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ABSTRACT: Bidentate hydroxypyridinone chelators effectively complex and facilitate
excretion of trivalent iron. To test the hypothesis that hexadentate chelators are more
effective than bidentate chelators at low concentrations, urinary and biliary Fe excre-
tions were determined in Fe-loaded rats before and after administration of a bidentate
chelator, Pr-(Me-3,2-HOPO), or its hexadentate analogue, TREN-(Me-3,2-HOPO). The
bidentate chelator slightly increased biliary Fe excretion in Fe-loaded rats after IV (90
mmol/kg) and PO (90 or 270 mmol/kg) administration, but chelation efficiency did not
exceed 1%. The hexadentate chelator markedly increased biliary Fe excretion, achiev-
ing overall chelation efficiencies of 14% after IV administration of 30 mmol/kg and 8 or
3% after PO (30 or 90 mmol/kg) administration. The hexadentate chelator was signifi-
cantly more effective than the bidentate chelator after IV injection and oral dosing. In
chelator-treated Fe-loaded or saline-injected rats, >90% of the excreted Fe was in the
bile. Oral TREN-(Me-3,2-HOPO), given to non-Fe-loaded rats, did not appreciably
change Fe output, indicating that there was little Fe depletion in the absence of Fe
overload. These results support the hypothesis that greater Fe chelation efficiency can
be achieved with hexadentate than with bidentate chelators at lower, and presumably
safer, concentrations. The results also demonstrate that TREN-(Me-3,2-HOPO) is a
promising, orally effective, Fe chelator. © 2000 Wiley-Liss, Inc. and the American Pharma-
ceutical Association J Pharm Sci 89: 545–555, 2000

INTRODUCTION

Iron is highly conserved and sparingly excreted
by mammals. Frequent regular blood transfu-
sions are needed to sustain life in inherited ane-

mias associated with abnormal globin synthesis
(b-thalassemia major). Large amounts of Fe de-
rived from the transfused red cells accumulate in
parenchymal tissues, such as the liver, spleen,
heart, and kidneys, and damage the liver, heart,
and endocrine glands.1–3 Lifelong treatment is re-
quired to control Fe concentrations in the blood
and tissues. Chelation therapy with desferriox-
amine (DFO) is the primary treatment for Fe stor-
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age disorders that cannot be controlled with phle-
botomy.2 However, the usefulness of DFO is lim-
ited by slight oral activity (which necessitates
parenteral administration, often resulting in poor
patient compliance), very slow removal of Fe from
transferrin4 (I. Turcot et al., unpublished results),
and adverse side effects that develop from aggres-
sive long-term treatment.2

DFO is a hexadentate chelator that uses six
donor atoms to form the preferred hexacoordi-
nated complex with Fe. The hexadentate binding
capacity of DFO produces an advantage over bi-
dentate chelators in that only one DFO molecule
and one Fe molecule need to come together to
form the preferred Fe chelate. However, the
shortcomings of DFO, noted previously, have
stimulated efforts to develop orally active Fe che-
lators. Among those developed, the bidentate hy-
droxypyridinones, 3-hydroxy-4-(1H)-pyridinones
(3,4-HOPOs), developed by Hider et al.5 have
proven efficacy as Fe chelators. The 4-carboxy-3-
hydroxy-1-methyl-2-(1H)-pyridinones (Me-3,2-
HOPOs) developed in the laboratory of Dr. Ken-
neth Raymond6 have potential efficacy as Fe che-
lators. When ionized, these HOPO isomers are
isoelectronic with catechol, the bidentate func-
tional group of hexadentate enterobactin, a pow-
erful naturally produced Fe chelator.7,8 The
monoprotic HOPO groups are ionized at physi-
ologic pH. Pr-(Me-3,2-HOPO) has a pKa of 6.12
and 1,2-dimethyl-(3,4-HOPO) (a.k.a.: CP20, Ll,
deferiprone) has pKa values of 3.6 and 9.9. This
provides an advantage for in vivo metal complex-
ation compared with the catechols of enterobactin
or the hydroxamates of DFO that must be depro-
tonated before metal binding.7 Both 3,4-HOPO
and Me-3,2-HOPO more selectively bind hard
metal ions such as Al3+, Fe3+, Pu4+, and UO2

2+

than essential divalent metal ions such as Ca2+,
Cu2+, Mg2+, and Zn2+9,10 and can be produced at a
reasonable cost.6,8,10–12

Preclinical studies of the bidentate CP20 sug-
gested a potency comparable to DFO when the 1:3
metal/chelator stoichiometry required to form the
preferred hexacoordinated ferric complex was
considered.11 Clinical investigations of in vivo Fe
chelation have been initiated with CP20, but bone
marrow cytotoxicity, presumably associated with
the large amounts of CP20 needed for effective
Fe removal from the human, is a serious con-
cern.13–15 Because effective Fe complexation is
third-order dependent on the concentration of bi-
dentate chelators, some of the circulating complex
may dissociate, redistributing Fe.16 Incompletely

complexed Fe, which may be Fenton reactive,
may also contribute to the side effects of bidentate
HOPOs by hydroxyl radical catalyzed oxidative
injury.17,18

One of the most important factors in metal che-
lation is denticity, the number of suitably ori-
ented anionic binding groups in the chelator.19 In
vitro studies have demonstrated that hexaden-
tate chelators are more effective than bidentate
chelators for mobilizing Fe from hepatocytes and
human erythroleukemia K562 cells20,21 and for
protecting against free radical generation.22

A hexadentate HOPO chelator is expected to
have the following advantages over both DFO and
bidentate chelators in vivo: more powerful metal
complexation at low chelator concentration, com-
plete and stable metal binding, and favorable re-
action kinetics at physiologic pH.6,23,24 A poten-
tial disadvantage of multidentate HOPO chela-
tors is poor gastrointestinal (GI) absorption
caused by hydrophilicity and high molecular
weight. However, hydrophilicity does not corre-
late well with bioavailability or the efficacy of the
bidentate 3,4-HOPOs.25 The size of a hexadentate
HOPO chelator may reduce, but does not prevent,
GI absorption. Absorption of a small fraction of
highly effective multidentate HOPO chelators
markedly augments metal excretion; this effect is
dose dependent.6,26–28

The aims of this study were to test the hypoth-
esis that increasing the denticity of an HOPO che-
lator from 2 to 6 increases its in vivo Fe chelation
efficacy. This hypothesis was based on the ex-
pected advantages of matching the number of do-
nor atoms of the chelator to the coordination re-
quirement of the metal. A bidentate Me-3,2-
HOPO and its hexadentate analog (Figure 1)29

were compared for their abilities to chelate Fe in
Fe-loaded rats, as evidenced by promotion of uri-
nary and/or biliary Fe excretion. The results sup-
port the hypothesis that, at low concentrations, a
hexadentate HOPO chelator is a more effective Fe
chelator than its bidentate analog.

MATERIALS AND METHODS

Abbreviations

Pr-(Me-3,2-HOPO) 4 3-hydroxy-1-methyl-4-(1-
propylcarbamoyl)-2-(1H)-pyridinone, the biden-
tate chelator.

TREN-(Me-3,2-HOPO) 4 tris[(3-hydroxy-1-
methyl-2-oxo,1,2-didehydropyridine-4-carbox-
amido)ethyl]amine, the hexadentate chelator.
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Chemicals

Iron dextran (a complex of ferric hydroxide with
dextran) was obtained from Sanofi Animal
Health, Inc. (Fort Dodge, IA). Pr-(Me-3,2-HOPO)
or TREN-(Me-3,2-HOPO) (Figure 1) was dis-
solved in 1 mL of saline, pH 7, to deliver the de-
sired dose. The chelator solutions for IV injection
were sterilized by passage through a 0.2 mm filter.

Animal Procedures

The animals were 27 male Sprague-Dawley rats.
Twenty-three were loaded with Fe (Fe-loaded) by
five 1 mL/kg IP injections of Fe dextran (100 mg
Fe/mL, total Fe 9000 mmol/kg) given over 4
weeks.30 This procedure presumably increased
hepatic Fe content (e.g., a 30-fold increase was
seen after a total of 200 mg Fe/kg given over 4
weeks,31 which did not return to control levels
within 30 days32). Four non-Fe-loaded rats were
given 12 IP injections of saline. On the day of
chelator treatment the Fe-loaded rats weighed
0.32 ± 0.03 kg, and the saline injected rats
weighed 0.36 ± 0.01 kg.

The rats had free access to rat chow (Prolab
RMH 3000) containing 380 ppm (6.8 mM) Fe until
day 6 after the last Fe or saline injection, when
food was removed. After a 14-h fast, the rats were
anesthetized with ketamine (91 mg/kg) (Ketaset,
Fort Dodge Laboratories) and acepromazine (0.91
mg/kg) (Butler Co.) by IM injection. Some rats
also received 6 mg/kg IM of xylazine (Butler Co.).
The right femoral and right jugular veins, com-
mon bile duct, and urinary bladder were cannu-
lated. The veins were cannulated with 5 cm of

Silastic medical grade tubing (0.5-mm ID, 0.94-
mm OD; Dow-Corning) connected to PE-50 tubing
(Clay Adams). The venous cannulas were secured
with 4-0 silk. The bile duct was cannulated with
PE-10 tubing and secured with 4-0 silk and cya-
noacrylate glue (Vet Bond; 3M Animal Care Prod-
ucts). The urinary bladder was cannulated at its
apex with PE-100 tubing, which was secured with
a purse-string suture of 4-0 silk and cyanoacry-
late glue.

The urinary bladder was flushed with 0.6 mL
of saline to detect leakage. The outlets of the bile
and bladder cannulas were placed in preweighed
plastic collecting tubes. The rats were kept at
37°C and maintained under anesthesia from 2 h
before to 8 h after chelator treatment. Anesthesia
was achieved by a 3 mL/h saline infusion contain-
ing 3.7 to 4.3 mg/mL of ketamine, an IM injection
of 0.3 mg of acepromazine every 2 h, and addi-
tional ketamine as necessary (administered by
way of the jugular vein cannula). The saline infu-
sion maintained hydration and urine flow.

Three groups of Fe-loaded rats received 90
mmol/kg Pr-(Me-3,2-HOPO) IV or 90 or 270 mmol/
kg PO, given intragastrically by means of a 3-inch
curved feeding needle. Three groups of Fe-loaded
rats received 30 mmol/kg TREN-(Me-3,2-HOPO)
IV or 30 or 90 mmol/kg PO. One group of saline-
injected rats received 30 mmol/kg of TREN-(Me-
3,2-HOPO) PO.

Blood samples (0.25 mL), from which serum
was obtained by centrifugation, were collected
from the femoral vein at −2, −1, and 0 h before
chelator treatment, and at 5, 15, 30, and 45 min
and 1, 2, 3, 4, and 8 h after treatment. Accumu-
lated bile and urine were collected every 30 min
from 1.5 or 2 h before to 2 h after treatment, and
then at 3, 4, 6, and 8 h. The urinary bladder was
flushed three times with 0.2 mL saline at the end
of each sampling period in an effort to recover the
total urine output during the collection interval.
Urine and bile sample volumes were determined
gravimetrically assuming density 4 1.

Animal work was approved by the University
of Kentucky Institutional Animal Care and Use
Committee.

Iron Analysis

Serum, obtained the day of collection, was stored
at −4°C until dilution and analysis. Bile and urine
samples were either analyzed the day of collection
or stored at −4°C until dilution and analysis. Bile
and urine samples were diluted at least 10-fold,

Figure 1. Molecular structures of the bidentate (left)
and hexadentate (right) Me-3,2-HOPO chelators used
in this study. They are shown complexed with Fe in the
stoichiometric relationship that optimally satisfies and
surrounds Fe, three bidentate chelators, and one hexa-
dentate chelator. The bold bidentate chelator and bold
portion of TREN-(Me-3,2-HOPO) would be in front of
the Fe, as viewed in this figure.
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and serum at least 40 fold, with 30 mM HNO3
containing 2 mM Mg2+. Many samples required
further dilution to produce concentrations within
the standard curve. Iron was quantified by elec-
trothermal atomic absorption spectroscopy (Per-
kin Elmer 4100ZL) and compared with aqueous
standards prepared in 30 mM HNO3/2 mM Mg2+.
All samples were read in duplicate and compared
with standard curves generated before and after
every 10 samples. Evaluation of assay perfor-
mance showed an average correlation coefficient
of 0.997 between Fe concentration and absor-
bance-seconds for the 147 standard curves. The
slopes of 80 standard curves conducted under the
same instrument conditions against which urine
and bile samples were compared had a relative
standard deviation (RSD) of 20%. Similarly, the
slopes of 30 standard curves against which serum
samples were compared had an RSD of 22%. The
RSD of the duplicate injections of one bile, urine,
and serum sample randomly selected from each of
the 27 rats averaged 3.9%. None exceeded 20%.
Assay performance was judged to be acceptable.

Partition Coefficients

Hydrophilicity influences a chelator’s ability to
penetrate cells and the routes of excretion of the
free chelator and its metal chelates. The octanol/
aqueous partition (distribution) coefficient (Do/a)
of the free Me-3,2-HOPO chelators and their fer-
ric chelates were determined to aid in interpret-
ing the results of this study. The Do/a was mea-
sured for 0.3 mM Pr-(Me-3,2-HOPO) and 0.1 mM
TREN-(Me-3,2-HOPO) in the absence or presence
of 0.5 mM Fe, introduced as Fe2(SO4)3, as previ-
ously described for Al.33 The ferric complexes
were prepared by combining aqueous solutions of
Fe2(SO4)3 and the Me-3,2-HOPO chelators. The
expected pink color of the ferric Me-3,2-HOPO
complexes developed. A further test of the forma-
tion of the Me-3,2-HOPO complexes was con-
ducted by determining the HPLC retention times
of the free Me-3,2-HOPO chelators and their re-
spective ferric complexes. These differed, provid-
ing additional evidence of complete formation of
the desired complexes. After thorough mixing and
incubation overnight at 37°C, absorbance of the
chelators was determined at 352 nm for Pr-(Me-
3,2-HOPO) and its Fe complex and at 341 nm for
TREN-(Me-3,2-HOPO) and its Fe complex. Absor-
bances were measured on two occasions, each con-
ducted with duplicate samples of each chelator
and ferric complex.

Data Analysis and Statistics

Urinary and biliary Fe excretion rates, both base-
line (pretreatment) and after chelator adminis-
tration (posttreatment), were determined for each
sample,

Fe excretion rate ~mmol/kg ? h−1! =

~sample Fe concentration in mmol/mL! ×
~sample volume in mL!.

~weight in kg! × ~collection interval in h!
(1)

Total Fe excretion rate was determined as the
sum of the urinary and biliary rates.

Mean urinary, biliary, and total Fe excretion
rates were calculated for the 8-h posttreatment
interval,

Mean Fe excretion rate ~mmol/kg ? h−1! =

total Fe excretion in mmol in 8 h.
~weight in kg! 2 ~8 h!

(2)

Relative urinary, biliary, and total Fe excre-
tions were calculated, in which each rat’s mean
posttreatment Fe excretion rate was related to its
pretreatment rate (e.g., it served as its own con-
trol)

Relative Fe excretion =

(mean Fe excretion rate post-treatment
in mmol/kg ? h−1) 2 100%.

mean Fe excretion rate pre-treatment
in mmol/kg ? h−1 (3)

Urinary, biliary, and total Fe excretion pro-
moted in 8 h by the chelator treatments were cal-
culated,

Fe excretion promoted in 8 h ~mmol/kg! =

Fe excretion post-treatment in mmol/kg in 8 h −

~8 h! 2 (mean hourly pre-treatment
Fe excretion rate in mmol/kg). (4)

Chelator efficiency was calculated as 100 times
the ratio of the total Fe excretion promoted and
the chelator dose on the basis of the assumption
that 1 mol of Fe was chelated by 3 mol of Pr-(Me-
3,2-HOPO), or 1 mol of TREN-(Me-3,2-HOPO),

Chelator efficiency ~%! =

(total Fe excretion promoted in
mmol/kg in 8 h) 2 100%.

~chelator dose, in mmol/kg!
(5)
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Relative plasma Fe was calculated as the ratio
of the posttreatment to pretreatment plasma con-
centration,

Relative plasma Fe concentration =

plasma Fe concentration post-treatment
in mmol/mL 2 100%.

plasma Fe concentration pre-treatment
in mmol/mL (6)

The pretreatment rates of urinary and biliary
Fe excretion and the plasma Fe concentrations of
the individual rats were quite variable. The vari-
ability of pretreatment urinary and biliary Fe ex-
cretion were assessed by determining the RSD
both across and within subjects.

The tabular data are shown as mean ± SD,
where SD 4 [Sdev2/(n − 1)]1/2. The time course
data were analyzed using a series of repeated
measures analysis of variance (ANOVA) models
on the raw data from each of the mean pretreat-
ment and the eight posttreatment sample peri-
ods. Post-hoc analysis was based on Fisher’s least
significant difference procedure. In the presence
of a significant treatment × time interaction, dif-
ferences between treatments were compared at
each time point. To limit the number of overall
comparisons, only the relevant treatments were
included in each model. Urine, bile, and total Fe
excretion, calculated by eq. (1), were each com-
pared over time for the results obtained from the
following four sets of results: 90 mmol/kg Pr-(Me-
3,2-HOPO) and 30 mmol/kg TREN-(Me-3,2-
HOPO) IV, the same chelators and doses PO, 270
mmol/kg Pr-(Me-3,2-HOPO) and 90 mmol/kg
TREN-(Me-3,2-HOPO) PO, and 30 mmol/kg
TREN-(Me-3,2-HOPO) PO to Fe-loaded and non-
Fe-loaded (saline injected) rats. The relative Fe
excretion results, calculated by eq. (3), and Fe ex-
cretion promoted, calculated by eq. (4), were com-
pared between relevant groups using two-sample
t tests. p Values less than .05 were deemed sig-
nificant throughout.

RESULTS

Overall pretreatment urinary and biliary Fe ex-
cretion rates were 0.02 and 0.14 mmol/kg ? h−1.
Approximately 87% of Fe excretion in Fe-loaded
rats was biliary. The average RSD of urinary and
biliary Fe excretion within subjects (52 and 30%,
respectively) was less than that seen across sub-
jects (103 and 62%, respectively). For that reason,

some of the results are expressed as relative Fe
excretion or plasma Fe concentrations, in which
the pretreatment level of each rat served as its
control for assessing the effect of chelator treat-
ment. Pretreatment plasma Fe concentration of
Fe-loaded rats was 92 ± 36 mM.

The effects of chelator treatments on urinary,
biliary, and total relative Fe excretion are shown
in Table 1 and Figures 2, 3, and 4. The repeated
measures ANOVA for the lower dose of Pr-(Me-
3,2-HOPO) and TREN-(Me-3,2-HOPO) (30 mmol/
kg) given IV to Fe-loaded rats revealed a signifi-
cant treatment × time interaction for biliary and
total Fe excretion rates. The time courses of total
Fe excretion by these rats are shown in Figure 2.
Overall, slight amounts of Fe excretion were pro-
moted by Pr-(Me-3,2-HOPO) because of a small
increase in biliary Fe excretion. The efficiency of
Pr-(Me-3,2-HOPO) was ≈1%. TREN-(Me-3,2-
HOPO) caused an immediate 30-fold increase in
total Fe excretion, which was still two times the
pretreatment level at 4 h and did not approach
the pretreatment level until 8 h (Figure 2). Mean
urinary and biliary excretion rates were both
about five times the pretreatment rates (Table 1).
The increase in total Fe excretion was mainly due
to the increase in biliary Fe excretion. The in-
creased Fe excretion yielded a chelator efficiency
of 14% (Table 1).

Statistical analysis of the results obtained with
the lower doses of the two chelators given PO
showed a difference in the urinary Fe excretion
rate as a function of treatment and a treatment ×
time interaction for biliary and total Fe excretion
rates. Pr-(Me-3,2-HOPO) PO produced effects
comparable to its IV administration (Table 1, Fig-
ure 3). TREN-(Me-3,2-HOPO) increased relative
total Fe excretion to about 4.5 times the pretreat-
ment level in about 45 min (Figure 3). At 8 h total
Fe excretion was still greater than the pretreat-
ment level. The urinary Fe excretion rate in-
creased very little, but the biliary excretion rate
increased considerably (Table 1). Total Fe excre-
tion after TREN-(Me-3,2-HOPO), which was
mainly due to biliary Fe excretion (Table 1), was
significantly greater than after Pr-(Me-3,2-
HOPO) at each time point (Figure 3) and overall
(Table 1).

When the oral doses of Pr-(Me-3,2-HOPO) and
TREN-(Me-3,2-HOPO) were increased threefold
to 270 and 90 mmol/kg, respectively, there were
significant treatment × time interactions for uri-
nary, biliary, and total Fe excretion rates. Pr-(Me-
3,2-HOPO) produced a prompt increase in rela-
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tive total Fe excretion, followed by a rapid return
to the pretreatment level (Figure 4). The Fe ex-
cretion was due to an increase of biliary Fe excre-
tion. Total Fe excretion promoted in 8 h was about
twice that observed after the lower dose of this
chelator, but efficiency remained low, about 1%.
This higher oral dose of TREN-(Me-3,2-HOPO)
increased total Fe excretion to about seven times
the pretreatment level within about 1 h. It re-
mained elevated for 8 h (Figure 4). The urinary Fe
excretion rate doubled, whereas the biliary Fe ex-
cretion rate increased to about eight times the
pretreatment rate. Biliary Fe excretion accounted
for 97% of the Fe excretion promoted by TREN-
(Me-3,2-HOPO). Total Fe excretion promoted by

90 mmol/kg of oral TREN-(Me-3,2-HOPO) was
23% greater than that promoted by the lower
dose, with an efficiency within 8 h of 3.4% (Ta-
ble 1).

To assess the ability of TREN-(Me-3,2-HOPO)
to remove Fe bound to biologic ligands under nor-
mal physiologic conditions, 30 mmol/kg was ad-
ministered PO to saline-injected rats. Total rela-
tive Fe excretion slightly increased (Table 1). The
small Fe excretion promoted by TREN-(Me-3,2-
HOPO) in non-Fe-loaded rats was significantly
less than in Fe-loaded rats (Table 1).

The effects of chelator treatment on plasma Fe
concentration were obscured by the highly vari-
able plasma Fe concentrations of the Fe-loaded

Table 1. Excretion of Iron and Iron Chelation Efficiency in Rats Treated with Pr-(Me-3,2-HOPO)
and TREN-(Me-3,2-HOPO)

Chelator Treatment
Relative Fe

Excretion (%)a

Fe Excretion
Promoted in

8 h (mmol/kg)b Efficiencyc

Pr-(Me-3,2-HOPO) 90 mmol/kg iv to Fe-loaded rats (n 4 4)
Urinary Fe excretion 105 ± 10 −0.01 ± 0.03
Biliary Fe excretion 119 ± 75 0.24 ± 1.01
Total Fe excretion 121 ± 69 0.23 ± 1.01 0.8 ± 3.4

TREN-(Me-3,2-HOPO) 30 mmol/kg iv to Fe-loaded rats (n 4 4)
Urinary Fe excretion 473 ± 262 0.35 ± 0.39
Biliary Fe excretion 481 ± 226d 3.75 ± 2.77
Total Fe excretion 460 ± 199d 4.09 ± 3.13 13.6 ± 10.4

Pr-(Me-3,2-HOPO) 90 mmol/kg po to Fe-loaded rats (n 4 4)
Urinary Fe excretion 159 ± 166 −0.03 ± 0.09
Biliary Fe excretion 132 ± 26 0.32 ± 0.33
Total Fe excretion 126 ± 15 0.28 ± 0.24 0.9 ± 0.8

TREN-(Me-3,2-HOPO) 30 mmol/kg po to Fe-loaded rats (n 4 4)
Urinary Fe excretion 157 ± 124 0.04 ± 0.13
Biliary Fe excretion 352 ± 269 2.45 ± 0.79d

Total Fe excretion 275 ± 139 2.49 ± 0.78d 8.3 ± 2.6d

Pr-(Me-3,2-HOPO) 270 mmol/kg po to Fe-loaded rats (n 4 4)
Urinary Fe excretion 202 ± 309 −0.12 ± 0.03
Biliary Fe excretion 216 ± 86 0.72 ± 1.00
Total Fe excretion 152 ± 56 0.60 ± 1.21 0.7 ± 1.3

TREN-(Me-3,2-HOPO) 90 mmol/kg po to Fe-loaded rats (n 4 3)
Urinary Fe excretion 255 ± 110 0.09 ± 0.06
Biliary Fe excretion 813 ± 836 2.97 ± 1.20d

Total Fe excretion 714 ± 678 3.06 ± 1.26d 3.4 ± 1.4d

TREN-(Me-3,2-HOPO) 30 mmol/kg po to non-Fe-loaded rats (n 4 4)
Urinary Fe excretion 102 ± 75 −0.15 ± 0.20
Biliary Fe excretion 168 ± 52 0.24 ± 0.17e

Total Fe excretion 138 ± 72 0.09 ± 0.33e 0.3 ± 1.1e

a Calculated using eq. 3.
b Calculated using eq. 4.
c Calculated using eq. 5, assuming formation of the Fe-[Pr-(Me-3,2-HOPO)]3 and the Fe-TREN-(Me-3,2-HOPO) complexes.
d Significantly greater than group given equivalent amount of Pr-(Me-3,2-HOPO) by the same route.
e Significantly less than Fe-loaded group given same amount of TREN-(Me-3,2-HOPO) by the same route.
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and saline-injected rats both before and after che-
lator treatment. The data are not shown. In no
circumstance was plasma Fe concentration in a
treated group greater than its pretreatment level.
Plasma Fe concentrations in the Fe-loaded rats
given Pr-(Me-3,2-HOPO) or TREN-(Me-3,2-
HOPO) po were nearly the same at all times as
the pretreatment levels. Gradual declines below

pretreatment plasma Fe concentrations were
noted posttreatment in Fe-loaded rats given iv
injections of Pr-(Me-3,2-HOPO) or TREN-(Me-
3,2-HOPO) or non-Fe-loaded rats given TREN-
(Me-3,2-HOPO) orally. At 8 h, the relative plasma
Fe concentrations in those three groups were 61 ±
22, 47 ± 11, and 56 ± 14, respectively.

The partition coefficients of the free Me-3,2-
HOPO chelators and their ferric complexes were
found to be: Pr-(Me-3,2-HOPO), 0.06 and 0.79;
TREN-(Me-3,2-HOPO), 0.016 and 0.39, respec-
tively. The negatively charged free chelators are
moderately hydrophilic. Their electrically neutral
ferric complexes are moderately lipophilic.

DISCUSSION

The investigations reported here support the hy-
pothesis that, at low concentrations, hexadentate
Me-3,2-HOPOs are more effective Fe chelators
than their bidentate analogs. This study directly
compared in vivo Fe chelation by a bidentate
HOPO chelator and its hexadentate analog con-
taining three of the same HOPO groups. Fe-
loaded rats were given molar equivalent amounts
of the two chelators in the same treatment proto-
cols. At the doses tested, the bidentate chelator
does not have useful in vivo Fe chelation efficacy.
In contrast, the hexadentate analog, which has

Figure 3. Time course of total Fe excretion rates dur-
ing 8 h after po treatment of the lower doses of Pr-(Me-
3,2-HOPO) or TREN-(Me-3,2-HOPO) to Fe-loaded rats.
d 4 90 mmol/kg Pr-(Me-3,2-HOPO). j 4 30 mmol/kg
TREN-(Me-3,2-HOPO). Data are plotted at the mid-
point of the sample collection interval. The * notes a
significant difference between the TREN-(Me-3,2-
HOPO)- and the Pr-(Me-3,2-HOPO)-treated animals.
Note that the y-axis scale is different than in Figure 2.

Figure 2. Time course of total Fe excretion rates (cal-
culated by eq. [1]) during 8 h after iv treatment of Fe-
loaded rats with Pr-(Me-3,2-HOPO) or TREN-(Me-3,2-
HOPO). d4 90 mmol/kg Pr-(Me-3,2-HOPO). j 4 30
mmol/kg TREN-(Me-3,2-HOPO). Data are plotted at the
midpoint of the sample collection interval. The * notes
a significant difference between the TREN-(Me-3,2-
HOPO)- and the Pr-(Me-3,2-HOPO)-treated animals.

Figure 4. Time course of total Fe excretion rates dur-
ing 8 h after po treatment of the higher doses of Pr-
(Me-3,2-HOPO) or TREN-(Me-3,2-HOPO) to Fe-loaded
rats. d 4 270 mmol/kg Pr-(Me-3,2-HOPO). j 4 90
mmol/kg TREN-(Me-3,2-HOPO). Data are plotted at the
midpoint of the sample collection interval. The * notes
a significant difference between the TREN-(Me-3,2-
HOPO)- and the Pr-(Me-3,2-HOPO)-treated animals.
Note that the y-axis scale is different than in Figure 2.
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three bidentate Me-3,2-HOPO groups attached to
a common backbone, has considerably greater ef-
ficiency to promote Fe excretion after both IV and
po administration (Table 1).

The Fe chelation efficiency of TREN-(Me-3,2-
HOPO) was greater than that of Pr-(Me-3,2-
HOPO) when the two were given po in doses hav-
ing comparable Fe chelation potential (Table 1).
These results support the hypothesis that in-
creasing chelator denticity from 2 to 6 increases
in vivo Fe chelation efficacy. The efficacy of low
oral TREN-(Me-3,2-HOPO) doses to in vivo che-
late 238Pu(IV), which has coordination properties
similar to those of Fe(III), has been compared
with DFO. Removal of 238Pu(IV) from mice by 30
mmol/kg TREN-(Me-3,2-HOPO) given po was
about twice that obtained with an equimolar dose
of injected DFO, whereas the same oral dose of
DFO was ineffective.6,26,34

The total Fe excretion rate remained elevated 6
to 8 h after oral administration of TREN-(Me-3,2-
HOPO) (2.2 and 4.5 times the pretreatment rate
for the 30 and 90 mmol/kg dose groups, respec-
tively, Figures 3 and 4). The 8-h observation pe-
riod in this study was not long enough to observe
all the promoted Fe excretion. Therefore, the ef-
ficiency of oral TREN-(Me-3,2-HOPO), particu-
larly at the 90 mmol/kg dose, was probably under-
estimated.

All the rats given Pr-(Me-3,2-HOPO) orally ex-
hibited a transient peak elevation of the relative
total Fe excretion within 1 h (Figures 3 and 4).
This suggests fairly rapid absorption of the che-
lator and the formation and excretion of the Fe-
[Pr-(Me-3,2-HOPO)]3. TREN-(Me-3,2-HOPO) was
either absorbed more slowly than Pr-(Me-3,2-
HOPO) and/or Fe-TREN-(Me-3,2-HOPO) was
more slowly formed or excreted because 7 of 11
rats given the hexadentate chelator po showed
peak relative Fe excretion between 1 and 2 h and
elevated Fe excretion for several hours (Figures 3
and 4).

TREN-(Me-3,2-HOPO) is an effective oral Fe
chelator at low dose. The amount of Fe excretion
it promoted in 8 h was 60% of that obtained when
the same dose was given iv. Its great oral effec-
tiveness is surprising, considering that measure-
ments using TREN-(14C-Me-3,2-HOPO) estimate
its GI absorption to be about 5% (P.W. Durbin et
al., unpublished results), as expected for a mol-
ecule with a Mr of 627.24 These results are con-
sistent with the hypothesis that orally absorbed
chelators, transported to the liver by the portal
circulation, are taken up by hepatocytes, inducing

biliary Fe excretion without having entered the
general circulation.35,36

Although 90 mmol/kg of po TREN-(Me-3,2-
HOPO) promoted more net Fe excretion, it was
less efficient than the smaller oral dose (Table 1).
If its fractional absorption was dose independent
over the dose range used in these studies, the re-
sults suggest that the absorbed fraction of the
smaller dose was sufficient to remove much of the
most accessible hepatic Fe. In that case, frequent
administration of smaller doses would be the
most efficient approach to treatment of Fe over-
load.

In both Fe-loaded and saline-injected rats, a
large fraction of the Fe excretion promoted by sev-
eral bidentate 3,4-HOPOs was into bile.37,38 Simi-
larly, in the Fe-loaded or saline-injected rats
treated with TREN-(Me-3,2-HOPO) in this study,
more than 90% of promoted Fe excretion was bil-
iary. In control rats, about 75% of iv-injected
TREN-(14C-Me-3,2-HOPO) is excreted into the
bile (P.W. Durbin et al., unpublished results).
This biliary excretion is presumably mainly due
to uptake of the free chelator into liver cells. Free
chelator uptake is inferred because transport
through the liver of Fe-TREN-(Me-3,2-HOPO)
formed in the blood could not account for more
than 10% of the biliary excretion, even if all the
Fe had been removed from all the circulating Fe-
transferrin in the mice. Oral administration re-
sults in initial distribution through the liver by
way of the portal circulation, potentially resulting
in first-pass clearance and chelation of liver Fe
that is excreted in bile. It is reasonable to infer
that this hexadentate chelator, like the biden-
tate 3,4-HOPOs, removes Fe directly from the
liver, one of the main sites of toxicity of stored
excess Fe.

Although the Fe-binding properties of 3,4-
HOPOs and Me-3,2-HOPOs are similar, their
solubilities differ. Efficient oral absorption and
hepatocyte penetration by the 3,4-HOPOs are at-
tributed to their lipophilicity.38 TREN-(Me-3,2-
HOPO) is not as lipophilic as many of the 3,4-
HOPOs, but its in vivo behavior suggests it has
sufficient lipophilicity to achieve useful oral bio-
availability and good penetration of cells.

Unlike its behavior in Fe-loaded rats, 30 mmol/
kg of orally administered TREN-(Me-3,2-HOPO)
did not appreciably increase net total Fe excretion
in fasting saline-injected rats. In contrast, non-
Fe-overloaded rats given 3,4-HOPOs (CP20,
CP94) orally (150–450 mmol/kg) showed an eleva-
tion of Fe excretion.37 The depression of plasma
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Fe by TREN-(Me-3,2-HOPO) was not well corre-
lated with the transient early rise in total relative
Fe excretion. The lack of elevated plasma Fe sug-
gests little to no facilitated absorption of Fe from
the GI tract, as would be expected in the absence
of GI contents. This is in agreement with studies
in rats, mice, and dogs given bidentate 3,4-HOPO,
CP20, orally.39,40 Reduction or avoidance of po-
tentially serious Fe depletion is clearly advanta-
geous if a chelator is to be used for the protracted
chelation therapy needed to remove toxic metals
other than Fe, such as the radioactive actinides,
from accident victims who are otherwise healthy
and in normal Fe balance.34

TREN-(Me-3,2-HOPO) is a structurally suit-
able chelator for Fe(III). The methyl substituent
on the pyridinone ring nitrogen adds lipophilicity
and slightly enhances chelator acidity. More im-
portantly, it protects the reactive ring nitrogen
and helps to direct the carboxyl (which provides
the linkage for multidentate chelators) to the de-
sired 4-position during the carboxylation step of
the synthesis. Its five-member bridge length is
the same as that of enterobactin, which may be
ideal for Fe binding. The stability of its Fe com-
plex, as demonstrated by the crystal structure of
Fe-TREN-(Me-3,2-HOPO), is enhanced by the
rigidity introduced by strong hydrogen bonds
between the amide hydrogen and the oxygen
atom of the adjacent hydroxyl group,6 Figure 1 in
ref. 29.

TREN-(Me-3,2-HOPO) has biologic advantages
for chelation of Fe in vivo. It can remove some Fe
from transferrin within its residence time in
blood. At chelator/Fe-transferrin concentration
ratios >15, the half-life for Fe removal by TREN-
(Me-3,2-HOPO) is about 25 min. No Fe was re-
moved from transferrin by DFO under the same
experimental conditions (I. Turcot et al., unpub-
lished results). The weak basicity of the hydroxyl
groups of TREN-(Me-3,2-HOPO), which are ion-
ized at pH 7.4, makes it unlikely that it will con-
jugate with glucuronic acid.24

In summary, TREN-(Me-3,2-HOPO), injected
or given orally, is markedly more efficient for pro-
moting Fe excretion from Fe-loaded rats than its
bidentate monomer. Given orally to fasting rats,
its bioavailability is sufficient, even at a low dose,
to be a useful Fe chelator. Its efficiency at low
doses should avoid many of the deleterious side
effects caused by the larger doses required for
other chelators. TREN-(Me-3,2-HOPO) is of low
toxicity and can be synthesized in good yield at
low cost.6,27 It is a promising injectable and oral

Fe chelator worthy of the additional investigation
effort required before clinical testing.
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