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Purpose. Emerging evidence clearly suggests the potential chemopreventive and anti-tumor activity of a
well known “natural agent” curcumin. However, studies have shown that curcumin is not readily
bioavailable, and thus the tissue bioavailability of curcumin is also poor except for gastrointestinal track.
Because of the potential biological activity of curcumin, many studies have attempted for making a better
analog of cucumin that is equally effective or better with increased bioavailability, which was the purpose
of our current study.

Methods. We have designed and synthesized new difluoro Knoevenagel condensates of curcumin and
Schiff bases along with their copper (II) complexes and evaluated their biological activities with respect
to the inhibitory effects on purified rabbit 26S proteasome, and growth inhibition and induction of
apoptosis in colon and pancreatic cancer cell lines.

Results. All copper complexes possess distorted square planar geometries with 1:1 metal to ligand
stoichiometry with reversible copper redox couple. The difluoro compound CDF exhibited inhibitory
effects on purified rabbit 20S proteasome or cellular 26S proteasome, and caused both growth inhibition
of cancer cell lines and induced apoptotic cell death in our preliminary assessment.

Conclusion. Our results suggest that our newly synthesized classes of curcumin analogs could be useful as
chemopreventive and/or therapeutic agents against cancers.

KEY WORDS: apoptosis; cancer cells; cell growth; curcumin; difluoro Knoevenagel condensates of

curcumin.

INTRODUCTION

Curcumin (diferuloylmethane, 1) is the active phenolic
compound extracted from the rhizome of the plant Curcuma
longa (Linn) grown in tropical Southeast Asia (1-3). The
compound has been used as a spice and coloring agent in
Indian cuisine as well as a chemopreventive agent in
traditional Indian Ayurvedic Medicine for treating various
health disorders including respiratory conditions, inflamma-
tion, liver disorders, diabetic wounds, cough and certain
tumors (4-25). Recent investigations have provided evidence
that Curcumin indeed prevents a variety of carcinogen-
induced cancers in rodents in addition to suppressing the
mutagenic effects of various chemical carcinogens such as
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tobacco, cigarette smoke condensates, benzo (a) pyrene, 1, 2-
dimethyl-benz(a)anthracene(DMBA) and aflatoxin B1 (4-
25).

Curcumin exhibits wide ranging anticancer activities both
in vitro and in vivo through a variety of mechanisms. It
inhibits proliferation and induces apoptosis in a wide array of
cancer cells including bladder, breast, lung, pancreas, pros-
tate, cervix, head and neck, ovary, kidney, brain and skin (16—
18). These effects have been shown to arise by its interaction
with numerous biochemicals and molecular targets (transcrip-
tion factors, growth factors and their receptors, cytokines,
enzymes) either through direct interaction or through mod-
ulation of gene expression, although the underlying mecha-
nisms are not fully understood (18). It has also been found to
potentiate the effects of some of the therapeutic agents in the
clinics such as genistein, celecoxib, gemcitabine, 5-flurouracil
and oxaliplatin (26).

The bioavailability of Curcumin is a major concern which
limits its therapeutic utility since as much as 75% of
Curcumin gets excreted in the feces indicating poor absorp-
tion from the gut (27). However, when injected intravenously,
the majority of the drug is metabolized and actively trans-
ported into bile, suggesting that Curcumin has poor absorp-
tion and rapid metabolism. Metabolic transformations
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through sulfation and glucuronidation at various tissue sites
especially in liver and intestine can be blocked through
administrations of adjutants such as Piperine, a known
inhibitor of hepatic and intestinal glucuronidation, which has
been shown to increase the bioavailability of Curcumin
(28,29). Different drug delivery systems including liposomes,
micelles, phospholipid complexes and nanoparticles have also
been employed with some success for improving bioavailabil-
ity (2,30).

Since the chemical structure of Curcumin plays a crucial
role in its biological activity as observed from the isomeriza-
tion process influencing the antioxidant activity of curcumin
(31), it is anticipated that enhanced absorption of Curcumin
without any loss in its activity can be achieved by evolving
appropriate Curcumin analogs (32,33). Snyder and coworkers
have reviewed studies carried out on symmetrical 1,5-diaryl
pentadienones which has indicated that central methylene
group of Curcumin can be replaced without much loss in
activity (34). Li and coworkers have extended this work to
include cyclopentanone and cyclohexanone analogs and have
evaluated their antibacterial properties against ampicillin-
resistant bacteria showing heteroaryl and long chain sub-
stituents may enhance the activity of these compounds
(32,33). More recently pyrazolic and isoxaxolic analogs of
Curcumin have been shown to possess neuroprotective action
(35).

Another strategy which has been employed to improve
the biological activity of Curcumin is through its complexa-
tion with metal ions (8,36) and anti-tumor activity has been
reported for such metal complexes by John er al. (37).
However, none of these strategies have yielded compounds
having better antitumor activity than Curcumin. In our group
we have been attempting to slow down the rapid metabolism
of Curcumin by preparing its Knoevenagel condensates and
their copper complexes which were found to be more potent
in inhibiting TNF-a induced NF-«B activation and prolifera-
tion of human leukemic KBM-5 cells, suggesting that this
approach may yield potent curcumin analogs (38). Since
metabolic stability of C-F bond is much higher than that of
the C-H or C-OH bond, we were attracted to examine the
fluoro analogs of the Knoevenagel condensates of Curcumin
and their Schiff bases along with their copper complexes.
Such substitution does not introduce any major steric changes
allowing recognition at the macromolecular sites and hence
maintaining the enhanced activities of the compounds (39,40).
The rationale behind fluorine substitution in drug design has
been discussed in the literature and several examples of the
effectiveness of this strategy have been provided, and it has
been suggested that fluoro substituents has a role in
enhancing metabolic stability of anticancer agents (39,40).

In the present communication we describe synthesis and
characterization of new fluoro Knoevenagel condensates of
Curcumin and their Schiff bases along with their copper
complexes which were evaluated for their proteasome
inhibitory activity against a purified rabbit 20S proteasome,
which was based on our recent observation that curcumin is a
potent proteasome inhibitor as documented in colon cancer
(HCT-116 and metastatic SW-480) cell lines (41). The results
of our studies indicate that some of the new fluorocurcumin
analogs are potent proteasome inhibitors as tested in vitro
and in HCT116 cells in vivo, and one of these compounds
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(CDF) also induced cell growth inhibition in both colon and
pancreatic cancer cells. We also found that CDF is somewhat
better in inducing apoptosis in BxPC-3 pancreatic cancer cells
in our initial screening. These preliminary findings suggest
that CDF could be further developed by assessing its
pharmacokinetics, tissue bioavailability and its mechanism of
action for establishing the role of CDF as a chemopreventive
and/or therapeutic agent against cancers.

EXPERIMENTAL DESIGN, MATERIALS
AND METHODS

All reagents and solvents were of Analytical Grade. The
"H NMR spectra were recorded on FT-NMR Varian Mercury
300 MHz instrument. The electronic absorption spectra were
recorded on a Spectronic Genesys-2 spectrophotometer while
IR spectra were recorded in KBr pellets on FTIR 3400
Shimadzu spectrophotometer. Magnetic susceptibility was
measured at 300K on Faraday Balance having field strength
of 7000 KG. Electron Paramagnetic Resonance (EPR)
spectra were recorded as the polycrystalline sample on
Varian X-band spectrophotometer using 1,1-diphenyl-2-
picrylhydrazy (DPPH) as calibrant.

Synthesis. Curcumin was separated from the commercial
curcuminoid sample by column chromatography over silica
gel using chloroform: methanol (9:1) as eluting solvent. The
purified Curcumin was dissolved in minimum amount of
methanol to which respective flouroaldehyde (in
stoichiometric ratio) was added in methanol slowly with
continuous stirring. The reaction mixture was stirred for
48 h and then set aside for product separation. The
precipitated product was washed with adequate quantities of
n-Hexane and recrystallized from chloroform-hexane mixture
to yield pure dark brown microcrystalline product. These
condensates were reacted with different hydrazides/amines to
yield corresponding bis-Schiff base ligands following a
procedure described earlier (38) which upon interaction
with copper chloride yielded mono-ligand copper
complexes, as shown in Scheme 1 where we have coded the
compounds 2, 3, 4, 5 and 6 as CDF, CDFI, CDFS, CDFT and
CDFA, respectively.

Materials. Curcumin was obtained from Sigma-Aldrich
(St. Louis, MO) and dissolved in ethanol (Sigma; St. Louis,
MO) at a stock concentration of 10 mM, aliquoted and stored
at —20°C. Purified rabbit 20S proteasome and fluorogenic
substrate Suc-LLVY-AMC for the proteasomal chymotrypsin-
like (CT-like) activity were obtained from Calbiochem Inc.
(San Diego, CA). Fetal bovine serum (FBS) was from Tissue
Culture Biologicals (Tulare, CA). Penicillin and streptomycin
were purchased from Invitrogen Co. (Carlsbad, CA). Dul-
becco’s modified Eagle’s medium was purchased from
Mediatech Inc (Herndon, VA). MTT (3-4, 5-dimethyltiazol-
2-yl-2.5-diphenyl-tetrazolium bromide) was purchased from
Sigma-Aldrich.

Cell culture. HCT116 human colon cancer cells and
BxPC-3 pancreatic cancer cells were purchased from Amer-
ican Type Culture Collection (Manassas, VA) and grown in
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Scheme 1. Synthetic steps used in the preparation of copper conjugates of Knoevenagel condensates and Schiff bases of 1. The specific
conditions followed for various steps include: (@) 3,4 diflouroaldehyde, piperidine, 48 h, methanol; (b) hydrazides, 24 h, piperidine, methanol,
room temp. (1:2); (c) 3,4 diflouroamine, 24 h, piperidine, methanol, room temp; (d) CuCl,. 2H,0O, methanol, piperidine (1:1).

DMEM medium supplemented with 10% FBS, 100 units/ml
of penicillin, and 100 pg/ml of streptomycin. Cells were
maintained at 37°C and 5% CO,.

Inhibition of purified 208 proteasome activity by curcumin
and its fluorine substituted analogs. A purified rabbit 20S
proteasome (35 ng) was incubated with 20 uM of substrate
Suc-LLVY-AMC in 100 pl assay buffer (20 mM Tris—-HCI,
pH 7.5), in the presence of curucmin or fluorine substituted
curcumin analogs at different concentrations or the solvent
ethanol for 2 h at 37°C, followed by measurement of
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Fig. 1. 20S proteasome inhibition by fluorine substituted curcumin
analogs. Purified rabbit proteasome (35 ng) was incubated with or
without (E) various concentrations of curcumin (Cur) and its fluorine
substituted curcumin analogs for 2 h, followed by proteasomal
chymotrypsin-like activity assay. Columns, mean values+SD. *p<
0.03; **p<0.01; ***p<0.001.

hydrolysis of the fluorogenic substrates using a Wallac
Victor3™ multi-label counter with 355-nm excitation and
460-nm emission wavelengths.

Inhibition of the proteasome activity in intact colon cancer
cells by curcumin and its fluorine substituted analogs. To
measure inhibition of the proteasome activity in living tumor
cells by curcumin and its fluorine substituted analogs,
5,000~8,000 human colon caner HCT 116 cells were planted

120 H 10uM
020 uM
__ 100 030 uM
g s 3
> 801 * x X e L *
=
S 601
@
)
< 404—
o
O 204
0 T T T T T T

E CDF CDFT CDFS CDFI CDFA CUR
*p<0.03; **p<0.01; **p<0.001

Fig. 2. Proteasome inhibition by fluorine substituted curcumin
analogs in human colon cancer HCT 116 cells. Human colon cancer
HCT 116 cells were treated with or without (E) various concen-
trations of curcumin (Cur) and its fluorine substituted curcumin
analogs for 24 h, followed by proteasomal chymotrypsin-like activity
assay. Columns, mean values+SD. *p<0.03; **p<0.01; ***p<0.001.
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Fig. 3. Inhibition on cell growth by fluorine substituted curcumin
analogs in HCT 116 cells. Human colon cancer HCT 116 cells were
treated with or without (E) various concentrations of curcumin (Cur)
and its fluorine substituted curcumin analogs for 24 h, followed by
MTT assay. Columns, mean values+SD. *p<0.05; **p<0.005.

to each well of a 96-well plate and then treated with either
ethanol or curcumin or fluorine substituted curcumin analogs
at different concentrations for 24 h, followed by an additional
2 h of incubation with the proteasomal CT-like specific
substrate at 20 uM. The proteasome activity was measured
using the whole plate as described above.
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MTT assay. Cells were grown in a 96-well plate. Tripli-
cate wells of cells were treated with indicated concentrations
of curcumin or fluorine substituted curcumin analogs for 24 h.
After aspiration of medium, MTT (1 mg/ml) was then added
to the cell cultures, followed by incubation for 3 h at 37°C.
After cells were crystallized, MTT was removed and DMSO
was added to dissolve the metabolized MTT product. The
absorbance was then measured on a Wallac Victor® 1420
Multi-label counter at 540 nm.

Apoptosis Assay. The Cell Apoptosis ELISA Detection
Kit (Roche, Palo Alto, CA) was used to detect apoptosis in
BxPC-3 pancreatic cancer cells after 72 h of treatment with
curcumin and CDF. After the treatment, the cytoplasmic
histone/DNA fragments were extracted and bound to immo-
bilized anti-histone antibody. Subsequently, the peroxidase-
conjugated anti-DNA antibody was used for the detection of
immobilized histone/DNA fragments. After addition of
substrate for peroxidase, the spectrophotometric absorbance
of the samples was determined by using ULTRA Multifunc-
tional Microplate Reader (TECAN, Durham, NC) at 405 nm.

Statistical Analysis. The statistical significance of the data
was calculated using a paired two-tailed -test following the
GraphPad Prism software program and a p value of <0.05 was
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Fig. 4. Inhibition on cell growth and induction of apoptotic cell death by fluorine substituted curcumin
analogs in BxPC-3 pancreatic cancer cells. Human pancreatic cancer cells were treated with or without
various concentrations of curcumin or its fluorine substituted curcumin analog CDF for 72 h, followed by
MTT assay (panels A and B) or apoptosis assay (panels C and D). Statistical significance are shown *p<

0.05; **p<0.01; ***p<0.001.
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considered statistically significant comparing treatment
groups against control.

RESULTS AND DISCUSSIONS

The interaction of purified Curcumin with diflouroaldehyde
in methanolic solvent resulted in good yields of Knoevenagel
condensates. These condensates when reacted with different
hydrazides/amines produce corresponding bis-Schiff base ligands
as shown in Scheme 1. The interaction of these ligands with
copper chloride yield mono-ligand copper complexes. The
compositional analysis of the copper complexes indicate 1:1
metal to ligand stoichiometries for Knoevenagel condensates
and their Schiff bases while conductivity measurements in
DMSO solvent reveal non-electrolyte nature for them (42).

IR spectrum of 1 in its stable enolizable form exhibits the
carbonyl stretching frequency at 1,620 cm ' and an
intramolecularly hydrogen bonded hydroxyl absorption at
3,379 cm! whereas in the case of Knoevenagel condensates
the carbonyl stretch appears at 1,655-1,633 cm™ ' while the
hydroxyl absorption is found to be absent due to loss of
enolizable hydrogen. In the Schiff bases of Knoevenagel
condensates (5-7) the carbonyl frequency is replaced by
strong absorptions at 1,595-1,600 cm™ ! ascribed to
azomethine stretching frequency and an additional band at
860 cm ' due to the thiocarbonyl stretch (in case of the
thiosemicarbazone ligand), respectively. Upon complexation
with copper ions the carbonyl frequency exhibits an upward
shift due to back coordination effects of oximino nitrogen
donor indicating its involvement in metal complexation. The
new bands observed in the spectra of the copper complexes in
the regions 550-590 and 360-390 are ascribed to y(M-O)and
v(M-Cl) stretching frequencies, respectively (38).

All ligands exhibit absorptions in the region 200-450 nm
in their electronic spectra recorded in DMSO solvent which
are due to intra-ligand electronic transitions. The intense
band observed in the range 450-650 nm in copper complex is
due to ligand to metal charge transfer (41), while the
additional band observed in the region 650-850 nm is
characteristic of Cu(Il) (2B1g-— 2Eg) transition in square
planar copper compounds (43). The magnetic moments of
these complexes (1.69-1.82BM) indicate their monomeric
nature and support their planar geometries. The X-band EPR
spectra of the copper compounds in DMSO glass are typical
of axial symmetry with g > g 1 . 2.0023, indicating the
presence of unpaired electron in d .y, ground state (43). The
Distortion Factor Values in the range 110-120 are typical for
planar complexes, while the higher values indicate extent of
distortion as indicated in our earlier communication (43).
These chemical characteristics are encouraging because these
analogs may serve as new generation of compounds that
could be biologically active and perhaps better than curcumin
in terms of pharmacokinetics and tissue bioavailability, and
thus these compounds could be useful as chemopreventive
and/or therapeutic agents against human malignancies.

Since proteasome is one of the cellular targets of
curcumin, and the inhibition of proteasome has been
associated with the cell-killing activity of curcumin (17,41)
as well as other proteasome inhibitors, in the current study we
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tested our hypothesis whether our newly synthesized fluorine
substituted curcumin analogs could target the proteasome
compared to curcumin as a control. As shown in Fig. 1,
curcumin inhibited 20-70% chymotrypsin-like activity of the
proteasome at 1-10 pM. At 0.5 pM, all fluorine substituted
curcumin analogs reached 20-40% proteasome inhibition. At
high concentration such as 10 pM, fluorine substituted
curcumin analogs showed superior effects on proteasome
inhibition compared to curcumin (70-78% vs. 70%). Next we
tested whether fluorine substituted curcumin analogs could
inhibit the cellular 26S proteasome as their parent compound
curcumin does (41). Among these, CDF ligand exerted higher
potency over other fluorine substituted curcumin analogs
examined, showing 34%, 51% and 61% proteasome inhibi-
tion at 10, 20 and 30 uM, which was similar to Curcumin with
27%, 47% and 64% proteasome inhibition at 10, 20 and
30 uM (Fig. 2). Other fluorine substituted curcumin analogs,
viz. CDFT, CDFS, CDFI, CDFA and CDFC, inhibited
around 23-42% proteasome activity at 10-30 pM. These
results suggest that CDF is biologically superior than
curcumin, and we speculate that if CDF shows better
bioavailability and tissue distribution than curcumin then it
could be a much effective agent for further clinical develop-
ment. Such pharmacokinetic and tissue distribution studies
are currently being carried out in our laboratories.

Next we determined the effects of fluorine substituted
curcumin analogs on growth of HCT 116 cells and as
anticipated, the CDF ligand was the most potent inhibitor
compound showing 24%, 39% and 68% inhibition on cell
proliferation at 10, 20 and 30 pM, respectively compared to
curcumin with 24%, 53% and 49% inhibition at 10, 20 and
30 uM (Fig. 3). The inhibition of cell growth was also assessed
in BxPC-3 pancreatic cancer cells and our data clearly show
that CDF is superior compared to curcumin in inducing cell
growth inhibition (Fig. 4, panels A and B). We subsequently
tested whether the inhibition of cell growth could also be
partly due to the induction of apoptosis in BxPC-3 pancreatic
cancer cells. We found that both curcumin and CDF could
induce apoptosis (Fig. 4, panels C and D) and that CDF was
superior compared to curcumin. These results are consistent
with the MTT results as discussed earlier.

In summary, our studies indicate that CDF is the most
potent fluoro analog of curcumin in the present series whose
potency on the inhibition of the proteasome and cell growth
and the induction of cell death was better than the parental
curcumin, which is likely to be in part due to the metabolic
stability afforded by the fluoro substituents. These results
suggest that CDF could be further developed for pharmaco-
kinetic and tissue distribution studies along with pre-clinical
testing in animal models and based on those findings it could
be evaluated in human patients in the future for the treatment
of human malignancies.
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