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Treatment of Diabetic Complications
Antioxidant

(+)-5-Acetoxy-2,3-dihydro-4,6,7-trimethyl-2-benzofuran-acetic acid
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Synthesis

Raxofelast has been synthesised by a short route
involving Friedel-Crafts alkylation of trimethylhydro-
quinone (1) by methyl 4-bromocrotonate (ll) (1). The crude
reaction mixture containing methyl 4-(2,5-dihydroxy-
3,4,6-trimethylphenyl)-2(E)-butenoate (lll) was directly
submitted to a hydrolytic cyclization in alkaline environ-
ment in the presence of a strong reducing agent to afford
(x)-2,3-dihydro-5-hydroxy-4,6,7-trimethyl-2-benzofu-
ranacetic acid (V) (IRFI-005). Acetylation of phenolic
hydroxyl by routine methods, followed by recrystallization
by isopropyl acetate, gave the final product. Scheme 1.

Description

Colorless crystalline powder, m.p. 184-5 °C.

Introduction

Recent years have seen increasing interest in outlin-
ing the role of free radical oxidative damage in human dis-
eases. Free radicals and reactive oxygen metabolites,
including superoxide anion, hydroxyl radical and hydro-
gen peroxide, have the potential to cause cellular injury
and tissue damage by oxidizing biological molecules
such as membrane lipids, proteins and nucleic acids.
Moreover, impairment of endothelial-dependent vascular
relaxation, which is found in several pathological condi-

tions, was shown to be, at least in part, mediated by free
radicals, most probably by interfering with the nitric oxide
pathway (2).

The overoxidation processes — often associated with
a deficit of natural antioxidative mechanisms — are central
pathophysiological events in many disease states, includ-
ing ischemia/reperfusion injury, chronic inflammatory dis-
eases, atherosclerosis, diabetes mellitus and their seque-
lae. For these reasons, exogenous antioxidant supply
could be a promising approach to limit oxidative stress,
thus preventing and hindering the disease progression

(3).

Pharmacological Actions

Raxofelast is an acetoxy prodrug of a vitamin E-like
hydrophilic phenolic antioxidant. Ingold and coworkers
showed that 2,3-dihydro-5-benzofuranols exhibit higher
antioxidant activity than the corresponding 6-chromanols,
due to stereoelectronic effects stabilizing the aryloxyl rad-
ical ArO- (4).

The antioxidant/radical scavenging potential of raxo-
felast has been investigated in a wide array of in vitro and
in vivo studies, with the first ones being performed with
the 5-hydroxy active metabolite, IRFI-005.

In vitro studies

Superoxide anion (O,) in aqueous medium was
destroyed in the presence of increasing concentrations of
IRFI-005, as indicated by the progressive disappearance
of electron spin resonance O, signal. Similar experi-
ments revealed that IRFI-005 has a good scavenger
activity toward different organic radical species, such as
bipyridinium radical from paraquat and anthracycline rad-
ical from daunomycin (5).
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Scheme 1: Synthesis of Raxofelast
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Antioxidant activity of IRFI-005 in biological systems
in vitro has been especially evaluated in terms of inhibi-
tion of lipid peroxidation. In rat liver mitochondria IRFI-
005 dose-dependently increased the lag time and
decreased the extent of lipid peroxidation induced by
Fe**/ascorbate, with an IC, of 12 uM. In rat liver micro-
somes it inhibited the lipid peroxidation induced by both
NADPH/ Fe?/ADP and cumene hydroperoxide, with
IC,s of 25 and 30 UM, respectively. In the latter models,
trolox C exhibited lower antioxidant potencies, its IC_s
being in both cases 40 pM (6). In another study, the
extent of hyperoxia-induced lipid peroxidation in human
bronchial epithelial cells and pulmonary macrophages
was significantly reduced by IRFI-005. The inhibition of
generation of thiobarbiturate-reactive substances at 1 pM
was 65% and 62% in epithelial cells and in macrophages,
respectively. In these cultured cell systems, IRFI-005 was
also shown to exert a cytoprotective action, as indicated
by a concentration-dependent inhibition of the hyperoxia-
induced release of the lysosomal enzyme [-glu-
curonidase (7).

The chain-breaking antioxidant activity of IRFI-005
was demonstrated in a system of peroxyl radical-mediat-
ed methyl linoleate oxidation, monitored electrochemical-
ly through the oxygen consumption: the bimolecular rate
constant K ge;.o0s . Loos 18 1:8 X 10° M's™ at 37 °C, higher
than the rate constant for the reaction of a-tocopherol
with LOO-, K, ,copherol + Loowy: Which was found to be 1.1 x
10 M-'s™" in identical conditions (8).

IRFI-005 (5-20 pM) inhibited LDL oxidation driven by
Cu*/H,0,, as evaluated by the thiobarbituric acid reac-
tion and diene evolution at 235 nm. The compound
induced a concentration-dependent increase in the lag
phase, which is a characteristic behavior of antioxidants.
Oxidation of LDL by Cu?*/H,0, is accompanied by an
increased electrophoretic mobility due to a modification of
the protein component. A reduced electrophoretic mobili-
ty was seen in the presence of 20 puM IRFI-005.
Modification of Apo B100 during LDL oxidation is also
associated with a strong increase in protein fluorescence
at 430 nm, which can be followed kinetically. IRFI-005
(20 pM) limited the formation of this protein-bound fluo-
rophore in copper-driven LDL oxidation. Moreover,
IRFI-005 substantially preserved LDL-associated antioxi-
dants a-tocopherol and carotenoids, and when coincu-
bated with physiologic levels of ascorbate provoked a
synergistic inhibition of LDL oxidation. A synergistic inhi-
bition of lipid peroxidation was also demonstrated by
coincubating IRFI-005 and a-tocopherol incorporated in
linoleic acid micelles (8).

In vivo studies

The protective action of raxofelast against ischemia-
reperfusion injury was evaluated by several well-estab-
lished protocols. IRFI-016 was assessed in a rat model of
long-lasting myocardial ischemia (6 h of left coronary
artery occlusion) (9) and after 1 h of left coronary artery



Drugs Fut 1999, 24(7) 737
Scheme 2: Biotransformation Pathway of Raxofelast
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occlusion followed by 30 min of reperfusion in the rat (10).
In these models the compound was shown to limit the
extension and severity of myocardial injury and to
improve the survival rate of the animals. Raxofelast was
further investigated in a challenging rat model of
ischemia/reperfusion injury with the antioxidant being
given after the onset of occlusion. The damage was
induced by 1 h of left coronary artery occlusion followed
by 6 h of reperfusion. Administration of raxofelast (25, 50
and 100 mg/kg i.p. 5 min after occlusion) dose-depen-
dently limited myocardial necrosis (p <0.005 vs. the sham
group following the highest dose), reduced lipid peroxida-
tion (cardiac malondialdehyde and plasma conjugated
dienes), restored the endogenous antioxidants vitamin E,
SOD and GSH, improved hemodynamic parameters
MEP, HR, LV dP/dt__ and reduced myocardial neutrophil
infiltration as evaluated by myeloperoxidase activity (11).

Peroxynitrite, a cytotoxic oxidant species that results
from reaction between NO and superoxide, has recently
been proposed as an agent that mediates, at least in part,
the oxidative injury associated with simultaneous produc-
tion of NO and oxyradicals. Peroxynitrite formation has
been demonstrated in several pathological states associ-
ated with an uncontrolled oxidative stress and particular-
ly in circulatory shock and in various inflammatory disor-
ders.

The therapeutic efficacy of raxofelast was investigat-
ed in rats subjected to carrageenan-induced pleurisy.
Treatment with raxofelast (5, 10 and 20 mg/kg i.p. 5 min
before carrageenan) dose-dependently prevented car-
rageenan-induced pleural exudation and polymorphonu-
clear migration in this rat model. Lung myeloperoxidase
activity and malondialdehyde levels, as well as histologi-
cal organ injury, were significantly (p <0.01) reduced by
raxofelast. Immunohistochemical analysis for nitrotyro-
sine, an index of the nitrosylation of proteins and/or oxy-
gen-derived free radicals, revealed a positive staining in
lungs from carrageenan-treated rats. No positive nitroty-
rosine staining was found in the lungs of the car-
rageenan-treated rats which had been administered rax-
ofelast 20 mg/kg.

Furthermore, raxofelast treatment significantly re-
duced peroxynitrite formation as measured by oxidation
of the fluorescent dihydrorhodamine 123, prevented the
appearance of DNA single-strand breaks, significantly
inhibited the decrease in mitochondrial respiration and
partially restored the depletion of intracellular levels of
NAD* in ex vivo macrophages harvested from the pleur-
al cavity of rats subjected to carrageenan-induced
pleurisy (12).

Pharmacokinetics and Metabolism

Raxofelast is rapidly and almost completely absorbed.
It is quantitatively deacylated to the active metabolite
IRFI-005. This compound is partially oxidized to afford the
benzoquinone-like metabolite IRFI-045, which is detected
at low levels in plasma (Scheme 2). The absence of a
detectable conjugation for IRFI-005 is a noteworthy fea-
ture of the compound since the metabolic inactivation due
to the easy formation of O-glucuronide and O-sulphate on
the phenolic hydroxyl group was considered to be a major
disadvantage of this class of compounds (13).

In rats and dogs, plasma levels of the unchanged drug
were very low, whereas high levels of the active metabo-
lite IRFI-005 were found in the systemic circulation, with
a corresponding rapid distribution to tissues in rats. The
plasma half-life (t,) of the parent compound varied from
0.59 h in rats to < 0.1 h in dogs and humans, while the
half-life of the active metabolite was 1.44, 4.62 and 1.65
h in rats, dogs and humans, respectively. There were no
marked differences between the plasma concentrations
of enantiomers of IRFI-005 after oral administration of the
racemic mixture (IRFI-016) in rats, indicating a substantial
bioequivalence of the enantiomers (14).

A tissue distribution study in rats using ['“C]-IRFI-016
showed high levels of radioactivity, particularly in the kid-
neys and along the routes of urinary clearance, in line
with the prevailing renal excretion. Concentrations of
radioactivity were also high in stomach and seminal vesi-
cles and lowest in the brain, indicating that IRFI-005 has
little, if any, tendency to cross the blood-brain barrier. The
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active metabolite did not appear to significantly penetrate
erythrocytes, as suggested by the equivalence of the
blood and plasma t,,s and the ratio of the concentrations
of IRFI-016 equivalents in plasma to whole blood.

No unchanged raxofelast was found in the urine. IRFI-
005 was excreted mainly by the renal route, probably
through a saturable process, with a substantial proportion
being eliminated in the first 4 h. Urinary recovery
accounted for the majority of the administered dose, and
in rats < 15% of the radiolabeled material was recovered
from the feces. The main pharmacokinetic parameters
were similar after acute and repeated administration, indi-
cating that neither accumulation nor tolerance occurs. In
the excretion study with radiolabeled IRFI-016, elimina-
tion from the body was substantially complete within 48 h
in male and female rats (15).

Clinical Studies

A pharmacokinetic study with 3 single oral doses
(400, 800 and 1200 mg) of raxofelast in 12 healthy vol-
unteers found that both C_, and AUC for IRFI-005 were
proportional to the administered dose; respective C__,
values were 12.7 £ 5.2, 26.6 + 6.7 and 40.7 = 14.8 ug/kg
and respective AUCs were 51.7 + 17.4,106.2 + 47.4 and
172.5 = 62.1 h.ug/kg. The t, . for IRFI-005 ranged from
1-2 h at all doses (unpublished data).

In a double-blind, randomized, placebo-controlled
phase | clinical study, multiple oral doses (400 or 800 mg
b.i.d. for 10 d) of IRFI-016 were given to 7 healthy male
volunteers. The plasma concentration-time data for
IRFI-005 and IRFI-045 for the 400 mg dose regimen indi-
cated that there was no significant change in the mean t,,
mean C_, or mean AUC at the end of 10 days. At the
800 mg b.i.d. regimen, a moderate but significant
increase in the IRFI-005 t,, and AUC was observed from
day 1 to day 10. Analysis of urine samples also confirmed
a predominance of renal excretion, recovery being main-
ly IRFI-005 (80.3-95.7% of the total). After both single and
repeated administration a high proportion of the adminis-
tered dose was excreted within 6 h (unpublished data).

As regards safety and tolerance, there were no clini-
cally significant changes in vital signs, ECG, hematology,
clinical chemistry or urinalysis after 400 or 800 mg b.i.d.
IRFI-016. Adverse events were mild, with headache and
abdominal symptoms being the most common. Most of
them occurred in the group taking the lower dose. In
another study in healthy males, single oral doses of up to
1600 mg IRFI-016 were well tolerated, without any
adverse events or clinically significant changes in vital
signs or laboratory parameters. No systemic or gastroin-
testinal adverse reactions attributable to the drug were
observed (unpublished data).

A pharmacodynamic study was conducted in patients
with noninsulin-dependent diabetes mellitus (NIDDM)
and age-matched healthy volunteers to assess the effects
of multiple oral dosing (7 days) of raxofelast on endothe-
lial function and lipid peroxidation. The increase in fore-

Raxofelast

arm blood flow response to acetylcholine infusion in
patients with NIDDM was significantly lower than in con-
trol subjects, indicating the presence of endothelial dys-
function. On the other hand, diabetic patients treated with
raxofelast showed a marked improvement (p <0.05) of
endothelial-dependent vasodilation to acetylcholine, an
effect that may be linked to the counteraction of nitric
oxide inactivation by oxygen free radicals. Treatment with
raxofelast in NIDDM patients also reduced by 37% the
plasma concentrations of epi-PGF,, an isoprostane gen-
erated by oxidation of arachidonic acid and a marker of
lipid peroxidation (unpublished results).

Toxicology

Preclinical toxicity studies were carried out acutely
(single dose in mice and rats), subchronically and chron-
ically (rats, rabbits and dogs). The overall profile of rax-
ofelast was favorable. In 6-month toxicology studies, no
adverse effects were noted except for mild decreases in
erythrocytes. At the highest dose tested in both rats (300
mg/kg p.o.) and dogs (120 mg/kg p.o.), histological signs
typical of an increased turnover of erythrocytes were
found in the spleen and in the liver. Raxofelast was shown
to have no effects on teratogenecity or reproduction (16).

Manufacturer

Biomedica Foscama Industria Chimico-Farmaceutica
SpA (IT).

References

1. Ceccarelli, S., De Vellis, P., Scuri, R., Zanarella, S. Synthesis
of novel 2-substituted 5-oxycoumarans via a direct route to 2,3-
dihydro-5-hydroxy-2-benzofuranacetic acids. J Heterocycl Chem
1993, 30: 679-90.

2. Grygliewski, R.J., Palmer, R.M.J., Moncada, S. Superoxide
anion is involved in the breakdown of endothelium-derived vas-
cular relaxing factor. Nature 1986, 320: 454-6.

3. Maxwell, S.R.J. Prospects for the use of antioxidant therapies.
Drugs 1995, 49: 345-61.

4. Burton, G.W., Doba, T., Gabe, E.J., Hughes, L., Lee, F.L.,
Prasad, L., Ingold, K.U. Autoxidation of biological molecules. 4.
Maximizing the antioxidant activity of phenols. J Am Chem Soc
1985, 107: 7053-65.

5. 2nd University of Rome, unpublished results.

6. Bindoli, A., Rigobello, M.P., Musacchio, E., Scuri, R., Rizzoli,
V., Galzigna L. Protective action of a new benzofuran derivative
on lipid peroxidation and sulfydryl groups oxidation. Pharmacol
Res 1991, 24: 369-75.

7. Mattoli, S., Mezzetti, M., Allegra, L., Braga, P.C. Dihydro-
hydroxy-trimethyl-benzofuranyl acetic acid (IRFI-005) inhibits
lipid peroxidation and lysosomal enzyme release in bronchial
epithelial cells and macrophages. Ital J Chest Dis 1991, 45: 78-
80.



Drugs Fut 1999, 24(7)

8. luliano, L., Pedersen, J.Z., Camastra, C., Bello, V., Ceccarelli,
S., Violi, F. Protection of low density lipoprotein oxidation by the
antioxidant agent IRFI005, a new synthetic hydrophilic vitamin E
analogue. Free Rad Biol Med 1999, 26: 858-68.

9. Campo, G.M., Squadrito, F., loculano, M., Avenoso, A.,
Zingarelli, B., Calandra, S., Scuri, R., Saitta, A., Caputi, A.P.
IRFI-016, a new radical scavenger, limits ischemic damage fol-
lowing coronary artery occlusion in rats. Res Commun Chem
Pathol Pharmacol 1992, 76: 287-303.

10. Campo, G.M., Squadrito, F., loculano, M., Avenoso, A.,
Zingarelli, B., Pollicino, A.M., Rizzo, A., Calapai, G., Calandra,
S., Scuri, R., Caputi, A.P. Protective effects of IRFI-016, a new
antioxidant agent, in myocardial damage, following coronary
artery occlusion and reperfusion in the rat. Pharmacology 1994,
48: 157-66.

11. Campo, G.M., Squadrito, F., Campo, S., Altavilla, D.,
Quartarone, C., Ceccarelli, S., Ferlito, M., Avenoso, A.,
Squadrito, G., Saitta, A., Caputi, A.P. Beneficial effects of rax-
ofelast, an hydrophilic vitamin E analogue, in the rat heart after

739

ischemia and reperfusion injury. J Mol Cell Cardiol 1998, 30:
1493-503.

12. Cuzzocrea, S., Costantino, G., Mazzon, E., Caputi, A.P.
Beneficial effects of raxofelast (IRFI016), a new hydrophilic vita-
min E-like antioxidant, in carrageenan-induced pleurisy. Br J
Pharmacol 1999, 126: 407-14.

13. Ohkawa, S., Fukatsu, K., Miki, S., Hashimoto, T., Sakamoto,
J., Doi, T., Nagai, Y., Aono, T. 5-Aminocoumarans: Dual inhibitors
of lipid peroxidation and dopamine release with protective effects
against central nervous system trauma and ischemia. J Med
Chem 1997, 40: 559-73.

14. Centore, R., Bianco, T., Ceccarelli, S., Dorigotti, L.
Pharmacokinetic profile of raxofelast, a novel antioxidant agent
chemically related to a-tocopherol. Pharmacol Res 1995,
31(Suppl.): 38.

15. BIBRA Ltd., unpublished results.

16. Campo, G.M., Ceccarelli, S., Squadrito, F., Altavilla, D.,
Dorigotti, L., Caputi, A.P. Raxofelast (IRFI016): A new hydrophilic
vitamin E-like agent. Cardiovasc Drug Rev 1997, 15: 157-73.



	Synthesis
	Description
	Introduction
	Pharmacological Actions
	Pharmacokinetics and Metabolism
	Clinical Studies
	Toxicology
	Manufacturer
	References

