular
mechanisms of inhibition of androgen receptor-signa-
lling pathway by tangeretin would be valuable in
cancer therapy.

The PI3K/Akt/mTOR cascade, plays critical roles in
mammalian cell survival signalling and is the most
frequently altered signalling pathway in various human
cancers and it controls various processes involved in
oncogenesis such as cell cycle, motility, metabolism,
angiogenesis, genomic instability etc., (Morgan et al.,
2009; Sarker et al., 2009; Fruman and Rommel, 2014).
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PI3K/ Akt-signalling pathway is constitutively activated
in prostate cancer (Majumder and Sellers, 2005;
Carnero, 2010). Many proteins of the cascade are
significantly altered in prostate cancer as PTEN, Akt
and mTOR (Taylor et al., 2010; Lonigro et al., 2011). The
hyperactivation of Akt and loss of function of the tumor
suppressors such as PTEN have been observed in PCs
(Obata et al, 1998, Trotman et al, 2006). This
hyperactivation of PI3K/Akt sequentially leads to
invasive carcinoma (Wang et al.,, 2003; Blando et al.,
2009; Sircar et al, 2009). This makes PI3K/Akt
signalling pathway as a potential candidate in therapy.
Further it has been reported that activation of the PI3K/
Akt pathway is involved in acquired resistance (Sunters
et al, 2003; Zhong et al., 2010; Wang et al., 2013).
Observations of our study showed significantly up-
regulation of PTEN with markedly down-regulated
expression of Akt, mTOR and p-GSK3p. The reduced
levels of p-mTOR and p-GSK3 may possibly be due to
the suppression of levels of Akt and p-Akt in prostate
cancer cells exposed to tangeretin. Also it has been
reported that PI3K and androgen receptor reciprocally
regulate functions (Carver et al., 2011). However, in our
study activation of PI3K and androgen receptor
signalling pathways were observed that were markedly
down-regulated by tangeretin. Preclinical assessments
of dual inhibition of PI3K and androgen receptor
reported anti-proliferative effects (Carver et al., 2011).
Thus the inhibition of androgen receptor and PI3K/ Akt
pathway suggests the potency of tangeretin as anti-
cancer compound.

Furthermore, many studies have reported that Notch 1
signalling regulates PTEN expression in prostate
tumors (Palomero et al., 2007; Whelan et al., 2009; Wang
etal., 2010).

Notch signalling interacts with the androgen receptor
and PI3k/Akt pathways, the mechanisms that are
important in prostate growth, homeostasis and
carcinogenesis (Sarker et al., 2009; Shen and Abate-
Shen, 2010). Several studies have demonstrated high-
level constitutive expression of Notch 1 in human
prostate cancer cell lines (PC3, DU145, and LNCaP)
(Shou et al., 2001; Bin et al., 2009). Gene silencing of
Notch 1 suppresses malignant properties such as
invasion (Bin et al., 2009), survival and proliferation
(Zhang et al., 2006). Santagata et al. (2004) reported that
Notch ligand, Jagged 1 expression was associated with
prostate cancer metastasis and recurrence. Further
down-regulation of Notch 1 and Jagged 1 resulted in
inhibition of cell growth, migration, and also induced
apoptosis via inactivation of Akt, mMTOR, NF-xB, MMP-
9 and uPA signalling pathways in prostate cancer cells
(Bin et al., 2009; Wang et al., 2010). The observed down-
regulation in Notch 1 and Jagged 1 following tangeretin
exposure indicates the capacity of tangeretin in
inhibiting prostate cancer cell growth and metastasis.

Conclusion

The results of the study reveal the potency of tangeretin
in prostate cancer treatment. Inhibition of androgen
receptor and androgen receptor-signalling along with
inhibition of crucial pathways in prostate cancer- Notch
and PI3K/Akt/mTOR suggests tangeretin as a potent
candidate in therapy of prostate cancer and castration-
resistant prostate cancers as well. Tangeretin is thus
valuable in combined treatment strategies.
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