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ABSTRACT. Although there are a number of well-characterised animal models available for testing and
comparing the efficacy of iron chelators, most are expensive to operate and are not capable of providing rapid
and reproducible results. The method described herein is based on the labelling of rat liver with *°Fe using rat
*9Fe-ferritin. This method produces highly reproducible data of the type necessary for dose—response investiga-
tions, comparison of the efficacies of different administration routes, and structure activity studies. BIOCHEM
PHARMACOL 57;5:559-566, 1999. © 1999 Elsevier Science Inc.
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Transfusion-dependent patients such as those suffering
from B-thalassaemia develop a fatal secondary haemosider-
osis and consequently, a selective iron chelator must be
used to relieve such iron overload [1]. Currently, DFOT is
the only clinically useful drug which is widely available for
this purpose. Unfortunately, patient compliance is poor
because of the lack of oral activity and rapid plasma
clearance [2, 3]. Consequently, there is an urgent need for
an orally active iron-chelating agent.

The preliminary evaluation of biological activity in
animal models is an essential step in the development of
chelating drugs for clinical use, and a variety of such in vitro
and in vivo screening procedures have been developed. In
vitro studies based on cell systems provide a rapid screen for
both activity and toxicity in which a number of compounds
can be compared simultaneously; systems that have been
used include both cell lines [4] and primary cell cultures [5].
Despite the advantages of cellular systems for iron chelator
screening, in vivo animal models are essential in order to
establish the disposition and distribution of the chelator,
including absorption from the gastrointestinal tract. A
number of methods have been developed for in vivo screen-
ing of iron chelators. In several studies, hypertransfused rats
[6-8] or mice [9, 10] have been used. However, the iron
overloading of animals by transfusion is technically de-
manding and time-consuming. For this reason, iron dextran
has been introduced for iron loading; iron is initially taken
up by the reticuloendothelial system but after equilibration,
it is redistributed to parenchymal tissues [11, 12].
Longueville and Crichton [13] have developed a rat model
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of iron overload which exhibits biochemical, biophysical,
and histological similarities to human haemochromatosis
[14]. In this model, a ferrocene derivative, which delivers
iron predominantly to hepatocytes, has been adopted. In
contrast to the iron dextran model, which shows a rapid
depletion of iron stores after cessation of iron supplemen-
tation, the hepatic iron stores in the ferrocene-loaded rat
are relatively stable. Consequently, investigation of both
hepatic and tissue iron mobilisation is possible using this
model [14, 15].

An important consideration in the design of such inves-
tigations is whether or not to use a radio-labelled iron
probe. In principle, such technology circumvents many of
the drawbacks associated with faecal contamination and
intraluminal chelation observed with cold iron measure-
ments and greatly simplifies the monitoring of iron excre-
tion. A further advantage is that specific iron pools can be
targeted with radio-labelled iron, allowing a more precise
study of the site of action of different compounds. A range
of such investigations conducted by Hershko and co-
workers has demonstrated that *°Fe-labelled ferritin and
haemoglobin—haptoglobin complexes are predominantly
taken up by hepatocytes in rats, whereas *’Fe-labelled
heat-damaged red blood cells can be used to selectively
label reticuloendothelial cells [16]. These various modes of
delivery of radio-labelled iron have been adopted in order
to investigate differences in sources and routes of excretion
of chelatable iron in the presence of various chelators
[16—-18]. Porter and co-workers selected a method based on
mice overloaded with iron dextran and then subsequently
labelled with *’Fe-lactoferrin, allowing time for equilibra-
tion before and after administration of radio-labelled iron
[11, 12]. Although time-consuming, this system is simple
and reproducible. With the use of iron-free metabolic cages,
urine and faeces are collected separately and both cold and
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TABLE 1. Chemical structure of selected HPO ligands
(o)
OH Distribution
| Molecular coefficient
N” Ry R, R, weight at pH 7.4
Ry
CP20 CH, CH,4 139 0.17
CP% CH,CH, CH,CH, 167 1.79
CP102 CH,CH,OH CH,CH, 183 0.22
CP41 (CH,);OH CH,4 183 0.13
CP38 CH,CH,COOH CH, 197 <0.001
CP117 CH,CH,OCOC(CHj;); CH,CH, 267 14.5
CP283 (CH,);0OCOCH; CH,4 287 17.6

radiolabelled iron measured [12]. This system can also be
extended to measure dose-response curves and to deter-
mine the acute toxicity by measuring the 1Dsj in the same
animals [19].

Initially, animal testing should be carried out using a
simple reproducible system in which several compounds
can be compared at the same time. Although it has been
generally assumed that iron-overloaded animals are essen-
tial in order to produce a model similar to that of iron
overload in man, assessment of test compounds is time
consuming, and even with hypertransfusion there remain
important differences, for instance the much greater pro-
portion of iron mobilised by DFO in the stool in rodents
(80-90%) [6] compared with iron-overloaded man (30—
50%) [20]. Pippard and co-workers have developed a rapid
assay for evaluation of iron-chelating agents in non-iron-
overloaded rats using *”Fe-ferritin to label hepatic paren-
chymal cells, followed by a challenge with test chelator 2
hrs later, at a time when iron released by lysosomal
degradation of ferritin is maximally available [21]. The
results suggest that > Fe is chelated while in transit within
the hepatocyte, but that it becomes relatively unavailable
subsequent to storage in endogenous ferritin. The “time
window” of maximal availability for chelation of iron was
shown to occur between the second and sixth hour after
>9Fe-ferritin injection. With the chelators tested, almost all
the *’Fe was excreted via the bile. In this study, it was
concluded that animals with normal stores can be used for
a rapid bioassay of iron chelators [21].

Currently, 3-hydroxypyridin-4-ones (HPO) are one of
the main candidates for the development of an orally active
iron chelator [22]. In order to identify promising com-
pounds, a rapid assay for in vivo screening of iron chelators
had to be adopted. Since the liver is the major iron storage
organ under iron-overload conditions, Pippard’s method in
which *°Feferritin is used to label the liver iron pool
appeared to be ideal. In this work, a modified *°Fe-ferritin/
rat model based on the original studies reported by Pippard
et al. [21] has been developed for a rapid evaluation of
iron-chelating agents. The influence of several key param-
eters has been systematically investigated, and the reliabil-
ity and reproducibility of this method has been verified
with various ligands.

MATERIALS AND METHODS
Iron Chelators

The 3-hydroxypyridin-4-ones, CP20, CP94, CP102, CP41
and CP38 (Table 1), were synthesised according to pub-
lished procedures [23]. Two ester prodrugs, namely CP117
and CP283 (Table 1), were prepared by an acid esterifica-
tion method using diethyl azodicarboxylate and triph-
enylphosphine as reported previously [24]. These hydro-
phobic ester derivatives have been specifically designed to
selectively deliver the drug to the target organ—the liver.
Such ester prodrugs, by virtue of their lipophilicity, are
expected to be rapidly absorbed from the gastrointestinal
tract and then efficiently extracted by the liver during “first
pass.” In the hepatocyte, the ester link is cleaved to
generate a much more hydrophilic chelator (Scheme 1).
Such a strategy is predicted to be able to improve chelation
efficacy and hence to minimise drug-induced toxicity. DFO
was provided in 500 mg ampoules as a lyophilised powder

(CIBA Pharmaceuticals).

Preparation of *°Fe-Ferritin

Rat liver ferritin was labelled with *’Fe in vivo based on the
method described by Pippard et al. [21], and isolated by a
method based on that originally reported by Bjorklid and
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SCHEME 1. Schematic representation of the use of a 1-hydroxy-
alkyl ester of an HPO to enhance both the absorption from the
gastrointestinal tract and the hepatic extraction of the prodrug.
Subsequent intracellular hydrolysis occurs, yielding a hydro-
philic chelator.
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Helgeland [25]. During the preparation of *°Fe-ferritin,
intraperitoneal injection of iron dextran and intravenous
injection of red cells were undertaken to saturate transferrin
in the plasma. This ensured that the injected *°Fe(IIl) was
predominantly taken up by the liver, leading to a high
specific radioactivity preparation of >’Fe-ferritin.

Animal Preparation

Male rats of approximately 350—400 g were given a single
intraperitoneal injection of 15 mg of iron dextran. After
one week, the jugular vein was cannulated and the rats were
left to recover for a 24-hr period. The following day, each
rat was administered with 2 mL of packed cells/100 g. This
was followed 24 hr later by intravenous injection of ferric
chloride containing 200 pCi of ’Fe (Amersham Life
Science) from the previously implanted jugular vein can-
nula. The ferric chloride was diluted using 0.5 mL pH 2.5
citrate (50 mM). Five rats were used in each experiment
and the total injected radioactivity was 1 mCi. The animals
were killed by cervical dislocation 24 hr after injection of
radiolabel and the livers were removed for ferritin isolation.

Purification of *°Fe-Ferritin

Rat livers were homogenised in 4 vol. (w/v) of 0.25 M
acetate buffer (pH 4.8) in a homogeniser. The homogenate
was then heated for 10 min with stirring in a water bath at
75°. After cooling to 4°, the coagulated proteins were
removed by centrifugation at 2500 g for 15 min. The “heat
supernatant” which contains tissue ferritin was precipitated
by half saturation with ammonium sulfate and left to stand
for 30 min in an ice-bath. The precipitate was isolated by
centrifugation at 3500 g for 15 min at 4° and redissolved in
0.25 M acetate buffer (pH 4.8). Undissolved precipitate was
removed by passing through a PD-10 column (Sephadex®
G-25M, Pharmacia Biotech) and the collected liquid was
supercentrifugated at 4° for 2 hr at 100,000 g. The final
precipitate was dissolved in 0.05 M phosphate buffer (pH
7.4) and stored at 4°. The purity of *’Fe-ferritin was
compared with the standard ferritin using electrophoresis
(Fig. 1). The radioactivity of *°Fe-ferritin was measured
using a gamma counter (1282 Compugamma CS, LKB
Wallac). The ferritin iron concentration was determined
using a colorimetric method [26]. The total radioactivity
and iron concentration of four different batches of *°Fe-
labelled ferritin are given in Table 2.

Chemical Iron Determination Using a Colorimetric Method

One hundred pL of HCI (10M) was dispensed into two
small plastic vials, one of which contained 50 pL of
>9Fe-ferritin solution; the other sample was treated as blank.
The samples were incubated at 37° overnight in order to
hydrolyse ferritin and release iron. The volume of each
sample made up to 10 mL with deionised water from which
1.7 mL of solution was transferred to another vial. To each
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FIG. 1. Electrophoretogram of ferritin: (A) isolated °°Fe-la-

belled rat ferritin; (B) standard rat ferritin purchased from
Sigma Chemical Co.

sample, 300 wL of 800 mM nitrilotriacetic acid was added
and the sample allowed to stand for 30 min at room
temperature. The sample was then ultrafiltrated by using a
micro-filter (Centricon-30) and centrifuged at 4000 g for
60 min at 25°. The filtrate (I mL) was pipetted into a
container to which 250 wL of 120 mM thioglycollic acid
and 250 pL of 60 mM bathophenanthroline disulfonic acid,
disodium salt was added. The absorbance of each sample
was monitored at 537 nm after 30 min. A six-point standard
calibration curve was constructed in the same manner, using
iron concentrations in the range of 2.5-50 pM in 0.1 M
HCI in order to quantify the iron content in ferritin.

Animal Model Studies

The °°Fe-ferritin was injected into a tail vein under
anaesthesia using a mixture of fentanyl and fluanisone
(Hypnorm®) and midazolam (Hypnovel®) at doses of 2.5,
0.08, and 5 mg/kg, respectively. At the end of each
experiment, the rats were killed by cervical dislocation, and
the organ distribution of >’Fe was measured using gamma
counting (1282 Compugamma CS, LKB Wallac). Different
doses of ferritin iron (5, 10, 20, and 40 wg) and different
time periods (20, 40, 60, 90, 120, and 360 min) post
’Fe-ferritin injection were investigated in order to estab-
lish the *°Fe-ferritin clearance profile in rats. Different
separation periods between the administration of > Fe-ferritin
and the chelator, namely 1 and 12 hr, were also investigated.

Bile Iron Excretion Assay Using Normal Rats

Normal fasted Wistar rats weighing approximately 250-300
g were anaesthetised and the common bile duct cannulated
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TABLE 2. Radioactivity and iron concentration of rat >°Fe-ferritin
5“Tron (III) chloride 59Fe-ferritin
Specific Total Iron Total Specific Iron
activity activity conc. activity activity conc.
Batch (mCi/mg) (mCi) (pg/mL) (mCi) (nCi/pg) (ng/mL)
1 52.09 1.0 148 0.101 0.071 580
2 11.49 1.0 87 0.107 0.084 254
3 3.13 1.0 320 0.105 0.082 512
4 8.55 1.0 117 0.099 0.065 256
with fine bore polythene tubing (Portex Ltd.). Chelators Efficacy (%) = Iron Mobilisation (%) — Control (%) (2)

were administered orally by gavage. Control rats were
administered with an equivalent volume of water. Bile
samples were collected over a 12-hr period while the rats
were maintained under light anaesthesia using a mixture of
fentanyl and fluanisone (Hypnorm®) at doses of 2.5 and
0.08 mg/kg. Iron concentration in the bile was measured
using the colorimetric method described above.

General Test Procedure of Iron Chelators on
59Fe-Ferritin/Rat Model

Hepatocytes of normal fasted rats were labelled with *’Fe by
administration of *’Fe-ferritin from the tail vein. One hour
later, each rat was orally administered with a chelator.
Control rats were administered with an equivalent volume
of water. The rats were placed in individual metabolic cages
and urine and faeces collected. Rats were allowed free
access to food one hr after oral administration of chelator.
There was no restriction of water throughout the study
period. The investigation was terminated 24 hr after the
PFe-ferritin administration; the rats were killed by cervical
dislocation, the liver and gastrointestinal tract (including
its contents and the faeces) being removed for gamma
counting. The calculations for “Iron mobilisation,” “Effica-
cy” and “Total recovery” are represented by equations 1, 2,

and 3.

Iron Mobilisation (%)

59 P
Fe - ACthIty(Gut & Faeces)

59 P 50 ..
Fe - ACthIty(Gut&Faeces) + Fe - ACthlty(Liver)

X 100% (1)

Total Recovery (%) =

59 P 59 ..
Fe — Activity(Gu & Facces) T~ F& — ACUIVILY ([ jyer)

“Fe — Activity(pee

X 100% (3)

RESULTS
Selection of Conditions for In Vivo Assay

In order to achieve optimal *’Fe-ferritin labelling of the
hepatocyte, different doses of ferritin were investigated.
One hour after i.v. administration of *’Fe-ferritin, the rats
were killed, and the radioactivity in the liver, heart, blood,
and gut was measured (Table 3). With doses of ferritin iron
of 5, 10, 20, and 40 pg, the amounts remaining in
circulation at 1 hr were 0, 3.7, 37, and 50.8% respectively.

*Fe-ferritin distribution studies were conducted using a
10 pg ferritin iron dose. The study was terminated at
different time periods (20, 40, 60, 90, 120, and 360 min)
after the injection of *Fe-ferritin and the distribution of
injected >’Fe was monitored (Table 4). The extraction of
*Fe-ferritin by the liver when administered at a 10 pg
ferritin iron dose is summarised in Fig. 2. The results
demonstrate that injected ferritin at this dose is rapidly
cleared by the liver and that after 60 min the majority of
the label was located in this organ (87 = 1.8%).

In order to select a suitable period between administra-
tion of *°Fe-ferritin and chelator, two different time inter-
vals between administration of *°Fe-ferritin and chelator
were compared, namely 1 and 12 hr. Two ligands, CP20
and CP94, were adopted for this study. Clearly, a separation

TABLE 3. *°Fe-ferritin distribution studies with different doses of ferritin iron

Dose of Percent of injected °°Fe
ferritin iron Total Gut and
(ng) recovery Liver Blood contents Heart

5 pg 95.6 = 2.8 954 3 0 0.2 +0.19 0
10 pg 914 *+ 1.6 8718 3.7 +0.77 0.6 £0.16 0.04 = 0.0
20 pg 96 = 4.2 56.8 = 17.5 37 9.1 1.85 = 0.4 0.36 = 0.1
40 pg 98.1 %2 447 £ 25 50.8 = 4.1 20+0.2 0.6 = 0.11

The experiment was terminated 1 hr after the infection of *Fe-ferritin (mean + SD, N = 4).
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TABLE 4. *°Fe-ferritin distribution studies with time
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Percent of injected *°Fe

Total Gut and
Time (min) recovery Liver Blood contents Heart
20 min 98 +1.5 48 = 6.2 489 = 5.2 0.31 = 0.1 0.96 = 0.3
40 min 97 +3.2 723 + 1.1 23.7 £ 3.7 0.51 = 0.1 0.47 = 0.1
60 min 914+ 1.6 87 = 1.8 3.7+0.77 0.6 £ 0.16 0.04 = 0.0
90 min 934 =2 89.7 = 3.5 246 1.3 1.1 =0.31 0.14 = 0.1
120 min 93 + 148 90.2 = 1.9 1.39 = 0.3 1.35+ 0.4 0.1 £0.03
360 min 91.3 = 71.0 89.1 = 1.1 0.51 0.2 1.67 = 0.4 0.01 = 0.0

The injected ferritin iron was 10 pg (mean = SD, N = 4).

of 1 hr between ferritin and chelator injections gave higher
gut content and faeces counts for both chelators (Fig. 3).
The increase in gut content and faeces *°Fe levels, which
resulted from biliary excretion, was reflected by a commen-
surate decrease in liver *“Fe levels.

Different ligands will have different pharmacokinetic
profiles, which in turn leads to different iron excretion time
profiles. In order to select an optimum collecting period,
bile cannulation studies of normal rats were undertaken
with several HPOs, namely CP102, CP41, CP117 and
CP283. The iron concentration in bile was measured using
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FIG. 2. The distribution of injected *°Fe-ferritin (10 pg) with
time: (A) percent of injected °°Fe in liver; (B) percent of
injected *°Fe in blood. Values are expressed as means = SD

(N = 4).

the bathophenanthroline disulfonic acid, disodium salt
colorimetric method. The peak of iron excretion associated
with both CP102 and CP41 was achieved within a 4-hr
period (Fig. 4, a and b). In contrast, with the two prodrugs
CP117 & CP283, peak iron excretion was found to be more
delayed, 9 and 6 hr respectively (Fig. 4, c and d).

Iron Mobilisation Studies with Iron(III) Chelators
The iron mobilisation efficacies of DFO and several HPOs

were compared using the *’Fe-ferritin-loaded rat model
outlined above. HPO chelator solutions were prepared in
water to give a final dose volume of 1 mL. The DFO dose
was 40 mg/kg, which corresponds to the same iron binding
capacity as the 450 pmol/kg dose adopted for HPOs.
Solutions of DFO were prepared in 0.9% sodium chloride to
give a final volume of 0.5 mL; i.p. injection of DFO was
given 2 hr after *’Fe-ferritin administration. With all
studies, *?Fe was not detected in the urine and less than 5%
of injected *°Fe dose was detected in tail. The results are
presented in Table 5.

DISCUSSION

In order to develop chelating drugs for clinical use, a rapid
animal assay was adopted to evaluate novel iron-chelating
agents such as hydroxypyridinones. In this model, hepatic
cells of non-iron-overloaded rats were labelled using >°Fe-
ferritin. Rat *°Fe-ferritin is cleared almost exclusively by rat
hepatocytes [16] and in the present studies, the extraction
of *°Fe-ferritin by the liver was found to be dose-dependent
(Table 3). Further detailed *’Fe-ferritin distribution studies
demonstrated that injected ferritin is rapidly cleared by the
liver (Fig. 2). With 10 g doses of ferritin iron, the majority
of the label was located in the liver (87 * 1.8%) at 1 hr
after the *Fe-ferritin injection. Thus, in agreement with
Pippard et al. [21], the iron pool of the liver is labelled
efficiently using this method. In subsequent studies, a dose
of 10 g of ferritin iron was used, since it is cleared rapidly
and provides sufficient >’Fe to monitor chelator-induced
iron excretion. Considering the half-life (44 days) associ-
ated with *°Fe, the ’Fe-labelled ferritin can be used for
periods up to six weeks.

Pippard and co-workers investigated the time relation-
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FIG. 3. Timing of the availability of *°Fe injected as *°Fe-ferritin to orally administered chelators: (@) 1 hr between administration of
59Fe-ferritin and chelator; ((J) 12 hr between administration of °°Fe-ferritin and chelator. The chelator dose was 450 pmol/kg and the
experiment was terminated 24 hr after the administration of chelators. Values are expressed as means = SD (N = 5).

ship between *?Fe-ferritin and chelator administration. The
results suggested that a separation of 1-2 hr between ferritin
and chelator injections provided maximal availability of
the *°Fe label to the administered chelators [21]. In that
assay, test chelators such as DFO were given by intravenous

Iron Excretion in Bile ( p mol)

Time (hr)

(i.v.) or by intramuscular (i.m.) injection 2 hr after the
administration of >’Fe-ferritin. Previous pharmacokinetic
studies conducted with orally administered HPOs in the rat
indicated that the maximum plasma concentration of the
ligand would be achieved at 0.5-1.5 hr after oral adminis-
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FIG. 4. Iron excretion studies using the bile duct cannulation model in normal rats: (a) CP102 (N = 3); (b) CP41 (N = 3); (c) CP117
(N = 3); (d) CP283 (N = 4); control (N = 3). All chelators were given orally; the chelator doses were 450 pwmol/kg. The iron

concentration in bile was measured using the bathophenanthroline sulfonic acid, disodium salt colorimetric method. Values are

expressed as means + SD (N = 4).
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TABLE 5. Iron mobilisation efficacy studies of DFO and selected HPOs in the *°Fe-ferritin-loaded rat model (mean + SD)

Iron Total

mobilisation Efficacy recovery

Chelator Dose (%) (%) (%)
Control — 3.87*1.0 — 78.7 = 6.5 n=>5
DFO (oral) 40 mg/kg 4.23 = 1.67 0.36 86.7 1.5 n=>5
DFO (i.p.) 40 mg/kg 288 +35 24.9 85.1 = 3.5 n=6
CP20 450 wmol/kg 13452 9.5 788 =45 n=2_8
CP% 450 pwmol/kg 59.7 +10.9 55.8 789 +5.0 n=3_8
CP102 450 pmol/kg 16.8 = 2.7 12.9 83.8 =29 n=>5
CP41 450 pwmol/kg 299 +38 26.0 772+ 18 n=2_8
CP38 450 pwmol/kg 17.1 = 1.7 13.2 769 + 1.7 n=>5
CP117 450 wmol/kg 230+ 173 19.1 80.8 + 3.7 n=>5
CP283 450 wmol/kg 364 + 6.5 32.5 81455 n=2_8
tration [27]. Based on this information, test HPO com- References

pounds were administered 1 hr after the administration of
*Fe-ferritin. The study reported by Pippard et al. [21] was
terminated 4 hr after the chelator injection, by which time
the chelating activity of the test ligands was estimated to be
complete. However, with HPO chelators, especially the
prodrugs, excretion of iron occurs over a longer time period.
The bile iron excretion assay using normal rats confirmed
that the peak of iron excretion varies with different ligands
(Fig. 4). Therefore, collections of excreted iron were made
over a 24-hr period.

In order to test this system, the iron mobilisation efficacy
of DFO and several HPOs has been compared on this
model. Clearly, the total recovery was constant (Table 5),
indicating the reliability of the system. DFO is active in this
system when given by i.p. injection, whereas orally applied
DFO is inactive. In this test system, CP20 and CP102 were
found to be less effective than DFO, whereas CP41 was
found to possess a similar efficacy to that of DFO. In
contrast, CP94 was much more effective. CP117, which is
the pivaloyl ester prodrug of CP102, was found to increase
the efficacy of CP102 from 16.8 to 23%. A moderately
enhanced iron excretion was also produced with the ben-
zoyl ester prodrug; for instance, CP283 provided 36.4% iron
excretion compared with 29.9% for CP41. The mean values
together with the SD indicate that the errors associated
with this assay are acceptable for comparative purposes.

In summary, a rapid assay for in vivo screening of orally
active iron chelators has been developed. The influence of
several key parameters has been systematically investigated,
and both the reliability and reproducibility of this method
have been verified with various chelators. This method
facilitates the rapid investigation of structure—activity rela-
tionships with such compounds.
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