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Abstract

Photodynamic properties of two anthraquinones, damnacanthal (DAM) and nordamnacanthal (NDAM) are studied. Photogeneration of
singlet oxygen is monitored by both optical, and EPR methods. In comparison with rose behalf¢r RB = 0.76), singlet oxygen
generating efficiencies of DAM and NDAM are determined to be 0.29 and 0.10, respectively. Rate of RNO bleaching is found to be retarded
by specifictO, quenchers such as DABCO and Nakonfirming the involvement d0, as an active intermediate. Photolysis of DAM and
NDAM in DMSO, in the presence of spin trap 5,5-dimethyl-1-pyrrold@xide (DMPO) generates 12-line EPR spectra, characteristic
of O,*~ adduct. Photogeneration obO is also monitored by optical spectroscopy using SOD inhibitable cytochcoeduction assay.

Our results indicate that DAM possesses high ability to generate reactive oxygen species. Both Type | and Type |l paths are involved in
the photosensitisation of DAM as well as NDAM. The quantum mechanically calculated lowest unoccupied molecular orbital (LUMO)
energies of DAM and NDAM are correlated with the experimental redox potential.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 3S participates in electron transfer to @ form superoxide
anion radicals, whereas in Type |l reactiofS, can trans-
Damnacanthal (DAM), nordamnacanthal (NDAM) com- fer its excitation energy to £to form singlet oxygen. The
prise of a general class of anthraquinone derivatives. Theseaim of the present study is to examine the photophysical
naturally occurring quinones are present in the heartwood of properties of both DAM and NDAM. The present study re-
Morinda tinctoria Roxb.[1]. DAM has some unique chemi-  ports the photogeneration of bottd, and Q*~ by DAM
cal and biological propertig2—4]. It shows inhibitory effect ~ and NDAM. The effect of electron donors such as ethylene-
towards tyrosine kinases such as Lck, Src, Lyn and EGF re-diaminetetraacetic acid (EDTA) and reduced nicotinamide
ceptor of DAM[5]. The effect of DAM on intracellular Ca  adenine dinucleotide (NADH) on the efficiencies of produc-
(2+) mobilisation has been demonstrated in cultured bovine tion of reactive oxygen species (ROS) by these quinones is
coronary endothelial cel§]. The specific inhibitory effect ~ also presented. A semi-empirical quantum mechanical cal-
of DAM on tyrosine kinase is used to study of structural culation is also made to compute the HOMO and LUMO
basis of selectivity and potendy]. DAM shows an inten- energies.
sive inhibitory effect against DNA topoisomerase 1l (IC 50:
20pg/ml) [8].
The stimulatory effect of DAM on photodynamic pro- 2. Materials and methods
cess has been studied on both phosphorylated extracellular
signal-regulated kinases and stress-activated protein kinase®.1. Chemicals
[9]. This effect is strongly light-dependent; therefore, stud-
ies on photodynamic effects of DAM and structurally re- DAM and NDAM were received as gift from the Depart-
lated NDAM are of considerable interest. Photosensitisers ment of Natural Product Chemistry (NPC), Madurai Kama-
DAM and NDAM are excited from ground state (S) to a raj University, India, and used as received. The structures
triplet (3S) by the absorption of light. In Type | reactions, and UV-Vis spectra of DAM and NDAM in phosphate buffer
(pH 7.4) are given irFig. 1
* Corresponding author. Tel:91-452-858246; fax:91-452-2459105. Superoxide dismutase (SOD), catalase and cytochome
E-mail address: rammurugesan@yahoo.com (R. Murugesan). were purchased from Sigma Chemical Co., while reduced
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0O  OCH3 O OH can be monitored spectrophotometrically at 440 firh].
CHO CHO The sensitiser was exposed to light in the presence of im-
O‘O O‘O idazole (10 mM) and RNO (50 mM) in a phosphate buffer
OH OH (pH 7.4). Shimadzu UV-Vis spectrometer (UV-160) as well
O o as Specord S100 UV-Vis spectrometer Analytik Jena AG,
Jena, Germany, were used for optical measurements. The
Damnacanthal (DAM) Nordamnacanthal (NDAM) interference of @~ and HO, on RNO bleaching was

removed by the addition of SOD and catalase, respectively.
The rate of disappearance of quencher (A) obeys the fol-
lowing equation12]:
TpAM —% = (Iabqjloz)%:]
wherek; is the rate constant for chemical quenchikgthe
rate constant for deactivation &0, by the solvent, andky
the intensity of light absorbed by the sensitiser. The slope
246 ad0 e a0 840 740 of the first order plot i3ap®02(K,/Kg). The slope was cal-
Wavelength (nm) culated by curve fitting the experimental data. The quantum
Fig. 1. Chemical structures and UV-Vis spectra of DAM and NDAM yield for 102 generation of DAM and NDAM was deter-
U\g/-Vis spectra were recorded in phosphgte buffer (pH 7.4) by DAM _mmeq based on the relative rates of R.NO bleaChmg’ under
(umax at 260, 317, 371, 457 nm) and NDAM.4a at 268, 345, 457nm).  identical conditions, by reference to singlet oxygen gener-
ator RB. Corrections were made for molar absorption and
photon energy13]. 1O, quantum yield for RB is taken as
NADH was obtained from Boehringer Mannheim. Dimethyl .76 [14]. The details of the calculation is presented else-
sulphoxide (HPLC grade) was procured from Qualigens where[15].
Fine Chemicals, India. N,N-Dimethyl-4-nitrosoaniline The detection offO, by EPR was also used as an al-
(RNO), 1,4-diazabicyclo[2,2,2]octane (DABCO) and rose ternative method to determine the photogeneratiohQaf
bengal (RB) were obtained from Aldrich Chemical Co., by DAM and NDAM [16,17] EPR-TEMPL experiment
Milwaukee, WI. Perinaphthenone (PN; Aldrich) was used as \was carried out for RB, DAM and NDAM under identical
a standard for the determination of the singlet oxygen quan- conditions. The reaction mixture (1 ml) containing 0.02 M
tum yields. The spin trap 5,5-dimethyl-1-pyrroliftexide ~ TEMPL and 0.1 mM quinones in DMSO was irradiated
(DMPO) was obtained from Aldrich and was purified by and the increase in EPR signal intensity was followed as a
activated charcoal[10]. 2,2,6,6-Tetramethyl piperidinol  function of time. TEMPOL, a stable nitroxide free radical,
(TEMPL) was obtained from Merck, India. Imidazole, formed as a result of oxidation of TEMPL sz shows
EDTA and sodium azide were purchased from S.D. Fine a three line EPR spectrum_ The formation of EPR Sig-
Chemicals, India. Imidazole was used after repeated crys-na| intensity of TEMPOL was not observed in dark. EPR
tallisation from doubly distilled water. All other compounds  spectra were obtained with a JEOL JES-TE100 ESR spec-

18 4
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were used as received. trometer at room temperature. Samples were injected into
_ gas-permeable Teflon capillary tube (0.8 mm inside diame-
2.2. Light source ter, 0.5 mm wall thickness) which was folded and inserted

into a narrow quartz tube and placed in the EPR cavity for
Light source used for irradiation was a 150 W xenon measurementd8,19]
lamp. A filter combination of 10 cm potassium iodide solu-
tion (1 g in 100 ml) and 1 cm pyridine was used to cut off be- 2.4. Phosphorescence method
low 300 nm and achieve a spectral window of 300—700 nm.
The irradiation was generally carried out in an open cuvette, Phosphorescence spectra were recorded on an SLM SPC
in equilibrium with the atmosphere. The reaction mixture in 823-SMC 220 spectrofluorimeter (SLM Instruments, Ur-
a quartz cuvette, placed at a distance of 12 cm from the light bana, IL). Singlet oxygen phosphorescence was detected as

source was continuously stirred during irradiation. described by Hall and ChigneJR0]. Photosensitised pro-
duction of'O, from DAM and NDAM was calculated from
2.3. Detection of singlet oxygen its characteristic infrared (IR) phosphorescence at 1270 nm

in acetonitrile. Singlet oxygen phosphorescence was mea-
The singlet oxygen generating efficiencies of DAM and sured as described elsewh§é]. PN was used as standard
NDAM were measured by RNO bleaching assay, chemilu- for the determinations of the singlet oxygen quantum yields.
minescence and EPR methods. Photoexcitation of the sensiThe 10, phosphorescence spectra were recorded over the
tiser generate¥0,, which bleaches RNO and the bleaching range of 1200-1300 nm. The integrated areas ofltbe
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phosphorescence spectra for each compound were correctedt al. [29]. The heats of formation of neutral closed-shell
for the number of photons absorbed over the appropriate anthraquinones were computed by using AM1 Hamiltonian.
wavelengths and normalised to the same number of absorbedhll molecular modeling calculations were performed on an
photons at the excitation wavelendfo]. MS-Windows 98 workstation.

2.5. Detection of superoxide anion . .
P 3. Results and discussion

SOD inhibitable cytochromereduction metho22] was
used to measure the superoxide generating efficiencies of th
quinones. Solutions of photosensitiser were illuminated in ) . ) o .
the presence of ferricytochroraén 50 mM phosphate buffer Bleaching of RNO as a function of irradiation time by

(pH 7.4) and the reduction was monitored, spectrophotomet-PAM, NDAM and RB is shown irFig. 2 The ratio of slopes
rically, at 550 nm, usingAesso = 20 000 ML cm? for the of RB to each sensitiser was corrected for molar absorption

reduced—oxidised cytochronod23]. and photon energy to obtain the singlet oxygen generating
EPR spin trapping method was also used for the detection€fficiencies of quinones. The singlet oxygen yields thu§ eval-
of Op*~ [24,25] Solution of quinone (02 mM) and DMPO uated are 0.29 and 0.10 for DAM and NDAM, respectlvely.

. 1 . .
(100 mM) in DMSO, placed in a quartz cuvette, was con- 10 confirm the role of*O; in bleaching of RNO, ex-

tinuously stirred using a magnetic stirrer during irradiation, PEriments were carried out in the presence of specific sin-
Irradiated solution was drawn into a gas-permeable Teflon 916t 0Xygen quenchers such as DABCO and sodium azide

capillary tube (0.8 mm inside diameter, 0.5mm wall thick- (Fig- 3. The RNO bleach;ng r?te cionstants in the presence of
ness). The Teflon tube was folded, inserted into a narrow'm'daml? (191m5/|1) (210"M~"s7%) and DABCO (10 mM)
quartz tube, and placed in the EPR cavity. The microwave (1-5x 10°M™=s7%) are comparabl{80]. Hence the rate of
power was 2mW and modulation amplitude was kept at RNQ blea_ch_lng should be reduced to 50% if equal concen-
0.5G. The spectral identification was confirmed by indepen- ration of imidazole and DABCO are used. In the present

dently simulating the spectra with known hyperfine-coupling Study the experiments were carried out in the presence of
constant (hfcc) and comparing them with the experimen- 10 mM imidazole and 5 mM DABCO. Hence bleaching rate

tally obtained EPR spectrum. To simulate the EPR spectra, V@S decreased by about 25% (0.05), when compared to the

a BASIC computer program was used. The output from this "ate of RNO bleaching in the absence of DABCO. Simi-
program was plotted to get the simulated spectra. larly sodium azide, another singlet oxygen quenqhgr also
was used. The concentrations of sodium azide and imidazole

used were 0.1 and 10 mM, respectively. At these concentra-

tions, it was found that the RNO bleaching was inhibited

. , , . by 50% (0.03). These results confirm the generatiohQpf
Redox potentials of quinones were investigated by using during photodynamic procef30,31} However, it is pointed

the electrochemical analyser, BAS 50A. The cell consists of out that the optical RNO bleaching method has a limita-

athree-electrode assembly of glassy carbon electrode (work+;qp, it compounds and RNO have same wavelength max-

ing), platinum electrode (auxiliary) and Ag/AgCI (reference) jma Hence another technique, the EPR method was used to

electrode. Glassy carbon was resurfaced with alumina. So'studyloz yield.

!utions of quinone (2 mg;_5.ml of acgtqnitrile) were prepared  The generation of:O, in photodynamic process was

in HPLC grade acetronitrile containing 0.05M tetrabuty- ¢, her confirmed by EPR method. In EPR technique the

lammonium perchlorate (TBAP), as supporting electrolyte. ,ophems related to optical study are eliminated. The EPR

Quinone solutions were deoxygenated for 10 min with ni- gnectrum of three equally intense lines, characteristic of

trogen gas, prior to measurement. All potentials are reportedTEMPOL nitroxide radical, was observed when the aerated

3.1 Generation of 1o,

2.6. Cyclic voltammetry

against Ag/AgCl, unless otherwise mentioned. solutions of DAM or NDAM and TEMPL in DMSO were
irradiated at room temperature. The hfeg(= 15.7 G) was
2.7. Computational chemistry found to be identical with those of the authentic TEMPOL

sample. EPR signal intensity of TEMPOL was found to in-
To assess the effects of electron-donating substituents increase with increase of irradiation time as showiig. 4.

the side chain of the anthraquinones (DAM and NDAM) Under the same condition RB also showed the formation
semi-empirical quantum mechanical calculations were per- of TEMPOL. The rates of formation of TEMPOL by DAM
formed using Argus computer program version[2®). This and NDAM are parallel to theitO, generating quantum
program supports QM/MM and QM/MMpol hybrid meth- yields. The relativéO, generating ratios of RB, DAM and
ods with different semi-empirical Hamiltoniafig7,28] In NDAM were determined to be 1:0.35:0.14, respectively.
the present study, the properties of molecular orbital and These ratios are comparable to the values determined by
atomic charges were predicted by using ZINDO/RHF (Re- the RNO bleaching method. Control experiments indicated
stricted Hartree—Fock) semi-empirical Hamiltonial of Zerner that sensitiser, oxygen and light were all essential for the
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- AOD (440 nm)
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Fig. 2. Photosensitised RNO bleaching measured at 440 nm in the presence of imidazole (10mm) in 50 mM phosphate buffer (pH 7.4X3ith RB (
DAM (+) and NDAM () as a function of illumination time.

production of TEMPOL, indicating that the formation of glet oxygen sensitiser with quantum yield close to unity in
the nitroxide radical is a photodynamic process. The gener-most solven{32]. For the compounds DAM and NDAM,
ation of 10O, during photoirradiation was further confirmed in aqueous media the phosphorescence ft@n was too
by studying the effect of sodium azide. The EPR signal weak to be detected. Hence the PN, DAM and NDAM are
intensity of TEMPOL was suppressed B, quencher, measured in acetonitrile. The singlet oxygen phosphores-
azide, confirming the formation 80, (Fig. 4). cence spectra for DAM, NDAM and PN in acetonitrile are
Singlet oxygen is generally formed through energy trans- shown inFig. 5. The observed phosphorescence of DAM
fer from the excited triplet of the sensitiser to the ground and NDAM clearly indicate that triplet states are popu-
state of dissolved molecular oxygen. PN is an efficient sin- lated under irradiation. The lifetime of phosphorescence is

- AOD (440 nm)

0 2 4 6 8 10 12
Time of irradiation (min)

Fig. 3. Photosensitised RNO bleaching measured at 440 nm in the presence of imidazole (10 mM) in 50 mM phosphate buffer (pH 7.4) with DAM (
and NDAM (x) as a function of illumination time. Inhibition of photosensitised RNO bleaching by DAM in the presence of 0.1 mM sodium[3dyide (

and 5mM DABCO Q).
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Fig. 4. The formation of TEMPOL during the photoirradiation of RB,(DAM (O) and NDAM () in the presence of TEMPL (20 mM) at 300K in
DMSO. Inhibitory effect of 2mM sodium azideH) on the intensity of TEMPOL radical during photoirradiation of DAM. The inset shows the EPR
spectrum of TEMPOL generated during the photoirradiation of DMSO solution of DAM (0.1 mM) in the presence of TEMPL: (A) in the dark; (B)
4 min irradiation; (C) 8 min irradiation. Spectrometer settings: microwave power, 2mW,; modulation frequency, 100 kHz; modulation amplitude, 0.5G;
time constant, 0.1s; scan rate, 4 min; scan width, 200 G.

2ms, inferring that this triplet is sufficient to react with 3.2. Generation of O*~
oxygen even at room temperature. @, quantum yield
for DAM and NDAM are 0.254 and 0.104, respectively, The photogeneration of £~ was studied by following
using PN as standardp{O, for PN = 1 in acetonitrile  ferricytochromec reduction[22]. The rate of photoreduction
[33]). These values are in reasonable agreement with the val-of cytochromec was also studied in the presence of elec-
ues estimated by EPR-TEMPL method and RNO bleaching tron donors such as EDTA and NADH. The electron donors
assay. enhanced the rate of cytochrorngeduction. This is typi-
cally shown for NADH inFig. 6. This enhancement of pho-
togeneration of @~ in the presence of electron donor is
indicative of anionic properties of the radical intermediate
formed during the photodynamic procd84]. In the pres-
PN ence of electron donors such as EDTA and NADH, the path-
8 ways of1O, generation can effectively switch over into the
production of the anionic specie$Sdue to the interaction
of electron donor with the triplet state of the sensitiser as
6 shown inScheme 1In the presence of oxygen the electron
DAM transfer can occur from*S to O,. The various photophys-
ical processes are outlined 8cheme 1Addition of SOD
was found to inhibit the photoreduction, thus confirming the
NDAM formation of Q*~ upon irradiation.
2 DAM shows higher photogeneration efficiencies of
10, and @*~, compared to NDAM. The DAM con-
tains —OCH group while NDAM has —OH at position-1.
0 Electron-donating substituents directly attached to quinone
ring are known to enhance their activif$5]. On this ac-
1200 1250 1300 1350 count DAM is expected to show higher efficiencies for
generation ofO, and G*~ than NDAM.

The photogeneration of &~ was also studied by EPR

Fig. 5. Spectrum ofO, phosphorescence of PN, DAM and NDAM in spin trapping techniquiB6,37] Lifetime of the spin adduct
acetonitrile. DMPO-G*~ is short in protic solvent and the superoxide

O, Signal (V)

1

Wavelength (nm)
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Fig. 6. Photosensitised superoxide generation measured as the rate of cytochredhection in 50mM phosphate buffer, pH 7.4 by DANL,
DAM + NADH (O), NDAM (+), NDAM + NADH (<) and DAM+ SOD (A) as a function of irradiation time.

adduct decomposes to DMPO-(BB]. Hence, EPR spin
trapping studies were carried out in DMSO in which the
DMPO-G* ™~ adduct has a longer life tinj89]. No EPR sig-
nal was observed in dark as well as when DMPO alone wa
irradiated in DMSO Fig. 7A). But the irradiation of DAM
(0.2 mM) and DMPO (100 mM) in aerated DMSO generated
a 12-line EPR spectrum characteristic of the DMP@*0O
adduct Fig. 7B). The identity of this radical was further con-
firmed by computer simulation of the spectrufig. 7C).

The hfcc of the spin adduct was analysed as primary nitro-

gen triplet @y = 135G) split by a protonAf, = 10.9G)
which in turn is further split by a secondary protaa, =
1.4 G). These hfcc are consistent with DMPO»*O adduct

in DMSO [40]. The signal intensity of this spin adduct was
found to increase with increasing time of irradiation. Ad-
dition of SOD (50ug/ml) prior to irradiation prevents the

D
3s
+. 30
D N' « 2
3 1
Fe2+ 2 s S
s o,
\ S
AN 02
\
Fe3+ |
\ SOD
\
302 + H202
Scheme 1.

WA e trmiii
Allam g ' S

(A)

S

(B) NHJ

I
i

WA st ol o Ad My

10G

D)

Fig. 7. EPR spectra of DMPO adduct in aerated DMSO solution contain-
ing DAM (0.2mM) and DMPO (100 mM) (A) in dark, (B) after 4 min ir-
radiation, (C) computed simulated EPR spectrum of DMP@—=Cadduct
using hfcc valuesAy = 135G, AE = 10850, Az' =142G and (D) in

the presence of SOD (y/ml). Spectrometer setting: microwave power,
2 mW; modulation frequency, 100 kHz; modulation amplitude, 0.5G; time

constant, 0.1s; scan rate, 4 min; scan width, 200 G; receiver gain, 500;
line width, 1.1.
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formation of adductKig. 7D). NDAM also showed simi- (A)

lar behaviour. The hfcc values evaluated for DMPQ*0O

adduct AN = 143G, A, = 114G andA}, = 1.3G) and ww*i
the DMPO-CH adduct @y = 164G, A}, = 236 G) (fig-

ure not shown). The adduct DMPO-gldbserved is pos-

sibly due to a secondary radical derived from DMSO and

hydroxyl radical[41].

3.3. Redox potentials

Electrochemical studies were carried out to determine 04

the reduction potentials for both DAM and NDAM. Cyclic

voltammogram of the two quinones were measured in the

range of+1.0 to —1.8V. DAM and NDAM show one ca- (B)

thodic and one anodic peakif. 8). The reduction poten-

tials, Ey/» for DAM and NDAM were found to be-0.815 y

and—0.798V, respectivelyTable J). 1ous t
The half-wave potential of DAM is more negative than

that of NDAM. Electron-donating substituents are known to

cause a shift oE;/» to more negative valupt2,43] These

E1/> values suggest NDAM to be more readily reducible.

3.4. Electronic properties of DAM and NDAM

10 05 0 -0.5 -1.0 -1.5 -2.0

The electronic properties of DAM and NDAM have rele-
vance to the modulation of their binding to biological targets.
The detailed MO computational studies of the two struc- Fig. 8. Cyclic voltammograms of (A) DAM and (B) NDAM in acetonitrile
tures are presented ifable 2 The two naturally occurring containing TBAP as supporting electrolyte (0.05 M) at 100 mV/s scan rate.
anthraquinones DAM and NDAM have structural difference
in the side chains. The optimised structures are given in
Fig. 9. gen bonding with carbonyl group is restricted and the sub-

In the case of NDAM, hydrogen bonding between the stituent is projected out of the plan with the ring system.
aromatic OH and the quinone substituted carbonyl functions Total energies, highest occupied molecular orbital (HOMO)
limits the side chain conformational freedom and makes the and lowest unoccupied molecular orbital (LUMO) energies
substitution coplanar with the ring system. But in the case and electric dipole moments, calculated for the two struc-
of electron-donating substituent OgGHDAM) the hydro- tures are presented rable 2

E (Volts)

Table 1

Cyclic voltammetric dathof DAM and NDAM

Substrate Peak potential (V) AEp Ei2 Peak current(A) Ipallpc
Epc Epa Ipc Ipa

DAM —0.894 —0.736 0.158 —0.815 3.78 1.98 0.52

NDAM —0.885 —-0.710 0.175 —0.798 3.32 2.70 0.81

aPotentials in volts against Ag/AgCI; scan rate, 100 mV/s.

ﬁtb;eznergies, frontier orbital energies and electric dipole moments for DAM and NDAM
Compounds E12 (V) AM1 (RHF), ZINDO (RHF)
AH (keal/mol) HOMO (au} LUMO (au) Dipole moment (debye)
DAM —0.815 —104.79 —0.3401 —0.0711 5.9992X = —3.381,y = —4.940,z = —0.389%
NDAM —0.798 —117.49 —0.3355 —0.0741 5.9462X = —1.613,y = —5.636,z = —0.998}

aAtomic unit.
bvector composition of electric dipole moment.
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Fig. 9. AM1 (RHF) optimised structures for the models of (A) DAM and
(B) NDAM.

The most prominent chemical feature of quinones is their

M. Rajendran et al./Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 615623

the LUMO energy differences. These LUMO energies are
correlated with the experimental redox potential.
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