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Abstract

Fadolmidine, a novel selective �2-adrenoceptor agonist, was evaluated for its efficacy to lower

intraocular pressure in normotensive rabbits (n¼5–6). The dose–response profile between 0.004�g

and 12.5�g of fadolmidine was determined. The effect of pH on the partition of fadolmidine was

studied in order to select an optimal pH for topical fadolmidine administration. After topical

administration, fadolmidine significantly lowered the intraocular pressure in normotensive rabbits.

The onset of action was immediate, with no initial increase in intraocular pressure. A significant

decrease in intraocular pressure was already observed at 1h after dosing. The maximum decrease in

intraocular pressure was observed after a 2.5�g dose of fadolmidine in both eyes at 2h after dosing.

The mean maximum decrease in the treated and untreated eye was 6.4mmHg and 3.9mmHg,

respectively. In conclusion, fadolmidine is a potent intraocular pressure lowering agent. In addition,

fadolmidine does not cause a significant initial increase in intraocular pressure. Because of the

strong dependence of the distribution coefficient on pH, the pH of the administered solution is

important, with physiological pH being optimal in this respect.

Introduction

�2-Adrenoceptor agonists play a significant role in the medical management of glau-
coma by lowering intraocular pressure (IOP) (Harrison & Kaufmann 1977; Burke &
Potter 1986; Vartiainen et al 1992; Greenfield et al 1997). Clonidine was the first
�2-adrenoceptor agonist to be approved for the treatment of glaucoma, but its clinical
use is limited due to significant systemic side-effects, such as lowering of systemic blood
pressure after topical administration (Harrison & Kaufmann 1977; Burke & Schwartz
1996). Apraclonidine, a hydrophilic analogue of clonidine, efficiently lowers IOP and
is currently used for the treatment of glaucoma (Alward 1998). Apraclonidine,
however, has quite high affinity towards �1-adrenoceptors, which results in ocular
side-effects, such as ocular allergy. Brimonidine (Burke & Potter 1986) is a fairly new
selective �2-agonist currently used in treating glaucoma: it is fairly well tolerated and
has a low rate of adverse effects (Alward 1998; Lee et al 2000). However, brimonidine
crosses the blood–brain barrier, potentially causing central nervous system toxicity,
and therefore should be used with caution, especially in the case of children (Enyedi &
Freedman 2001).

Fadolmidine [2,3-dihydro-3-(1H-imidazol-4-ylmethyl)-1H-indan-5-ol] (Figure 1) is a
novel, selective �2-adrenergic agonist with a low nanomolar affinity (Ki values of
1–2.1 nM) towards the �2-adrenergic receptor (Eisenach et al 1999; Lehtimäki et al
1999). Fadolmidine has been shown to produce an antinociceptive effect in animals,
with little effect on systemic blood pressure (Eisenach et al 1999; Onttonen & Pertovaara
2000; Pertovaara &Wei 2000; Xu et al 2000). Haemodynamic side-effects limit the wider
use of clonidine for example, which is approved for epidural use in neuropathic pain.

The aim of the present study was to evaluate the potential of using fadolmidine for the
treatment of glaucoma. The effect of fadolmidine to lower IOP in normotensive rabbits
was evaluated; the dose–effect profile studied ranged from 0.004 to 12.5�g of fadolmi-
dine. The partitioning behaviour of fadolmidine was studied as a function of pH in order



to determine the optimum pH for the topical administration
of fadolmidine. Partitioning was studied with the tradi-
tional shake-flask method and also by titration.

Materials and Methods

Chemicals

Fadolmidine hydrochloride was obtained from Orion
Pharma (Espoo, Finland), and oxybuprocaine was
obtained from Santen Oy (Tampere, Finland). The
titrants used in the pH-metric pKa and logD determina-
tions were Titrisol (0.5 M KOH; Merck, Darmstadt,
Germany) and hydrochloride acid volumetric standard
(0.5M; Aldrich Milwaukee, WI). All other materials and
solvents were of reagent grade and were used as received.

Animals

The experimental animals used were normotensive Dutch
Belted pigmented rabbits (National Laboratory Centre,
University of Kuopio, Finland) of either gender (2.3–4.0 kg,
n¼ 5–6). The rabbits were housed singly in cages under
standard laboratory conditions with a 12-h dark/light
cycle, ambient temperature of 20.0� 0.5�C, and 55–75%
relative humidity. Water and food were given ad libitum
except during the tests. All the animals were treated
in accordance with the ARVO Resolution on the Use
of Animals in Ophthalmic and Vision Research, and all
procedures with animals were reviewed and approved by
the Animal Ethics Committee at the University of
Kuopio.

Determination of distribution coefficients

by the shake-flask method

The distribution coefficient (D) of fadolmidine (pH 5.00,
6.00, 7.00, 7.40, 7.65 and 8.00) was determined from the
distribution of the compound between 1-octanol and
phosphate buffer (0.16M). Before use, 1-octanol was satu-
rated with phosphate buffer by vigorously shaking for
24 h. A known concentration of the compound in phos-
phate buffer solution was shaken 60min with a suitable
volume of saturated 1-octanol. The phases were separated
by centrifugation (3min at 1500 revmin�1) and the con-
centration of the compound in the buffer phase before and
after partitioning was determined by high-performance

liquid chromatography (HPLC). The distribution coeffi-
cients (D) were calculated as follows:

D ¼ ððCb � CaÞ=CaÞ � ðVw=VoÞ
where Cb and Ca represent the initial and equilibrium solute
concentrationof the aqueousphase,Vwdenotes the volumeof
the buffer and Vo the volume of the 1-octanol phase.

Determination of ionization constants and

distribution coefficients by the pH-metric

technique

Titrations were performed on a PCA200 (Control200 soft-
ware Revision 1.000) semi-automatic titrator (Sirius
Analytical Instrument Ltd, Forest Row, UK).

Ionization constant (pKa) titration was carried out
over the pH range 1.8 to 12.2 under argon atmosphere at
25.2�C (average temperature). A known amount of the
compound was dissolved in 20mL 0.15M KCl solution.
The pH was then adjusted automatically with 0.5M HCl to
the start pH of the titration at pH 1.8. The maximum
titrant (0.5 M KOH) volume increment for one titration
step was limited to 0.25mL. The pH change per titrant
addition was limited to 0.2 pH units. A total of 42 pH
readings were collected from the titration. The pH values
were recorded when the pH drift was lower than
0.002 pHmin�1. Processing of titration data was carried
out using the Sirius Refine200 Revision 1.000 (Sirius
Analytical Instrument Ltd). The detailed procedure for
the determination of ionization constants has been
described elsewhere (Takacs-Novak et al 1997).

For the determination of the distribution coefficient,
1-octanol was saturated with 0.15M KCl solution by
vigorously shaking for 24 h. A known amount of the
compound was dissolved in 7.5mL 0.15M KCl solution
and 0.5mL 1-octanol was added to the solution. The first
titration was carried out from pH 2.7 to 8.3. The second
titration of the same sample was carried out from pH 8.3
to 2.7, and the third titration was carried out from pH 2.7
to 8.3. Additional 1-octanol was added manually before
the second (2.0mL) and the third (10.0mL) titrations.
This procedure is called MultiTitrations. Processing of
titration data was carried out using the Sirius Refine200
Revision 1.000. A detailed description of the pH-metric
logD method can be found elsewhere (Avdeef 1996).

Preparation of the eyedrop formulations

An appropriate amount of fadolmidine was dissolved in
20mM phosphate buffer (pH 5.0 or 7.4). In all solutions,
the pH was adjusted with phosphoric acid or sodium
hydroxide, if necessary, and the solutions were made iso-
tonic with sodium chloride. The final fadolmidine concen-
trations of the solutions were determined by HPLC.

Analytical procedure

The HPLC system used consisted of a Merck Hitachi
Model L-7100 HPLC pump, a Merck Hitachi Model
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Figure 1 Molecular structure of fadolmidine.
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L-7400 variable wavelength UV detector (set at 206 nm)
and a Merck Hitachi Model L-7250 programmable auto-
sampler. Separations were performed with a Purospher
RP-18e reversed-phase column (125� 4.6mm, i.d. 5�m).
The chromatographic conditions were as follows: injec-
tion volume, 20�L; flow rate, 1.2mLmin�1. The gradient
elution system consisted of 20mM phosphate buffer (pH
7.0) and 80% acetonitrile in water. All separations were
performed in triplicate.

In-vivo IOP measurements

To perform an IOP test, a rabbit was placed in a plastic
restraining box located in a quiet room. A single drop
(25�L) of the test solution was instilled unilaterally into
the left eye on the upper corneoscleral limbus. During
instillation, the upper eyelid was pulled slightly away
from the globe. IOP was measured using a BioRad
Digilab Modular One pneumatonometer (BioRad,
Cambridge, MA, USA) . Before each measurement, one
or two drops of oxybuprocaine (0.06%) were applied
to the cornea before tonometry to eliminate discomfort.
The upper and lower eyelids were then gently retracted
and the applanation sensor was brought into contact with
the centre of the cornea. For each determination, at least
two readings were taken from each treated (ipsilateral)
and untreated (contralateral) eye, and the mean of these
readings was used. IOP of the rabbits was measured at 2, 1
and 0 h before, and at 0.5, 1, 2, 3, 4 and 5 h after eyedrop
administration. IOP at the time of eyedrop administration
(0 h) was used as a baseline value. All studies were set up
using a masked and randomized crossover design. At least
72 h wash-out time was allowed for each rabbit between
dosings. Based on a previous pharmacokinetic study
(Eisenach et al 1999), a shorter wash-out period would
have been sufficient. However, for the well-being of the
animals, a 3-day resting period was used.

In order to eliminate the influence of possible circadian
effects, all IOP studies were conducted at similar times of
the day.

Analysis of the data

All IOP results are presented as a mean� s.e.m. change
in IOP (mmHg). A one-factor analysis of variance for
repeated measurements was used to test the statistical
significance of differences between groups. The signifi-
cance of differences in the means was tested using
Fisher’s protected least significance difference method in
which P<0.05 denoted significance.

Results and Discussion

Distribution coefficient of fadolmidine

The distribution coefficient, D (expressed as logD), of
fadolmidine increased with increasing pH over the pH
range 2.7–8.3 (Figure 2). The distribution coefficients
determined by the shake-flask method correlated well

with the values determined by pH-metric determination.
For example, logD5.0 was 0.01 and�0.06, and logD7.4 was
1.87 and 2.02 when determined by the shake-flask and
pH-metric techniques, respectively. The marked increase
in lipophilicity when going up the pH scale is due to the
increased portion of the un-ionized form of the imidazole
ring NH group (pKa 7.3) in the more basic environment.
When going even further up the pH scale (>8.3), it is
likely that the log Papp of fadolmidine starts to decline
due to the ionization of the phenolic OH group (pKa

10.1). It has been stated that an apparent partition coeffi-
cient in the order of 100–1000 (log Papp 2–3) is optimal for
efficient permeability across the cornea (Florence &
Attwood 1988), suggesting the optimal administration
pH of fadolmidine is above 7.0. This was confirmed in a
preliminary IOP study in normotensive rabbits, where
fadolmidine was administered both at pH 5.0 and at pH
7.4 (Table 1). It was clear that at pH 7.4 the decrease in
IOP was significantly greater than at pH 5.0 (Figure 3),
and thus pH 7.4 was chosen for the actual IOP studies.

Dose–response profile of fadolmidine in the

treated eye

In our studies, no ocular irritation was observed after topi-
cal administration of fadolmidine, as evaluated by eyelid
closure. In addition, no visible signs of irritation or discom-
fort were observed after fadolmidine administration. The
dose–response profile of fadolmidine is given in Table 1.
The effect of fadolmidine on IOP in the treated eye
increased with increasing dose. However, when the dose
exceeded 2.5�g (i.e. 12.5�g dose), the decrease in IOP was
systematically lower when compared with the IOP decrease
after the administration of a 2.5-�g dose. Doses equal to or
below 0.1�g did not have significant effects on IOP com-
pared with the vehicle. The exact reason for the decline in
IOP-lowering capability of fadolmidine after exceeding the
2.5-�g dose could not be clarified in this study.

The onset of ocular hypotension after topical fadolmi-
dine administration was immediate, with no initial
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Figure 2 Lipophilicity profile of fadolmidine. The squares in the

plot represent the distribution coefficients of fadolmidine determined

by the shake-flask method (mean� s.d., n¼ 3); the error bars are

smaller than symbols. Fitted data present fadolmidine’s lipophilicity

determined by pH-metric titration.
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increase in IOP, and a significant decrease in IOP was
already observed 1 h after dosing (Table 1). Some other
�2-agonists, such as dexmedetomidine and p-aminocloni-
dine (Vartiainen et al 1992), medetomidine (Potter &
Ogidigben 1991) and brimonidine (Burke & Potter 1986),
have been reported to cause an initial increase in IOP,
which is then followed by an IOP decrease. The lack of
the initial raise in IOP after topical fadolmidine adminis-
tration may be due to a highly specific �2-agonism of
fadolmidine over �1-agonism compared with other
�2-agonists. It is also possible that high concentrations
of an �2-agonist produces an excitatory effect on the
extraocular muscles, which causes the initial increase in
IOP (Burke & Potter 1986); this was not observed with the
fadolmidine doses that were used in this study.

Dose–response profile of fadolmidine in the

untreated eye

A slight decrease in IOP in the untreated eye was observed
(Table 1). It is possible that a portion of the drug that does
not penetrate the cornea drains through the nasolacrimal
duct into the nose and is absorbed into the systemic circula-
tion, as systemic absorption of drugs is usually much higher
than that of ocular absorption (Urtti & Salminen 1993;

Table 1 Intraocular pressure (IOP) changes (meanmmHg� s.e.m.) at pre-determined times in the treated and untreated eyes of

normotensive rabbits (n¼ 5–6) after unilateral administration of 25�L of fadolmidine solutions and vehicles

Dose Time (h)

0 0.5 1 2 3 4 5

Treated eyes

pH 7.4 buffer 0.0� 0.0 0.8� 0.4 �1.0� 1.0 �0.2� 1.0 �0.4� 1.4 �0.2� 1.3 0.1� 1.2

12.5�g (pH 7.4) 0.0� 0.0 0.6� 1.4 �1.9� 1.7 �4.6� 1.9* �6.3� 1.9* �3.3� 2.1 �1.5� 1.7

2.5�g (pH 7.4) 0.0� 0.0 �0.5� 0.7 �4.2� 1.0* �6.4� 0.6* �5.4� 1.5* �4.4� 0.6* �2.6� 1.7

0.5�g (pH 7.4) 0.0� 0.0 0.2� 0.5 �2.4� 1.3 �4.9� 1.2* �4.4� 0.6* �5.0� 1.9* �2.3� 1.8

0.1�g (pH 7.4) 0.0� 0.0 �0.8� 0.8 �2.1� 1.6 �2.1� 1.6 �1.9� 1.8 �1.5� 1.3 0.6� 0.9

0.02�g (pH 7.4) 0.0� 0.0 �1.0� 0.8 �3.8� 0.9 �2.7� 0.6 �1.5� 0.8 �1.9� 1.0 �0.9� 1.6

0.004�g (pH 7.4) 0.0� 0.0 �0.5� 0.7 �0.2� 0.5 �0.7� 0.9 1.3� 1.1 1.5� 0.6 1.2� 0.9

pH 5.0 buffer 0.0� 0.0 0.7� 0.6 �0.9� 1.3 1.2� 0.7 1.5� 1.1 �1.1� 0.6 1.7� 0.7

12.5�g (pH 5.0) 0.0� 0.0 �0.1� 1.0 �2.4� 1.3 �2.9� 2.1 �3.5� 1.5 �2.0� 1.9 �0.2� 1.4

2.5�g (pH 5.0) 0.0� 0.0 1.3� 0.9 �1.6� 1.1 �1.1� 1.3 �0.5� 0.8 �2.0� 1.1 �0.2� 0.7

0.5�g (pH 5.0) 0.0� 0.0 0.9� 0.8 �0.7� 0.8 �2.0� 0.7 �1.3� 0.8 0.4� 0.5 2.0� 0.9

Untreated eyes

pH 7.4 buffer 0.0� 0.0 0.0� 0.6 �0.6� 0.8 0.2� 0.8 �0.1� 1.0 �0.6� 1.3 0.2� 1.6

12.5�g (pH 7.4) 0.0� 0.0 �1.9� 1.3 �2.6� 1.8 �2.1� 1.1 �2.5� 1.0 �1.0� 1.2 0.6� 1.5

2.5�g (pH 7.4) 0.0� 0.0 �1.8� 0.8 �3.1� 0.8 �3.9� 0.4* �1.5� 1.1 �1.4� 1.2 �2.5� 1.0

0.5�g (pH 7.4) 0.0� 0.0 �0.6� 0.7 0.1� 1.4 �2.8� 0.8 �3.5� 0.8 �0.6� 1.8 �1.1� 1.3

0.1�g (pH 7.4) 0.0� 0.0 �1.9� 0.6 �1.5� 0.3 �2.9� 0.8 �3.5� 0.7 �1.6� 0.7 1.6� 0.8

0.02�g (pH 7.4) 0.0� 0.0 �0.6� 1.1 �2.5� 1.1 �2.0� 1.1 �1.1� 1.0 �2.0� 1.0 �0.5� 0.9

0.004�g (pH 7.4) 0.0� 0.0 �0.8� 0.3 �1.3� 0.5 �0.1� 0.8 �1.0� 0.9 0.7� 0.7 0.1� 0.8

pH 5.0 buffer 0.0� 0.0 0.1� 0.9 �1.8� 1.1 1.5� 0.8 0.5� 0.8 �0.5� 0.5 0.5� 1.4

12.5�g (pH 5.0) 0.0� 0.0 �2.5� 0.5 �3.4� 0.8 �3.4� 0.8 �3.8� 1.0 �2.3� 1.2 �1.4� 1.5

2.5�g (pH 5.0) 0.0� 0.0 0.6� 0.9 �1.0� 1.1 0.3� 1.1 �0.5� 0.8 �0.6� 1.1 �0.9� 0.7

0.5�g (pH 5.0) 0.0� 0.0 1.2� 0.8 1.9� 1.2 �0.5� 1.3 �0.2� 0.9 2.0� 0.6 1.9� 1.3

*Significantly different compared with values for the vehicle (buffer solution at either pH 7.4 or 5.0).
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Figure 3 Intraocular pressure (IOP) changes (mean� s.d., n¼ 5–6)

in treated (A) and untreated eyes (B) of normotensive rabbits after

ocular administration of fadolmidine at pH 5.0 and 7.4. *Significantly

different compared with values for the matching dose at pH 5.0.
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Järvinen et al 1995). Although the concentration of a drug
may be substantially lower in the untreated eye than in the
treated eye, it often enables a slight reduction in IOP.
Fadolmidine is quite lipophilic at physiological pH
(Figure 2), and thus may be partly absorbed into the central
nervous system, leading to ocular hypotension in the
untreated eye. Eisenach et al (1999) reported poor penetra-
tion of fadolmidine into the central nervous system (0.17%
bioavailability in cerebrospinal fluid). This suggests that the
IOP decrease in the untreated eye is probably due to sys-
temic transfer of the drug to �2-adrenoceptors in the
untreated eye through the blood circulation. However, the
set-up in this study does not rule out the possibility of IOP-
lowering effects mediated through the central nervous sys-
tem. In addition, the study by Eisenach et al (1999) did not
determine the concentrations of fadolmidine in the brain
parenchyma; in many cases the cerebrospinal fluid drug
levels do not correlate well with those in brain tissue
(Pardridge 1995). Possible systemic transfer of fadolmidine
allows potential adverse effects not associated at the ocular
level.

Conclusions

Based on this preliminary IOP study in rabbits (n¼ 5–6),
fadolmidine seems to be a potent IOP-lowering agent. In
addition, at the doses studied, fadolmidine does not cause
an initial increase in IOP, which is common with other
�2-agonists. Fadolmidine also has lower risks of other
adverse effects, such as hypotension, than other �2-ago-
nists, making it a good candidate for further development
as an IOP-lowering agent. Although fadolmidine contains
both an acidic and a basic moiety, it shows good lipophi-
licity (i.e. permeability) at physiological pH, and thus
easily penetrates the cornea.
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