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bstract

Phototoxicity of quinifuryl, 2-(5′-nitro-2′-furanyl)ethenyl-4-{n-[4′-(n,n-diethylamino)-1-methylbutyl]carbamoyl}quinoline, towards tumor cells
as already been shown. Since no cytotoxicity of the final products of its photodecomposition was observed, we have supposed that cyto-
oxicity should be caused by reactive intermediates in the quinifuryl photolysis. We succeeded in detecting three species in the course of
uinifuryl photolysis: singlet oxygen (1�g), nitric oxide (NO) and superoxide anion (O2

•−). Singlet oxygen was detected by its specific phos-
horescence in the course of the quinifuryl photoexcitation in both acetonitrile and aqueous solutions with lifetimes of 74.7 �s and 3.5 �s,
espectively. The quantum yield of the 1�g formation in water was 0.29 ± 0.03. Nitric oxide release was detected by specific chemilumines-

ence of excited radical *NO2, formed in the reaction of NO with O3. The yield of NO was 0.45 ± 0.03 mol/mol of photodecomposed quinifuryl.
he formation of O2

•− was detected spectrophotometrically (epinephrine oxidation to adrenochrome) and by EPR (stable nitroxyl free radical
ormation).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Quinifuryl, 2-(5′-nitro-2′-furanyl)ethenyl-4-{n-[4′-(n,n-die-
hylamino)-1′-methylbutyl]carbamoyl}quinoline, 5-nitrofuran-
thenyl-quinoline (NFEQ) is known as an antiseptic agent
1], which possesses radiosensitizing activity in vitro [2]

nd cytotoxic activity towards various lines of tumor cells
3,4]. Recently, we have shown that phototoxicity of quini-
uryl towards tumor cells, induced by visible light, was much
igher as compared to its dark cytotoxicity [5,6]. It was also
hown that the final products of quinifuryl photodecomposi-
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ion are not toxic towards the same lines of tumor cells [6].
hese results indicate that toxic intermediates formed in the
ourse of the drug photolysis might be responsible for its
hotocytotoxicity.

We have also demonstrated previously that quinifuryl pho-
odecomposition proceeds by two different pathways: the reac-
ion between its molecules in the excited triplet and ground (S0)
tates and the direct drug photodecomposition from the excited
inglet state [7].

Further search for possible reactive intermediates of the
uinifuryl photodecomposition was performed in the present

ork. Three potentially toxic intermediates of the drug pho-

olysis by visible light (390–450 nm) were detected: sin-
let oxygen (1�g), nitric oxide (NO) and superoxide anion
O2

•−).

mailto:iourib@ffclrp.usp.br
mailto:iouribor@usp.br
dx.doi.org/10.1016/j.jphotochem.2006.04.004
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Fig. 1. Structure of quinifuryl (A), hydrophilic spin trap, 1-hydroxy-2,2,6,6-
t
n

2

2

n
fi
L
4
n
b
M
w
w
r

2

7
T
r
t
t
3
c
a
t
w
c
c
t
w
d
t
o
r
i
(

e
t
D
t

2

t
M
c
a
p
t
T
q
v
τ

1

Φ

Φ

c

Φ

w

r
1

A
r

2

c
d
f
o
2
e
t
3
T
t
i
f
p
a
(

etramethyl-4-oxopiperidine (TMOOP) (B) and the corresponding stable free
itroxyl radical (C).

. Materials and methods

.1. Chemicals

Quinifuryl (Fig. 1A), a representative of the family of 5-
itrofuran-ethenyl-quinoline drugs, was synthesized and puri-
ed by Dr. N.M. Sukhova (Institute of Organic Synthesis, Riga,
atvia). A hydrophilic spin trap, 1-hydroxy-2,2,6,6-tetramethyl-
-oxopiperidine (TMOOP), and the corresponding stable free
itroxyl radical (Fig. 1B and C), were synthesized and purified
y Dr. L.A. Krinitskaya (Institute of Chemical Physics-RAS,
oscow, Russia). Acetonitrile, phenalenone and epinephrine
ere purchased from Merck and superoxide dismutase (SOD)
as from Sigma Chemical Company. All reagents were used as

eceived.

.2. Quinifuryl photodecomposition measurements

Solutions of quinifuryl in phosphate buffer saline (PBS
.5 mM, pH 7.8) were usually used, if not otherwise stated.
he compound was irradiated by visible light in the spectral

ange from 390 nm to 450 nm using standard slide projec-
or equipped with tungsten lamp (150 W). Light was passed
hrough a color glass filter (5-57 KOPP, light transmittance range
50–450 nm). Irradiation was performed in a standard quartz
uvette with the 10 mm optical lengths. The initial solution
bsorbance at λmax = 396 nm (characteristic quinifuryl absorp-
ion maximum) was always below 0.35. The irradiation intensity
as 22 mW/cm2, as measured at the front face of the sample

uvette by a Spectra-Physics 407A radiometer. A standard quartz
uvette (10 mm) filled with water was used as a thermal filter
o prevent collateral heat effect. Quinifuryl photodecomposition
as monitored through the decrease of absorption at 396 nm as
escribed elsewhere [7]. Optical absorption spectra were regis-

ered using the DU 650 Beckman spectrophotometer. Solutions
f quinifuryl were prepared using gentle stirring. Sample prepa-
ations were performed under light of 60 W red lamp, approx-
mately 2 m from the light source, at controlled temperature
21 ◦C).

f
o
f
e
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The effect of oxygen on quinifuryl photodecomposition was
stimated by comparing the rate of the solvent absorbance reduc-
ion at 396 nm in open-to-air (aerated) and deaerated solutions.
eaeration was achieved by 40 min bubbling of quinifuryl solu-

ion with nitrogen before irradiation.

.3. Singlet oxygen detection

A system consisting of a Nd:YAG Surelite III 1.0 laser linked
o a dye laser was employed to excite quinifuryl (λexc = 385 nm).

easurements were performed in a standard quartz fluores-
ence cuvette in aerated 10–15 �M quinifuryl solutions in either
cetonitrile or water. To detect the 1�g formation, the phos-
horescence was monitored in the spectral range from 1220 nm
o 1310 nm using a modified spectrometer Edinburgh F900.
he phosphorescence of the 1�g was registered in acetonitrile
uinifuryl solution, where 1�g phosphorescence lifetime (τ1�g

)
aried from 58 �s to 77 �s [8], and in water solutions, where
1�g

is between 2 �s [9] and 6 �s [10]. The quantum yield of

�g (ΦQ
1�g

) was measured in aqueous solution. To determine
Q
1�g

, the meso-tetrakis (p-sulfonatofenyl) porphyrin (TPPS4,

P
1�g

= 0.62 [11]) was used as a standard. The Φ
Q
1�g

was cal-

ulated using the equation:

Q
1�g

= ΦP
1�g

IQ

IP

AP396

AQ396
(1)

here Φ
Q
1�g

and ΦP
1�g

represent the quantum yields of 1�g

esulting from quinifuryl and TPPS4 excitation, IQ and IP the
�g phosphorescence intensities at 1280 nm and AP396 and
Q396 are the absorbance of TPPS4 and quinifuryl at 396 nm,

espectively.

.4. Superoxide anion (O2
•−) detection

Formation of O2
•− in the course of quinifuryl photode-

omposition was detected by two methods: epinephrine oxi-
ation to adrenochrome [12] and the stable nitroxyl radical
ormation [13,14], both in the presence and in the absence
f superoxide dismutase. In the epinephrine oxidation method
0 �M quinifuryl solution in PBS was irradiated in the pres-
nce of 1.1 mM epinephrine until complete quinifuryl pho-
odecomposition. The absorption spectra were recorded in
00–600 nm spectral range as a function of the irradiation time.
he quinifuryl photodecomposition and adrenochrome forma-

ion were monitored by the absorption decrease at 396 nm and
ts increase at 486 nm, respectively. Experiments were per-
ormed in the either absence or presence of oxygen. In the
resence of oxygen experiments were performed either in the
bsence or in the presence of variable concentrations of SOD
10–100 units/ml).

The stable nitroxyl radical formation method is based on the

ormation of the stable free nitroxyl radical due to TMOOP
xidation by superoxide anion formed in the course of quini-
uryl photodecomposition in the presence of oxygen. In these
xperiments 76 �M quinifuryl solution in PBS was irradiated in
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Fig. 2. (A) Luminescence peaks of NO2
* formed in the reaction of NO with

ozone after injection of various concentrations of NO-gas in the chemilumines-
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he presence of 1.0 mM of TMOOP and after certain irradiation
ime intervals 100 �l of solution was inserted in a narrow gap
≈0.5 mm) EPR flat cell and the EPR spectrum was measured.
he irradiation was continued until quinifuryl photodecompo-
ition was completed (approximately 25 min). The solution of
orresponding stable free nitroxyl radical (Fig. 1C) was used for
alibration. These experiments were accompanied by the follow-
ng controls: (a) the TMOOP solution was irradiated for 40 min
ithout quinifuryl; (b) the solution containing both quinifuryl

nd TMOOP was incubated for 40 min in the dark; (c) the solu-
ion containing both quinifuryl and TMOOP was irradiated for
5 min in the presence of 16 �M SOD.

The EPR spectra were monitored at room temperature using
he EPR spectrometer Varian E-4, X-band (9.47 GHz), 1 scan
370–3390 G and 0.5 G modulation amplitude.

.5. NO release detection

Release of free NO during the photolysis of aqueous quini-
uryl solution was confirmed through the chemiluminescent NO
etection.

In this test, liberation of NO was monitored by direct regis-
ration of chemiluminescence emitted by the NO2 excited state
NO2

*) formed in reaction of NO with ozone in the spectral
egion λ > 600 nm [15]:

O + O3 → NO2
∗ + O2 (2)

O2
∗ → NO2 + hν (3)

Measurements were performed using an apparatus Sievers
odel 280 equipped with an electrostatic ozone generator and a

hemiluminescence reaction chamber (CRC) coupled with the
O Analyzer cube. The CRC is a ∼20 ml reaction cell, where
O was mixed with ozone.
A calibration curve was obtained in the 0–300 pmol NO range

sing the reduction of NaNO2 by 0.3 M sodium iodide solution
n glacial acetic acid. NO released was transported to the CRC
ith a nitrogen flux where the chemiluminescence emission was
easured. Integrated emission peaks (Fig. 2A) gave a linear

orrelation with NO2
− concentration (Fig. 2B), expressed as

3.8 ± 2 mV s/pmol (P < 0.0001).
NO formation during quinifuryl photolysis was continuously

easured until complete quinifuryl consumption detected by the
isappearance of the chemiluminescence signal. The NO yield
as calculated as:

Q
NO = MNO

MQ
(4)

here MNO and MQ are the masses of the formed NO and con-
umed quinifuryl, respectively.

. Results and discussion
.1. Quinifuryl photodecomposition

Fig. 3A shows a representative spectral change associated
ith the photodecomposition of aqueous quinifuryl solution

(
E

Q

ence chamber of a nitric oxide analyzer. (B) Dependence of the signal area on
he quantity of injected •NO-gas (calibration curve).

ith visible light. It can be seen that the main absorption band
with maximum at 396 nm) decreases continuously with irra-
iation. It was shown formerly that the absorption at 396 nm
s assigned to �–�* transitions of the nitrofuranoyl moiety [7].
ig. 3B shows the normalized decay curves based on the 396 nm
and obtained in aerated and deaerated solutions. It can be
een that the photobleaching of quinifuryl is faster in deaer-
ted medium. Formerly it was demonstrated [7] that in addition
o the unimolecular decomposition of quinifuryl from its exited
inglet state (Q-NO2

*(S1)) (Eq. (5)), there is also evidence that
-NO2

*(T1) reacts with singlet quinifuryl molecules Q(So). In
ccordance with [16] it is possible to suppose that final pho-
oproducts can by formed via a transient radical species (Eq.
6)). In aerated solutions the probability of the last process is
educed due to the quinifuryl triplet quenching by molecular
xygen with the characteristic constant kq = 2.0 × 109 M−1 s−1.
his value is close to the quenching constant characteristic for
�g) (Eq. (7)) and suppressing the photodecomposition via
q. (6).

-NO2(So) + hν → Q-NO2
∗(S1) → Products (5)
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Fig. 3. Spectral changes (A) and kinetic curves (B) of quinifuryl photodecom-
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Fig. 4. The phosphorescence spectrum of 1�g in acetonitrile (A) and phospho-
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osition based on the decrease of absorbance at 396 nm in the presence (©) and
n the absence (�) of oxygen. Conditions: phosphate buffer (pH 7.8), photolysis
y visible light (390–450 nm), room temperature.

-NO2
∗(T1) + Q-NO2(So) → Q-NO2

•− + Q-NO2
•+

→ Products (6)

-NO2
∗(T1) + O2(T1) → Q-NO2(So) + 1�g (7)

.2. Singlet oxygen formation

Fig. 4A shows the phosphorescence spectrum in the range
220–1340 nm observed for quinifuryl in acetonitrile. A Gaus-
ian fitting of this spectrum demonstrates that its maximum is
ocalized near 1280 nm, which is characteristic of 1�g phospho-
escence [9,17]. The phosphorescence decay curves measured
t 1280 nm, following the laser pulse excitation of quinifuryl
issolved in acetonitrile and water, are shown in Fig. 4B and C,
espectively.
The rate of the 1�g generation can be expressed as:

d[1�g]

dt
= kq[T][O2] − k1O2

[1�g] (8) (
S

escence decay curves at 1280 nm of the singlet oxygen (1�g) produced due to
he excitation of 20 �M quinifuryl by laser pulse at 375 nm in acetonitrile (B)
nd in water (C) solutions.

here kq is the quenching constant of quinifuryl triplet by molec-
lar oxygen and k1O2

is the monomolecular decay constant of
�g. Eq. (9) gives the changes of quinifuryl triplet state con-
entration as a function of time after the termination of the laser
ulse.

T] = [T0] exp[−(k0 + kq[O2])t] (9)
Since O2 dissolved in water is about 10 times higher
∼2.9 × 10−4 M [18]) than quinifuryl (1–1.5 × 10−5 M; see
ection 2), it is a good approximation to take O2 concentra-
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Fig. 5. (A) Spectral changes and kinetic curves (inset) of quinifuryl photode-
composition, based on the decrease in absorbance at 396 nm, and adrenochrome
formation, based on the increase in absorbance at 486 nm. (B) Effect of oxy-
gen and SOD concentration on the rates of photodecomposition of quini-
furyl and the formation of adrenochrome. Conditions: all solutions were
prepared in phosphate buffer saline, pH 7.8. [Epinephrine] = 1.1 mM, [quini-
furyl] = 20 �M. Irradiation in the 390–450 nm spectral range at room tem-
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ion as constant throughout the reaction. The concentration of
inglet oxygen can thus be written as

1�g] = kq[O2][T0]

k1�g
− (k0 + kq[O2])

{exp[−(k0 + kq[O2])t

− exp(−k1�g
t)]} (10)

here the first exponential term describes the accumulation of
�g due to the energy transfer from T to O2, while the second
xponential term is due to the 1�g decay.

The 1�g lifetimes calculated through the curve fittings of
ig. 4B and C in accordance with Eq. (10) were 74.7 �s and
.5 �s for quinifuryl photoexcited in acetonitrile and aqueous
olutions, respectively.

The quantum yield of 1�g formation during quinifuryl pho-

olysis in air-opened aqueous solutions (ΦQ
1�g

) was calculated

ccording to Eq. (1) with TPPS4 as a standard and was found to
e Φ

Q
1�g

= 0.29 ± 0.03 (P < 0.001).

.3. Superoxide anion formation

Irradiation of quinifuryl in the presence of epinephrine
esulted in quinifuryl photodecomposition, evidenced by

decrease of absorbance at 396 nm, accompanied by the
drenochrome formation, monitored by an increase of
bsorbance at 486 nm (Fig. 5A), whose corresponding kinetic
urves are shown in the inset. Current concentrations of both
ompounds were calculated using ε396 = 2.47 × 104 M−1 cm−1

or quinifuryl [7] and ε486 = 4.4 × 103 M−1 cm−1 for
drenochrome [19]. One can see that, while the rate of
he quinifuryl photodecomposition increased in deaerated
olution, compared to aerated one (2.5 ± 0.8 �M/min and
.05 ± 0.2 �M/min, respectively; Fig. 3B), the rate of
drenochrome formation decreased sharply (from 6.4 ±
.66 �M/min to 0.3 ± 0.5 �M/min; Fig. 5B) in deaerated
olution. These results, along with the observation that no
drenochrome was detected when epinephrine was irradiated in
erated solutions in the absence of quinifuryl (data not shown),
re an evidence that a reactive oxygen species (ROS), formed
n the course of quinifuryl photolysis, was responsible for the
pinephrine oxidation. The decrease in adrenochrome formation
ith SOD concentrations increase points to the formation of

uperoxide as a result of the quinifuryl photodecomposition.
his can result from reaction between O2 and a quinifuryl
nion-radical, in a redox process, which can be represented as

-NO2
∗(T1) + S → Q-NO2

•− + S•+ (11)

-NO2
•− + O2 → Q-NO2(So) + O2

•− (12)

here S is a reductive substrate (Q-NO2(So) or epinephrine),
imilar to the photogeneration of O2

•− described in other works
20–22].

The rate of quinifuryl photodecomposition was not signif-

cantly altered in the presence of either epinephrine (data not
hown) or SOD (Fig. 5B), indicating that the bond cleavage in
he nitro group is more probable due to the reaction between
-NO2

*(T1) and Q-NO2(So).

s
t
f
0

itrogen (deaerated) prior to irradiation. SOD was added to aerated solutions
nly.

Further confirmation of O2
•− formation during quinifuryl

hotodecomposition in the presence of oxygen came from
PR measurements of the rate of stable nitroxyl free radical

NSFR) formation during quinifuryl photolysis in the presence
f TMOOP (Fig. 6A). The kinetic curves of NSFR formation
nd quinifuryl consumption are presented in Fig. 6B. Kinet-
cs of NSFR accumulation, measured in aerated and deaerated
olutions containing quinifuryl and TMOOP, showed a reduc-
ion in the initial rate of the NSFR accumulation in deaer-
ted solution (0.09 ± 0.08 �M/min), relative to aerated one
0.9 ± 0.08 �M/min) (Fig. 6C). This result demonstrates that
xygen is an important participant of NSFR formation from
MOOP in the course of quinifuryl photodecomposition and is
trong evidence in favor of the generation of O •−. In addition,
2
he kinetic curves of Fig. 6C also show that the rate of the NSFR
ormation decreased three times (from 0.9 ± 0.08 �M/min to
.3 ± 0.08 �M/min) when quinifuryl was photolysed in aerated
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Fig. 6. (A) EPR spectra of the nitroxyl stable free radical (NSFR) formed in
the course of the quinifuryl photodecomposition in the presence of TMOOP;
(B) kinetic curve of NSFR formation (�) and quinifuryl consumption (�) in
the course of irradiation; (C) kinetic curve of the NSFR accumulation in the
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olutions in the presence of 15.2 �M SOD. This result allows

stimating that at lest 70% of the nitroxyl radicals were formed
ue to the reaction with O2

•−. The fact that no NSFR was
etected when TMOOP was irradiated in aerated solution in the
bsence of quinifuryl (data not shown) reinforces the conclusion
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hat O2
•− formation is a result of quinifuryl photodecomposition

n the presence of oxygen.

.4. NO release

The release of free NO in the photodecomposition of quini-
uryl was unequivocally demonstrated through the chemilumi-
escent signal obtained during the irradiation of the quinifuryl
olution with visible light. The amount of NO released during
he quinifuryl irradiation calculated from the calibration curve
Fig. 2A and B) was 60 ± 10 nmol. Compared to the initial
mount of quinifuryl in the reaction flask (138 nmol) the amount
f NO produced represents a reaction yield of 0.43 ± 0.07 mol
O/mol quinifuryl.
The photoejection of NO from quinifuryl (which can be rep-

esented here as RO NO) can be assigned to the homolytic
ond cleavage of the O NO bond, forming two radicals: NO
nd RO• (Eq. (13)). The fate of R O• radicals can be hydro-
en abstraction from another quinifuryl molecule, forming an
lcohol (R OH, Eq. (14)) and leading to the propagation of the
adical reaction, or dimerization (R R, Eq. (15)). Of course, the
ormation of other secondary or tertiary more complex products
n these processes cannot be ruled out.

NO2
hν−→RO• + NO (13)

O• + RH → ROH + R• (14)

• + R• → R-R (15)

Our previous studies have shown that quinifuryl possessed
igh cytotoxic activity towards a number of lines of cancer cells
ven in the dark [3,4,23,24]. This effect is due to reactive oxygen
nd nitrogen species, particularly, O2

•− [14] and NO [25,26]
roduced in quinifuryl biotransformation. Elevated quinifuryl
ytotoxicity under visible light irradiation, as compared with
hat in the dark, can be due to elevated NO, O2

•− production and
inglet oxygen formation, as well, whose cytotoxic activity is
ell documented [8,9]. The latter is not formed during quinifuryl
iotransformation in the dark [5,6].

Moreover, since NO and O2
•− are produced simultane-

usly, they can react in a diffusion-controlled process, form-
ng anion peroxynitrite (OONO−) [27]. Just a few drugs,
uch as 3-morpholino-sydnonimine (SN1) [28], doxorubicin
a quinone anthracycline antibiotic employed as anti-cancer
gent), paraquat (1,1-dimethyl-4,4-bipyridinium dichloride) and
-methyl-4-phenyl-1,2,3,6-tethrahydropyridine [29], are able to
enerate peroxynitrite, which in turn can react with carbon
ioxide (CO2) forming one more active species, an unstable
itrosoperoxycarbonate anion adduct (O N OOCO2

−) [30].
N OOCO2

− decomposes through homolytic cleavage, pro-
ucing •NO2 radical and carbonate radical anion (CO3

•−) [31].
O3

•− can diffuse from its site and propagate oxidative damage
f biological targets [32], while •NO2 can initiate free radical

eactions by hydrogen abstraction from biological molecules
33].

Hence, we believe that the formation of singlet oxy-
en, NO, O2

•− and subsequent generation of OONO− and
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N OOCO2
− species in the course of quinifuryl photolysis

ay explain its cytotoxic activity against tumor cells.

. Conclusion

Photolysis of aqueous quinifuryl solutions with visible light
roduces at least three intermediate active species, nitric oxide
•NO), superoxide (O2

•−) and singlet oxygen (1�g), which
an lead to oxidative damage in cells and thus be responsi-
le for the quinifuryl photocytotoxicity. The production of 1�g
n the course of quinifuryl photoactivation was demonstrated
ere for the first time. Moreover, the simultaneous production
f NO and O2

•− can promote peroxynitrite OONO− and anion
N OOCO2

− formation, inducing further increase of quini-
uryl photocytotoxicity.
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