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Purpose. Caco-2 monolayers were used to contrast the bidirectional transport of iron chelators and their
chelates and to estimate fundamental kinetics associated with their intestinal absorption.

Methods. Bidirectional transport was studied at 37°C and pH 7.4 using 500-uM concentrations.
Monolayer integrity was tested via transepithelial electrical resistance and sodium fluorescein
permeability. Apical and basolateral analysis provided mass balance evidence. Apparent permeability
coefficient (P,,,) served to rank and compare molecules and estimate in vivo bioavailability. Model-
dependent rate constants defined cellular influx and efflux.

Results. 1) P,pp ranked in decreasing order for chelators from directional transport studies were CP363
> deferiprone> ICL670 > CP502 > deferoxamine (DFO). 2) Fe(CP502);, Fe(ICL670),, and FeDFO were
not measurable in receiving chambers, whereas Fe(deferiprone); and Fe(CP363); were detected in both
directions. 3) CP363 was transported significantly faster from the basolateral to the apical direction than
the converse. 4) Mass balance of donor and receiver chambers gave approximately 100% recovery in all
cases. 5) Kinetic analysis supports the view that the Caco-2 chelator efflux constants are generally
greater than their influx constants.

Conclusions. Caco-2 cells are useful in screening iron chelators and chelates and estimating
bioavailabilities. Structure and distribution coefficients partially predict passive transport through
Caco-2 monolayers.

KEY WORD: Caco-2 cells; iron chelate; iron chelator; iron overload.

INTRODUCTION

Millions of people suffer from iron overload that, if
untreated, causes death. Iron chelation therapy has signifi-
cantly increased the life span of patients who suffer from
iron-overload diseases such as p-thalassemia major. Deferox-
amine (DFO) and deferiprone (CP20) are the only two iron
chelators currently in clinical use. DFO has been extensively
used in clinical practice since 1970. Unfortunately, it is orally
inactive and has a high plasma clearance with a half-life of
5-10 min. Therefore, long subcutaneous infusions (8-12 h/
day, five to seven times per week) are required to maintain
an adequate chelator concentration in the blood. The
expense and complexity of the treatment limit its use,
particularly in some underdeveloped countries. Even in those
countries where it is used, the difficulty of the regimen
substantially lessens the patient’s quality of life (1-3).
Clinical trials have shown that deferiprone promotes urinary
iron excretion comparable to DFO. Although deferiprone is
orally available, the chelating efficacy is limited by competing
rapid biotransformation with up to 85% metabolized to a
nonchelating 3-o-glucuronide conjugate. To keep patients in
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negative iron balance, a dose as high as 75-100 mg/kg of body
weight per day is needed. Furthermore, deferiprone-related
adverse effects, such as arthralgia, severe neutropenia, or
agranulocytosis, have also been reported (2-4).

The clinical limitations of DFO and deferiprone have
caused a concerted search for more effective oral iron
chelators. Such candidates would be readily absorbed.
Hepatic first-pass effects should at most be intermediate so
that adequate chelation might also potentially occur outside
liver in nonhepatic regions. The resultant chelates should be
efficiently eliminated from the body without redistribution.
In addition, the chelates formed in the gastrointestinal lumen
after oral administration should not enter the body. Other-
wise, dietary iron (e.g., 5-6 mg per 1000 kcal and a total daily
iron intake of 12-18 mg in a typical Western diet) could poten-
tially be brought into the body via orally ingested chelators.

Rapid preclinical screening of both chelators and their
iron chelates could assist in identifying potential new orally
administered candidates. Caco-2 cells are an epithelial cell
line originally derived from a human colorectal adenocarci-
noma. When cultured on the permeable membrane filter,
these cells spontaneously differentiate into enterocytes and
form polarized monolayers, possessing distinct apical, baso-
lateral membranes and tighter junctions between adjacent
cells. The apical side has a well-developed brush border with
transport systems, enzymes, ion channels that mimic the
characteristics of the small intestine. Because of these
properties, the Caco-2 cell model has become an important
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tool in the in vitro assessment or prediction of oral
permeability in humans. Importantly for our studies, Caco-2
cells also express the key genes and proteins involved in iron
transport and storage, including the divalent metal transporter
(DMT1), transferrin receptor, ferritin, iron-regulated trans-
porter (IREG1), plasma ferrireductase activity, Dcytb, and
hephaestin (5-10). This is important for evaluating the
potential intestinal transport of iron chelates.

The purpose of this study was to establish rapid pre-
clinical screening methodologies for both chelators and their
iron chelates. Given the intended oral administration of new
molecules, we chose to use Caco-2 as a model system to
investigate the intestinal transport of several iron chelators
and chelates representing different classes of molecular
structure. Fundamentally, our goal was to contrast the
bidirectional transport of the selected molecules and to
estimate basic kinetic properties associated with their intes-
tinal absorption. We report herein our observations with
chelators that are either currently in preclinical development
(CP363 and CP502), in phase III clinical trials (ICL670), or in
clinical use (DFO and deferiprone) (11,12). The molecular
structures of these compounds are shown in Fig. 1.

MATERIALS AND METHODS
Materials

Caco-2 cells (HTB-37, passage 18) were obtained from
the American Type Culture Collection (Rockville, MD, USA).

1.DFO
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Dulbecco's modified Eagle's high glucose medium (DMEM),
fetal bovine serum (FBS), nonessential amino acids, tryp-
sin—ethylenediaminetetraacetic acid (EDTA), and penicillin/
streptomycin were obtained from Invitrogen (Toronto, ON,
Canada). Tissue culture plastics and polycarbonate Transwell®
filters with a pore size of 0.4- and 12-mm diameter were
obtained from Corning-Costar (Corning, NY, USA).

Other than as indicated, all chemicals and reagents were
obtained from Sigma (Oakville, ON, Canada). CP363 and
FeDFO were gifts from Dr. R. Hider (Department of
Pharmacy, King’s College of London, UK); deferiprone and
Fe(deferiprone);, CP502, Fe(CP502);, ICL670, Fe(ICL670),,
and Fe(CP363); were provided from Apotex Inc. (Toronto,
ON, Canada). Sodium fluorescein was obtained from Molec-
ular Probes, Inc. (Eugene, OR, USA).

Cell Culture

Caco-2 cells were maintained in DMEM containing
2 mM L-glutamine, supplemented with 10% FBS, 0.1 mM
nonessential amino acid, 100 U/ml penicillin, and 100 pg/ml
streptomycin. The cells were cultured at 37°C in a humidified
atmosphere with 5% CO,. Cells were passaged at 80-90%
confluence using 0.05% trypsin-EDTA, and medium was
changed every other day during T-flask culture. To prepare
monolayers for transport studies, Caco-2 cells (passages 20-40)
were cultured on polycarbonate Transwell inserts (above) in
12-well plates at a density of 62,000 cells/cm?. Cells were fed
24 h postseeding and then every other day before use.
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Fig. 1. Molecular structures of iron chelators. Deferoxamine (DFO) (1) is a hexadentate hydroxamate
iron chelator naturally secreted from the microorganism Streptomyces pilosus. It forms a 1:1 iron
complex. Deferiprone (2), CP363 (3), and CP502 (4) belong to the family of bidentate 3-hydroxypyridin-
4-one ligands and form a 1:3 iron complex. ICL670 is a tridentate ligand, and it forms a 1:2 iron complex.
pFe®" is defined as the negative logarithm of the free Fe** concentration. It is determined at iron and
chelator concentrations of 1 and 10 uM, respectively, at pH 7.4. The iron complex form and its pFe**
values are listed under its chelator molecular structure.
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Transport Studies

Transport studies were conducted on the Caco-2 mono-
layers after 21-23 days in culture. Other than ICL670, all
compounds were prepared in the Krebs—Ringer buffer
(KRB) containing 10 mM HEPES (pH 7.4), 25 mM glucose,
1.1 mM MgCl,, 1.25 mM CaCl,, 114 mM NaCl, 5 mM K(l,
20 mM NaHCOs;, 1.65 mM Na,HPO,, and 0.3 mM NaH,PO,.
ICL670 was first dissolved in dimethyl sulfoxide (DMSO)
then diluted in KRB to give a final maximum DMSO
concentration of 1% v/v. For studies of the corresponding
iron complex, an equal molar concentration of its chelator
was included to limit the possibility of iron dissociation from
its complex. Other than CP363, all chelators and chelates
were tested at a concentration of 500 uM. CP363 was tested
using concentrations from 100 uM to 5 mM.

On the day of the experiment, cell monolayers were first
washed three times with prewarmed KRB and then incubat-
ed in the buffer with 0.5 ml added to the apical side and
1.5 ml to the basolateral side for 2-3 h at 37°C until the
transepithelial electrical resistance (TEER) value reached its
steady state. TEER values were measured using EVOM®
epithelial voltohmmeter (Millipore, Billerica, MA, USA).
The preincubation buffer was then aspirated and replaced
with new KRB containing the test compound added either to
the apical (apical to basolateral transport, A-to-B) or the
basolateral (basolateral to apical transport, B-to-A) chamber.

The experiments were performed at 37°C with constant
mixing on an orbital shaker at a speed of 50 rpm. Samples
were collected under two experimental conditions, designat-
ed as sink and nonsink conditions. Under sink conditions,
samples from the receiver chamber were collected and
replaced with prewarmed KRB at specific time points (30,
60, 90,120, or 180 min). The remaining medium in the donor
chamber was also collected at the end of experiment. For
nonsink conditions, samples from both donor and receiver
chambers were collected after each incubation period. TEER
values were measured before and at set times during the
course of the experiment. Sodium fluorescein (10 pg/ml in
KRB) was added to the donor chamber at the end of ex-
periment, and the leakage of sodium fluorescein was detected
from the receiving chamber after 60-min incubation.

Huang, Spino, and Thiessen

A decrease in TEER and leakage of fluorescein marker
is indicative of cellular disruption or membrane damage
during the experiment. No membrane damage was observed
in the studies.

Mass Balance Study

Mass balance was determined by analyzing samples
collected from both the donor and receiver chambers at the
end of the experiment. This approach permitted potential
cellular accumulation, metabolism, or adsorption of probes to
the plasticwares from clouding the observations. Recovery
was calculated as the total mass transferred into the receiver
chamber along with the mass remaining in the donor
chamber vs. the initial mass added to the donor.

Distribution Coefficient

Octanol/buffer distribution coefficients (log D74) were
determined spectrophotometrically as described by Streater
et al. (13) for both chelators and their chelates. Briefly,
chelators or chelates were prepared at a concentration of
between 0.1 and 0.5 mM in KRB (pH 7.4) and equilibrated
with a volume of octanol by shaking overnight at 25°C. The
concentration was chosen to give a UV absorbance of 0.8-1.3
before octanol extraction, whereas the volume of octanol was
chosen to give a decrease of between 30 and 70% in the
absorbance of the buffer layer after equilibration. The wave-
length used for each compound was identical to that used in
high-performance liquid chromatographic (HPLC) analysis
in Table I. The log D74 of chelates was detected in the
presence of an equal mole of their chelators.

Analytical Methods

The HPLC system was a Hewlett-Packard 1050 Series
(Waldbronm, Germany) and consisted of an HP 1050 Series
pump, an HP 1050 Series autosampler (1-100 pl), and an HP
1050 Series UV-visible detector (200-500 nm) controlled by
a computer employing the HP ChemStation software. An
Xterra MS 18 (C-18) column from Waters (5 pm; 4.6 x 250 mm;
Milford, MA, USA) was used for the determination of ICL670,

Table I. HPLC Conditions for the Analytics

Mobile phase

Detection Flow rate

Column Buffer ACN (%) (nm) (ml/min)
Deferiprone Hamilton, C-18 95% H,O TFA, pH 1.5 5 280 0.8
CP363 Hamilton, C-18 85% H,O TFA, pH 1.5 15 280 0.8
CP502 Hamilton, C-18 88% H,O TFA, pH 1.5 12 280 0.8
ICL670 Xterra, C-18 40% 2 mM EDTA in 10 mM MOP, pH 7.4 15 280 0.8
DFO Xterra, C-18 85% 10 mM Tris-HCI, pH 7.4 15 214 0.8
Fe(deferiprone)s Xterra, C-18 88% 0.5 mM deferiprone in 10 mM Tris-HCI, pH 7.4 12 430 0.8
Fe(CP363)s Xterra, C-18 65% 0.5 mM CP363 in 10 mM Tris-HCI, pH 7.4 35 430 0.8
Fe(CP502); Xterra, C-18 88% 0.5 mM CP502 in 10 mM Tris-HCI, pH 7.4 12 430 0.8
Fe(ICL670), Xterra, C-18 88% 0.1 mM ICL670 in 10 mM Tris-HCI, pH 7.4 12 430 0.8
FeDFO Xterra, C-18 88% 0.1 mM DFO in 10 mM Tris-HCI, pH 7.4 12 430 0.8

HPLC: High-performance liquid chromatography; ACN: acetonitrile; TFA: trifluoroacetic acid; EDTA: ethylenediaminetetraacetic acid;

MOP: 3-(N-morpholino)-propanesulfonic acid.
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DFO, and all iron chelates; a Hamilton PRP-1 polymer column
(C-18) (5 um; 4.6 x 200 mm; Reno, NV, USA) was used for
deferiprone, CP363, and CP502. The HPLC conditions are
listed in Table 1. The sample injection volume was 100 pl. The
compounds were identified according to peak retention times
and UV spectra. The concentrations of compounds were
determined by UV detection (214 nm for DFO, 280 nm for all
other chelators, and 430 nm for the chelates) with reference to
linear (¥ > 0.99) calibration curves (data not shown).
Calibration standards for each compound were prepared in
the transport buffer and run on each day of analysis. The limit
of quantitation (LOQ) for deferiprone, CP363, CP502, and
ICL670 was 0.5 uM, whereas 1 uM was the LOQ for DFO and
all iron chelates. All the measurements were performed at
ambient temperature. Samples were analyzed either after
collection or stored at —20°C until analyzed in less than a
1-week period. Stability of molecules was maintained during
any brief storage.

Sodium fluorescein was determined via a 96-well plate
reader from Molecular Devices (Sunnyvale, CA, USA) at an
excitation wavelength of 488 nm and emission wavelength of
530 nm.

Calculations
Apparent Permeability Coefficient

Apparent permeability (P,pp, cm/s) was calculated using
the following equations:

Sink conditions: Py, = (dQ/dt)/(A-C,) (1)
Non-sink conditions: (2)
Papp = Vg+(dCr/dt) /[A-(Cp—Cr)]

where dQ/dt (nmol s™') is the flux rate of mass transport
across the monolayers, A is the surface area of the insert
membrane (1.13 cm?), and C, is the initial concentration
(uM) of the compound in the donor chamber. Cp and Cr are
the drug concentrations at the donor side and receiver side,
respectively. Vg is the volume of the receiver chamber. The
flux rates were determined by plotting the cumulative
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amount of test compound permeated as a function of time
and determining the slope via linear regression.

Kinetic Model and Parameter Estimation

A three-compartment model with first-order transfer
constants was used to describe chelators across Caco-2
monolayers. A schematic description of the model is shown
in Fig. 2.

The following equations define the drug concentrations
at any given time (¢) in the apical, cellular, and basolateral
compartments [C,(?)], [Cc(2)], and [Cy(?)], respectively.

For A-to-B directional transport:

Ca(f) = (_k12CaVa + k21Cch)/Va (3)
Co(t) = (—iknnCo Vo + ka3 CVe) / Vs 4)
Cc(t) = (klzCaVa - (kzl + k23)CCVC)/VC (5)

For B-to-A directional transport:

Co(t) = (—ik1nCyVia + ka1 CeVe) [V (6)
Co(t) = (—knCyVy + kn3CeVe) Vi (7)
Ce(t) = (knCoViy — (ka1 + k23)Ce V) / Ve (8)

where ki, and k3, are influx rate constants from the apical
and the basolateral to the cellular compartment, respectively,
whereas k,; and k,; present efflux rate constants for
chelators’ flux out from cellular compartment to the apical
and basolateral chambers, respectively. iks, and ik, are the
corresponding back-diffusion rate constants for A-to-B and
B-to-A transports. However, it was assumed that under
experimental sink conditions, there is no back-diffusion once
molecules enter the receiving chamber, where iks; and ik,
are equal to 0. V is the volume of the compartment with V, of
0.5 cm® for the apical, Vj of 1.5 cm?® for the basolateral, and
V. of 0.028 cm® for the cellular compartment of a Caco-2
monolayer with an area of 1.13 cm? The cellular volume of
0.028 cm® was calculated on the geometrical dimensions of
the Transwell insert with a radius of 6 mm and a height of the

A-to-B B-to-A
v
v K,/ ik, Ky
B, —2
Apical Compartment P _ Cell Monolayer — Basolaterél Ctor\rllpartment

C,()V, ks, C. (V. ks, / ks, »OVs
V,=0.5 (ml)
V, = 1.5 (ml)
V. =nR*h

Fig. 2. Schematic presentation of the Caco-2 model containing an apical compartment, a cell monolayer
compartment, and a basolateral compartment. C(¢) is the drug concentration at any given time. C, and Cy,
represent the concentrations in the apical and the basolateral chambers, respectively, whereas C. is
representative of the concentrations in the cellular compartment. V is the volume (ml) in the apical
chamber (V,), basolateral chamber (V},), and the cell monolayer (V.). V. was calculated from the
equation of tR*h, where 7 is 3.14, R is the radius of the Transwell insert (6 mm), and / is the height of the
monolayers (25 uM) estimated from the image of light microscopy of Caco-2 monolayers by Liang et al.

(28).
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monolayers of 25 um (28). Nonlinear least-squares regression,
using Scientist (MicroMath, St. Louis, MO, USA), was used
to fit the concentration-time data from both directional
transport studies simultaneously to estimate ki, k3p, ko1,
and k23.

Distribution Coefficient

The distribution coefficient was defined as the ratio of
the concentration of chelators or chelates in octanol to that in
KRB. It was calculated from:

log D = log [(Abs; — Abs;)Vg/Abs, V| 9)

where Abs; is the absorbance of test compound in KRB
before octanol extraction, whereas Abs; is representative of
the absorbance after octanol extraction. Vg is the volume of
KRB, and V, is the volume of octanol.

Statistical Analysis

The results herein are expressed as the mean + SD.
Statistical significance was determined via a nonpaired
Student’s ¢ test (between two groups) or by analysis of
variance and Duncan's multiple range test (more than two
groups). Values of p exceeding 0.05 were considered
insignificant.

RESULTS
HPLC Methodology

Calibration curves containing chelators or chelates were
constructed over the analytical range of 5-500 uM by using

A-to-B
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the analytes in transport buffer at pH 7.4. Linear regression
defined the relationship between peak areas and on-column
injected amounts (in nanomoles). For all compounds, corre-
lation coefficients of 0.999 were obtained for the on-column
ranges (0.125-50 nmol). Intraday accuracy and precision
were determined using two different concentrations, with
five to six replications per concentration. This was repeated
on three separate occasions to identify the interday accuracy
and precision. For all chelators and their chelates, the intra-
and interday coefficients of variation were less than 5%.
Using a signal-to-noise ratio of 10, the LOQ for deferiprone,
CP363, CP502, and ICL670 in the solution was 0.5 uM
(0.05 nmol injected), whereas 1 uM (0.1 nmol injected) was
the LOQ for DFO and all chelates.

Integrity of Caco-2 Monolayers

The tight junctions (paracellular permeability) of cell
monolayers were evaluated by measuring TEER values and
by studying the permeability of sodium fluorescein, a
hydrophilic marker, across the monolayers. The measured
TEER values were 344 + 96 Q cm? (mean + SD; n = 193). The
permeability of sodium fluorescein (10 pg/ml) from both
directions was tested on the monolayers with a TEER value
of 212 £ 19. Less than 0.01% of sodium fluorescein was
recovered from the receiver chambers for transport in both
directions.

Transport of Chelators and their Chelates across
Caco-2 Monolayers

The Pjpp, values from bidirectional transport of chelators
and their chelates are summarized in Fig. 3. No significant
decrease in TEER values was observed for all chelators and
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Fig. 3. Bidirectional transport of iron chelators and their chelates. Left panel shows the apparent
permeability coefficient (P,pp) values from A-to-B transport of chelators and their chelates. Right panel
represents the results from B-to-A transport of these compounds. The inserts from both panels show %
TEER changes after incubation with the test compounds. Data are presented as mean + SD (n = 4-6

monolayers).
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their chelates at a concentration of 500 uM during and at the
end of the incubation period from the apical to the baso-
lateral direction as well as from the basolateral to the apical
direction (Fig. 3 inserts). No fluorescein leakage (less than
0.01%) was detected from the receiving chambers for both
directional transport studies at the end of the study for all
cases. This indicated that the monolayers remained intact
throughout the incubation period, and the chelators and their
chelates had no toxic effect on Caco-2 monolayers at the
concentrations tested.

Mass balance study showed 85-110% recovery for all
compounds. No metabolites or other degradation products
were observed in the HPLC analysis.

Bidirectional Transport of Deferiprone, CP363, CP502,
and ICL670

Bidirectional transport of this group of chelators was
performed under experimental sink conditions to avoid
potential bias by back-diffusion of a significant amount of
drug from the receiving chamber. The permeability coeffi-
cients from both directions were measured in the absence of
a pH gradient (pH 7.4 at both the apical and the basolateral
chambers) at a concentration of 500 pM.

The P,p,;, values calculated from the slope of the curves
(Fig. 4) are summarized in Table II. No significant differ-
ences in the P,p, values from A-to-B vs. B-to-A transport of
CP502, deferiprone, and ICL670 were found, whereas a
significant difference was observed for the transport of
CP363; CP363 was transported considerably faster from B-
to-A than from A-to-B.
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200+ = A-to-B
- B-to-A
150
- i
E
£ 100
&
o
50
0 T T T T T 1
0 25 50 75 100 125 150
Time (min)
ICL670
2 -
00 = A-to-B
. B-to-A
1504
2
E
£ 100
o
=]
50 /
0 T T T T T 1
0 25 50 75 100 125 150
Time (min)

Qg (nmole)

285

Transport of DFO and Iron Chelates

Our initial transport studies using DFO and some of the
iron chelates showed that little of these compounds were able
to cross Caco-2 monolayers. Therefore, for these species, the
transport study was conducted under experimental nonsink
conditions without a pH gradient. After 60-min incubation,
amount of drugs detected from receiving chamber was used
to calculate P,p,, values. For iron chelates, to eliminate the
potential dissociation of iron from its chelator, an equimolar
concentration of its chelator was included in the solution.

Neither DFO, Fe(CP502);, nor Fe(ICL670), was able to
cross the Caco-2 monolayers from either direction. However,
small amounts of Fe(CP363); and Fe(deferiprone); were
recovered from the receiving chambers from transport in
both directions. The calculated P,, values for Fe(CP363);
are 4.47 x 1077 £ 0.59 cm/s for A-to-B and 2.52 x 1077 £0.25
cm/s for B-to-A, whereas 7.80 x 1077 + 1.48 and 1.34 x 10~
+ 0.27 cm/s were the calculated values for Fe(deferiprone)s
from A-to-B and B-to-A transport, respectively. Mass
balance showed that essentially 100% of these compounds
were recovered from the sum of transported and
untransported chambers (data not shown).

Transport of CP363: Concentration
and pH-Dependent Studies

To evaluate further whether the asymmetric transport of
CP363 is concentration dependent, bidirectional transport of
CP363 was tested. The experiments were again performed

deferiprone
200
= A-to-B
- B-to-A
150
100
50 - ”
0 T T T T T 1
0 25 50 75 100 125 150
Time (min)
CP502
10 = A-to-B
+ B-to-A
8
E 6
=] .
£
£
g 44
o
24
0 T T T T T 1
0 25 50 75 100 125 150
Time (min)

Fig. 4. Time-dependent transport studies. The experiments were conducted under sink conditions from
A-to-B and B-to-A directions. Cumulative amount of the drug (Qg, nmol) defines movement of drug
into the receiving chamber. The flux rate (dQ/dr) from the slope of the curve was used to calculate Pypp.
Data are presented as mean = SD (n = 4-6 monolayers).
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Table II. Permeability Coefficients and Physicochemical Properties
of Chelators and their Chelates

Permeability
coefficients
Ppp (x107° cm/s) Distribution

coefficients log D

Compound A-to-B B-to-A (octanol/buffer pH 7.4)
Deferiprone 223+12 185+08 -0.8
CP363 31.8+1.8 42.9+48" -0.7
CP502 16+05 15+05 -1.6
ICL670 166 13 17.5+0.3 —-0.1
DFO u.d. u.d. -1.7
Fe(deferiprone); 0.8+02 0.1 +0.0 -2.0
Fe(CP363); 05+01 03+0.0 -1.1
Fe(CP502); u.d. u.d. -2.0
Fe(ICL670), u.d. u.d. -19
FeDFO u.d. u.d. -1.8

Values are mean + SD (n = 3-6 monolayers) or mean of two
measurements without SD; A-to-B represents the measurement from
the apical to the basolateral direction, whereas B-to-A is from the
basolateral to the apical side.

P,pp: permeability coefficient measured from Caco-2 monolayers; log
D: distribution coefficient; u.d.: undetectable.

“p < 0.05.

under sink conditions with a non-pH gradient system. Unsa-
turable transport of CP363 (0.1-5 mM) was observed (Fig. 5).
This suggested that the permeability of CP363 is not concen-
tration dependent, and CP363 is passively absorbed.
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Previous studies have demonstrated that the pH on the
apical donor side can significantly affect transport of weak
acid/base compounds because of molecule ionization (14). In
addition, pH also plays an important role in the permeability
of compounds utilizing proton-coupled transporters. There-
fore, the pH effect on transport of CP363 was also tested.
Under experimental conditions, CP363 was transported in
the A-to-B direction with pH varying from 5.4 to 8.4 at the
apical side and a pH of 7.4 at the basolateral side. No sig-
nificant differences were observed in the P, values (Fig. 6)
at the tested pH conditions compared to the values obtained
with a pH 7.4 in both chambers.

TEER values were not significantly altered over the
tested pH range. However, the permeability of sodium
fluorescein was significantly increased from less than 0.01%
at pH 7.4 to 7% at pH 5.4. Because TEER values were not
affected under the experimental conditions, the leakage of
sodium fluorescein at pH 5.4 may be caused by transport of
the unionized form of sodium fluorescein.

To test further whether experimental methods had any
effect on the estimated permeabilities of iron chelators, trans-
port was compared under sink and nonsink conditions. The
permeability of CP363, CP502, and ICL670 at 500 uM was
tested in the A-to-B direction under nonsink conditions at pH
7.4. Samples were collected from both donor and receiver
chambers at each time point. Each value was generated from
three individual Transwell inserts. The appearance and
disappearance kinetics are shown in Fig. 7. A similar P,y
was obtained under sink and nonsink conditions for CP363
and ICL670, but not for CP502.
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Fig. 5. The effect of concentration on A-to-B and B-to-A CP363 transport in Caco-2 monolayers. A and
C: The apparent permeability coefficients obtained from A-to-B and B-to-A transport studies,
respectively. A linear relationship between the A-to-B and the B-to-A flux was observed from 100 to
5000 uM (B and D, respectively). Each bar and data point represents the mean £ SD (n = 34

monolayers).
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Fig. 6. The role of pH in the transport of CP363 from the apical
(pH 5.4-8.4) to the basolateral (pH 7.4) direction across Caco-2
monolayers. Compared to pH 7.4, no significant differences were
observed in the apparent permeability coefficient (P,pp) at the tested
pH conditions. Specific comparisons with pH 7.4 values were as
follows: for pH (5.4:7.4), p = 0.30; for pH (6.5:7.4), p = 0.92; for pH
(8.4:7.4), p = 0.47. Each bar indicates the mean + SD (n = 3-4
monolayers).

Kinetic Parameter Estimation

Using a three-compartment model, we were able to simul-
taneously fit all data collected from both directional transport
studies under experimental sink conditions. The rate constants
influx and efflux from both the apical and the basolateral
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membranes are summarized in Table III. The relationships
reflecting best fits are shown in Fig. 8. The kinetic analysis also
supports the view that the Caco-2 efflux constants for the tested
chelators are generally greater than the cellular influx constants.

Distribution Coefficient

Lipophilicity, ionization state, and molecular size are
three major factors that influence the ability of a compound
to freely permeate a lipid membrane (15,16). In general, a
compound should possess appreciable lipid solubility (—0.5 <
log D74 < 2) to facilitate penetration of the gastrointestinal
tract and achieve efficient oral absorption (13,15). To test
whether oral absorption of chelators and their chelates can
be also predicted by their molecular structures, we measured
log D of the chelators and their chelates at pH 7.4 using
octanol as organic solvent and KRB as the aqueous buffer
system. The log D74 values (Table II) ranked in decreasing
order were as follows: ICL670 > CP363 > deferiprone >
Fe(CP363); > CP502 > DFO > FeDFO > Fe(ICL670), >
Fe(CP502); Fe(deferiprone)s;. The chelates, except
FeDFO, are more hydrophilic than their chelators.
Fe(CP502);, Fe(CP363);, and Fe(deferiprone); are 2.3, 2.5,
and 2.5 times more hydrophilic than CP502, CP363, and
deferiprone, respectively. For ICL670, a 68-fold difference
was obtained. Fe(ICL670), is much more hydrophilic than
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Fig. 7. The A-to-B permeability of CP363, CP502, and ICL670 at 500 uM under nonsink conditions.
P,y values were calculated from the flux rate generated from 0 to 90 min and compared to the values
obtained under sink conditions (D). A significant difference was observed for CP502 between nonsink
and sink conditions (p = 0.014), whereas the experimental conditions had no effect on the transport of
CP363 (p = 0.44) and ICL670 (p = 0.23). Data are presented as the mean + SD (n = 3-4 monolayers for
each time points). A-C: The concentration of each compound appearing and disappearing from receiver
(®) and donor (V) chambers, respectively, as a function of time.
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Table III. Rate Constants Estimated from the Computer Fitting

k12 (1/m1n) kz] (1/m1n) k23 (1/m1n) k32 (l/mln)
Deferiprone 0.01 0.05 0.30 0.01
CP363 0.02 0.15 0.16 0.01
CP502 0.00 0.03 0.33 0.00
ICL670 0.01 0.23 0.28 0.00

ICL670. No significant difference was detected between
DFO and FeDFO.

DISCUSSION

The Caco-2 cell model has become an important tool in
the in vitro assessment and prediction of oral permeability in
humans. Whereas this cell model has been widely used as an
early screening tool for the prediction of in vivo intestinal
drug absorption for a variety of molecules, and has also been
used in studies of iron absorption (17-19), it has not been
widely utilized as a model system for iron chelator develop-
ment. Thus far, despite reports of numerous molecules being
synthesized and tested in animal models, only three studies
have tested iron-chelating agents in Caco-2 cells (20-22). The
present report is, we believe, the first comprehensive
bidirectional transport study of iron chelators from three
classes of molecular structures, including hexadentate, tri-
dentate, and bidentate compounds, and their iron chelates in
Caco-2 monolayers. In addition to determining the mass
transport of molecules across Caco-2 monolayers, we have
also developed a kinetic model to describe the dynamic
movement of chelators from the identifiable cellular com-
partments.
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The apparent permeability coefficients for iron chela-
tors, from both the A-to-B and the B-to-A directions, ranked
in decreasing order were as follows: CP363 > deferiprone >
ICL670 > CP502 > DFO. With the exception of ICL670, a
good agreement is obtained with log D,4. For CP com-
pounds, the higher the lipophilicity, the faster the compound
seems to be transported across the monolayers. DFO is not
able to cross Caco-2 monolayers, consistent with the under-
standing that DFO is not absorbed and cannot be given orally
because of its high molecular weight (>500) and low lip-
ophilicity (log D74 < —0.5). Although ICL670 is the most
lipophilic chelator in our study, it is less permeable compared
to CP363 and deferiprone. Because DMSO was needed to
dissolve ICL670, we also tested the effect of DMSO on the
integrity of the monolayers and the permeability of another
chelator (CP363). DMSO at 1% has no effect on the TEER
values of the monolayers during the 2-h incubation period. It
also did not alter the permeability of CP363 (data not
shown). In addition to the lipophilicity, membrane perme-
ability may also be influenced by the ionic state of the com-
pound, with the uncharged molecules generally penetrating
cell membranes more readily than charged molecules (23).
ICL670 is charged at pH 7.4 because of its benzoate group,
whereas CP363 and deferiprone are uncharged at pH 7.4.
This may, in part, contribute to observed differences in
transport of ICL670, CP363, and deferiprone in the Caco-2
model. Regardless, our studies have demonstrated that for
series of homologous compounds, there is a good agreement
between their physicochemical properties and the Caco-2
permeabilities. However, when structural diversity is intro-
duced, such relationships are generally weaker (24,25).

Nonpolar transport of CP502, deferiprone, and ICL670
from both directions suggests that these compounds are
passively transported, whereas asymmetric transport of
CP363, P,pp (B-to-A) > P,,, (A-to-B), suggests that efflux
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Fig. 8. Computer fitting for bidirectional transport of CP363 (A), ICL670 (B), CP502 (C), and deferiprone
(D) under experimental sink conditions. A-to-B: transport from the apical to the basolateral direction;
B-to-A: from the basolateral to the apical side. The dashed and solid lines represent the lines of best fit

generated by the computer-fitting process.
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mechanisms may play a role in the transport of CP363. To
test this possibility, a concentration dependence study was
performed. A linear relationship between A-to-B and B-to-A
transport of CP363 was obtained. However, because of the
limitation of the analytical method, we were not able to test
concentrations lower than 50 uM. Nonetheless, this result
suggests that passive diffusion is primarily responsible for
CP363 transport across Caco-2 monolayers; if any active
efflux mechanism is involved, its capacity must already be
taxed under the tested concentrations.

We also examined the potential influence of P-glyco-
protein (Pgp) on transport of CP363. The effect of CP363 on
the permeability of Rhodamine-123, a Pgp substrate, was
investigated. Our preliminary study showed that CP363 at
500 pM did not increase the P,p, value of Rhodamine-123
transported from the A-to-B direction, whereas a known Pgp
substrate (verapamil at 200 uM) significantly increased the
Rhodamine-123 transport (data not shown). Because pH
might also play an important role in the transport of weak
acid/base compounds, as well as in the permeability of com-
pounds utilizing proton-coupled transporters, it might not
have been surprising to observe pH-dependent CP363 tran-
sport from A-to-B. However, in our findings, a pH gradient
did not alter the transport of CP363 in the A-to-B direction.

Taken together, the Pgp substrate competition and pH-
dependent transport studies suggest that CP363 is not a
substrate for Pgp, and pH has little effect upon its transport.
An explanation or underlying mechanism for the apparent
asymmetric transport of CP363 remains to be identified.
Further investigations may require a more sensitive analytical
methodology, perhaps by using radiolabeled CP363, and
further studies that test a broader array of potential transport
inhibitors.

Among the iron chelates, Fe(CP502)3, Fe(ICL670),, and
FeDFO were not able to cross Caco-2 monolayers from
either direction. In contrast, Fe(CP363); and Fe(deferi-
prone); were detectable in the receiving chamber in both
directions. However, the amount transported over a 2-h period
is less than 0.5% of the applied dose (P.pp < 1077 cm/s).
Because of the limitations of HPLC method, which contained
the chelator in the mobile phase, we were not able to identify
the nature of the iron transported across the monolayer,
namely, as Fe** or as its 1:3 chelate complex.

The transport of chelates has no correlation with their
lipophilicities, which, ranked in decreasing order, were
Fe(CP363); > FeDFO > Fe(ICL670), > Fe(CP502); =
Fe(deferiprone);. Transport of Fe(deferiprone)s; across
Caco-2 monolayers was also reported previously by Hamilton
et al. (20). In their study using *Fe as a tracer, a P,pp value as
high as 2.3 x 10~ cm/s was reported. This value is about ten
times higher than the value from our findings. However, both
studies have a very similar P,,, value for deferiprone
transport across the monolayers (2.2 x 107> vs. 1.3 x 1073
cm/s, ours vs. theirs, respectively).

Other than DFO, the chelators in the study can cross
Caco-2 monolayers from both directions, but once they form
iron complexes, the permeability of the chelate is altered.
The fact that iron chelates, Fe(CP502);, Fe(ICL670),, and
Fe(DFO), did not pass through Caco-2 monolayers suggests
that these iron chelates, if present in the intestine, will not be
absorbed.
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Prediction of Intestinal Permeability in Vivo

Caco-2 monolayers have been demonstrated to be an
excellent model to study transport of rapidly and completely
absorbed drugs and to predict absorption of this class of
drugs in the human intestine (24). It has been demonstrated
that compounds that have P,p, values above 1 x 107° cm/s
are completely absorbed (>70%) after oral administration in
humans; for moderately absorbed compounds (20-70%), the
P, values are between 1 x 10"%and 1 x 107> cm/s, and for
poorly absorbed compounds (<20%), P, values are less
than 1 x 107 cm/s. Using this as a guideline, deferiprone,
CP363, and ICL670 would be predicted to exhibit high
bioavailability after oral administration, CP502 to be
incompletely absorbed, and DFO should not be absorbed.
Also, their chelates Fe(CP363); and Fe(deferiprone); would
be poorly absorbed (<20%), whereas FeDFO, Fe(CP502)3,
and Fe(ICL670), should not be absorbed at all. These
predictions have been supported through a combination of
clinical and preclinical studies for deferiprone, ICL670, and
the animal studies of CP363 showing a high bioavailability
(26). Because of the low aqueous solubility of ICL670,
DMSO was needed to promote solubility, and thus, the
comparative permeability with the more soluble hydro-
xypyridinone chelators may not be clinically relevant because
ICL670 might normally be less soluble in the GI fluids. As
predicted, DFO is clinically relegated to administration via
infusion because of its low bioavailability. However, the
prediction for CP502 absorption seems to underestimate its
oral bioavailability, as a rat study conducted in our laboratory
showed >80% bioavailability of CP502 (27). The limited
membrane permeation of CP502 on Caco-2 cells is likely
owing to its low lipophilicity.

A potential correlation between in vitro transport
studies and in vivo absorption of the iron chelates remains
to be tested. Because of the instability of the chelates under
acidic (gastric) conditions, studies to identify the bioavail-
ability of chelates could be problematic. However, in situ
intestinal perfusion studies might offer an alternative to
evaluate chelate absorption. Together with the advantage of
the cell culture system to evaluate the permeability of iron
chelates, the Caco-2 model should nevertheless serve as an
early screening system for oral iron chelator development.
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