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Abstract. Twelve pyridine analogs of curcumin were
studied for their effects on growth and apoptosis in human
prostate cancer PC-3 cells. The ability of these compounds
to inhibit the transcriptional activity of nuclear factor-kappa
B (NF-KB) and the level of phosphorylated extracellular
signal-regulated kinases (phospho-ERKI1/2) in PC-3 cells
was also determined. Treatment of PC-3 cells with the
pyridine analogs of curcumin resulted in concentration-
dependent growth inhibition and apoptosis stimulation. Only
pyridine analogs of curcumin with a tetrahydrothiopyrane-
4-one linker (FN compounds) exhibited a strong inhibitory
effect on growth and a strong stimulatory effect on apoptosis
at low concentrations (<1 uM). Mechanistic studies showed
that NF-KB transcriptional activity in PC-3 cells was
strongly inhibited by treatment with group FN compounds.
Treatment of PC-3 cells with 1 uM FNI resulted in a
decrease of activated ERK1/2. Results from the present study
indicate that FN compounds warrant further in vivo studies
using suitable animal models of prostate cancer.

A large number of studies have been published on the
beneficial effects of curcumin, a major constituent of the
yellow spice turmeric derived from the rhizome of Curcuma
longa Linn (1-3). Curcumin inhibits cell proliferation and
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induces apoptosis in a variety of malignant cell types,
including breast, colon, gastric, ovarian and prostate cancer
cells (4-8). In vivo studies demonstrated that curcumin
administration reduced tumorigenesis of the stomach (9),
colon (10, 11), liver (11), mammary gland (12, 13) and of the
skin (9, 14). Extensive studies have revealed that curcumin
exerts its wide range of anticancer effects through modulating
a diversity of signaling pathways including nuclear factor-
kappa B (NF-KB) and other transcription factors (15-18).

Although curcumin has been used in clinical trials for
certain types of human cancers (19, 20), the efficacy of
curcumin is limited, which is likely a result from its low
bioavailability (21). It has been hypothesized that the [3-
diketone moiety of curcumin may cause its instability and
poor metabolic properties. Enhanced stability of curcumin
analogs was found by removing this moiety (22). It has been
shown that cyclohexanone analogs of curcumin had
enhanced stability in biological mediums compared to
curcumin (22). The cyclohexanone-containing curcumin
analogue 2,6-bis[(3-methoxy-4-hydroxyphenyl)methylene]-
cyclohexanone was found to be more potent than curcumin
in inhibiting human breast cancer cells in vitro (23, 24).
Replacement of ortho-hydroxylmethoxyl benzene with a
pyridine ring, further increased the inhibitory effect of this
compound on breast cancer cells (24).

In a recent study, we synthesized a series of 12 pyridine
analogs of curcumin with cyclohexanone, cyclopentanone,
tetrahydropyran-4-one or tetrahydrothiopyran-4-one as the
linker and determined their anticancer activities in cultured
human cancer cells (25). We found that these pyridine
analogs had stronger inhibitory effects than curcumin on the
growth of a number of human cancer cell lines, including
human prostate cancer PC-3 cells (25). In the present study,
we investigated the effects and mechanisms of these pyridine
curcumin analogues on growth and apoptosis in PC-3 cells.
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Figure 1. Structure of curcumin and its pyridine analogs.

Materials and Methods

Chemistry. A series of pyridine analogs of curcumin were
synthesized by coupling the appropriate pyridyl aldehyde with
cyclohexanone (group AN), cyclopentanone (group BN),
tetrahydropyran-4-one (group EN) or tetrahydrothiopyran-4-one
(group FN) (Figure 1), as previously described (25). Characterization
of these compounds (AN1, AN2, AN3, BN, BN2, BN3, EN1, EN2,
EN3, FN1, FN2, FN3) was previously described in detail (25).

Cell culture and reagents. PC-3 cells were obtained from the
American Type Culture Collection (Rockville, MD, USA).
Curcumin was obtained from Sigma-Aldrich (St. Louis, MO, USA).
RPMI-1640 tissue culture medium, penicillin-streptomycin, L-
glutamine and fetal bovine serum (FBS) were from Gibco (Grand
Island, NY, USA). PC-3 cells were maintained in RPMI-1640
culture medium containing 10% FBS that was supplemented with
penicillin (100 units/ml)-streptomycin (100 pug/ml) and L-glutamine
(300 pg/ml). Cultured cells were grown at 37°C in a humidified
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atmosphere of 5% CO, and were passaged twice a week. PC-3 cells
were initially seeded at a density of 0.2x105 cells/ml in 35-mm
tissue culture dishes (2 ml/dish) for assays of proliferation and
apoptosis. Curcumin and its analogs were dissolved in dimethyl
sulfoxide (DMSO) and the final concentration of DMSO in all
experiments was 0.1%.

Determination of the number of viable cells. The number of viable
cells after each treatment was determined using a hemacytometer
under a light microscope (Nikon Optiphot, Tokyo, Japan). Cell
viability was determined by the trypan blue exclusion assay, which
was carried out by mixing 80 pl of cell suspension and 20 ul of 0.4%
trypan blue solution for 2 min. Blue cells were counted as dead cells
and the cells that did not absorb dye were counted as live cells.

Morphological assessment of apoptotic cells. Cytospin slides were
prepared after each experiment and cells were fixed with
acetone/methanol (1:1) for 10 min at room temperature, followed
by 10 min with propidium iodide staining (1 pg/ml in PBS) and
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analyzed using a fluorescence microscope (Nikon Eclipse TE200;
Tokyo, Japan). Apoptotic cells were identified by classical
morphological features including nuclear condensation, cell
shrinkage, and formation of apoptotic bodies (26).

Caspase-3 (active form) immunostaining. An antibody (#AF835)
that reacts with the active form of caspase-3 was purchased from
R&D Systems (Minneapolis, MN, USA). Cytospin slides were
incubated with caspase-3 primary antibody (1:2,000 dilution) for
30 min at room temperature followed by incubation with a
biotinylated anti-rabbit secondary antibody for 30 min and an
incubation with conjugated-avidin solution (ABC Elite kit purchased
from Vector Laboratories, Burlingame, CA, USA) for 30 min. Color
development was achieved by incubation with 0.02% 3.,3’-
diaminobenzidine tetrahydrochloride containing 0.02% hydrogen
peroxide for 10 min at room temperature. The slides were then
counterstained with hematoxylin. A positive reaction was shown as
a brown precipitate in the cytoplasm and/or perinuclei of the cells.
At least 200 cells were counted in each sample and the percentage
of positive cells was determined (27).

Nuclear factor-kappa B (NF-KB)-dependent reporter gene expression
assay. An NF-kB luciferase construct (#CLS-013L; SABiosciences,
Valencia, CA, USA) was stably transfected into PC-3 cells and a
single stable clone, PC-3/N, was obtained and used in the present
study. In brief, PC-3/N cells were treated with different curcumin
analogs for 24 h, and the NF-KB-luciferase activities were measured
using luciferase assay kits from Promega (Madison, WI, USA), as
described previously (28).

Western blotting. After treatment, the cells were lysed as described
elsewhere (26). Proteins were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V for 110
min on 4% to 12% gradient gels. Separated proteins were
transferred to nitrocellulose membranes (Amersham Biosciences,
Piscataway, NJ, USA). After blocking non-specific binding sites
with a blocking buffer (LI-COR Corp, Lincoln, NE, USA ), the
membrane was incubated overnight at 4°C with anti-phosphorylated
ERK1/2 (#4376; Cell Signaling Technology, Boston, MA, USA).
The P-actin protein was used as a loading control. Following
removal of the primary antibody, the membrane was washed three
times with TBS (PBS containing 0.05% tween 20) buffer at room
temperature and then incubated with fluorochrome-conjugated
secondary antibody (Santa Cruz Biotechnology Inc., Dallas, TX,
USA). Final detection was carried out with an Odyssey infrared
imaging system (LI-COR Corp, Lincoln, NE, USA).

Statistical analyses. Analysis of variance (ANOVA) with the Tukey-
Kramer test (29) was used for the comparison of viable cells,
apoptotic cells and NF-KB activities among the different treatment
groups of cultured PC-3 cells.

Results

Inhibitory effect of pyridine analogs of curcumin on the
growth of human prostate cancer PC-3 cells. Effects of the
12 pyridine analogs of curcumin on the growth of cultured
human prostate cancer PC-3 cells were determined by using
the MTT and the trypan blue exclusion assays. In

experiments using the MTT assay, we found that curcumin
and its pyridine analogs inhibited the growth of PC-3 cells
in a concentration-dependent manner (Figure 2A-D). All
pyridine analogs of curcumin had a stronger inhibitory effect
on the growth of PC-3 cells than did curcumin. Group FN
compounds showed stronger inhibitory effects on the growth
of PC-3 cells than compounds in the other groups. Group BN
compounds had weaker effects for inhibiting PC-3 cells than
did compounds in the other groups. In experiments using the
trypan blue exclusion assay, we determined the inhibitory
effects of different curcumin analogs at a low concentration
(1 uM) on the growth of PC-3 cells. We found that group FN
compounds strongly reduced the number of viable cells,
while group AN and EN compounds only had moderate
inhibitory effects on the cells (Figure 2E). Statistical analysis
using ANOVA with the Tukey-Kramer test showed that
treatment with group AN, EN and FN compounds
significantly (p>0.05) reduced the number of viable cells
(see Figure 2 legend for specific p-values). Differences for
the number of viable cells between the control group and the
curcumin-treated group and between the control group and
those treated with BN compounds were not statistically
significant (p>0.05).

Stimulatory effect of pyridine analogs of curcumin on
apoptosis in PC-3 cells. Morphological assessment and the
caspase-3 assay were used to determine the effect of pyridine
analogs of curcumin on stimulating apoptosis of PC-3 cells.
As shown in Figure 3A-D, treatment with the 12 pyridine
analogs of curcumin stimulated apoptosis of PC-3 cells in a
concentration-dependent manner. Treatment with curcumin
caused a small increase in apoptotic cells (Figure 3). We also
determined the effect of a low concentration (1 pM) of
curcumin and its pyridine analogs on apoptosis of PC-3 cells
using the caspase-3 assay. As shown in Figure 3E, treatment
of PC-3 cells with group FN curcumin analogs (1 uM)
caused strong increases in apoptosis. Treatment with groups
of AN, BN and EN compounds (1 uM) resulted in small to
moderate increases in apoptosis, while treatment with this
low concentration of curcumin did not have any effect on
apoptosis (Figure 3E). Statistical analysis using ANOVA
with the Tukey-Kramer test showed that apoptosis was
significantly (p>0.01) increased after PC-3 cells were treated
with groups AN, EN and FN compounds (see Figure 3
legend for specific p-values). Treatment with curcumin and
group BN compounds did not cause a significant increase in
apoptosis (p>0.05). The number of apoptotic cells was
significantly higher in cells treated with the group FN
compounds than that in cells treated with compounds from
any other group (see Figure 3 legend for p-value).

Effect of pyridine analogs of curcumin on NF-KB activity. We
used an NF-kB-luciferase reporter gene expression assay to
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Figure 2. Inhibitory effect of pyridine analogs of curcumin on the growth
of human prostate cancer PC-3 cells. A-D: PC-3 cells were seeded at a
density of 0.2x10° cells/ml of medium in 96-well plates (0.2 ml/well)
and incubated for 24 h. The cells were then treated with different
concentrations (0.1-10 uM) of the different compounds for 72 h. Effects
of the different compounds on the growth of PC-3 cells were determined
by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. E: PC-3 cells were seeded at a density of 0.2x10° cells/ml
of medium in 35-mm tissue culture dishes and incubated for 24 h. The
cells were then treated with 1 uM of the different compounds (AN, BN,
EN or FN 1, 2 and 3) for 72 h. Effects of the different compounds on
the growth of PC-3 cells were determined by the trypan blue assay.
Statistical analysis for the study in (E) used ANOVA with the Tukey-
Kramer test. p<0.001 for control vs. ANI, ENI, FNI, FN2 and FN3;
p<0.01 for control vs. EN2 and EN3; p<0.05 for control vs. AN2 and
AN3; p<0.001 for FN group compounds compared to all other
compounds, except FN2 vs. ANI (p<0.01), FN2 vs. ENI (p<0.01), FN3
vs. AN1 (p<0.01), and FN3 vs. ENI (p<0.01).

determine the effect of the pyridine analogs of curcumin on
activation of NF-KB. In these experiments, PC-3/N cells were
treated with a low concentration (1 pM) of curcumin and its
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Figure 3. Effect of curcumin and its pyridine analogs on the stimulation
of apoptosis of PC-3 cells. PC-3 cells were seeded at a density of
02x10° cells/ml of medium in 96-well plates (0.2 mi/well) and
incubated for 24 h. The cells were then treated with different
concentrations (0.1-10 uM) of the compounds for 72 h. Apoptosis was
determined by morphological assessment of cells stained with propidium
iodide (A-D) and by caspase-3 (active form) immunostatining (E). In
(E), 1 uM of AN, BN, EN or FN 1, 2 or 3 was added and incubated for
72 h. Statistical analysis for the study in (E) used ANOVA with the
Tukey-Kramer test. p<0.001 for control vs. ANI1, and EN1-3; p<0.01
for control vs. AN2 and AN3; p<0.001 for FN group compounds
compared to all other compounds.

analogs for 24 h. Treatment of PC-3/N cells with group FN
compounds resulted in strong decreases in NF-KB
transcriptional activity (Figure 4). Group AN and EN
compounds had moderate effects for reducing the NF-kB
transcriptional activity, while curcumin and group BN
compounds had no effect (Figure 4). Statistical analysis
using ANOVA with the Tukey-Kramer test showed that NF-
KB activity was significantly lower in cells treated with
group FN compounds than in cells treated with curcumin or
other pyridine analogs of curcumin (see Figure 4 legend for
p-values).
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Figure 4. Inhibitory effects of curcumin and its pyridine analogs on
nuclear factor-kappa B (NF-KB) transcriptional activity in PC-3/N cells.
PC-3/N cells were seeded at a density of 0.2x10° cells/ml of medium in
24-well plates (1.0 ml/well) and incubated for 24 h. The cells were then
treated with 1 uM of the different compounds for 24 h. The NF-KB
transcriptional activity was determined by the luciferase reporter assay.
Statistical analysis used ANOVA with the Tukey-Kramer test. p<0.001
for FN group compounds compared to all other compounds except FN3
vs. EN1 (p<0.01), FN2 vs. EN3 (p<0.01) and FN2 vs. EN1 (p<0.05).

Effect of pyridine analogs of curcumin on activated ERK1/2.
In additional experiments, we determined the effect of ANT1,
BNI1, EN1 and FN1 on the level of ERK1/2 activation in PC-
3 cells. In these experiments, PC-3 cells were treated with a
low concentration (1 uM) of curcumin, AN1, BN1, EN1 and
FNI1 for 24 h. The levels of phospho-ERK1/2 in the cells
were determined by western blot analysis. The levels of
phospho-ERK1/2 on western blots were analyzed by
absorbance measurements and were normalized for actin. We
found that treatment of PC-3 cells with curcumin or BN1 had
no effect on the level of phospho-ERK1, and treatment with
ANI1, EN1 and FN1 had small to moderate inhibitory effects
(Figure 5). Treatment with FN1 caused a 35% decrease in
the level of phospho-ERK2 while curcumin, AN1, BN1 and
ENT had little or no effect (Figure 5).

Analysis of structure—activity relationship. Twelve pyridine
analogs of curcumin with a five-carbon linker and a
cyclohexanone, cyclopentanone, tetrahydropyran-4-one or
tetrahydrothiopyran-4-one structure were studied for their
anticancer activities towards human prostate cancer PC-3
cells. A 2-uM concentration of these curcumin analogs had
stronger inhibitory effects on growth and stronger
stimulatory effects on apoptosis of PC-3 cells than did
curcumin. Among the four groups of these curcumin analogs,
compounds with a tetrahydrothiopyran-4-one linker had
stronger activities than any of the other compounds tested.
Compounds with a cyclopentanone linker had weaker
activities than compounds with a cyclohexanone,
tetrahydropyran-4-one or tetrahydrothiopyran-4-one linker.
These results indicate that compounds with cyclopentanone
as a linker had weaker anticancer activity than the other
compounds tested. Among compounds with the same linker,
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Figure 5. Inhibitory effects of curcumin and its pyridine analogs on the
activation of extracellular signal-regulated kinases (ERK)1/2. PC-3 cells
were seeded at a density of 1x10° cells/ml of medium and incubated for
24 h. The cells were then treated with 0.1% dimethyl sulfoxide (DMSO)
(control), curcumin, AN1, BN1, ENI or FNI (all at 1 uM) for 24 h.
Activation of ERK1/2 was determined using western blot analysis with
a phospho-ERK1/2 antibody. 3-Actin was used as a loading control. The
intensity of the pERKI/2 bands relative to that of [(-actin was
determined and expressed as relative density (RD). A representative blot
from three experiments is shown.

a nitrogen heteroatom in the ortho-position of the pyridine
ring had stronger activities than those with a nitrogen in the
meta- or para-position in the pyridine ring.

Discussion

A large number of curcumin analogs that inhibit the growth
of cultured cancer cells have been synthesized, but most
studies utilize relatively high concentrations, and there is only
limited information on the in vivo effects of the analogs. In
the present study, we first determined the effects of 12
pyridine analogs of curcumin on the growth of human
prostate cancer PC-3 cells using the MTT assay. In agreement
with the observations we reported earlier (25), we found that
all 12 pyridine analogs of curcumin at concentrations of 2-10
uM had stronger inhibitory effects on the growth of PC-3 cells
than did curcumin. However, only the FN group of curcumin
analogs retained strong activity at low concentrations (<1 uM).
Because the achievable concentrations of curcumin analogs in
vivo may be low, we subsequently determined the effects of
all compounds at 1 pM on growth and apoptosis in PC-3 cells
by using the trypan blue exclusion assay and the caspase-3
assay. Our results indicate that group FN curcumin analogs
had strong effects on growth inhibition and apoptosis
stimulation. Group AN and EN compounds had moderate
activities, while group BN compounds and curcumin had no
effect on growth and apoptosis at this low concentration.
Further studies are needed to determine the plasma levels of
these curcumin analogs and their possible inhibitory effects
on tumor growth in animal models.

During the past decade, many curcumin analogs have been
synthesized in order to improve the stability and anticancer
activity of curcumin. Studies from our laboratory and other

1347



ANTICANCER RESEARCH 33: 1343-1350 (2013)

investigators indicate that cyclohexanone-containing analogs
of curcumin had more potent anticancer activities than did
curcumin (25, 30, 31). Further modification of cyclohexanone
curcumin analogs by replacing the ortho-hydroxylmethoxyl
benzene with a pyridine ring, strongly enhanced the anticancer
activities of these curcumin analogs (23, 25). In the present
study, pyridine analogs of curcumin that contain a five-carbon
linker with a cyclohexanone, cyclopentanone, tetrahydropyran-
4-one or tetrahydrothiopyran-4-one moiety were synthesized
and evaluated for their effects on growth inhibition and
apoptosis in PC-3 cells. We found that analogs with
tetrahydrothiopyran-4-one as the linker had more potent
effects than analogs with tetrahydropyran-4-one,
cyclohexanone or cyclopentanone as the linker. Earlier studies
showed that the six-membered cyclohexanone ring system is
in general superior to the five-membered cyclopentanone
system for inhibiting the growth of several cancer cell lines
(24, 25). Our results, indicating that pyridine cyclohexanone
curcumin analogs (ANI1-3) had stronger activities than
pyridine cyclopentanone curcumin analogs (BN1-3), further
confirm this structure—activity relationship. Our studies also
showed that replacement of the cyclohexanone core with
tetrahydrothiopyran-4-one further increased the anticancer
activity ~while replacement of cyclohexanone with
tetrahydropyran-4-one did not enhance the activities of these
curcumin analogs. This result indicates that introduction of sulfur
in the linker may enhance the anticancer activities of pyridine
curcumin analogs. In addition, we found that compounds with a
nitrogen heteroatom in the ortho-position of the pyridine ring
usually had stronger activities than compounds with a nitrogen
heteroatom in the meta- or para-position of the pyridine ring.
To elucidate the mechanisms by which the pyridine
analogs of curcumin inhibit the growth and induce apoptosis
in PC-3 cells, the effects of these compounds on activation
of NF-kB were determined. Earlier studies showed that
curcumin exerts its wide range of antitumor effects through
modulating a diversity of signaling pathways including
effects on the transcription factor NF-KB (14, 16, 32). NF-
KB is an important cellular regulator of growth and apoptosis
in a variety of cells including prostate cancer cells (33-35).
Activated NF-KB is absent from normal prostate epithelial
and prostatic intra-epithelial neoplastic lesions, whereas it is
commonly present in invasive prostate cancer (36-38) and is
related to prostate cancer progression due to transcriptional
regulation of NF-KB-responsive genes (38). Moreover, NF-
KB activation predicts a high risk of relapse in patients with
localized disease (37, 39). NF-KB may, thus, serve as a
therapeutic target for the treatment of prostate cancer.
Although curcumin was shown to inhibit activation of NF-
KB at a high concentration (=20 uM; 16, 32), in the present
study, we found that curcumin had no effect on NF-KB
activation at 1 pM. In contrast, group FN curcumin analogs
had a strong inhibitory effect on activated NF-kB at 1 uM.
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Since we found that compounds with a nitrogen heteroatom
in the ortho-position of the pyridine ring, in general, had
stronger activities than those with a nitrogen heteroatom in the
meta- or para-position of the pyridine ring, we further
determined the effects of AN1, BN1, ENI1 and FN1 on the
level of activation of ERK1/2. The results of our study showed
that FN1 at 1 uM reduced the level of phosphorylated ERK1
and ERK2. Constitutive activation of ERK has been observed
in prostate cancer (40, 41). ERK was shown to regulate gene
expression through the activation of transcription factors, such
as NF-kB (42, 43). Recent studies showed that curcumin at a
concentration of 10 uM inhibited ERK and NF-KB activations
in oral cancer YD-10B cells (44) and at concentrations of
>20 pM inhibited 12-O-tetradecanoylphorbol-13-acetate
(TPA)-mediated activation of ERK and NF-KB in leukemia
U937 cells (45). In the present study, we found that curcumin
at 1 pM had no effect on the level of activated ERK1/2, while
the pyridine curcumin analog FN1 at the same concentration,
reduced the level of activated ERK1/2.

In summary, the present study demonstrated that pyridine
analogs of curcumin with a five-carbon linker with a
tetrahydrothiopyran-4-one moiety at <1 pM had potent
anticancer activities in human prostate cancer PC-3 cells.
Mechanistic studies indicate that the anticancer activities of
the curcumin analogs tested are associated with inhibition of
NF-KB transcriptional activity and a reduced level of activated
ERK1/2. Further studies are needed to determine the blood
levels of these compounds and the in vivo effects of these
compounds on tumor growth using suitable animal models.
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