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Abstract

The present study was designed to estimate the ability of chlorophyllin (CHL) to interact with two
acridine mutagens, quinacrine mustard (QM) and acridine orange (AO), and with the antitumor
anthracycline doxorubicin (Dox). To this end, aqueous solutions of QM, AO or Dox during
titration with CHL were subjected to spectrophotometry and spectrofluorimetry to detect possible
interactions between these reagents. The data indicate that CHL forms complexes with AO, QM or
Dox in these solutions. The presence of the complexes was manifested by a bathochromic shift of
the absorption spectra, as well as by strong quenching of the fluorescence of each of these
mutagens in the presence of CHL. CHL, thus, may serve as an interceptor of these mutagenic
acridines in different in vivo or in vitro applications. Its ability to interact with Dox may
potentially be utilized to detoxify patients overdosed with this or similar drugs.

Keywords

Chlorophyllin; Acridine orange; Quinacrine mustard; Doxorubicin; Absorption; Fluorescence
spectroscopy

1. Introduction

Chlorophyllin (CHL) is the water-soluble sodium and copper salt of chlorophyll (Fig. 1). It
has frequently been reported during the past decade that CHL has strong anti-oxidative, anti-
mutagenic and anti-carcinogenic properties [1]. Thus, the mutagenicity of such diverse
agents as heterocyclic amines [2-5], aflatoxin B4 [6,7], benzo[&]pyrene [8-11], dibenzo][4,
1]pyrene [12], doxorubicin [13], cyclophosphamide [14], reactive oxygen intermediates
(ROISs) [15] or heavy metal ions [16-18], was shown to be reduced in the presence of CHL.

Several mechanisms can contribute to the observed antimutagenic properties of CHL.
Because CHL is an antioxidant, its ability to scavenge ROIs may be responsible for the
reduction in mutagenicity of at least those mutagens for which activity is directly or
indirectly mediated by ROIs [19-22]. Another mechanism that has been advanced was based
on the observation that CHL reacts directly with active groups of mutagens, resulting in their
neutralization [19,22,23]. Still another mechanism to account for the antimutagenic property

© 2003 Elsevier Science B.V. All rights reserved.
"Corresponding author. Tel./fax: +48-89-523-4547. zbyszek@moskit.uwm.edu.pl (Z. Wieczorek)..



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pietrzak et al.

Page 2

of CHL was explained by the formation of heterologous complexes with mutagens [3,4,9].
The latter mechanism was postulated based on the observation that CHL was most effective
in reducing mutagenicity in the case of polycyclic compounds with flat aromatic structures
[5,11,24]. According to this mechanism, the complexes are maintained by stacking
interactions that involve rt—mr bonds between the porphyrin ring of CHL and aromatic rings
of the mutagens [4]. The formation of the complexes in aqueous solution sequesters free
mutagen molecules, leads to a reduction in their concentration in a monomer (active) form,
and thereby lowers their accessibility to the cell that results in decreased mutagenic activity.

The present study was aimed to reveal whether CHL forms complexes with three different
heterocyclic aromatic compounds: acridine orange (AQO), quinacrine mustard (QM) and
doxorubicin (Dox; Fig. 1). Each of these agents binds to DNA by intercalation and can be
mutagenic [25-28]. QM, in addition, can alkylate nucleic acids. AO and QM are used in
analytical cytology as DNA (AO, QM) and RNA (AO) fluorochromes [29]. Dox is an
antitumor drug of the anthracyclin family that is widely used to treat different types of solid
tumors and leukemias.

2. Experimental

2.1. Reagents

Chlorophyllin (sodium—copper salt), AO (CI 46005; 3,6-bis[dimethylamino]acridine
hydrochloride), QM {2-methoxy-chloro-9-[4(pB-chloroethyl) amino-1-
methylbutylamino]acridine} and doxorubicin hydrochloride all were purchased from Sigma
Chemical Co (St. Louis, MO, USA). Tris-(hydroxymethyl)-aminomethane was obtained
from Fluka (Switzerland). HCI was provided by Polish Chemical Reagents Co (Gliwice,
Poland). All reagents were used without additional purification.

2.2. Absorption measurements

Absorption spectral measurements were carried out on Cary 300 spectrophotometer (Varian,
Australia). Solutions of individual mutagens were prepared in 30 mM Tris—HCl at pH 7.4.
These solutions, maintained at constant mutagen concentration (AO, 3x10-6-5x10-6 M;
QM, 4.5x1076-7x10-8 M; Dox, 6x10~6-8x10-6 M) were titrated with CHL to obtain
increasing final CHL concentration from 3x10~7 to 4x10~> M. The solutions were freshly
prepared before each measurement. Because of the photosensitivity of the reagents studied
(particularly CHL) the solutions were protected from light. The association constants K; and
the absorption spectra of the complexes were numerically estimated using a linear regression
fit according to Eq. (1). The least sums of squares of deviations between the measured and
computed absorption spectra were used. The data indicated 1:1 stoichiometry of the mutagen
to CHL within the complexes in the concentration ranges studied.

1 1)’
AA=0.5x(] - &)t - sSHL)x{CM+CCHL+? - \/(CM+CCHL+?) - 4CMCCHL]><Z )

a a

where AA=A — (syCMHSHLCCHL) X I; Ais the total absorption of the sample measured; &},

s$1- and & are the absorption coefficients for the mutagen, CHL and of the complex,

respectively; Gy is the mutagen concentration; Cepy is the CHL concentration; Kj is the
association constant; and /is the length of the light path.

2.3. Fluorescence measurement

Fluorescence measurements were carried out on LS 50B spectrophotometer (Perkin Elmer,
UK), in 1-cmx1-cm cuvettes at 20 °C. Fluorescence was induced using an excitation
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wavelength at or near the maximum absorption of the individual mutagen, namely at 492,
474 and 422 nm, and with a 5- and 5-nm, 5- and 15-nm, and 5- and 8-nm excitation and
emission spectral width for AO, Dox and QM, respectively. The solutions were maintained
at constant mutagen concentration (AO, 5x10~7-3x10-6 M; QM, 4x10-%-7x10-6 M; Dox,
6x1076-8x10-6 M) and were titrated with CHL to obtain an increasing final CHL
concentration from 10~ to 4x10~> M. No inner filter effect was apparent at these
concentrations [30]. The association constants Kj were estimated according to a non-linear
regression [Eqg. (2)]. This form of equation was used because within the range of excitation
and emission used the mutagen—CHL complexes showed no detectable fluorescence. It was
apparent that the formation of complexes led to quenching of the mutagen fluorescence.

Fo 1 1 2 1
F:—O.SXC—M CCHL+K—a—CM— (CCHL+E—CM) +4><?><CM 2

a

where Fis the total fluorescence intensity of the sample measured, £ is the fluorescence
intensity of the mutagen and the other symbols are as in Eq. (1).

All data were analyzed using computer program PRISM 2 (Graph Pad Software Inc, USA)

Fig. 2 provides an example illustrating the characteristic changes in absorption spectra
occurring during titration of AO with CHL. Also presented are the differential spectra of this
sample. Similar changes were observed during titration of QM and Dox (data not shown). It
was quite evident that the absorption spectra of the solutions containing mixtures of CHL
with AO, QM or Dox were distinctly different from the sums of spectra of the same reagents
when analyzed individually at the same concentrations as in the mixture. The absorption
bands of the solutions containing mutagen—-CHL were shifted to longer wavelength
compared to the absorption band for CHL alone. This was particularly evident in the case of
the second absorption band of CHL, at 628 nm (Fig. 3).

The spectral changes observed indicated the formation of complexes in the mixtures of each
of the mutagens studied with CHL. Indeed, the computed absorption spectra for each of the
complexes, which were distinctly red-shifted compared to the first and second absorption
bands of CHL (Fig. 4), were consistent with the presence of such complexes.

Also consistent with the formation of these complexes were changes (quenching) in the
fluorescence of AO, QM and Dox after the addition of CHL. Similar changes in
fluorescence spectra as those shown in the case of Dox (Fig. 5) were also observed during
titration of AO and QM (data not shown). Strong quenching of the mutagen fluorescence
was observed for each of the mutagens studied, with neither a demonstrable change in shape
of the spectrum nor in the spectral shift for maximum fluorescence. Nearly complete
quenching was apparent when CHL was in molar excess compared with the mutagen
concentration. It appears, thus, that in the wavelength range studied the CHL-mutagen
complexes were not fluorescent.

4. Discussion

The present data indicate that in aqueous solution CHL forms complexes with AO, QM and
Dox. The presence of these complexes was manifested by a bathochromic shift of the
absorption spectra and strong quenching of the fluorescence of each of these mutagens
observed in the presence of CHL. The estimated association constants are relatively high
and appear to be within a similar range to the case of CHL complexes with aflatoxin B, (K;
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= 7.2x10° ML), aflatoxin B, (Kj = 5.3x10° M~1) [27] and dibenzo[a,1]pyrene (Kj =
6.3x10° M~1) [12]. It should be noted, however, that the association constants of CHL with
aromatic amines, in the range 103-10% M1 [4,31], are one or two orders of magnitudes
lower.

The association constants of CHL-Dox and CHL-QM estimated based on absorption
spectra were concordant with the estimates based on fluorescence changes (Table 1). This
was not the case, however, with K; of CHL-AO complexes, which varied by over 35%. The
formation of AO dimers and higher aggregates that is observed in aqueous solution [32] may
be responsible for this discrepancy.

It should be mentioned, however, that the estimates of affinity binding and other parameters
of CHL, in general, may be affected by the fact that commercially available CHL
preparations contain certain impurities, such as chlorins and other green pigments, as well as
variable combinations of ions [1,10,29]. Furthermore, because CHL is sensitive to light and
easily undergoes oxidation, the conditions of its storage and preparation of solutions may
also affect its chemistry.

It should also be noted that even though chlorophyll in plants fluoresces w33,34], the
preparation of CHL itself had no detectable fluorescence at the wavelengths studied. Since
CHL is in fact a chlorophyll chelated with copper, it is likely that chlorophyll chelation with
this ion quenches its fluorescence. The lack of CHL fluorescence allowed us to measure the
fluorescence of the carcinogens in the mixture and in complexes with CHL without
interference from the latter.

The present measurements were carried out at pH 7.4, considered to represent a
‘physiological’ concentration of hydrogen ions. At this pH value one of the mutagens
studied, AO, which has pKj ~ 10.5, is expected to be predominantly in ionic form.
Therefore, electrostatic interactions could contribute to its binding to CHL. In its uncharged
form, thus, the AO association constant with CHL may be different compared to that
estimated in the present study.

The high affinity of CHL to form complexes with QM observed here may explain the
propensity of CHL to protect the cells from the cytostatic and cytotoxic activity of QM
recently reported by us [35]. CHL, thus, may find an application as an interceptor of
mutagens [36] that have aromatic structure similar to that of QM or AO. It should be noted
that the interceptor affinity of CHL to aromatic carcinogens is comparable to that of
substances isolated from green and black tea [37], and appears to be stronger than that of
caffeine [26]. Because CHL alone, even at high concentration/doses, is hon-toxic to normal
cells and organisms, it may be considered as an attractive antimutagenic agent that can be
applied in vivo or in vitro. There is an ongoing search for components of natural products
that can protect normal cells from mutagens and possibly from the side effects of
chemotherapy [38]. CHL, which can be inexpensively obtained in large quantities from
green parts of plants or phytoplankton, is one of the leading products that holds promise for
use in these applications.

The ability of CHL to form complexes with Dox should be taken into consideration during
treatment of patients with Dox or other drugs of similar structure. Namely, since CHL is the
major component of green vegetables and thus may be consumed in large quantity, it has the
potential to interact with drugs, especially if taken orally, lowering their effective
concentration in free, monomeric form. This propensity of CHL, however, may be exploited
for the purpose of detoxifying patients mistakenly administered with an excess of the drug
by dialyzing their blood against CHL, e.g. immobilized on insoluble salt-like material, such
as CHL~—chitosan [39]. Experiments are under way to detect whether carcinogens or Dox

Biophys Chem. Author manuscript; available in PMC 2012 October 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pietrzak et al.

Page 5

that are already bound to their targets in live cells can be removed from the cells by co-
incubation with CHL, similar to behavior previously observed with caffeine [40].
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Fig. 1.
Chemical structure of the compounds studied.
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Fig. 2.

(a) Solid lines, absorption spectra of AO (5x10~% M) admixed during titration with different
concentrations (1.06x10~6-4x10-5 M) of CHL; dashed line, absorption spectrum of AO
alone (5x1078 M). (b) Differential spectra as in ().
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A (nm)

Absorption spectra of: CHL (10~° M), dashed line; QM (2x10~6 M), dotted line, and mixture
of CHL and QM at concentrations as above, solid line.
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(b)

Fig. 4.
Absorption spectra of CHL (dashed line), each of the mutagens studied alone (dotted lines)
and computed spectra of (a) AO-CHL, (b) Dox-CHL and (c) QM-CHL (sofid lines).
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(a) Fluorescence spectra of Dox (6x10-6 M) alone (dashed line) and admixed during
titration with different concentration (3.8x1076-1.2x107> M, from top to bottom) of CHL
(solid lines). (b) Non-linear regression calculated according to Eqg. (2) at a wavelength of

492 nm.
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Table 1

The association constants K; of the CHL-AO, CHL-QM and CHL-Dox complexes estimated by
spectrophotometry and spectro-fluorimetry, respectively

Compound Absorption Fluor escence

Ka(M™)  SD.(MT) Ks(M) SD. (M)

Acridine orange 5.6x10° 0.3x10° 8.4x10° 2.1x10°
Quinacrine mustard  3.1x10° 0.5x10° 3.3x10° 0.3x10°
Doxorubicin 3.7x10° 0.2x10° 2.9x10° 0.3x10°
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