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José L. Cabrera a, Gustavo A. Argüello b,∗
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bstract

Some photophysical, photochemical and photobiological properties of nine anthraquinones (AQs) isolated from a phototoxic plant, Hetero-
hyllaea pustulata, were studied. The photosensitized generation of superoxide anion radical (O2

•−) and singlet molecular oxygen (1O2) by three
f the nine AQs, namely heterophylline, pustuline and 5,5′-bisoranjidiol was evaluated. Whereas the O2

•− production (Type I photosensitiza-
ion mechanism) was examined in vitro using human leukocyte suspensions and measuring the reduction of NBT, the 1O2 generation (Type II
hotosensitization mechanism) was studied in an organic solvent through the measurement of the quantum yield of 1O2 (φ�). It was established

hat these three AQs possess photosensitizing properties as do the other AQ derivatives present in this vegetable species, soranjidiol, soranjidiol
-methyl ether, rubiadin, rubiadin 1-methyl ether, damnacanthal and damnacanthol, acting both by Type I and Type II mechanisms. Furthermore,
ordamnacanthal, a species synthesized in the laboratory from one of the natural AQs, showed the highest production of 1O2.

The ability of natural AQs to deactivate the 1O2 generated during the photosensitization process as well as their fluorescence (as competitive
echanisms to the generation of ROS) was studied.
2006 Elsevier B.V. All rights reserved.
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molecular oxygen; O2

•−, superoxide anion radical; NBT, nitroblue tetrazolium;
UV, ultraviolet; UVR, UV radiation; kr, reactive rate constant for 1O2 quenching;
kq, physical rate constant for 1O2 quenching; ZnTPP, zinc tetraphenyl-
porfine; 9,10-DPA, 9,10-diphenylanthracene; 1H NMR, proton nuclear magnetic
resonance spectroscopy; 13C NMR, 13carbon nuclear magnetic resonance spec-
troscopy; IR, infrared spectroscopy; UV–vis, ultraviolet–visible spectroscopy;
MS, mass spectrometry; PN, perinaphthenone (1H-phenalen-1-one); NP, naph-
thalene; AlCl3, aluminum chloride; CHCl3, chloroform; ROS, reactive oxygen
species; φ�, quantum yield of singlet oxygen; kt, total rate constant for 1O2

quenching; TLC, thin-layer chromatography; NH4OH, ammonium hydroxide;
Abs, absorbance; Abs0, time zero absorbance; S, photosensitizer; Q, quencher;
[Q], quencher concentration; τ, 1O2 lifetime in the presence of the quencher; kd,
rate constant for 1O2 quenching for the solvent; τ0, 1O2 lifetime in the absence
of the quencher; φf, quantum yield of fluorescence; λexc, exciting wavelength;
If, fluorescence intensity; I0, detector’s response taken at the maximum of the

roduction-decay curve
∗ Corresponding author at: Dpto de Fı́sico Quı́mica, Medina Allende esq. Haya
e La Torre, Ciudad Universitaria, 5000 Córdoba, Argentina.
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eterophyllaea pustulata

. Introduction

Anthraquinones (AQs) constitute the most numerous group
rom all the quinones present in the vegetable kingdom [1]. From
he species Heterophyllaea pustulata Hook. f. (Rubiaceae), pop-
larly known as “cegadera”, “ciegadera” or “saruera” [2], the
ollowing AQs have been isolated and identified as predom-
nant metabolites: soranjidiol (1), soranjidiol 1-methyl ether
2), rubiadin (3), rubiadin 1-methyl ether (4), damnacanthal
5), damnacanthol (6), heterophylline (7), pustuline (8) and the
ianthraquinone (S)-5,5′-bisoranjidiol (9) [3,4]. It is important
o emphasize that 7, 8 and 9 constitute new structures, recently
We have previously demonstrated that six of the natural AQs
1–6) possess photosensitizing activity (either Type I or Type II)
5] and therefore they should be involved in the phototoxic effect
hat H. pustulata produces on cattle. This effect is expressed as

mailto:gaac@fcq.unc.edu.ar
dx.doi.org/10.1016/j.jphotochem.2006.12.011
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ermatitis and blindness (kerato-conjunctivitis), which are due
o a typical primary photosensitization reaction [6].

AQs can interact with molecular oxygen in several ways.
ith the ground state molecule (3O2), they behave as sensitiz-

rs able to produce either the electronically excited molecule
1O2) through a Type II process or the electronic ground state of
he radical anion (O2

•−) through a Type I process with variable
ields [7–9]. With the electronically excited molecule (1O2),
hey tend to deactivate or quench it either producing new sub-
tances (reactive quenching) or just releasing the excess energy
s heat [10]. We here report the photogeneration of both O2

•−
nd 1O2 by the new anthraquinones 7, 8 and 9. The production
f O2

•− (Type I mechanism) was detected and quantified with
n indirect relative photobiological method that measures the
eduction of Nitroblue Tetrazolium (NBT) by the O2

•− gener-
ted within human leukocytes when the AQ is present in the dark
nd also after continuous UV radiation (290–400 nm or UVR).
he ability to generate 1O2 (Type II mechanism) when each AQ

s excited by pulsed laser radiation (N2 laser) was determined
y measuring the direct luminescence of the 1O2 generated. In
ddition to the natural AQs, one derivative purposely devised
nd synthesized (vide infra), nordamnacanthal (10), was eval-
ated in relation to its 1O2 production. Furthermore, we have
nalyzed all the natural AQs as quenchers of 1O2. The total (reac-
ive + physical; kr + kq) deactivation was determined using time
esolved infrared luminescence detection. In turn, the chemical
ontribution to the total quenching was derived from a steady-
tate relative method that used zinc tetraphenylporfine (ZnTPP)
s sensitizer and 9,10-diphenylanthracene (9,10-DPA) as refer-
nce (kr = 4.2 × 106 M−1 s−1) [11].

In order to obtain a better characterization of these AQs, on
ccount of their involvement on the de-excitation process from
he first excited singlet, we have measured the relative fluores-
ence quantum yields in chloroform solutions as well as the
hemical stability during the irradiation process.

. Materials and methods

.1. Chemicals

The AQs (Fig. 1) were isolated and purified according to
he procedures described previously [3,4]. Whereas the known
erivatives (1–6) were identified by comparison of their spectral
ata with values reported in the literature [3], the structures of
he new AQs (7–9) were established by analysis of their spec-
roscopic properties (1H NMR, 13C NMR, IR, UV–vis, MS)
4].

Dextran, Histopaque-1077 and Nitroblue Tetrazolium (NBT)
ere obtained from Sigma Chemical Co. (St. Louis, MO). Peri-
aphthenone (1H-phenalen-1-one, PN), zinc tetraphenylporfine
ZnTPP), 9,10-diphenylanthracene (9,10-DPA) and naphthalene
NP) were purchased from Aldrich Chem. Co. Aluminum chlo-

ide (AlCl3) and precoated Silica gel 60 plates were from Merck.
ll the compounds were used as received. A whole set of sol-
ents was distilled prior to use and from them, chloroform
CHCl3) was selected because it dissolves all the studied AQs.

t
(

s
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.2. ROS (O2
•− and 1O2) production and irradiation

onditions

A photobiological method, NBT assay, was performed in
rder to evaluate the O2

•− photogeneration by each AQ under
ark and continuous UVR, this last condition was obtained using
deuterium lamp system. An equipment for time-resolved near

nfrared detection of 1O2 phosphorescence was employed to pro-
uce and quantify 1O2 along with its quantum yield (φ�), and
o determine the constants of total quenching (kt). The φ� was
alculated by using a comparative method, in which PN was
sed as reference photosensitizer (φ� = 0.95 ± 0.05) [12]. Both
rradiation systems have been described in a previous study [5].

A high-pressure SP 200 Bausch & Lomb mercury light source
as used to achieve the steady-state photolysis study and to

stablish the constants of reactive quenching (kr). In order to
btain a monochromatic light, the beam from the mercury lamp
as passed through a Bausch & Lomb high-intensity monochro-
ator.

.3. Nordamnacanthal

Nordamnacanthal (10) was obtained by demethylation of 5
ith AlCl3 [13]. Damnacanthal (1.1 mg) was dissolved in ben-

ene (0.4 ml) and AlCl3 (0.14 g) was added. The solution was
laced in a double boiler during 1 h and the reaction was stopped
ith the addition of water. The organic fraction was further puri-
ed by preparative TLC on Silica gel with CHCl3 as mobile
hase, where 10 was revealed under UV light with NH4OH
umes (Rf = 0.6). Its chemical identity was confirmed by com-
arison of their spectroscopic data (UV–vis, IR, MS, 1H NMR)
ith those previously published in the literature [1].

.4. 1O2 reactive and total quenching determination

The deactivation of 1O2 by chemical reaction was fol-
owed through a comparative steady-state method and using
HCl3 as solvent [10]. The determination of the rate constants

kr) required continuous irradiation of ZnTPP (Abs532 = 0.289),
sed as sensitizer. A known chemical quencher, 9,10-DPA
kr = 4.2 × 106 M−1 s−1) was used as reference. The disap-
earance of both substrate (AQ) and reference (9,10-DPA)
as followed through UV–vis spectrophotometry. An UV–vis
ewlett Packard 8453, diode array spectrophotometer with 1 nm

esolution was employed. The rate constant, kr, was obtained
rom the ratio of the slopes of the linear plots ln (Abs0/Abs)
ersus irradiation time for the reference and each AQ. The
ttainment of total deactivation rate constants of 1O2 by the
Qs (kt = kr + kq; reactive + physical) was performed with the

ime resolved infrared luminescence technique [5]. In these mea-
urements, every AQ was used simultaneously as sensitizer and
uencher (S = Q) with the sole exception of 4 because its quan-

um yield for the production of the excited state of oxygen was
φ� = 0.0) [5]. In this case, PN (Abs337.1 = 0.2) was the sensitizer.

The method used for the antrhaquinones that act both as sen-
itizers and quenchers requires the progressive increase in the
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Fig. 1. Structures of the an

oncentration of AQ following every decay recording, until the
uminescence is completely quenched. Every individual 1O2
ifetime was determined by averaging 36 independent decay
races (36 successive laser flashes). Since the concentration
f AQ changes negligibly over the reaction period, first-order
inetics results, with an observed rate constant for the decay
f 1O2 of 1/τ (1/τ = kd + (kr + kq) [Q]). This slightly modified
tern–Volmer equation was needed due to the lack of a life-

ime measurement free from the presence of the quencher [5].

he slope and intercept, of a plot 1/τ versus [Q], give values of

kr + kq) for the quencher and kd for the solvent, respectively.
For rubiadin 1-methyl ether (4) which does not generate any

easurable amount of singlet oxygen, an independent sensitizer

1

1

uinones used in this study.

as used (PN (Abs337.1 = 0.2)) and therefore the 1O2 lifetimes
ere evaluated in the absence (τ0) and in the presence (τ) of

he quencher, and their ratio plotted as a function of AQ con-
entration using the standard Stern–Volmer treatment (Eq. (1))
10]:
τ0

τ
= 1 + ktτ0[Q] (1)

n Eq. (1), kt = (kr + kq) is given by the addition of the respective
ate constants depicted in Eqs. (2) and (3):
O2 + AQ
kq−→3O2 + AQ (2)

O2 + AQ
kr−→products (3)
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and 8 (0.11 ± 0.01), measured in the present study, shows again
that the presence of the OH adjacent to the carbonyl group in the
compound 7 notably increases the 1O2 production with respect to

Table 1
Stimulation percentage of O2

•− generation in leucocytes produced by natural
AQs

Concentration (�g/mL) Compound Dark UVR

10 heterophylline (7) 27.9 ± 3.7 28.4 ± 3.0
pustuline (8) 0.0 32.7 ± 3.9
5,5′-bisoranjidiol (9) 0.0 29.5 ± 2.9
Fig. 2. Stimulation of O2
•− generation in leukocytes by natural AQs (1

.5. Fluorescence

The relative fluorescence quantum yields (φf) for the AQs
ere measured in CHCl3. On the basis of the excitation spectra
f each AQ and depending on its excitation wavelength (λexc),
wo different references were used: 9,10-DPA (λexc = 350 nm,
f = 1) [14] for 1, 3, 4, 6, 7, 8 and 9 and naphthalene (NP)
λexc = 270 nm, φf = 0.23) [15] for 2 and 5.

All the sample solutions were prepared to yield the same
bsorbance (A = 0.2) at the specified λexc because, in that way,
he same number of photons is absorbed for the same irradiating
onditions [16].

The emission fluorescence spectra were recorded with a PTI
Photon Technology International) – Quanta master II and the
elative quantum yield was evaluated according to

f(AQs) = If(AQs) × φf(Ref)

If(Ref)

The fluorescence intensities (If) were recorded at the maxi-
um of emission for both, reference and AQs.

.6. Photolysis

The photochemical studies were carried out in steady-
tate conditions by irradiating the AQs dissolved in CHCl3
Abs337.1 = 0.2) under two different conditions. Monochromatic
ight corresponding to the absorption maximum for each AQ
as used with one set and the other set of samples was irradi-

ted with the whole output of the lamp. Irradiation times varied
etween 15 and 7200 s. The course of the reaction was followed
y UV–vis spectrophotometry.

. Results and discussion

.1. Determination and quantification of ROS (O2
•− and
O2) for the three new AQs (7, 8 and 9)

The production of O2
•− by each AQ, in the absence and pres-

nce of UVR, was measured under aerobic conditions by the

2

A

L). Assay of NBT reduction in dark condition and with UV radiation.

BT assay previously explained. The stimulation of the oxida-
ive metabolism in human leukocytes by 7, 8 and 9 at 10 �g/mL,
n darkness and under irradiation is shown in Fig. 2. Compounds
and 9 stimulated O2

•− formation only when they were irradi-
ted, and showed a similar yield. Although 7 showed stimulation
o the production of O2

•− in the dark, it did not show pho-
ostimulation at 10 �g/mL. Since the oxidative metabolism is
ose-dependent [17], we increased the concentration two-fold
20 �g/mL) in order to observe the behavior under UVR. At
his higher dose, 7 produced a measurable increase in oxidative
tress under dark conditions, which was further intensified by
xposition to UVR (Table 1).

The three new AQs generated 1O2 in CHCl3 when they were
xcited with 337.1 nm radiation. The quantum yield values (φ�)
isted in Table 2 were derived from the ratio of the slopes of the
inear plots I0 versus laser energy (Fig. 3) for each AQ and the
eference. Although not all the AQs are shown in Fig. 3, good
traight lines for energies below 0.9 mJ/pulse are obtained for
hem, evidencing that no saturation effects are involved.

In a previous study [5], we showed that the presence of an OH
roup in the 1-position (�-OH) of the basis structure of the AQ
eads to an increase in the singlet oxygen production quantum
ield (φ�). An inspection of the values of φ� for 7 (0.41 ± 0.02)
0 heterophylline (7) 33.0 ± 5.8 45.7 ± 8.1
pustuline (8) 0.0 54.9 ± 9.4
5,5′-bisoranjidiol (9) 0.0 32.0 ± 6.5

ssay of NBT reduction in dark condition and with UV radiation.
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Table 2
Quantum yields for 1O2 generation upon direct 337.1 nm irradiation and quenching rate constants (kr and kt) in CHCl3

AQ φ� Quenching rate constant

kr (×105 M−1 s−1) kt (×105 M−1 s−1) φr (kr/kt)

1 0.47 ± 0.04a 2.79 ± 0.19 13.40 ± 0.03a 0.208
2 0.07 ± 0.01a <0.1 5.72 ± 0.23a 0.017
3 0.34 ± 0.04a 4.20 ± 0.13 19.35 ± 0.08a 0.217
4 0.00a 2.62 ± 0.04 10.81 ± 0.02 0.242
5 0.70 ± 0.03a 3.81 ± 0.15 3.97 ± 0.16a 0.957
6 0.31 ± 0.01a 1.89 ± 0.09 6.31 ± 0.19a 0.299
7 0.41 ± 0.02 1.01 ± 0.02 6.50 ± 0.02 0.155
8 0.11 ± 0.01 2.15 ± 0.10 2.69 ± 0.03 0.799
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9 0.18 ± 0.01 <0.1
0 0.84 ± 0.10

a See Ref. [5].

. The presence of a hydrogen-bonded carbonyl group could be
nhancing the radiationless deactivation processes of the elec-
ronically excited singlet state of the AQ, possibly due to the
igidization of the whole structure, which is manifested through
he increase in the formation of 1O2.

However, it was observed that AQs without the OH group in
-position, i.e. damnacanthal (5) and damnacanthol (6), showed
rom moderate to important quantum yield values (see Table 2).
his observation led us to postulate that the presence of aldehyde
nd alcohol functional groups in 2-position would be counteract-
ng the absence of the �-OH and would be reverting the lower
uantum yields due to the OCH3 group in 1-position. On the
asis of this analysis, it would be interesting to determine the
� for the R1 = OH, R2 = CHO derivative (nordamnacanthal,
0). Therefore, we looked for a convenient synthesis of 10 and
e succeeded in using a biosynthetic path starting from 5 as
iscussed in Section 2.3. Fig. 3 shows the behavior for nor-
amnacanthal (10) in CHCl3. The closeness in the slope with
hat of the reference immediately suggests a quantum yield for

he production of singlet oxygen close to unity. Table 2 summa-
izes the values of φ� for the new AQs and it is readily seen that
0 shows the highest quantum yield for all the AQs studied.

ig. 3. Laser fluence dependence of the amplitude at zero-time I0 of the 1O2

hosphorescence signal in CHCl3 for PN, 7, 8 and 10.

c
m
S
i

5.45 ± 0.13 0.018

.2. 1O2 reactive and total quenching determination

The reactive rate constant (kr) for each AQ was determined
sing the comparative steady-state method described. Fig. 4
hows the linear plot ln (Abs0/Abs) versus irradiation time for
he reference used (9,10-DPA) and one particular AQ, namely,
amnacanthal (5). In all cases, good straight lines were obtained.
he absolute values of kr are modest (Table 2); they do not cor-

espond to particularly good reactive quenchers. Although no
ttempts were made to study the products of the reaction between
he AQs and 1O2, it is accepted that the initial attack of the oxy-
en molecule should be on a double bond in the molecule [18]
o give rise either to a hydroperoxide or an endoperoxide. Being
o, there are several possibilities with every AQ and therefore it
s difficult to give a trend in the absolute values of the quenching
ate constants as was done for the variation in quantum yields
5].

We have also measured the total quenching of the 1O2 emis-
ion (kt), with the time resolved system for the new AQs. Fig. 5
orresponds to the plot of 1/τ versus [Q] for 7 in a typical experi-

ent. In addition, the kt of 4 was evaluated according to a simple
tern–Volmer treatment; the plot of τ0/τ versus [Q] for this AQ

s shown in Fig. 6.

Fig. 4. Reactive quenching rate constant derived for DPA and 5.
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Table 3
Quantum yields of fluorescence of the natural AQs

AQ Reference λexc φf

1 9,10 DPA 395.5 0.0050 ± 0.0002
2 Naphthalene 276 0.0145 ± 0.0009
3 9,10 DPA 376 0.0180 ± 0.0010
4 9,10 DPA 376 0.0011 ± 0.0001
5 Naphthalene 276 0.0202 ± 0.0002
6 9,10 DPA –
7 9,10 DPA 395.5 0.0052 ± 0.0003
8
9

o
t

4

s
O
e
t
H
m

A

r
S

R

Fig. 5. Total quenching rate constant derived for 7.

The absolute values for the total rate constants are also listed
n Table 2. An inspection reveals that the great majority of the
Qs are poor or moderate quenchers. While the overall constants
o not change dramatically between different partners, some of
hem show a degree of self-protection, defined as (kr/kt), [19]
gainst photooxidation (Table 2). Particularly, 2 and 9 present a
ery good self-protection ratio mainly due to very low reactive
ate constants. Within the same order of magnitude for kt, 5 and
present the worst case for self-protection with a ratio close to

nity.

.3. Fluorescence and steady-state photolysis

Frequently, it is experimentally observed that fluorescence
pectra and φf in liquid solutions are independent of the wave-
ength of exciting light [20]. For these reasons, the excitation
avelength used to excite the AQs was not exactly the same

s those of the references but close. The results obtained (see
able 3) show very low fluorescence yields (around 10−2 to
0−4) for most of the AQs and a particular one (6) whose quan-

um yield is below our detection limit.

Through the observation of the absorption UV spectra and
heir variation with time, we concluded that the decomposition

Fig. 6. Stern–Volmer plot for the quenching of 4.

[

[

9,10 DPA 374 0.0076 ± 0.0004
9,10 DPA 395.5 0.0008 ± 0.0001

f the illuminated AQs is negligible within the total irradiation
ime.

. Conclusions

The newly studied AQs (7–9) photostimulate the oxidative
tress in leukocytes mainly due to an increase in the production of
2
•−. They also produce 1O2 when irradiated, 7 being the most

ffective with a quantum yield (φ� = 0.41 ± 0.02). In general,
hese substances behave similarly to the other AQs isolated from
. pustulata [5]. As a general statement all the AQs are poor or
oderate singlet oxygen quenchers.
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eferences

[1] R. Wijnsma, R. Verpoorte, in: W. Herz, H. Grisebach, G.W. Kirby, Ch.
Tamm (Eds.), Prog. Chem. Org. Nat. Prod., vol. 49, Springer-Verlag, Wien,
1986, pp. 79–149.

[2] N.M. Bacigalupo, in: A.L. Cabrera (Ed.), Flora de la Provincia de Jujuy,
Colección Cientı́fica INTA, tomo III, parte IX, INTA, Buenos Aires, 1993,
pp. 375–380.
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G.A. Argüello, J.L. Cabrera, J. Photochem. Photobiol. B: Biol. 78 (2005)
77–83.

[6] E.W. Hansen, C.A. Martiarena, Rev. Invest. Agropecuarias (INTA) 4 (1967)
81–113.
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