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Despite the well-documented usefulness of
deferoxamine (DF), not all patients are willing to
cope with the rigorous requirements of the long-term
use of portable pumps. Moreover, the high cost of
this treatment is a serious obstacle to its more wide-
spread use. In view of these considerations, there is
a great need for the development of alternative,
orally effective iron chelating drugs. Within recent
years more than one thousand candidate compounds
have been screened in animal models. These efforts
have led to the identification of several interesting
compounds, a few of which may be of possible clini-
cal usefulness. The present discussion will be limited
to the most outstanding of these compounds includ-
ing deferiprone (L1); the polyanionic amines, and;
the substituted polyaza compounds.

DEFERIPRONE (L1).

The family of 3-hydroxypyrid-4-one bidentate
chelators, designed by Hider and Kontoghiorghes
(1.2) binds to iron in a 3:1 ratio with a stability con-
stant of 37, about six orders of magnitude higher than
DF. The most important compound of this family is
1,2-dimethyl-3-hydroxypyrid-4-one, (deferiprone or
L1) Although clinical reports on the use of
deferiprone (L1) in thalassemic and other patients
have been published as early as 1987, detailed ani-
mal studies on toxicity and on pharmacokinetics
have only become available subsequently. At a daily
dose of 200 to 300 mg/kg, i.e. 3 to 4 times the dose
recommended in man, given for several months, L1
caused bone marrow aplasia in mice, rats, dogs and
monkeys, involution of lymphatic tissues and adre-
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nal steatosis. These alterations were associated with
high rates of mortality (3).

Pharmacokinetic studies have shown that peak
plasma L1 concentrations are achieved within one
hour or less of oral administration (4). Glucuroni-
dation is an important mechanism of drug inactiva-
tion and is more efficient in man than in rats, a dif-
ference that may explain the observed discrepancies
in drug efficacy and toxicity between clinical and
animal studies (1,5).

The results of long-term iron chelating therapy
with L1 in thalassemic patients (6-8) have been sum-
marized in recent years in several reviews (9,10) and
the combined experience of the 4 major European
and Canadian groups pioneering the clinical use of
L1 up to June 1994 has been described in a report of
the International Study Group for Oral Iron
Chelators (ISGOIC) (11). The study involved 84 pa-
tients, 74 with thalassemia major or intermedia, rep-
resenting a total of 167 patient-years of L1 treatment.
Compliance was rated as excellent in 48%, interme-
diate in 36% and poor in 16% of patients. On an L1
dose of 73 to 81 mg/kg/d, urinary iron excretion was
stable, at around 0.5 mg/kg/d with no indication of
a diminishing response with time. Serum ferritin
showed a very steady decrease with time from an
inital mean +15D of 4207 +3118 to 1779 +1154 after
48 months (p< 0.001). 17 patients abandoned L1
therapy. Major complications of L1 requiring perma-
nent discontinuation of Itreatment included
agranulocytosis (3), severe nausea (4), arthritis (2)
and peristent liver dysfunction (1). The remaining
patients abandoned treatment because of low com-
pliance (3) and conditions unrelated to L1 toxicity.
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Lesser complications permitting continued Li treat=
ment included transient mild neutropenia (4), zinc

deficiency (12) transient increase in liver e
(37), moderate nausea (3) and arthropathy (15} There

was no treatment-associated mortality. Two patients

died, both while off treatment: one of hemosiderotic
heart disease, and the other of pneumocystis carinii
pneumonia with AIDS. This study demonstrates the
efficacy of L1 in long-term use for the treatment of
transfusional iron overload, but also underlines the
complications associated with such treatment.

Recent experience with L1 has been summarized
in a reporl of a major multicenter study empoying
the Apotex formulation of L1, involving 187 patients
from Cagliari, Torino, Ferrara, Philadelphia and To-
ronto (the LA-02 study) (12,13), as well as in 3 re-
cent reports by Olivieri (14), Hoffbrand and Wonke
(15) and Tondury (16). All patients received a daily
L1 dose of 75 mg/kg. The mean duration of treat-
ment was 1.61 years for the study reported by Tricta,
and 7.14 for that of Tondury, with the rest ranging
from a mean of 3.28 to 4.60 years.) Comparing these
data with the ISGOIC study terminatéd in-mid-1994
one can see that; with-the exception-of the Tondury
study, there was little.or no overlap with the patients
participating in the earlier report. Likewise, with the
exception of the Tondury study; there-wasno evi-
dence of a consistent decrease  in. mean serum
ferritins or liver iron concentrations comparing pre-
treatment values with subsequent measurements.
The percentage of patients in whom liver iron con-
centrations remained above 15 mg/g dry weight
(identified in previous studies as the limit above
which a significant risk of cardiac complications con-
tinues to exist) was 18 (16), 37 (14) and 59 (13) per-
cenl. Agranulocytosis developed in 6 patients and
transient neutropenia in 19. Although the mechanism
of neutropenia in unknown, in some cases it is
clearly an immune reaction to L1, as illustrated by
the simultaneous development of agranulocytosis,
systemic vasculitis, alterations in humoral and cell
mediated immune function, and the presence of cir-
culating immune complexes (17).

In three of the above 4 reports the proporlion of
patients abandoning treatment has been specified. Of
a total of 92 patients 36 (39%) discontinued L1
therapy. Six patients died. Of particular concern is
the observation that four of the patients died with
congestive heart failure due to iron overload, a com-
plication which was shown previously to be pre-
vented by effective deferoxamine therapy. Other
important causes of L1 discontinualion were
agranulocytosis or neutropenia (6 patients)
arthropathy (5 patients) nausea (5 patients), or un-
satisfactory response o L1 (8 patients) defined as low
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“‘compliance (2), rising serum ferritins (4), request to

resume DF (1) and change of residence (1).

Thus , by comparison with the ISGOIC study
summa.nzi.ng L1 experience up to June 1994, these
recent reports indicate:a higher rate of treatment dis-
continuation (39 vs 20 %), failure to decrese serum
ferritin and liver ifon concentrations to levels assur-
ing significant cardioprotection in a substantial pro-
portion of cases and, indeed the continued presence
of cardiac mortality, a complication of transfusional
iron overload which-has already been largely elimi-
nated by effective DF'treatment. The failure to
achieve a steady decrease in storage iron with L1 is
explained by the difference in efficacy between the
two drugs on a weight per weight basis. As shown
by a recent metabolic balance study comparing com-
bined urinary and fecal iron excretion in
thalassaemic patients receiving either 60-mg/kg DF
or 75 mg/kg p.o. L1, mean iron excretion on L1 was
only 65% of that on DF (18). However, in some pa-
tients L1 was as effective, or better than L1.

Collectively, these data imply thal oral L1 treat-
ment alone will not ensure sufficient protection in all
patients‘and, that close monitoring is required to
identify patients in whom additional conventional
chelating treatmentwith DF is indicated. Indeed, the
combined use of oral L1 and DF infusions given 2 to
6-times weekly topatients- with an unsatisfactoy re-
sponse to L1 alone, has been advocated in a recent
report by Wonke ‘et-al (19).

Concerns related to the accelerated development
of hepatic fibrosis have been expressed based on
observations made on patients on long-term L1
therapy at the Toronto Haospital for Sick Children.
Because in thalassemia, viral hepatitis is an impor-
tant cause of cirrhosis, one shold focus on HeV nega-
tive patients to evaluate the potential hepatoloxicity
of L1 (14-16). Of the 14 evaluable patients from the
Toronto study, 5 developed progression of hepatic
fibrosis on L1 treatment. Four of these patients were
HcV positive. Only 1 of the 8 HeV-negative Toronto
patients developed progression of hepatic fibrosis.
By comparison, none of the 17 HeV negative palients
reported by Tondury and by Hoffbrand developed
this complication. Nevertheless, the potential hepa-
totoxicity of L1 is still an issue of intense controversy.
This important question is likely to determine the
future of L1 in clinical medicine and needs urgent
clarification by reviewing the hepatic status of all
other patients on long-term L1 treatment, such as the
large group of palients who participated in the Ital-
ian-American multicenter (LA-02) trial (12,13). Un-
til this question is settled, it may be prudent to avoid
using L1 in HcV-positive thalassemic palients with
active liver disease.
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FOLYANIONIC AMINES (HBED)

search for improved, orally effective iron
ing compounds has led to the rediscovery of a
sowerful polyanionic amine synthesized over
ago by the group of Martell (20): N,N'-bis
xybenzoyl) ethylenediamine -N,N'-diacelic
| (HBED). 1L forms a hexadentate ligand with fer-
on by its secondary, or tertiary nitrogens and
srounyl and carboxyl groups. The affinity constant
sson(l11) of HBED is 39.6, and its affinity for other
15 relatively low. Conversion of the carboxylic
“&oups of HBED to methyl esters results in a marked
Smprovement in its intestinal absorption and a fur-
ther increase in iron excretion.

HBED and dimethyl-IHTBED are remarkably non-
toxic and their LD, in rats is in excess of 800 mg/
kg (21). Our studies in hypertransfused rats have
shown that at the dose range of 25 to 50 mg/kg
HBED and dimethyl HBED were 12 to 15 times more
effective than DF. Likewise, in iron-loaded Cebus
mankeys, s.c. HBED) was near three times more el-
fective than s.c. DI (22). Iron balance studies per-
formed in a small number of thalassemic patients
treated with HBED (23) have shown increased iron
excretion following oral treatment both in the urine
and slool. Dailv total iron excretion wilth 40 mg/kg /
d HBED was 6 to 11 mg, but no further increase in
excretion was achieved at a dose of 80 mg/kg/d.
These limited amounts of iron excretion represented
28 to 48% of the excretion needed for achieving nega-
live iron balance, Because the prodrug dimethyl-
HBED showed improved absorption and bicavaila-
bility in animal studies, this compound is now re-
garded as a promising candidate for clinical evalua-
tion. Likewise, a new prodrug formula of HBED has
been developed by Novarlis and, in company with
two other orally effective compounds developed by
the same group, is presently undergoing intensive
evaluation (24).

THE SUBSTITUTED POLYAZA COMPOUNDS
(IRCD11)

The substituled cyclic polyaza compound IRC011
was synthesized by Israel Resources Corporation
Lid., Haifa Israel (25). IRCO11 has a number of prom-
ising features: (a) It is a hexadentate chelator bind-
ing Fe(Ill) at a 1:1 ratio and therefore without the risk
of possible toxic intermediate complexes, in contrast
with L1 which is a bidentate chelator requiring 3
molecules of the drug for each Fe(III) ion (b) IRC011
is water soluble and its stability constant with Fe(III)
is over 1,000 times that of DFO; (c) [ts acute LD, in
mice exceeds 4.0 mM/kg compared to 0.44 mM/kg
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for DF and; (d) Unlike DF, polyaza compounds with
the structure of IRC011 do not conlain any readily
hydrolyzable covalent bonds, and are anticipated lo
resist in vivo biotransformation.

The major source of iron mobilized by IRCO011 is
catabolism of RBC hemoglobin in the RE system (26).
Because in thalassemia the contribution of RBC ca-
tabolism to the influx of iron to the plasma is in-
comparably higher than that of all other sources com-
bined, it is reasonable to assume that RBC catabolism
is the predominant source of the toxic and readily
chelatable non-transferrin bound plasma iron (NTBI)
compartment. Thus IRCO11 with its superior ability
to interact with catabelic EBC iron may not only
improve the rate of urinary iron excretion in
thalassemia, but possibly also offer belter protection
of vital tissues from peroxidative damage by pre-
venting the formation or eliminating NTBL Since
IRCONT is a water-soluble compound, its membrane
permeability is limited but it may be regarded as a
uselul parent compound to a wide spectrum of
polyaza analogues. Substitution of its synthetic arms
by more lipophilic ligands may result in improved
interachion with hepatocellular iron stores, and pos-
sibly also better oral activity . Such studies are pres-
ently under way.

FUTURE DIRECTIONS

In the search for new and improved chelators, it
is useful to remember some of the basic principles
determining the safety and efficacy of iron chelators
as defined in an important recent review by Hider
et al (27):

(a) Hexadentate chelators bind iron at a 1:1 ratio
forming a neutral, stable complex which prevents
iron from participation in harmful reactions produc-
ing hydroxyl radicals. By contrast, bidentate
chelators such as L1 require 3 molecules to one fer-
ric iron to form a stable, neutral complex (28). Hence,
at suboptimal concentrations of L1, when either tis-
sue iron concentrations are very high or drug con-
centrations too low, incomplete 1:1 or 2:1 complexes
may be formed which may result in enhanced mobi-
lization of potentially toxic iron.

(b) The relative solubility in water and lipids (par-
tition coelflicient), determines the ability to cross lipid
membranes. High water-solubility improves
gaslrointestinal absorption. Conversely, increasing
lipophilicity results in efficient drug clearance from
the portal circulation by the liver. Unfortunately, in-
creasing lipohilicity also improves the penetration of
the blood-brain barrier and increases drug loxicity
(29).
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(c) Size of the molecule: New chelators may be
ineffective if their size interferes with their intestinal
absorption. To achieve greater than 70% absorption,
the molecular weight should be less than 300. Thus,
by virture of their lower molecular weights,
bidentate and tridentate ligands are predicted to have
higher absorption efficiency than hexadentates.

(d) Non-polar prodrugs would be efficiently ab-
sorbed and subsequently cleared from the portal sys-
tem by the liver. Following conversion into the ac-
tive hydrophilic metabolite, they may chelate liver
iron in sity to be excreted in the bile or, following
release into the systemic circulation would interact
with non-transferrin plasma iron and excreted in the
urine. Protection against the harmful effects of circu-
lating NTBI is optimal when the chelator is perma-
nently present in the plasma. This effect may be
achieved conveniently by employing orally effective
prodrugs in slow-release preparations.

The high cost and rigorous requirements of
desferoxamine therapy, and the significant toxicity of
deferiprone underline the need for the continued
development of new and improved orally effective
iron chelators. Such development, and the evolution
of improved strategies of iron chelating therapy re-
quire better understanding of the pathophysiology of
iron toxicity and the mechanism of action of iron
chelating drugs.
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