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Synergistic effect of EDTA and boric acid
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Abstract

In order to investigate the effects of EDTA and boric acid (EDTA/boric acid) on the corneal penetration of CS-088, an
ophthalmic agent, the apparent permeability coefficient of CS-088 in the presence of EDTA/boric acid across the isolated
corneal membranes of rabbits was measured using an in vitro penetration chamber system. FITC-dextran (M.W. 4400) and
an electrical method based on membrane resistance were used to provide a quantitative assessment of the enhancing effect of

1.6-fold.
oth EDTA
anes were
ed in de-
as 24-fold
eability of

od
ove
have
EDTA/boric acid.
The corneal penetration of CS-088 was significantly enhanced in the presence of EDTA/boric acid by approximately

The permeability-enhancing effect of EDTA/boric acid was apparently synergistic and concentration-dependent on b
and boric acid. The penetration of FITC-dextran, a paracellular marker, and electrical resistance of corneal membr
not affected in the presence of EDTA/boric acid. Furthermore, no enhancing effect of EDTA/boric acid was observ
epithelialized corneas, although de-epithelialized corneas exhibited a markedly higher permeability of CS-088 that w
greater than that for intact corneas. In conclusion, EDTA/boric acid synergistically enhances the transcellular perm
CS-088 in the outer layer but not in the inner layers of the corneal membrane.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Topical instillation is the drug application meth
most commonly used in ophthalmology. To impr
the efficacy of drugs, various types of enhancers
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Fig. 1. Chemical structure of CS-088.

been added to drug formulations. Surfactants (Marsh
and Maurice, 1971), bile salts (Sasaki et al., 1995a;
Saettone et al., 1996), preservatives (Chamber and Ed-
man, 1987; Ashton et al., 1990; Sasaki et al., 1995b;
Madhu et al., 1996), or chelating agents (Sasaki et
al., 1995c; Madhu et al., 1996; Saettone et al., 1996)
are used to promote corneal penetration of the oph-
thalmic agents. However, these enhancers generally ex-
hibit their effects by inducing morphological changes
in the corneal membrane and occasionally lead to ad-
verse effects such as irritation, in large doses (Durand
et al., 1989; Rojanasakul et al., 1990; Grant et al., 1992;
Jean et al., 2000; Meaney and O’Driscoll, 2000; Monti
et al., 2002). Therefore, the amount of penetration en-
hancers should be minimized to prevent undesirable
side effects.

CS-088 is a novel type of anti-glaucoma agent,
an angiotensin AT1 receptor antagonist (Inoue et al.,
2001a,b), which is currently undergoing clinical studies
(Fig. 1). CS-088 ophthalmic solution contains EDTA
and boric acid as a stabilizer and a buffering agent, re-
spectively. It was previously revealed that the in vivo
pharmacological activity of CS-088 in rabbits was syn-
ergistically enhanced by a simultaneous application of
EDTA and boric acid (unpublished data). This syner-
gistic increase is advantageous for formula develop-
ment because the amount of pharmaceutical additives

required in a drug product can be reduced while main-
taining the same pharmacological activity. This study
was conducted to investigate the effects and mecha-
nism of EDTA/boric acid on the corneal penetration of
CS-088 ophthalmic agent using an in vitro penetration
chamber system.

2. Materials and methods

2.1. Materials

CS-088 (4-(1-hydroxy-1-methylethyl)-2-propyl-
1-1[[2′-[1H-tetrazol-5-yl]biphenyl-4-yl]-methyl]
imidazole-5-carboxylic acid) was prepared in the
Process Development Laboratories, Sankyo Co., Ltd.
FITC-dextran (average molecular weight 4400 Da,
FD-4K) was purchased from Sigma Chemical Com-
pany (St. Louis, MO). EDTA and boric acid were
purchased from Kanto Chemical Co., Ltd. and Iwai
Kagaku Co., Ltd., respectively. Methyl parahydroxy-
benzoate (MP) and propyl parahydroxybenzoate (PP)
were purchased from Ueno Pharmaceutical Co., Ltd.
All other chemicals used in this study were of reagent
grade or of the highest possible grade.

2.2. In vitro penetration experiments

Male New Zealand White rabbits, weighing about
2.5–3.0 kg each, were sacrificed by administering an
overdose of a sodium pentobarbital solution via the
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ples (50�L) were withdrawn from each endothelial
solution at specified time points for a period of 2 h. Af-
ter each sampling, 50�L of saline solution was added
to maintain a constant endothelial volume.

2.3. Electrophysiological experiment

After the excised corneal membrane was mounted
in the Ussing chamber, modified Ringer’s solution (pH
7.0, standard solution) composed of 204 mM NaCl,
5 mM KCl, 3.5 mM NaHCO3, 0.95 mM Na2HPO4,
4.85 mM Na2HPO4 2H2O, 1.4 mM MgCl2, and
11.1 mMd-glucose was added to both the donor and re-
ceiver sides of the Ussing chamber. Modified Ringer’s
solutions containing EDTA and boric acid (test solu-
tions) with osmolarity equalized to that of the standard
solution by adjusting the concentration of sodium chlo-
ride, were also prepared. The entire system was prein-
cubated at 34◦C for 20 min until a stable electric po-
tential difference was obtained. Then, the epithelial so-
lution was changed to the test solutions, and incubated
at 34◦C for 2 h. The transepithelial electric resistance
(TEER) was calculated according to Ohm’s law from
the potential difference observed when a small exter-
nal current (0.1 mA) was passed. The resistance of the
standard solution without a corneal membrane was be-
low 12.7� cm2 (not more than 0.5% of the TEER in
the presence of a corneal membrane) and was consid-
ered to be practically negligible compared to the total
resistance.
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Ltd., Kyoto, Japan) in the reverse-phase mode. Chro-
matographic separation was carried out by using an
L-column ODS Waters (4.6 mm i.d.× 150 mm length,
Chemical Evaluation and Research Institute, Japan).
A mixture of 10 mM NaH2PO4 buffer (pH 7.0) and
CH3CN (82:18) was used as a mobile phase, with
a flow rate of 1.0 mL/min. The column effluent was
monitored at 225 nm with a UV spectrophotometer
(SPD-10Avp, Shimazu Co., Ltd., Kyoto, Japan). FD-
4K was detected fluorometrically by passing it through
an HPLC column packed with a stationary phase (In-
ertosil ODS-2 (4.6 mm i.d.× 150 mm length), GL Sci-
ences Inc., Tokyo, Japan) and equipped with a fluores-
cence spectromonitor (RF-10AXL, Shimazu Co., Ltd.,
Kyoto, Japan). A mixture of 10 mM NaH2PO4·2H2O
(pH 7.0) and CH3CN (70:30) was used as a mobile
phase, with a flow rate of 1.0 mL/min. The excitation
and emission wavelengths were 495 and 514 nm, re-
spectively.

2.5. Data analysis

Apparent permeability coefficients (Papp) and the
lag time of CS-088 (FD-4 K) through the corneal mem-
branes were estimated from the slope andx-intercept
of the linear regression line obtained from the graph
plotting the amount of drug accumulated in the receiver
chamber versus time, between 45 and 120 min. All data
were statistically evaluated by analysis of variance fol-
lowed by Student’st-test.
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Fig. 2. Penetration profile of CS-088 across a cornea in the presence and absence of EDTA and boric acid. Each point represents the mean± S.E.
of three experiments.

acid are shown inFig. 2. The lag time,Papp, and the
ratio ofPapp (Papp in the presence of EDTA/boric acid
(test solutions) to that in the absence of EDTA/boric
acid (control)) are summarized inTable 1. When EDTA
and boric acid were individually administered, neither
formulation had significant enhancing effects on the
corneal permeability of CS-088. The ratio ofPapp in
the presence of either EDTA or boric acid was approx-
imately 0.98 or 1.08, respectively. In contrast, when
EDTA and boric acid were administered simultane-
ously, the permeability of CS-088 across the cornea was
significantly enhanced by approximately 1.6-fold. CS-
088 is a highly soluble compound and the solubility of
CS-088 is not affected by addition of EDTA/boric acid.
There is a good correlation between the corneal perme-
ability of CS-088 and the concentrations of EDTA and
boric acid as shown inTable 2. Keeping the EDTA con-
centration constant at 0.005%, it was clear that the per-
meability of CS-088 was enhanced in proportion to the
concentration of boric acid in the range of 0–2%. At the
highest boric acid concentration of 2%, thePappfor CS-
088 was approximately 1.9-fold higher than that of the
control. Similarly, when the boric acid concentration
was kept constant at 1%, the ratio ofPapp with respect
to the control significantly increased by approximately
1.8-, 1.4-, and 2.5-fold at the EDTA concentrations of

0.0005, 0.005, and 0.05%, respectively. It is worthy to
note that a significant enhancement was obtained even
with a low concentration of EDTA (0.0005%) when 1%
boric acid was administered simultaneously.

These results clearly indicate that the permeability-
enhancing effects of EDTA/boric acid were synergis-
tic. This result is in good agreement with that obtained

Table 2
Effect of EDTA and boric acid concentrations on Papp of CS-088

Enhancer Papp (×10−6 cm/s) Ratioa

0.005% EDTA
Control + boric acid 1.32± 0.25 1.00
0.1% 1.79± 0.50 1.36
0.5% 2.09± 0.26 1.59
1% 2.06± 0.38 1.56*

2% 2.56± 0.61 1.94*

1% Boric acid
Control + EDTA 1.43± 0.27 1.00
0.0005% 2.61± 0.44 1.82*

0.005% 2.03± 0.38 1.42*

0.05% 3.59± 0.47 2.51**

Tested solutions (pH 7.0) contain 4% CS-088, 0.033% MP, and
0.018% PP.*P< 0.05, ** P< 0.01 significantly different from con-
trol.

a Ratio ofPapp to control. Values represent means± S.E. of three
experiments.
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Table 3
The effect of EDTA and boric acid onPapp of FD-4 K and TEER

Enhancer Lag time (min) Papp (×10−6 cm/s) Ratioa TEERb (k� cm2) Ratioc

Control 35.2± 3.1 5.56± 0.57 1.00 2.51± 0.20 1.00
+EDTA 35.1± 3.1 6.83± 1.27 1.23 2.48± 0.29 0.99
+Boric acid 39.9± 6.2 5.05± 1.51 0.91 2.50± 0.18 1.00
+EDTA/boric acid 43.0± 2.2 6.30± 1.40 1.14 2.63± 0.23 1.05

Values represent means± S.E. of three experiments.
a Ratio ofPapp to control.
b TEER value at 2 h.
c Ratio of TEER to control.

from the in vivo pharmacological experiment in rab-
bits, where the intra-ocular pressure (IOP) was signifi-
cantly reduced only with the simultaneous application
of EDTA/boric acid (data not shown). The synergistic
effect between EDTA and boric acid has not yet been
reported.

3.2. Mechanism of the synergistic effect

FD-4K was used as a paracellular marker to estimate
the effect of EDTA/boric acid on tight junctions. The
results inTable 3indicated that there were no com-
parable changes inPapp values between the FD-4K
solutions containing EDTA/boric acid and those that
did not (6.30± 1.40 and 5.56± 0.57× 10−6 cm/s, re-
spectively). In addition, to estimate the quantitative ef-
fect of EDTA/boric acid on the paracellular pathway,
TEER measured in the presence of EDTA/boric acid
was compared with that in the absence of EDTA/boric
acid. The TEER values at 2 h and the ratio with re-
spect to control values are summarized inTable 3. The
TEER value in the absence of EDTA/boric acid was
2.51± 0.20 k� cm2 (control). No significant change in
TEER values with the addition of EDTA/boric acid was
observed (2.48± 0.29 for EDTA, 2.50± 0.18 for boric
acid, and 2.63± 0.23 k� cm2 for EDTA/boric acid),
suggesting that EDTA/boric acid had no significant ef-
fect on tight junctions.

Though EDTA has been generally considered to
increase the paracellular permeability by depleting
C ons
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was extremely low compared with the higher 0.1%
(Ashton et al., 1990; Madhu et al., 1996) and 0.5%
(Podder et al., 1992; Sasaki et al., 1995a,b; Saettone et
al., 1996) used in other reported studies. Thus, it was
presumed that loosening of the tight junctions was not
induced. On the other hand, the effects of EDTA on the
integrity of the corneal membrane have also been inves-
tigated.Rojanasakul et al. (1990)demonstrated using
confocal microscopic technologies that EDTA affects
not only tight junctions but also membrane integrity in
rabbits at a concentration of 0.04%. Moreover,Ashton
et al. (1990)suggests that even small perturbations in
the integrity of the corneal epithelium will result in sig-
nificant changes in thePappof hydrophilic compounds.

Based on these findings, it is likely that the
permeability-enhancing effect of EDTA/boric acid was
observed as a result of an improved transcellular per-
meability of CS-088.

To clarify the relative contribution of EDTA/boric
acid on the outer layer (epithelium) and inner layers
(stroma, endothelium) of the corneal membrane, the
permeability-enhancing effect of EDTA/boric acid was
compared between intact and de-epithelialized cornea.
The TEER values of the corneal membranes markedly
decreased from 2.51± 0.20 to 1.84± 0.16 k( cm2 after
removing the corneal epithelium (data not shown).

As a result, the permeability-enhancing effects of
EDTA/boric acid were found to be much lower in the
de-epithelialized cornea (1.06± 0.05 times) than that
in the intact cornea (1.55± 0.13 times). Furthermore,
d ater
i ab-
s
g rved
( d
t r re-
a2+ in the membrane and loosening tight juncti
Rojanasakul and Robinson, 1991; Harris et al., 19),
o significant change in the corneal penetration of
K and TEER was observed under the conditions
loyed here. This could be explained by the fact tha
DTA concentration used in this study (0.0005–0.0
e-epithelialization of the corneas produced a gre
ncrease in the permeability of CS-088 than in the
ence of EDTA/boric acid, and aPapp value 24-fold
reater than that for the intact corneas was obse
Table 4). Previously,Huang et al. (1983)demonstrate
hat permeability-enhancing effects observed afte
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Table 4
Comparison of permeability-enhancing effects of EDTA and boric
acid on intact and de-epithelialized cornea

Enhancer Papp (×10−6 cm/s) Ratioa

Intact cornea
Control 1.32± 0.37 1.00
+EDTA/boric acid 2.03± 0.17 1.55*

De-epithelialized cornea
Control 30.9± 1.74 1.00(23.5)
+EDTA/boric acid 32.9± 1.65 1.06 (24.9)

Figures in parentheses represent the ratio ofPapp to the control of
the intact cornea.

a Ratio ofPapp to control.
∗ P< 0.05 significantly different from control.

moving the corneal epithelium were much greater for
hydrophilic�-blockers than lipophilic ones. CS-088 is
a relatively hydrophilic compound with a partition co-
efficient of approximately−1.80 (logarithmic value be-
tween 1-octanol and pH 7.0 aqueous solution). There-
fore, the 24-fold increase in permeability by the de-
epithelialization is thought to be reasonable.

These results suggest that EDTA/boric acid syn-
ergistically enhances the transcellular permeability of
CS-088 in the outer layer, but not in the inner layers of
the corneal membrane.

The formation of a hydrophobic ion pair (HIP)
could increase the partition coefficient of the drugs,
possibly leading to the promotion of drug penetra-
tion. Therefore, the octanol-water partition coefficient
of CS-088 was determined in the absence and pres-
ence of EDTA/boric acid. According to the results,
no significant difference in the partition coefficient
was observed between the absence (−1.80± 0.16)
and presence of EDTA/boric acid (−1.69± 0.12 for
EDTA, −1.61± 0.07 for boric acid,−1.68± 0.08 for
EDTA/boric acid). From these results, it was presumed
that EDTA/boric acid may induce synergistic enhance-
ment on the corneal penetration of CS-088 by acting
on the corneal membrane. However, the actual mech-
anism by which EDTA/boric acid synergistically en-
hances CS-088 penetration across a corneal membrane
remains unclear. Further studies are now under way to
investigate the cause.

In conclusion, through an in vitro permeability ex-
p yn-
e -088
v syn-

ergistic increase is that the amount of pharmaceutical
additives required in a drug product as penetration en-
hancers can be reduced while maintaining the phar-
macological activity, decreasing the risk of inducing
adverse effects. Therefore, EDTA/boric acid is consid-
ered to be a safe enhancer and is expected to show
similar effects in other drug formulations.
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