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Abstract—A new semicarbazone derivative of curcumin (CRSC) was synthesized and examined for its antioxidant, antiproliferative,
and antiradical activity and compared with those of curcumin (CR). The antioxidant activity was tested by their ability to inhibit
radiation induced lipid peroxidation in rat liver microsomes. The antiproliferative activity was tested by studying the in vitro activity
of CRSC against estrogen dependant breast cancer cell line MCF-7. Kinetics of reaction of (2,2’-diphenyl-1-picrylhydrazide) DPPH,
a stable hydrogen abstracting free radical was studied to measure the antiradical activity using stopped-flow spectrophotometer.
Finally one-electron oxidized radicals of CRSC were generated and characterized by pulse radiolysis. The results suggest that
the probable site of attack for CRSC is both the phenolic OH and the imine carbonyl position. CRSC shows efficient antioxidant
and antiproliferative activity although its antiradical activity is less than that of CR.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Curcumin, 1,7-bis(4-hydroxy-3-methoxy phenyl)-1,6-hepta-
dione-3,5-dione, or diferuloyl methane (CR), is a yellow
pigment obtainable from the rhizomes of the plant Cur-
cuma longa,' which is one of the major spices used in the
Indian culinary practices. It is considered to be a safe
phytochemical without having any toxic, genotoxic,
and teratogenic properties even at high doses.> There
is compelling evidence that curcumin has cancer chemo-
preventive properties in a range of animal models of
chemical carcinogenesis.> The compound has antioxida-
tive and antiinflammatory properties, and several mech-
anisms have been proposed by which it might block
initiation and progression of cancer. Loo and co-work-
ers have proposed that H,O, is the indirect DNA dam-
aging agent in curcumin treated Jurkat T-lymphocytes.
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After the uptake of curcumin, H,O, is generated intra-
cellularly causing cell death due to its stressful and cyto-
toxic effects.* Curcumin has also been shown to induce
mitochondrial swelling, calcium release, respiration
impairment, and collapse of mitochondrial membrane
potential, which are events related to pore opening.
The formation of a pore, called the permeability transi-
tion pore (PTP) could lead to cell death by releasing
apoptogenic factors from mitochondria.®> Morin et al.
have shown that curcumin is able to inhibit the Ca*"
induction of PTP and this effect is related to its antiox-
idant properties, as it inhibits both superoxide anion
production and lipid peroxidation.® Thus curcumin
has a dual effect, inducing PTP despite its antioxidant
properties.

The remarkable antioxidant properties of curcumin’ are
thought to arise from the hydroxyl groups in the aro-
matic side chains or from the CH, group of the B-dike-
tone moiety.® Jovanoic et al. have indicated that
hydrogen abstraction from the methylene CH, group
is responsible for the remarkable antioxidant activity
of curcumin.’ Recently, Priyadarsini et al. have con-
firmed that phenolic OH is mainly responsible for the
activity of curcumin.'® Attempts have been made where-
in the phenolic OH is blocked on both the rings keeping
the B-diketone moiety intact.!'! However, modifications
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in the B-diketone are less explored except where this
moiety is modified with hydrazide'? and cyclohexanone
groups.® Preliminary studies in appending the B-car-
bonyl functionality in curcumin with known pharmaco-
phore semicarbazone by us have shown to enhance its
antioxidant potential.'?

Morin et al.® had earlier proposed that during mito-
chondrial respiration curcumin interacts with O, to
give rise to a radical that is toxic for the mitochondria.
Thus in the present communication we have investigated
the interactions of curcumin semicarbazone (CRSC)
with specific one electron oxidants such as azide (N37),
methyl and halocarbonperoxyl radicals employing the
pulse radiolytic technique and the stopped-flow method
involving DPPH radicals. The effect of the modified
curcuminoid is also examined on the lipid peroxidation
induced by y-radiation in microsomes and the results are
compared with those on curcumin. Thus we propose
that the ability of a mimetic compound to interact with
one electron oxidants, should also exhibit antiprolifera-
tive activity. The compounds CR and CRSC were there-
fore, tested against MCF-7 breast cancer cell lines
wherein CRSC exhibits enhanced antiproliferative
activity.

studies generating specific radicals were therefore,
undertaken to explore the molecular mechanism of such
antioxidant action.

2. Inhibition of y-radiation induced lipid peroxidation
by CRSC

Lipid peroxidation (estimated as TBARS) in micro-
somes induced by y-radiation at pH 7.4 saturated with
nitrous oxide and air was studied both in absence and
presence of CRSC and compared with the normal
microsomes exposed to the same amount of radiation
(Fig. 1). The formation of TBARS in the normal micro-
somes increases in a radiation dose dependant manner
from 136 to 408 Gy. In the presence of CRSC the
TBARS formation is inhibited significantly at almost
all doses, indicating its value as a protector of lipid per-
oxidation through its interaction with radical species. At
10 pM concentration the extent of inhibition varied
from 85% to 54%, while CR showed about 80-60% pro-
tection when the absorbed dose was varied from 136 to
408 Gy and is similar to that reported according to the
reference.! This indicates that CRSC has the potential
to act as an antioxidant and modification of the B-dike-
tonic moiety does not alter its antioxidant activity. Since
free radical scavenging is responsible for the antioxidant
action of curcumin, even in CRSC it is worth examining

the free radical reactions, which are presented
below.!14
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rized in Table 1. Our earlier studies on the superoxide
scavenging abilities of CR and CRSC generated by
KO,-DMSO employing the nitroblue tetrazolium assay
(NBT) assay had shown that the latter was 10-fold more
effective in the radical scavenging activity.!* Radiolysis

Table 1. Analytical and '"H NMR data for CR and CRSC

Figure 1. Effects of CUR and CURSC on 'OH induced lipid
peroxidation. Microsomes in N,O-purged buffer (pH 7.4) were
exposed to different doses using ®°Co y-source (a) normal microsomes,
(b) in presence of 10 uM of CR, (c) in presence of 10 uM of CRSC.

Compound % Analysis '"H NMR (ppm) Potentials/V

%C (Obsd) %H (Obsd) NH NH2 1-H
CR 68.47 5.47 Ab* Ab* 5.8 0.25, 0.53, and —1.02
C51H006 (67.98) (5.21)
CRSC 62.11 5.45 9.6 1.3 5.9 0.28, 0.57, and —1.14
C1H3N306 (62.66) (5.33)

Ab* = absent.
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3. Pulse radiolysis studies

The nature of the interaction of CRSC with small radi-
cals that can cause both electron transfer and H atom
transfer processes was probed further using nanosecond
pulse radiolysis technique. The radicals selected for the
purpose were azide, methyl, and the halocarbon peroxyl
radicals. While azide radicals react by specific electron
transfer, methyl and halocarbon peroxyl radicals react
by H atom transfer. The rate constants and the resultant
transient spectra and kinetics on reaction of these radi-
cals with CRSC were determined and compared with
those for curcumin. The interaction of the azide radicals
with CRSC produced a transient absorbing in the region
300-600 nm with a strong absorption maximum at
405 nm (Fig. 2) and another weak and broad absorption
with maximum around 495-500 nm region. Curcumin
reacts with Nj* radicals to give a strong absorption at
500 nm and relatively weak absorption at 310-340 nm
and a simultaneous bleaching of the ground state
absorption at 420 nm. The transient absorbing at
500 nm is assigned to the phenoxyl radical of CR
formed by one electron oxidation followed by proton
loss from phenolic OH group.'> Comparing the tran-
sient spectrum from CRSC with that for CR, the strong
405 nm absorption in CRSC is attributed to the forma-
tion of radicals produced by the one-electron oxidation
of the imine carbonyl of the semicarbazone moiety. Ear-
lier Bordwell and Bausch have shown that NH,CO

though an acceptor group, has radical stabilizing prop-
erties.!® The weak band around 495-500 nm is attrib-
uted to the phenoxyl radical from the phenolic OH
group.!®

The reactions of methyl and halocarbon peroxyl radicals
produced similar transients as observed with azide radi-
cal reactions. The rate constants of the reactions of
methyl and halocarbon peroxyl radicals are summarized
in Table 2. On the whole the reactions of all the radicals
examined with both the curcuminoid compounds are
found to be comparable within experimental limits.
However, in case of CR the phenoxyl radical is the
predominant species,!” while in the case of CRSC it is
the imine carbonyl radical, which is a major species
being formed in this reaction (Scheme 1).

4. Interaction with DPPH radicals

DPPH is a stable free radical that can abstract hydrogen
from any molecule having capacity to donate such atom,
leading to bleaching of the strong absorption at 517 nm.
The reaction can, therefore, be conveniently used to
examine the radical scavenging ability of the prospective
molecule.

The kinetics of DPPH decay was thus examined in the
presence of CR and CRSC compounds at different
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Figure 2. Transient spectra obtained by pulse radiolysis of 1.88 x 107* M of CRSC in 10% acetonitrile-water saturated with N,O, containing
0.01 mol dm~2 sodium azide at pH 7. Inset: Time variation of absorption of CRSC derived phenoxyl radicals produced by azide radical reactions

under similar conditions.

Table 2. Bimolecular rate constants (M~ s™!) for the reactions of CR and CRSC with different radicals

Reaction CR CRSC
Azide radical (10% acetonitrile, pH 7) 9.4x10° 3% 10°
Methyl radical (40% DMSO, pH 5) 3.5%x10° 24x10°
Halocarbon peroxyl radicals (48% isopropanol, 4% CCly, pH 7) 1.0x 108 1.6x 108
DPPH radicals (acetonitrile) 1640 274
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HO O NS
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N
= O OH
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R’ = Azide, Methyl or Halocarbon
peroxyl radicals

(Two possible sites of radical stabilization)
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Scheme 1. The proposed reaction mechanism for radical formation in CRSC.

concentrations. In a typical kinetic run 25 uM of DPPH
and 100 pM of CR or CRSC were mixed in a stopped-
flow cell and the change in absorption at 517 nm was
measured over a period of 200 s. Figure 3a and b shows
the absorption—time plots for this reaction in absence
and presence of CR and CRSC, respectively. It is ob-
served that the reaction is much faster with CR as com-
pared to CRSC compound. The rate constant for CR
was found to be 1640 =38 M~ 's™! and the reaction
was completed within 10-20 s (Fig. 3a), while the reac-
tion with CRSC was much slower under similar condi-
tions (Fig. 3b) and took more than 200s for
completion of the reaction. The decay traces could be
fitted to exponential function to obtain the observed rate
constants (kqps), which was followed as a function of
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Figure 3. Absorption—time plot showing the decay of DPPH radical at
517 nm in presence (a) 100 uM curcumin and (b) in presence of 100 uM
CRSC. Inset shows linear variation of observed rate constant as a
function of CRSC concentration.

CRSC concentration. From the linear dependency of
kops as a function of CRSC concentration (Fig. 3, inset)
rate constant for the reaction of CRSC with DPPH was
determined to be 274+ 7 M !s~!. The difference in
their rate constants is attributed to the steric hindrance
by the bulky semicarbazide side chain and its higher
reduction potential.

The semicarbazone is an electron withdrawing group
and hence there is a slight increase in the oxidation po-
tential of phenolic OH in CRSC as compared to CR.
For CR the oxidation potential observed in DMSO sol-
vent is +0.25V, which increases to +0.28 V in case of
CRSC. The peak at 0.53 V for CR and 0.57 V for CRSC
correspond to the oxidation of CH, group of the p-dike-
to group. The peaks obtained at —1.02 V for CR is due
to the reduction of the carbonyl oxygen, while the peak
obtained at —1.14 V for CRSC correspond to the reduc-
tion of the amide group.'?

The electrochemical data obtained on both the com-
pounds (Table 1) indicates that CRSC is slightly more
difficult to oxidize making H atom transfer to DPPH
radical thermodynamically and kinetically unfavorable
and thereby reducing the rate constant.

5. Anticancer activity

CRSC and CR were tested for their antiproliferative
activities against estrogen dependant breast cancer cell
line MCF-7. MCF-7 cells (5000/0/1 mL) were plated
overnight removed from media and then exposed to
1 pg/mL concentration of the test compound for 72 h
followed by determination of the cell viability by MTT
method. Figure 4 represents the antiproliferative activi-
ties of both the compounds. The results indicate that
CRSC is a potent antiproliferative compound with
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Figure 4. Effect of 1 pg/mL of CR and CRSC on breast cancer MCF-7
cells viability after 24 h of treatment. All determinations are expressed
as percentage of the control (untreated cells).

26% cell viability as compared to CR (64%) (24 h).
When compared to untreated cells, MCF-7 cells treated
with curcumin for 24h does not show any serious
changes in their morphology. However, 48 h treatment
with CR in general and 72 h treatment in particular, in-
duce some morphological changes in the cell line. Holy'®
had also made a similar observation for CR in sulforho-
damine B assay system on MCF-7 cells. However, no
satisfactory explanation is presently available for this
observation. The CRSC does not show such effects when
compared to CR.

Present studies indicate that modification of the B-dike-
tone functionality in CR serves to up-regulate its lipo-
solubility and retain its antioxidant property and free
radical scavenging ability as indicated by the results of
lipid peroxidation and pulse radiolytic experiments.
The pulse radiolysis studies obtained with N5 radicals
for these two systems produces significantly different
optical spectra. CR produces a strong absorption peak
at 500 nm attributed to the phenoxyl radical formed
by one electron oxidation followed by proton loss from
phenolic OH group. In case of CRSC a strong absorp-
tion at 405 nm is produced suggesting that the radical
species formed is the imine carbonyl along with a less in-
tense peak at 500 nm due to the formation of phenoxyl
radicals. The stability of the imine carbonyl and phen-
oxyl radical imparts ability for CRSC to scavenge the
oxidizing free radicals. The radical scavenging abilities
of CR and CRSC are comparable, which is evident from
their biomolecular rate constants obtained with azide,
methyl, and halocarbon peroxyl radicals. However, the
hydrogen donating ability of CRSC is five times slower
as compared to CR. Here both steric and higher oxida-
tion potentials are responsible for such changes in the
reaction rate constants. CR has been studied for its anti-
proliferative activities by Mehta et al.'® and they have
also reported 48-72 h treatment to observe some mor-
phological changes in MCF-7 cell lines. However,
CRSC shows significant morphological changes within
24 h indicating different mode of action probably due
to the different radical species and life time of such spe-
cies being generated and is currently under investigation.

6. Experimental

Materials: Thiobarbituric acid (TBA) and butylated
hydroxytoluene (BHT) were purchased from Sigma
Chemical Co., St. Louis, USA. All other reagents were
of analytical grade. Nitrous oxide gas (N,O) used was
of Iolar grade. Curcumin semicarbazone was prepared
according to the method described earlier.!?

7. Cell viability assay

The number of viable cells remaining after appropriate
treatment was determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical
Co.) assay.?’

Briefly, cells were plated (4000 cells/well per 0.2 mL
RPMI 1640 medium) in 96-well microtiter plates and
incubated overnight. The test agent was then added at
indicated concentrations to quadruplicate wells. After
24,48, and 72 h, MTT was added to each well at a final
volume of 0.5 mg/mL and the microplates were incu-
bated at 37 °C for 3 h. After the supernatant was re-
moved, the formazan salt resulting from the reduction
of MTT was solubilized in dimethyl sulfoxide (DMSO,
Sigma Chemical Co.) and the absorbance was read at
570 nm using an automatic plate reader (Molecular De-
vices Corporation, Sunnyvale, CA). The cell viability
was extrapolated from optical density (OD)s;, values
and expressed as percent survival using this formula
and the graph was plotted.

(OD)y;,, of drug treated sample
(OD)s;, of drug Untreated sample

x 100

% Cell viability =

8. Isolation of microsomes

Male albino wistar strain rats (180-200 g) were killed by
decapitation and livers were quickly removed and
washed with isolation medium (0.25 M sucrose contain-
ing 10 mM Tris—HCI, pH 7.4). A 10% liver homogenate
was made in isolation medium and microsomes were iso-
lated by differential centrifugation as described else-
where.?! All operations were carried out at 04 °C.

9. Incorporation of CRSC into the microsomes

CRSC was incorporated into the microsomes by adding
100 uL.  solution from a stock concentration of
3%x107*M in ethanol to the microsomal pellet and
diluting it to 10 mL with the buffer A (0.15 M Tris—
HCI, buffer pH 7.4) followed by homogenization. The
solution was then re-sedimented at 105,000¢g for 1 h to
remove traces of ethanol yielding the microsome pellets
with CRSC. They were re-suspended in the buffer A at a
protein concentration of 6-8 mg protein per mL and
stored at —20 °C for the maximum period of 2 weeks.
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In the control experiments, 100 pL ethanol was added to
the microsome pellet and the sample processed as above.
The protein was estimated by the Lowry method?? while
the concentration of CRSC incorporated into the micro-
somes was measured by extracting it into a chloroform
layer. The absorbance of the chloroform layer was mea-
sured at 425 nm and the concentration of the compound
was calculated by using the extinction coefficient of
42x10°M"em™'. During the microsomal experi-
ments the solutions were diluted with phosphate buffer
having pH 7.4.

10. y-Radiolysis

Steady state y-radiolysis of microsomal solution con-
taining CRSC was carried out using *°Co source with
a dose rate of 7.4 Gy/min measured by Fricke dosime-
try.?* The antioxidant activity of CRSC against y-ray in-
duced lipid peroxidation was studied in N,O purged
microsomal solution at physiological pH 7.4. The
y-radiolysis of aqueous solutions generates primary
radicals as given in Eq. 1, which under N,O-saturated
conditions convert ¢, to the hydroxyl radicals as shown
in Eq. 2 leading exclusively to "OH induced lipid
peroxidation.

Y ray
H,O "W > eiaq’ "OH, H (1)
N2O + ¢, — N; + *OH + OH- 2)

The microsome samples in the presence and absence of
the test compounds were prepared as follows:

Two sets of sealed vials were prepared and vortexed one
containing normal microsomes diluted to 2 mL (buffer
pH 7.4) at a protein concentration of 0.4-0.6 mg/mL
and the other containing microsomes with the test sub-
stances with identical dilution and protein concentra-
tion. Both sets were irradiated for different time
intervals and purging the microsomal suspensions with
N,O gas for 2 or 3min in such a way that some dis-
solved oxygen still remained inside. For the blank cor-
rection, identical sets were prepared to see the extent
of lipid peroxidation in the absence of irradiation.

The extent of lipid peroxidation was estimated in terms
of thiobarbituric acid reactive substance (TBARS) as
follows: At regular time intervals, 0.5 mL of the micro-
somal suspension from the respective vial of both the
sets were removed and added to the TBA reagent
(TBA reagent: 15% w/v trichloroacetic acid, 0.375% w/v
TBA, 0.25 N hydrochloric acid, 0.05% w/v BHT) and
were incubated for 20 min at 80 °C in a water bath.
The precipitates were removed upon cooling by centrifu-
gation and the absorbances of the supernatants were
measured at 535nm (¢=1.56x10°M s ") to calcu-
late TBARS, which is a direct measure of the lipid dam-
age.”* The extent of inhibition of "OH induced lipid

peroxidation was measured at different dose rates of
irradiation.

11. Pulse radiolysis

Pulse radiolysis experiments were done on a 7 MeV lin-
ear accelerator at Bhabha Atomic Research Centre pro-
ducing 50 ns electron pulse with an absorbed dose of
10-12 Gy as described by Guha et al.>> The absorbed
dose was measured using thiocyanate dosimetry moni-
toring (SCN),"~ at 500 nm.?¢

Azide radicals (N3*) were generated by irradiating N,O
saturated aqueous solution containing sodium azide
where all the "OH radicals were exclusively converted
to N3 by the reaction shown in 3.

'OH+N37%OH7+N3' (3)

Since both the test substances are insoluble in water,
10% acetonitrile was added to solubilize the required
amounts of the compounds. In order to avoid direct
reaction of the hydroxyl radical with acetonitrile and
its preferential reaction with azide, atleast 0.05 M so-
dium azide is used. For the generation of methyl radicals
in DMSO and halocarbon peroxyl radicals literature
protocols were followed.?’

12. Stopped-flow measurements

Stopped-flow experiments were carried out using SX-18
MYV multimixing reaction analyzer from Applied Photo
Physics Ltd, UK. It was used in single mixing CR/CRSC
in methanol and syringe II contained the DPPH solution
(uM) in methanol. The absorbance due to DPPH was
measured at 517 nm as a function of time. All the experi-
ments were carried out at room temperature (25 °C). At
least three independent runs were used to determine the
observed rates at any particular concentration. All the
experiments were repeated twice.

13. Physico-chemical measurements

Elemental analyses were carried out on a Hosley C H N
analyzer at the Microanalytical Laboratory, University
of Pune, India. Proton NMR spectra were obtained on
Perkin—Elmer instrument operating at 300 MHz in
DMSO-dg and referenced to § DMSO at 2.5 ppm. Cyclic
voltammetric measurements were made in DMSO sol-
vent on BAS CV-27 instrument with an X-Y recorder
using Pt as working electrode against SCE and Pt wire
as an auxiliary electrode with TEAP as the supporting
electrolyte.
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