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Nitrone derivatives of trolox as neuroprotective agents
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Abstract—Synthesis of nitrone derivatives of trolox is described. Their biological evaluation was performed in vitro for scavenging
different free radicals, inhibiting Fe2+-induced lipid peroxidation, and in vivo in a permanent middle cerebral artery occlusion model
in mice. New compounds exert pharmacological activities comparable to or better than those of trolox or nitrone-type reference
compounds.
� 2005 Elsevier Ltd. All rights reserved.
Figure 1.
1. Introduction

Much evidence suggests that biological oxidation in the
human body generates highly pathogenic free radicals
and other reactive oxygen species such as hydroxyl rad-
ical (�OH), superoxide anion (�O2

�), peroxynitrite
(ONOO�) and lipid peroxide radicals (ROO�), causing
cellular injury. These pathological events have impor-
tant roles in many degenerative disorders, for example,
atherosclerosis, rheumatoid arthritis, and several neuro-
degenerative diseases such as Alzheimer�s disease, Par-
kinson disease, ischemic conditions and stroke.1

Therefore, protection against these toxic molecules
would have a benefit in the treatment of the diseases
mentioned herein.

Nitrone compounds are among the widely used free rad-
ical trapping agents2 (Fig. 1). They trap especially C-
centred radicals on their a-C atom, producing a more
stable nitroxyl radical. The beneficial effect of a-phen-
yl-N-tert-butylnitrone (PBN) was discovered in the
1990s. Its administration decreased the mortality rate
in several ischemia models in rodents.3 However, be-
cause of its effective dose and therapeutic window
PBN is not acceptable as a medicine.
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Research for more effective and therapeutically accept-
able free radical trapping agents for medicinal purposes
has resulted in new compounds in recent years such as S-
PBN and NXY-059,4 of which the latter currently is in
Phase III clinical trials for the indication of stroke.

During our work on nitrone compounds,5 we aimed at
the synthesis of new molecules keeping the nitrone com-
ponent, but combining it with other types of antioxidant
fragment the possessing ability to trap O- or N-centred
radicals as well. Trolox (1), an a-tocoferol (Vitamin E)
derivative, is one of the most powerful antioxidants,
with relatively high selectivity for scavenging peroxyni-
trite and hydroxyl radical. We hoped that the combina-
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tion of these two different types of free radical trapping
abilities would be favourable. For this purpose, we pro-
posed to synthesize and perform biological evaluation of
compounds 2, derivatives of trolox holding a nitrone
moiety in the position 2. We intended to separate the
free radical trapping ability of the nitrone component
from that of trolox itself; therefore we synthesized �soft�
(O-acetyl) and �hard� (O-methyl) O-protected derivatives
of 2.
2. Chemistry

Trolox nitrones 2a–f were synthesized as depicted in
Scheme 1. Trolox 1 was esterified to ethyl ester 3 in
refluxing ethanol with catalytic p-toluenesulfonic acid.
Trolox aldehyde 4 was prepared from 3 in two steps,
first reduced to the corresponding alcohol with diisobu-
tyl aluminium hydride at �70 �C, followed by Swern
oxidation. Compound 4 was converted into its O-acetyl
derivative 5 by acetylation with acetyl chloride and tri-
ethyl amine in methylene chloride at 0 �C. Methoxy tro-
lox aldehyde 7 was obtained in a manner similar to 4
from methyl ester 6 prepared via methylation of trolox
with methyl iodide in the presence of potassium carbon-
ate in dimethyl formamide. Trolox nitrones 2a–f were
prepared by the condensation of the appropriate alde-
hyde and N-alkylhydroxyl amine.5,6 According to the
homonuclear 1H–1H NOE experiments of nitrones 2a–
f, each nitrone proved to be Z-isomer.
3. Biology

Free radical scavenging properties of compounds 2a–f
and reference molecules (PBN, NXY-059 and trolox)
were tested against pathophysiologically relevant reac-
tive oxygen and nitrogen species (�OH, ONOO�, NO
and ROO�).

The �OH scavenging capacity of the compounds was
determined by the inhibition of �OH induced damage
of 2-deoxyribose. Arising thiobarbituric acid reactive
products were measured at a wavelength of 535 nm.7,8
Scheme 1. Reagents and conditions: (a) EtOH, pTsOH, reflux, 5 h; (b) DIBA

(2) Et3N; (d) acetyl chloride, Et3N, CH2Cl2, 0 �C, 1.5 h; (e) MeI, K2CO3, D
The ONOO� scavenging capacity of the compounds was
measured by pyrogallol red bleaching assay (542 nm).
ONOO� was prepared essentially by the method of
Hughes and Nicklin.8,9

The NO scavenging capacity of the compounds was
tested by direct capturing of NO from cupferron. Free
NO levels were measured indirectly by its stable, sponta-
neously arising oxidative metabolites, nitrite and nitrate
with Griess–Ilosvay reagent at a wavelength of
540 nm.10

Total peroxyl radical-trapping antioxidant parameter
(TRAP) of the compounds was determined by the spec-
trophotometric measurement (417 nm) of a relatively
stable cation radical of 2,2 0-azino-bis(3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS), which is generated in a
one-electron oxidation. Peroxyl radical was formed by
thermal decomposition of the water-soluble azo com-
pound, 2,2 0-azobis(2-methylpropion-amide) dihydro-
chloride (AAPH).8,11

The ability of 2a–f to inhibit Fe2+-induced lipid peroxi-
dation (LPO) in mitochondria prepared from rat brain
was determined by spectrophotometric measurement
of thiobarbituric acid reactive substances (TBARs).12,13

A permanent middle cerebral artery (MCA) occlusion
test,14,15 a model of focal ischemia, was used to investi-
gate the efficacy of some selected compounds (2a, 2b and
2d) in vivo.
4. Results and discussion

Our in vitro and in vivo biological results suggest that
the combination of trolox with a nitrone moiety was
beneficial (Table 1). Our new compounds 2a–f exerted
better efficacy in in vitro tests than reference compounds
having nitrone component alone, although NXY-059 is
considered a modest free radical trapping agent accord-
ing to the literature,4 and other mechanisms are sup-
posed to be involved explaining its good efficacy in
vivo. Nevertheless, even O-protected compounds, espe-
L-H, toluene, �70 �C; (c) (1) oxalyl chloride, DMSO, CH2Cl2, �70 �C,
MF, 40 �C; (f) R2NHOH, EtOH, reflux, 3 h.



Table 1. Free radical scavenging properties and inhibition of lipidperoxidation for compounds 2a–f

Compds �OH IC50 (mM)a ONOO� IC50 (mM)a NO IC50 (mM)a TRAP IC50 (lM)a LPO IC50 (lM)a

2a 0.17 (±0.03) 3.2 (±1.4) 6.8 (±2.2) 5.5 (±2.0) 2.0 (±0.6)

2b 0.15 (±0.01) 1.1 (±0.3) 12 (±1.8) 6.0 (±1.2) 0.68 (±0.04)

2c na na 19 (±1.2) 895 (±110) 10 (±1.3)

2d na 0.59 (±0.22) 7.4 (±0.8) 117 (±9) 3.7 (±0.6)

2e nab 3.7 (±0.7) 22 (±4) 2940 (±350) 23 (±2.4)

2f nab 1.2 (±0.3) 11 (±1.4) 296 (±48) 20 (±1.8)

Trolox 0.06 (±0.01) 0.55 (±0.09) 19 (±1.2) 10 (±0.6) 25 (±0.6)

PBN 43 (±11) na 77 (±4.2) 3065 (±480) 16 (±1.3)

NXY-059 1.5 (±0.12) na na 437 (±123) 5491 (±58)

a Values are means of three experiments, standard deviation is given in parentheses (na = not active).
b Solubility problems.
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cially cyclopropyl-nitrones (2d and 2f) where only the
nitrone function is responsible for free radical trapping,
exceeded the efficacy of PBN and NXY-059.

In comparison with trolox, 2a and 2b were comparable
to trolox in vitro, slightly weaker for �OH, but slightly
stronger for peroxyl radical trapping (TRAP). The inef-
ficacy of O-protected derivatives 2c–f in �OH scavenging
capacity measurements indicates the favoured role of the
free hydroxyl group of trolox in the �OH capturing pro-
cess. The comparable activities of 2d–f to trolox in
ONOO� test are yet to be explained. Moreover, in the
LPO test, there was a marked difference in efficacy, pro-
ducing 13 and 37 times lower IC50 values for 2a and 2b
than trolox, respectively.

According to our pMCAo measurements trolox had no
effect. NXY-059 decreased infarct area by 18%, compa-
rable to O-methylated trolox-nitrone 2d causing a 17%
of reduction in infarct. The combined trolox–nitrone
molecules 2a and 2b had slightly superior efficacy when
compared to NXY-059, reducing the infarct area by
27% and 26%, respectively (Fig. 2).

In conclusion, we synthesised new nitrone derivatives of
trolox (2a–f) that exert good efficacy both in vitro and in
vivo. They are comparable to trolox in scavenging free
radicals and exceed nitrone-type references, for example,
PBN or NXY-059. Compounds 2a–f proved to be signif-
icantly more effective than reference compounds against
lipid peroxidation and in permanent focal ischemia
Figure 2. Neuroprotective activity of compounds 2a, 2b, 2d and

reference molecules in the pMCAo model in mice, single dose given

30 min after occlusion at 10 mg/kg intraperitoneally, *p < 0.05,

n = 4–10.
model. Therefore, 2a–f are promising candidates for fur-
ther development.
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