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ABSTRACT. N,N’-bis-(3,4,5-trimethoxybenzyl) ethylenediamine N,N’-diacetic acid dihydrochloride 

(OR10141) is a member of a recently described series of “oxidative stress activatable iron chelators.” These 
chelators have a relatively low affinity for iron but can be site-specifically oxidized, in situations mimicking 
oxidative stress in vitro, into species with strong iron-binding capacity. It is hoped that this local activation 

process will minimise toxicity compared to strong iron chelators that may interfere with iron metabolism. The 
present paper describes the results of experiments aimed at characterising oxidative reactions between iron- 
OR10141 complexes and hydrogen peroxide. Incubation of ascorbate and hydrogen peroxide with the ferric 
chelate of OR10141 in neutral aqueous solution yields a purple solution with a chromophore at 560 nm, which 

is consistent with an o-hydroxylation of one of the trimethoxybenzyl rings. Oxidation of OR10141 also takes 
place, although more slowly, by incubating hydrogen peroxide with ferric OR10141 complex in the absence of 
reductant. HPLC analysis shows that OR10141 is consumed during the reaction and transformed principally into 
N-(2-hydroxy 3,4,5-trimethoxybenzyl) N’-(3,4,5-trimethoxybenzyl) ethylenediamine N,N’-diacetic acid. Minor 
products are also formed, some of which were identified by mass spectrometry. The protective effect of OR10141 

in vitro against DNA single strand breaks, protein damage, and lipid peroxidation induced by Fenton chemistry 
suggests that this compound is able to compete for iron with biological molecules and, thus, that this strategy 

of protection against oxidative stress is feasible. In addition, preliminary results showing protective effects of 
OR10141 dimethyl ester against toxicity induced by hydrogen peroxide in cell culture are described. It is 
concluded that OR10141 and related prodrugs might be useful in vitro in chronic situations involving oxidative 
stress. BICCHEM PHARMACOL 51;2:103-115, 1996. 
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Cellular damage induced by radical-mediated oxidations has 
been implicated in many pathological conditions, such as isch- 
emia reperfusion injury, inflammation, neurodegenerative dis- 
ease, cancer, and also in the aging process (see, for instance 
[l-6]). During oxidative insults, both cell structure and func- 
tion may be dramatically affected, involving DNA strand 
breakage, lipid peroxidation, damage to proteins, and a rise in 
intracellular calcium leading to activation of proteases and 
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enediamine N,N’-diacetic acid; DF, defetoxamine; TBARs, thiobarbituric 
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nucleases. Both enzymatic and nonenzymatic antioxidant sys- 
tems provide a highly efficient protection for living organisms 
against oxidative stress [7]. Effective sequestration of iron is 
one of the most important natural antioxidant defenses [8-lo]. 
Hence, iron is never “free” in biological systems but carefully 
handled by transport and storage proteins, such as transferrin 
and ferritin, that prevent reactions between iron and oxygen 
or hydrogen peroxide and, therefore, prevent the formation of 
harmful radical species. On the other hand, traces of redox 
active metal ions, especially iron, are thought to be released 
from their normal sites during oxidative stress and then to 
participate in Fenton chemistry [l l-121. Most damage done by 
superoxide and hydrogen peroxide is, indeed, thought to be 
linked to their conversion into hydroxyl radicals (HO’) by 
iron-catalysed site-specific reactions [8, 13, 141. 

The use of strong iron chelators is, therefore, a potential 
strategy of protection against oxidative damage. Hence, much 
in vitro work has shown the ability of iron chelators to protect 
cells against oxidative injury (see, for instance [15-191). Iron- 
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FIG 1. Structures of 0R10141: N,N’-his-(3,4,5&-imethoxyben- 
zyl) ethylenediamine N,N’-diacetic acid and of its monohy- 
droxylation product: N-( 2ahydroxy 3,4,5&imethyoxybenzyl) 
N’-(3,4,5&methoxybenzyl) ethylenediamine N,N’-diacetic 
acid (OR10163). 

chelating agents may avert oxidative damage by preventing 
Fe(III) reduction or Fe(B) reaction with O,, O,-., and H,O,. 
This may be achieved by altering the redox potential of iron or 
by suppressing its accessibility to superoxide and/or hydrogen 
peroxide [20, 211. The chelator may also direct HO’ damage to 
itself, thereby sparing more important targets that bind iron, 
such as DNA. 

There have been few in viva studies with iron-chelating 
drugs in non-iron-overload situations (see [22] and references 
cited therein), probably because strong iron chelators are 
likely, owing to the ubiquitous role of iron in cell functions, to 
provoke adverse effects when used for prolonged periods of 
time by removing “safe” metals from various sites [23-251. 

We have recently described a new series of scavenging 
chelators [26] that can be site-specifically oxidised by intramo- 

Me0 

MO 

lecular hydroxylation into species bearing a phenolate moiety 
able to coordinate iron. The resulting chelates have an in- 
creased association constant and show a decrease in reactivity 
versus reduced oxygen species. They can be looked upon as 
“oxidative stress activatable iron chelators.” 

N,N’- bis- (3,4,5 - trimethoxybenzyl )ethylenediamineN,N’- 
diacetic acid dihydrochloride (OR10141, Fig. 1) was selected 
in the series because electrophilic addition of HO’ to the ar- 
omatic ring is favoured by the increased electron density due 
to methoxy substituents, thereby promoting the reaction 
mechanism described in Fig. 2. 

We report here the results of experiments designed to in- 
vestigate the mechanism of the oxidative reaction between 
iron OR10141 complexes and hydrogen peroxide. In addition, 
we describe protective effects of OR10141 against DNA single 
strand breakage, lipid peroxidation, and protein damage in 
vitro and against toxicity induced by hydrogen peroxide in cell 
culture. 

MATERIALS AND METHODS 
Material 

Sodium ascorbate, ferrous ammonium sulfate, potassium ni- 
trate, bromoacetic acid, EDDA and TBA were purchased from 
Fluka. Ferric chloride (hexahydrate), hydrogen peroxide, 
EDTA tetrasodium salt, chelex resin, trichloroacetic acid, DF 
mesylate, glucose oxydase, and o-phenantroline were pur- 
chased from Sigma, 3,4,5-trimethoxybenzaldehyde, ethylene- 
diamine, and sodium borohydride from Aldrich, HBED from 
Strem. Bidistilled water for injection (Biosedra, France) was 
used in the experiments. Other solvents were of the highest 
purity available and were used without further purification. 

Rat liver microsomes were obtained from Iffa Credo (Lyon, 
France). 

UV visible spectra were recorded with a Perkin Elmer 
Lambda 2s spectrophotometer. HPLC analysis was performed 
with a Waters Model 510 pump equipped with a Waters 990 
photodiode array detector. The MS were obtained either by 
DC1 or electron impact ionization (EI) with a Finnigan Mat 
SSQ 710 mass spectrometer or by HPLC/MS with a Fisons 
Platform mass spectrometer equipped with an atmospheric 
pressure ion source in the ES1 mode. In both techniques, pos- 
itive ion detection was used. 

Proton and 13C NMR analyses were performed with a 
Bruker AMX 500 spectrometer. 

FIG. 2. Proposed reaction scheme between Fe(II)-OR10141 and H,O, (X represents axial ligands). 
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TABLE I. Mass spectrometry (MS) and nuclear magnetic resonance (NMR) data permitting identification of compound 1 as 
Nd(2ehydroxy 3,4,5&methoxybenzyl) N’-(3,4,5&imethoxybenzyl) ethylenediamine N,N’-diacetic acid (OR10163) 

‘H NMR parameters (6, ppm) of 1 iron chelace in DzO in 
- the presence of Na,S,04. 

3.40 (t, 2H); 3.44 (t, 2H); 3.62 (s, 2H); 3.66 (s, 2H); 3.68 (s, 3H); 3.72 (s, 
3H); 3.75 (s, 3H); 3.78 (s, 6H); 4.14 (s, 2H); 4.20 (s, 2H); 6.75 (s, 1H); 
6.76 (s, 2H) 

13C NMR parameters (6, ppm) of 1 iron chelate in DzO in 47.43; 47.55; 51.55; 53.50; 56.62; 105.35; 108.44; 108.81; 124.14; 134.95; 
the presence of Na,S,04 135.45; 138.53; 140.72; 140.86; 143.37; 149.77; 150.14; 150.81; 168.48 

ESI/MS (loop injection) of 1 iron chelate m/z (% relative 628 (loo), [M + Na]’ 
abundance) 

- 
606 (90), [M + HI’ 
181 (90), [(MeO), - C,H,]’ 

HPLC/ESI/MS of compound 1 m/z (% relative abundance) 575 (30), [M + Na]+ _ 
553 (loo), [M + H]’ 

‘H and 13C and NMR analysis were performed on compound 1 as ferric iron chelate in D,O in the presence of sodium dithionite (Na,S,O+) as described in Materials and Methods. Sodium 
dithmmte was added directly to the NMR tube sample to reduce paramagnetic high-spm ferric iron to diamagnetic ferrous iron and to allow restitution of fine structure. 

MS analysis of 1 was done both on wAxed iron chelate and on ligand as described in Materials and Methods. 

SYNTHESIS OF OR10141. OR10141 was synthesised by adap- 
tation of reported procedures [27]. 

N,N’ - BIS - (3,4,5 -TRIMETHOXYBENZYLIDENE)ETHYLENEDL4MINE. 

50.0 g (255 mmoles) of 3,4,5-trimethoxybenzaldehyde was dis- 
solved in 300 mL of methanol, to which 8.50 mL (127.5 
mmoles) of ethylenediamine was added. The reaction mixture 
was stirred for 1 hr at room temperature and then cooled at 
5°C. The yellow crystalline Schiff base was collected by fil- 
tration and washed extensively with cold methanol to yield 
49.4 g (93%) of N,N’-bis-(3,4,5trimethoxybenzylidene) eth- 
ylenediamine as a cristalline powder m.p. = 148°C. 
‘H NMR (in d6 DMSO): 6 (ppm) = 3.70 (s, 6H), 3.80 (s, 
12H), 3.85 (s, 4H), 7.04 (s, 4H), 8.26 (s, 2H). 
MS (EI): m/z: 416, [M+] 
Anal. Calcd. for CZ2H2sNZ06: C, 63.45; H, 6.78; N, 6.73; 0, 
23.05. Found: C, 63.47; H, 6.75; N, 6.74; 0, 23.19. 

N,N’-BIS-(3,4,5-TRIMETHOXYBENZYL) ETHYLENEDIAMINE DIHY- 

DROCHLORIDE. 20.0 g (48.0 mmoles) of N,N’-bis-(3,4,5-tri- 
methoxybenzylidene) ethylenediamine was suspended in 400 
mL ethanol to which 2.27 g (60 mmoles) of NaBH, was added 
portionwise. The reaction mixture was stirred at 55-60°C for 
2 hr and then allowed to stand at room temperature for 1 hr. 
30 mL of 6N HCl were then slowly added to adjust the pH of 
the solution to 1. The crystalline dihydrochloride was col- 
lected by filtration, washed with cold ethanol, and vacuum 
dried over P,O, to yield 19.5 g of N,N’-bis-(3,4,5-trimethoxy- 
benzyl) ethylenediamine dihydrochloride. 
‘H NMR (in d6 DMSO): 6 (ppm) = 3.37 (s, 4H), 3.67 (s, 6H), 
3.81 (s, 12H), 4.13 (s, 4H), 7.01 (s, 4H), 9.89 (s, 4H). 
MS (EI): m/z: 420, [M+], 181, [(Me0)3-C7H4]+. 
Elementary analysis showed the presence of NaCl, but the 
product was used without further purification for the following 
steps. 

N,N’-BIS-(3,4,5-TRIMETHOXYBENZYL)ETHYLENEDIAMINE N,N’- 

DIACETIC ACID DIHYDROCHLORIDE (OR10141). 14.0 g (28.4 
mmoles) of N,N’-bis-(3,4,5-trimethoxybenzyl) ethylenedi- 
amine dihydrochloride was dissolved in 140 mL of water con- 
taining 7.50 mL of 30% sodium hydroxide. Bromoacetic acid, 
7.88 g (56.8 mmoles), was dissolved in 16 mL water in an 
ice-water bath. 4.76 g of NaHCO, was added to this solution 
portionwise. The two solutions were mixed and the reaction 

mixture heated to 40°C. NaOH (30% solution) was used to 
maintain the pH of the solution in the range of 10-l 1 for 4 hr. 
The reaction mixture was then allowed to stand at room tem- 
perature overnight. Concentrated HCl was added to the reac- 
tion solution until pH was reduced to 2. The white precipitate 
was filtered and recrystallised from ethanol/water 1:l to yield 
10.6 g (60%) of N,N’-bis-(3,4,5-trimethoxybenzyl) ethylene- 
diamine N,N’-diacetic acid dihydrochloride as a white powder 
m.p. = 205°C. 
‘H NMR (in d6 DMSO): 6 (ppm) = 2.82 (s, 4H), 3.27 (s, 4H), 
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FIG. 3. (A) Visible spectrum in 50 mM acetate buffer pH 5.4 of 
1 mM Fe(W) OR10141 to which was added 10 mM ascorbate 
and 10 mM hydrogen peroxide; incubation time was 5 min at 
25°C. (B) Evolution of visible spectrum of Fe(II1) OR10141 
(0.8 mM) in 50 mM acetate buffer pH 5.4 after addition of 
hydrogen peroxide at a final concentration of 10 mM. One 
spectrum was recorded every minute at 25°C. 
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3.63 (s, 6H), 3.71 (s, 12H), 3.74 (s, 4H), 6.64 (s, 4H). 
MS (EI): m/z: 537, [M + HI+; 181, [(MeO),-C,H,]‘. 
Anal. Calcd. for C,,H,,N,Or, 1.92 HCl (+0.45 H,O): C, 
50.80; H, 6.36; N, 4.55; 0, 27.20; Cl, 11.07. Found: C, 50.79, 
H, 6.34; N, 4.53; 0, 27.16, Cl, 11.05. 

N,N'-BIS-(3,4,5-TRJMETHOWBENZ~)ETHl'LENEDIAMINE N,N'-DJ- 

ACETJC ACJD DJMETHYL ESTER. 10.0 g (20.3 mmoles) of N,N’- 
bis-(3,4,5-trimethoxybenzyl) ethylenediamine dihydrochlo- 
ride was dissolved in 100 mL of DMF containing 40.6 mmoles 
triethylamine. Methyl bromoacetate (80.0 mmoles) and 40.0 
mmoles calcium carbonate were then added and the mixture 
stirred at 80°C for 4 hr. The solution was evaporated to dry- 
ness under reduced pressure and then extracted with dichlo- 
romethane. The organic phase was washed with water, dried, 
and evaporated to dryness. The oily residue was purified by 
chromatography on silica gel to yield 3.40 g (30%) of N,N’- 
bis- (3,4,5 - trimethoxybenzyl)ethylenediamine N,-N’-diacetic 
acid dimethyl ester as a white powder m.p. = 80°C. 
‘H NMR (in CDC13): 6 (ppm) = 2.69 (s, 4H), 3.40 (s, 4H), 
3.59 (s, 6H), 3.62 (s, 6H), 3.65 (s, 4H), 3.70 (s, 12H), 6.59 

(s, 4H). 
MS (DCI, ammonia): m/z (% relative abundance): 565 (80), 
(M + HI+; 181 (IOO), [(MeO)s-C,H,]+. 
Anal. Calcd. for C2sH4eNZ01c: C, 59.56; H, 7.14; N, 4.96; 0, 
28.34. Found: C, 59.29; H, 7.09; N, 4.90; 0, 28.35. 

Methods 

HPLC ANALYSIS. HPLC analysis of Fe(II1) OR10141 oxida- 
tion products was performed using a Waters Pursil 5 l.trn Cl8 
120 A column ( 15 cm x 4.6 mm) with a mobile phase con- 
taining 25% methanol, 2.6% isopropanol, 72.4% 10 mM pH 
7.8 phosphate buffer, and 0.1 mM EDTA, at a flow rate of 1 
mL/min. Chromatograms were recorded at 210 nm. Under the 
conditions used, ascorbate and EDTA were eluted in the dead 
volume. Under typical experimental conditions, chelate was 
incubated at room temperature with H,O, and/or ascor- 
bate for 1 hr. Iron was then dissociated from ligands 
by addition of 3 mM EDTA and heated at 40°C for 40 min. 

MASS SPECTROMETRY AND NMR JDENTJFJCATION OF OXJDATJON 

PRODUCTS. OR10141 oxidation products were detected as 
ligands marked 1 to 4 in Fig. 4, using HPLC/ESI/MS with a 
mobile phase containing 17% methanol, 3% isopropanol, and 
80% 10 mM ammonium acetate buffer at pH 7. 

The main oxidation product 1 was also isolated as an iron 
chelate according to the follo&ig procedure. 1 mM ferric 
OR10141 chelate (prepared from ferric chloride) was incu- 
bated with 3 equivalents H,O, in 10 mM ammonium acetate 
pH 7 for 1 hr. The resulting purple solution was first washed 
with dichloromethane and then saturated with NaCl to allow 
further extraction with dichloromethane. The resulting deep 
blue-purple organic phase was dried over magnesium sulfate 
and evaporated to dryness. This product was then analysed by 
ESI/MS (loop injection) for molecular weight determination 
(Table 1). 

To run ‘H and 13C NMR analysis on this product, which is 

intensely paramagnetic, it was solubilised in D,O to which 
sodium dithionite was added. This induces an instantaneous 
bleaching of the purple solution and allows a restitution of 
NMR fine structure, presumably by reducing paramagnetic 
high spin ferric iron to diamagnetic ferrous iron. 2D spectrum 
analysis confirmed compound 1 structure as N-(2-hydroxy 
3,4,5-trimethoxybenzyl) N’-(3,4,5-trimethoxybenzyl) ethyl- 
enediamine N,N’-diacetic acid (OR10163). 

PROTECTJON BY 0~~0141 AGAJNST OXJDATIVE DAMAGE. DNA: 
Analysis of in vitro DNA single strand breaks was performed 
according to classical procedures [28, 291. Supercoiled DNA 
(10 l_tg/mL) from pBR322 (Boehringer) in 10 mM aerated 
phosphate buffer pH 6.8 was incubated for 1 hr at 37°C with 
various concentrations of chelators and ascorbate (see Fig. 
legends). The buffer was pretreated with chelex 100 (Sigma) 
to remove adventitious traces of metals and the pH was read- 
justed. Reactions were performed in a final volume of 20 ~_LL 
and stopped by addition of 10 yL of stop solution (4M urea, 
50% sucrose, 50mM EDTA, 0.1% bromophenol blue). Sam- 
ples were analysed by electrophoresis in 1% agarose gel in 89 
mM tris borate 2 mM EDTA buffer. The gel was stained with 
ethidium bromide. Untreated plasmid DNA revealed a major 
band corresponding to the intact supercoiled form and a minor 
band corresponding to the nicked circular form. 

Proteins: Protection of G-6-PDH against inactivation by 
Fenton reaction was measured according to [30]. Briefly, 5 
pg/mL G-6-PDH (Boehringer, from yeast) was incubated for 1 
min at 37°C in 10 mM MOPS and 100 mM KC1 buffer with 
various concentration of OR10141. 50 PM Fe(NH,),(SOJ, 
were then added followed by 50 l.tM hydrogen peroxide and 
the mixture incubated for 5 min at 37°C. Residual activity was 
then determined by following the appearance of NADPH 
spectrophotometrically at 340 nm after addition of 150 PL 
aliquot of 10 mM NADP’ and 100 mM glucose 6-phosphate to 
2.85 mL of the enzyme solution. 

Protein carbonyl content after incubation with iron and 
ascorbate was determined using 2,4_dinitrophenylhydrazine 
[30, 311. The inactivation was carried out at 37°C for 30 min 
in open tubes containing the protein (1 mg/mL) in 10 mM 
phosphate buffer saline pH 7.4 to which were added various 
concentrations of chelators, 10 /tM FeCl,, 2 mM sodium ascor- 
bate, and 2 mM hydrogen peroxide. Aliquots (2 mL) were 
precipitated with equal volumes of 20% TCA. One sample was 
treated with 2 mL of 2N HCl and the other with 2 mL of 0.2% 
2,4-dinitrophenylhydrazine in 2N HCl. Both samples were in- 
cubated at 37°C for 2 hr. The samples were then reprecipitated 
with 2 mL of 20% TCA and washed twice with 3 mL of 
ethanol. The pellets were dissolved in 2 mL of 6M guanidine 
HCl. The absorption spectra (350-550 nm) were recorded 
against guanidine HCl and the amount of protein carbonyls 
estimated, using an average molar absorptivity of 22,000 at 370 
nm. All experiments were performed in triplicate. 

Lipid Peroxidation: Peroxidation of rat liver microsomes was 
measured by the TBA test [32]. Reaction mixtures contained, 
in 1 mL of 10 mM phosphate buffer saline pH 7.4: 0.44 mg/mL 
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FIG, 4. HPLC chromatogram showing partial conversion of OR10141 to OR10163 (UV detection at 210 
nm). 1 mM Fe(lll)-OR10141 in 10 mM ammonium acetate buffer pH 7 was incubated at room temper- 
ature with hydrogen peroxide. After 1 hr incubation, EDTA (3 mM) was added to the solution and the 
mixture was heated for 40 min at 40°C to displace iron from the chelates before injection. (A) control 
without hydrogen peroxide; (B) oxidation with 3 mM hydrogen peroxide for 1 hr. 

microsomal protein, FeCl, (10 PM), chelator (100 PM), and 
sodium ascorbate (1 mM). Solutions were stirred at 37°C in 
open tubes for 2 hr. Peroxidation was then measured in each 
sample by adding 0.5 mL 1% TBA in 0.05M NaOH and 0.5 ml 
2.8% trichloroacetic acid and then heating for 15 min at 
100°C. The pink chromophore was extracted in 2 mL butanol 
and the absorbance of the organic layer measured at 532 nm. 
Experiments were performed in triplicate. 

Protection of Cultured Cells: Protection afforded by 
OR10141 in cultured cells submitted to hydrogen peroxide was 
evaluated by continuously following the physiological state of 
cells using a Cytosensor. The Cytosensor is a light potentio- 
metric sensor-based device that detects changes in the rate of 
extracellular acidification of cultured living cells [33]. It may 
be used as an in vitro method for noninvasive and real time 
measurement of cell metabolism. Experiments were performed 
on epithelial cell line NCTC 2544 (ICN Laboratories). They 
were passaged in DMEM containing foetal calf serum (lo%), 
penicillin/streptomycin (100 IU/mL, 100 pg/mL) and 1 mM 
L-glutamine. Cells were seeded on polycarbonate membrane 
insert (Transwell, 3 pm pore size) at a density of 3.105 cells per 
cm’. Cells were introduced into the measurement chamber 24 
hr later, and allowed to perfuse with a DMEM lacking fetal calf 
serum and bicarbonate (low buffer medium). Baseline meta- 

bolic rates were obtained during a control period. Cells were 
then treated with the chelator for 1 hr before glucose glucose 
oxidase (1 IU/mL and 25 mM, respectively) introduction at a 
constant flow rate (100 pL/min) for a period of 2 hr, during 
which the metabolic rate was measured every minute. 

RESULTS AND DISCUSSION 

Reactiority of OR10141 

Iron Chelate with Hydrogen Peroxide 

Incubation of ferric OR10141 complex, which is yellow, with 
excess ascorbate and hydrogen peroxide results in the instan- 
taneous appearance of a strong purple chromophore with &,=, 
= 560 nm at pH 5.4 (Fig. 3a). The same chromophore also 
appears, although more slowly, in the absence of ascorbate 
(Fig. 3b). This intense visible band, whose h,,, varies with 
pH, is likely to be assigned to a charge transfer band from a K 
orbital on the phenolate ligand to a half-filled d orbital of iron 
[34]. The appearance of the 560 nm chromophore is appar- 
ently not significantly affected by visible light (not shown), 
but some photoreduction cannot be excluded because chemi- 
cally-related structures [35] have been reported to be photore- 
ducible. However, oxidation by hydrogen peroxide is likely to 
be a much faster reaction. 
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FIG. 5. (A) Evolution of 0R10141, compound 1 and 2 HPLC peak height as a function of incubation time with 3 mM H,O, of a 
1 mM Fe(III)-OR10141 solution in 10 mM ammonium acetate buffer pH 7 at room temperature. After incubation time, EDTA (3 
mM) was added to the solution and the mixture heated for 40 min at 40°C to displace iron from the chelates before injection. (B) 
Evolution of OR10141, compound 1 and 2 HPLC peak height as a function of hydrogen peroxide concentration after 1.hr 
incubation at room temperature of a 1 mM Fe(III)~OR10141 solution in 10 mM ammonium acetate buffer pH 7. After incubation 
time, EDTA (3 mM) was added to the solution and the mixture heated for 40 min at 40°C to displace iron from the chelates before 
injection. OR10141 (diamond), compound 1 (square), compound 2. (triangle). 

The composition of this crude purple solution was analysed 
by HPLC and mass spectrometry. HPLC chromatograms ob- 
tained by injecting a crude purple solution show a significant 
unresolved large peak (not shown). On the other hand, when 

iron is displaced from chelates before injection by adding ex- 
cess EDTA and heating for 40 min at 4O”C, a good resolution 
is observed for the free ligands (Fig. 4) showing the apparition 
of one main product (compound 1) and a few minor ones. - 

TABLE 2. Mass spectrometry (MS) data permitting identification of compounds &J, and 2 as structures proposed in Fig. 6 

Compound 
N” 

m/z m/Z 

(% relative abundance) (% relative abundance) 
[M + Na]+ [M + H]’ 

m/z 
(% relative abundance) 

[(MeO), - GHX 

2 219 (60) 197 (100) 
7 379 (15) 357 (100) 18115) 
4 278 (100) 256 (15) _ 

Analysis of 2, 3 and 4 were performed by HPLC/ESI/MS o an EDTA decomplexed mixture of ferric OR10141 oxldatmn products (see Materials and Methods). f 
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FIG. 6. Proposed structures of oxidation products of OR10141 detected 

by mass spectrometry. 

Similar profiles are obtained for the reaction between Fe(III)- 
OR10141 and H,O,, either in the presence or in the absence 
of ascorbate (not shown). 

Figure 5a and b, respectively show the evolution of peak 
height with time and hydrogen peroxide concentration for 
OR10141, compound 1 and compound 2 starting from 1 mM - - 
ferric OR10141 chelate in 10 mM pH 7 ammonium acetate 
buffer. 

It is apparent that OR10141 is consumed during the time 
course of the reaction and is transformed mostly into com- 
pound 1. The latter was tentatively identified by HPLC/ESI/ 
MS (Table 1) as N-(2-hydroxy 3,4,5trimethoxybenzyl) N’- 
(3,4,5-trimethoxybenzyl) ethylenediamine N,N’-diacetic acid 
(OR10163, Fig. 1). 

The structure of compound 1 iron as iron chelate was con- 
firmed by mass spectrometry and by two dimension ‘H-13C 
NMR (Table 1, see Material and Methods for details of isola- 
tion). This compound is, indeed, a pentadentate ligand with a 
phenol moiety that can coordinate iron as depicted in Fig. 2. 

It can be seen from Fig. 5b that OR10163 yield decreases 
when more than 3 or 4 molar equivalents of hydrogen peroxide 
are incubated with ferric OR10141 chelate. However, 
OR10163 chelate destruction by excess oxidant occurs mainly 
during incubation with EDTA before HPLC injection. Indeed, 

comparable visible spectra are obtained by incubating 

OR10141 iron chelate either with 3 or 10 equivalents hydro- 
gen peroxide (Fig. 3), which suggests that OR10163 chelate is 
stable even in the presence of more than 3 molar equivalents 
of hydrogen peroxide. 

Figure 6 shows the structural propositions for some of the other 
oxidation products detected during the HPLC/ESI/MS of the 
EDTA-decomplexed mixture. These propositions were given fol- 
lowing the interpretation of mass spectra as summarized in Table 
2. Among them is 3,4,5trimethoxybenzaldehyde (compound 2) 
and the corresponding scission molecule 3. 

The maximum yield of 2 was estimated to be 6% by com- 
parison with an authentic-sample of pure 3,4,5-trimethoxy- 
benzaldehyde. Owing to its probable mechanism of formation 
(see below) it may be concluded that the same amount of 3 is _ 
formed. 

On the other hand, the yield of OR10163 formed after 1 hr 
reaction with 3 equivalents hydrogen peroxide is more than 
80%, as estimated from both HPLC peak height using isolated 
ferric OR10163 chelate as a standard and calorimetric deter- 
mination using a measured extinction coefficient of 1500 at 
560 nm. 

Moreover, Fig. 5b shows that more than 80% of OR10141 
is consumed after 1 hr reaction with 2 equivalents of hydrogen 
peroxide, thereby indicating a very efficient oxidation path- 
way. 

The extractibility of ferric OR10163 chelate by dichlo- 
romethane (see Material and Methods) suggests that the spe- 
cies is uncharged (i.e. that the sixth coordination site is oc- 
cupied by a neutral ligand, for instance one water molecule) 
(see Fig. 2, X = HzO). However, it is noteworthy that other 
purple species present in crude oxidation solution are not ex- 
tractible by dichloromethane. These species could correspond 
to ferric OR10163 chelate bearing another sixth coordination 
site ligand, for example chloride or even a ~-0x0 dimer. The 
overall charge would, therefore, be negative and, the species 
would thus, not be extractible by dichloromethane. 

To summarize, these results show that OR10141 can be 
site-specifically oxidised in a similar way to that recently de- 
scribed for DBED [26], but that it is characterised by a higher 
reactivity towards intramolecular o-hydroxylation of the aro- 
matic moiety. 

Indeed, in this previous study, it was shown that monohy- 
droxylated compound HBBED was one of the oxidation prod- 
ucts. However, HBBED yield was low (lo-15%) and various 
unidentified side products were formed, likely resulting from 
further hydroxylation of the aromatic rings. 

In the case of 0R10141, both the appearance of 560 nm 
chromophore and HPLC analysis show that conversion to 
OR10163 is much higher than conversion of DBED to 
HBBED. Moreover, stoichiometry of hydrogen peroxide is 
much lower than in the case of DBED. Increased electron 
density in position 2 of the aromatic rings due to methoxy 
substituants in positions 3 and 5 is likely to be responsible for 
the high oxidation yield because it favors electrophilic addi- 
tion of hydroxyl radical and also prevents HO’ addition in 
these positions. 
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FIG. 7. Proposed scheme showing reaction between 0R10141, iron, hydrogen peroxide, and ascorbate 
(AH-); X represents axial ligand. 
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FIG. 8. Proposed mechanism for 3,4,5 trimethoxy benzalde- 
hyde formation. 

Possible Mechanisms of Reaction 
between OR10141 Iron Chelate and Hydrogen Peroxide 

A mechanisms is proposed in Fig. 7 that tentatively takes into 
account reactions of hydrogen peroxide with both ferric and 
ferrous OR10141 chelate. Owing to structural features, hy- 
droxylation of position 2 of the benzyl moieties is highly ster- 
ically favoured. Reaction of ferrous complex is likely to in- 
volve an HO’ (or, alternatively, an Fe’” = 0 ferryl-type spe- 
cies) which, when added to the aromatic moiety, would lead to 
a HCHD intermediate. Because electron-rich HCHD are 
known as powerful one-electron reductants [36], it can be 

05 I 
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OR10141 CONCENTRATION (PM) 

FIG. 9. Protection by OR10141 against loss of G-6PDH activity 
induced by Fenton reaction. Enzyme at a concentration of 5 
p.g/mL was incubated for 1 min at 37°C in 10 mM MOPS and 
100 mM KC1 in the presence of the concentration of OR10141 
indicated on the abscissa. 50 PM Fe(R) and 50 ~.LM H,O, were 
then added and the remaining activity after 5-min incubation 
was assayed as described in Materials and Methods and ex- 
pressed as % of untreated enzyme. 

speculated that it will reduce Fe(III) leading to a ferrous che- 
late that could react with a second H,Oz molecule. Therefore, 
a secondary HO’ could be formed and induce radical damage 
to surrounding molecules under physiological conditions. 
However, this damage should be weak compared to the po- 
tential multiple oxidative damage that would have been cat- 
alysed by iron in the absence of OR1014 1. 

Reaction between ferric OR10141 chelate and hydrogen 
peroxide likely involves an Fe” = 0 oxo-type species leading 
to the same final monohydroxylation product. Reduction of 
iron by H,Oz leading to 0,’ is also possible, already having 
been observed for iron EDTA chelate [Zl]. 

In the presence of ascorbate, reduction of Fe(II1) seems to 
be much faster than the reaction between ferric chelate and 
H,O,. On the other hand, autoxidation of ferrous OR10141 is 
much slower than reaction with hydrogen peroxide (not 
shown). 

Formation of small amounts of compounds 2, 3, and 
4 described in Fig. 6 may derive from a-amino hydrogen ab- 
straction by hydroxyl radical followed by an electron transfer 
leading to an imminium cation as shown in Fig. 8 in the case 
of benzylic hydrogen (see, for instance [37, 381). In this par- 
ticular case, 3,4,5-trimethoxybenzaldehyde and the corre- 
sponding moiety 3 are formed. Detection of compound 4 
shows that hydrogen abstraction from ethylenediamine l& 
also occurs. 

Implications of “Oxidative Activation” 

The affinity constant of Fe(II1) for OR10141 was evaluated 
potentiometrically to be log K < 15 according to classical 
methods [39] (IL = O.lM KNO,). For calculation of the overall 
equilibrium constant, ligand pKa values were measured from 
potentiometric titration to be 4.8 and 9.6. 

Because the affinity of OR10141 for iron is low, it may be 
hoped that iron mobilisation from metalloproteins will be 
avoided and, therefore, that the adverse side effects related to 
“safe” iron chelation will be low. As a comparison, affinity of 
ferric iron for transferrin is log K = 21 [40]. Therefore, 
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FIG. 10. Protein carbonyl content after 30.min incubation of 
BSA and G-6.PDH with 10 pM FeCl,, 2 mM ascorbate, and 2 
mM H,O, and 50 FM chelators in 10 mM phosphate buffer pH 
7.4 at 37°C. Protein carbonyls were determined using 2,4Mdi- 
nitrophenylhydrazine as described in Materials and Methods. 

OR10141 cannot compete for iron of transferrin thermody- 
namically. 

On the other hand, the affinity of OR10163 for Fe(III) was 
estimated to be in the range of that of HBBED [26] (e.g. log K 
# 28). Moreover, it was found (not shown), as for HBBED, 
that although Fe(II1) OR10163 still has one uncoordinated 
site it is not a catalyst of Fenton chemistry, probably because 
of a decrease in redox potential of iron that is likely to prevent 
further iron reduction. 

Therefore, it can be hypothesized that, under oxidative 
stress conditions in uiuo, OR10141 could decrease free iron 
availability and catalytic properties by the above-described 
site-specific oxidation and, thus, protect a tissue against oxi- 
dative stress. 

TABLE 3. Protection by OR10141 against iron ascorbate&- 
duced microsomal lipid peroxidation 

Additions 
Amount of TBARs 

(A532) 

Rat liver microsomes (0.44 mg protein/ml) were incubated for 2 hr at 37°C m aerated 

10 mM phosphate buffer saline pH 7.4 with or without the followmg additions: chelator 

(100 PM), F&I, (10 PM), and sodum ascorbate (Asc., 1 mM). Peroxidatmn was mea- 

sured as TBARs as described III Materials and Methods. Values are the means f SD of 

triplicate expenments. 

It seems that such a benefit can reasonably be expected from 
the following results showing protective effects by OR10141 
against oxidative damage to biological molecules in vitro. 

Protectiore Effects against Oxidutive Damage in vitro 

When added to a protein in the presence of an iron-dependent 
hydroxyl radical generating system, OR10141 effectively in- 
hibited protein damage. This is illustrated both in Fig. 9 and 
Fig. 10, which show OR10141 protective against inactivation 
of G-6-PDH by Fenton reaction and formation of protein car- 
bony1 on BSA and G-6-PDH by the iron ascorbate system, re- 
spectively. In both systems, OR10141 protection is effective at 
concentrations slightly above iron concentration. 

The effects of OR10141 were also investigated in experi- 
ments based on the relaxation and linearisation of supercoiled 
DNA, which is a very sensitive measurement of single-strand 
breaks in DNA (Fig. 11). Incubation of 10 /.tg/mL DNA and 1 
mM ascorbate in the presence of increasing concentrations of 
FeCl, in aerated phosphate buffer induced a dose-dependent 
appearance of strand breaks after 1 hr at 37°C. The effect of 
various chelators was evaluated in the assay. EDDA at 100 PM 
dramatically increased the damage produced by iron and ascor- 
bate, supercoiled DNA being almost quantitatively linearised 
(not shown). On the other hand, 100 /.tM or 1 mM OR10141 
inhibited DNA damage induced by submicromolar concentra- 
tions of iron. Protection afforded by OR10141 is comparable 
to that obtained with deferoxamine mesylate and HBED (not 
shown). Protection by OR10141 is not so efficient for higher 
concentrations of iron (i.e. 5 and 10 PM). 

Inhibition by OR10141 of iron ascorbate-induced rat liver 
microsome lipid peroxidation was also demonstrated (Table 
3). OR10141 is as effective as DF mesylate and totally inhibits 
peroxidation catalysed by 10 PM FeCl, under our conditions. 
Conversely, EDDA does not offer any protection. 

Protective effects of OR10141 were, finally, evaluated 
against deleterious effects induced by hydrogen peroxide using 
a Cytosensor (see Material and Methods). Metabolic acidifi- 
cation of an epithelial cell line (NCTC 2544) was continu- 
ously monitored to determine noninvasively the effects of hy- 
drogen peroxide generated by glucose glucose oxidase. Hydro- 
gen peroxide induced a decline in metabolic rate. 
Pretreatment of cells with DF mesylate, o-phenantroline, and 
HBED significantly reduced the decrease in metabolic rate 
(Fig. 12). On the other hand, OR10141 did not significantly 
protect cells even at high concentrations. Therefore, because 
membrane permeability of OR10141 is assumed to be poor, we 
decided to investigate the effect of dimethyl ester of OR10141 
as a prodrug of the chelator which could be cleaved by mem- 
brane nonspecific esterases. Indeed, in the case of fluorescent 
calcium chelator Quin2, cell loading by means of intracellu- 
larly hydrolyzable esters has been demonstrated [41]. Hence, a 
significant protection by OR10141 ester was observed. How- 
ever, relatively high concentrations are still needed (limited 
by water solubility, e.g. 1 mM), which suggests that OR10141 
bioavailability is poor even as a prodrug ester. This might be 
related to a low rate of cellular hydrolysis. However, protection 
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FIG. 11. Iron chelate-mediated 
production of DNA strand 
breaks. Supercoiled plasmid 
DNA was incubated with various 
concentrations of FeCl,, 100 pM 
or 1 mM chelator, and 1 mM so- 
dium ascorbate for 1 hr at 37°C 
in 10 mM phosphate buffer pH 
6.8 as described in Materials and 
Methods. I and II indicate the 
positions of migrated supercoiled 
and circular forms of plasmid 
DNA, respectively. 
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FIG. 12. Protection afforded by OR10141 and its dimethyl ester on cultured cells submitted to a flux of 
H,O, generated from glucose glucose oxidase. Deleterious effects of hydrogen peroxide were measured 
by the decrease in metabolic rate using a Cytosensor as described in Materials and Methods. The NCTC 
2544 cell line was treated with various concentrations of chelators for 1 hr before addition of 25 mM 
glucose and 1 UimL glucose oxidase for 2 hr, during which the metabolic rate was measured every 
minute. The graph shows results at the end of the 2-hr period. Metabolic rates are expressed in % 
comparatively to control values of untreated cells. o-PHEN is o-phenantroline, HBED is N,N’-his-(2. 
hydroxybenzyl) ethylenediamine N,N’-diacetic acid and DF is deferoxamine mesylate. 
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efficiency in this assay is comparable to that afforded by de- 
feroxamine, which is known to have poor membrane perme- 
ability. 

On the other hand, neither OR10141 nor its dimethyl ester 
up to 1 mM is able to protect cells against hydrogen peroxyde 
cytotoxicity in CHO cells as measured by a cloning efficiency 
assay.* This result suggests that the amount of OR10141 that 
enters the cell might not be enough to reach certain critical 
targets, for instance the nucleus, where reactions with radical 
species can lead to cell death. 

However, the positive results obtained by measuring the 
decrease in metabolic rate induced by a low flux of hydrogen 
peroxide generated by glucose glucose oxidase suggest that the 
compound is able to reach other targets, at least those in- 
volved in metabolic function. Indeed, one of the earliest tar- 
gets of the hydrogen peroxide deleterious effect has been de- 
scribed as some enzymes of energetic metabolism [42]. 

iron may very well prevent interference with iron metabolism 
and, therefore, the use of OR10141 and related prodrugs in 
chronic situations in which treatment for prolonged periods of 
time is required could be feasible. Potential medicinal appli- 
cations of OR10141 and related prodrugs could, thetefore, 
concern pharmacological treatment of a variety of diseases 
where a continuous production of reduced oxygen species is 
suspected. These situations include inflammatory diseases [3, 
231, atherosclerosis [22], iron overload [45], neurodegenerative 
diseases [46-48], and protection against toxicity of redox cy- 
cling drugs [49]. 

The authors thank Prof. Marc Fontecave for stimulating discussions and 
helpful comments on the munwtipt. 
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