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ABSTRACT.

Purpose: Orally administered angiotensin II receptor blockers (ARBs) decrease

intraocular pressure (IOP). Topical administration may reduce systemic side

effects and result in a useful glaucoma drug. The aim of this study is to test the

ocular delivery and pharmacologic effect of nanoparticle eye drops containing

ARBs (e.g. irbesartan and candesartan).

Methods: 1.5% irbesartan and 0.15% candesartan eye drops were applied to

rabbits. The pharmacokinetics in cornea and aqueous humour after single eye

drop application were studied in 49 rabbits. The effect of the eye drops on IOP

was studied in 10 rabbits using an iCare (� TonoVet Plus, iCare, Finland)

tonometer and compared with 0.5% timolol eye drops.

Results: Candesartan lowered IOP from 24.6 � 5.1 mmHg at baseline to

19.0 � 2.9 mmHg (mean � SD, p = 0.030, n = 10) 4 hr after application.

Irbesartan lowered IOP from 24.2 � 1.7 mmHg to 20.2 � 0.9 mmHg

(p = 0.14, n = 10). Timolol decreased the IOP from 24.9 � 4.2 mmHg to

20.4 � 4.8 mmHg (mean � SD, p = 0.036, n = 10). The pharmacokinetics

data show that both formulations deliver effective amounts of drug into the

intraocular tissues, with irbesartan and candesartan reaching concentrations of

121 � 69 and 30.43 � 13.93 ng/g (mean � SD), respectively, in the aqueous

humour 3 hr after a single-dose administration.

Conclusions: Topical application of irbesartan and candesartan eye drops

delivers effective drug concentrations to the anterior segment of the eye in

rabbits, achieving drug concentrations 100 times above the IC50 for angiotensin

II receptor and showing an IOP-lowering effect. Angiotensin receptor blocker

(ARB) eye drops have potential as a new class of glaucoma drugs.
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Introduction

The renin-angiotensin system (RAS)
plays a role in aqueous humour secre-
tion. The presence of RAS compo-
nents, as well as enzyme activities of
angiotensin-converting enzyme (ACE),
have been reported in the eye of several
species including human, suggesting
that local ocular RAS is involved in
the regulation of IOP (Holappa et al.,
2020). The primary mechanism of
action of an angiotensin receptor
blocker (ARB) involves selectively
blocking the binding of angiotensin II
(Ang II) to the angiotensin type I
receptor. This affects the aqueous
humour formation signalling process
and reduces IOP by decreasing aque-
ous humour production (Van Haerin-
gen, 1996; Campbell, 2014).

While current glaucoma eye drops
are effective in lowering IOP, each has
local or systemic side effects, that limit
their use. Beta-blockers affect respira-
tory and cardiac function and prosta-
glandin analogs and carbonic
anhydrase inhibitors show potential
eye irritation (Inoue, 2014). This is
especially limiting for patients who
need multiple drugs to control IOP.
This group of patients will benefit from
the option of new classes of glaucoma
drugs, especially if they have little or no
side effects, such as cough, low blood
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pressure, headache, rashes and indiges-
tion.

Angiotensin-converting enzyme
(ACE) inhibitors (ACE-I) have also
been shown to lower IOP by inhibiting
the formation of Ang II and thereby
reducing the stimulation of angiotensin
type I receptors. However, the produc-
tion of Ang II can occur through non-
ACE pathways which remain unaf-
fected by ACE inhibition (Brunner,
2007). Moreover, ARBs show some
advantages over ACE-I, including an
absence of significant adverse reactions
and a favourable side effect profile (Al
Sabbah et al., 2013).

Eye drops are the preferred route of
ocular drug administration, but the
bioavailability of topically applied for-
mulations is limited by the various
protective mechanisms and barriers of
the eye (Patel et al., 2013). Further-
more, the physicochemical properties
of ARBs and ACE inhibitors, such as
poor aqueous solubility and instability
in aqueous solutions, have prevented
their formulation and use as clinically
effective eye drops (Chiang, Ho, &
Chen, 1996; Agarwal et al., 2014;
Muankaew et al., 2014). Our group
has now solved this with a novel
formulation based on cyclodextrin
nanoparticles. Cyclodextrins enable
formulation of lipophilic poorly sol-
uble drugs as aqueous eye drop solu-
tions increasing their bioavailability by
enhancing drug permeation through
the aqueous tear film and eye wall
(Jansook et al., 2015).

The c-cyclodextrin nanoparticle
technology was used to develop 1.5%
(w/v) irbesartan and 0.15% (w/v) can-
desartan microsuspension eye drop
formulations (Jansook et al., 2015).

The aims of this study are (1) to
examine the pharmacokinetics of irbe-
sartan and candesartan in c-cyclodex-
trin nanoparticle eye drops in the
anterior segment of the rabbit eye and
(2) test the hypothesis that irbesartan
and candesartan eye drops lower IOP
in rabbits.

Materials and methods

Ethical statement

This research followed the ARVO
Statement for the Use of Animals in
Ophthalmic and Vision Research. For
the IOP study, professional assistance
by veterinarians at the Institute for

Experimental Pathology from the
University of Iceland was provided
and approval by the Icelandic Food
and Veterinary Authority (MAST) was
obtained. The pharmacokinetics study
was approved by the local animal
welfare committee (GZ BMWFW-
66.009/0163-V/3b/2018).

Animals

59 New Zealand rabbits (Oryctolagus
cuniculus; weight, 3.0–6 kg) were used
in studies. 10 rabbits were used in the
IOP study and 49 rabbits (26 for
irbesartan and 23 for candesartan)
were used in the pharmacokinetic
study. They were housed in groups by
two in cages with raised areas, kept
under controlled, standardized condi-
tions (artificial L/D cycle 12:12, room
temperature 22 � 2°C, humidity
55 � 10%) and had ad libitum access
to complete feed for rabbits. They were
acclimatized for a minimum of 7 days.

The rabbits were not anaesthetized
during the procedures and no topical
agent was used before the eye drops
administration.

Test compounds

1.5% irbesartan, 0.15% candesartan
and vehicle eye drops in c-cyclodextrin
nanoparticle suspensions were tested.
The difference in concentration for the
two ARBs is due to solubility and
stability. The formulations have been
described previously (Jansook et al.,
2015). The eye drops were placed into
a sonicator at 40°C for 30 min and
shaken thoroughly until homogenously
suspended immediately before eye drops
administration to the rabbits (Muan-
kaew et al., 2014). After use, they were
stored at controlled room temperature
(~25°C) and protected from light.

For the IOP study, a commercial
0.5% timolol solution (Optimol, Oftan,
Japan) was also tested, administering
the eye drops directly from the vial.

Intraocular pressure study

Ten rabbits were tested repeatedly with
five different drugs or controls in eye
drop applications with one application
per day (treatment 1: 0.15% candesar-
tan, treatment 2: 1.5% irbesartan,
treatment 3: 0.5% timolol, treatment
4: blank, treatment 5: vehicle). 50 µl of
each suspension was topically

administered to the left eye of each
rabbit using a pipette. Timolol solution
was administered as one drop directly
from the vial. The blank group received
no treatment. A minimum of a 2-day
washout period was observed between
study days.

Four measurement time-points were
established for each treatment group:
baseline (right before eye drop admin-
istration), 1 min, 2 hr and 4 hr after
administration. Baseline and one min-
ute after administration measurements
were averaged due to the closeness of
values and time-points. Intraocular
pressure (IOP) was measured only on
the left eye (treated eye) using a
rebound tonometer (� TonoVet Plus,
iCare, Finland) and IOP measurements
were taken at the same time of the day
for all groups to minimize fluctuations
due to circadian rhythm. All ten rab-
bits were tested with all study drugs
and controls at different times.

Pharmacokinetic study

A total of 49 animals were used, 26
rabbits for irbesartan and 23 for can-
desartan, and 35 ll of the ophthalmic
solution was administered into the
conjunctival sac of the (left) study eye
of each rabbit with no drug application
to the fellow eye. Rabbits were eutha-
nized in anaesthesia (ketamine 60 mg/
kg, xylazine 16 mg/kg, s.c.) by an
overdose of pentobarbitone sodium at
five predefined time-points (0.5h, 1.5h,
3h, 6h, 12h) after drug administration.
Immediately after euthanasia, both
eyes were enucleated from each animal.
The study eye demonstrates the com-
bination of topical and systemic
absorption, whereas the fellow eye
shows systemic absorption alone. Enu-
cleated eyes were frozen immediately
and stored at �80°C until further
processing. For separation of the dif-
ferent ocular tissues, the eyeball was
removed from storage and dissected
into different parts: cornea, aqueous
humour, vitreous body and the retina/
choroid, each of which was stored
separately in different tubes. All tissues
were collected and separately weighted
upon collection and stored in separated
tubes. Tissue samples including aque-
ous humour, cornea, retina and vitre-
ous were sent to Nucro-Technics
(Scarborough, Ontario, Canada) for
assessment of the study drug concen-
trations.
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Weighed rabbit eye tissue samples
were homogenized in H2O-diluted rab-
bit plasma (rabbit plasma/water, 1/14,
v/v) in a ratio of 1–19 (i.e. 1 g or 1 ml
of rabbit eye tissue in 19 ml of diluted
rabbit plasma. A 200 µl aliquot of
rabbit tissue homogenate supernatants
was mixed sequentially with 100 µl of
internal standards (8 ng/ml of can-
desartan-d4 and 20 ng/ml of irbesar-
tan-d4 in methanol/water (20/80, v/v)
and 2 ml of water). The mixtures were
then loaded onto the preconditioned
HLB cartridges (Waters Oasis� 60 mg,
3 cc). The cartridges were first washed
with 2 ml of methanol/water (10/90, v/
v) and then eluted with 2 ml of
methanol. The organic solvents were
evaporated at 40°C and the dry resi-
dues were reconstituted in 200 µl of
methanol/water/formic acid (70/29.75/
0.25, v/v/v).

An Agilent 1200 series liquid chro-
matograph coupled with an Agilent
6490 Triple Quad LC/MS (Agilent
Technologies Canada, Mississauga,
Ontario, Canada) was used for the LC-
MS/MS analysis. A 20 µl aliquot of the
extracted samples was injected onto an
ACE Excel 5 Super C18 column
(4.6 9 150 mm, Advanced Chro-
matography Technologies, Aberdeen,
Scotland) maintained at 25°C for a
gradient separation at the flow rate of
0.8 ml/min. The mobile phase A was
methanol/H2O/formic acid, 70/29.75/
0.25 (v/v/v) and the mobile phase B
was methanol//H2O/formic acid, 90/
9.75/0.25 (v/v/v). For gradient elution,
100% mobile phase A was used for the
first 4.5 min, followed by 100% mobile
B for 1.5 min, and then back to 100%
mobile phase A for 2 min of re-equili-
bration, with a total run time of 8 min.
Candesartan and candesartan-d4 were
eluted at 5.1 min and irbesartan and
irbesartan-d4 were eluted at 4.1 min.
The MS detection was in the positive
electrospray ionization (ESI) mode
using theMRM transitions (protonated
molecule to product ion) of m/z
441 ? 263, 445 ? 267, 429 ? 207,
and m/z 433 ? 211 for candesartan,
candesartan-d4, irbesartan, and irbesar-
tan-d4, respectively.

Statistical analysis

For the statistical analysis regarding
IOP measurements data, GraphPad
Prism 8.0 for Windows (GraphPad,
California, USA) was used and t-test

analysis was applied to compare the
groups, the significance level was set at
p < 0.05.

Results

Intraocular pressure

Figure 1A shows the individual values
for each rabbit in the different groups
and the mean change in IOP (mmHg;
mean � SD) for each group, from
baseline to 4 hr after administration.
Candesartan showed an IOP-lowering
effect, from 24.6 � 1.6 mmHg at base-
line to 19 � 0.9 mmHg (n = 10;
change of 5.6 mmHg) 4 hr postinstil-
lation (paired t-test, p = 0.030).

Irbesartan decreased the IOP from
24.2 � 1.7 mmHg to 20.2 � 0.9 mmHg
(n = 10; change of 4.0 mmHg) 4 hr after
the eye drops administration (paired t-

test, p = 0.142). For timolol, the
observed change in IOP was from
24.9 � 4.2 mmHg to 20.4 � 4.8 mmHg
(n = 10, change of 4.6 mmHg) 4 hr after
eye drops administration (paired t-test,
p = 0.036).

Figure 1B shows the change in IOP
at different measured time-points. The
highest changes in IOP for both can-
desartan and irbesartan occur between
2 and 4 hr after administration. Can-
desartan showed a change of
1.8 mmHg in the first 2 hr of adminis-
tration and a 3.7 mmHg change from 2
to 4 hr after administration. Irbesartan
lowered the IOP by 0.48 mmHg during
the first 2 hr after administration and
by 4.5 mmHg from 2 to 4 hr after
administration.

On the other hand, timolol shows a
more relevant IOP change during the
first 2 hr of administration, lowering it
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Fig. 1. (A) Mean (mmHg, mean � SD) and individual values for IOP change for each of the

different drug and control groups 4 hr after eye drop application. (B) IOP change (mmHg,

mean � SD, n = 10) at different time-points after eye drop administration for each drug.
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by 4.3 mmHg compared with a change
of 0.3 mmHg from 2 to 4 hr after
administration.

Pharmacokinetics

The data from the pharmacokinetic
study regarding tissue distribution of
both drugs in the cornea and aqueous
humour at different time-points after
administration (0.5, 1.5, 3, 6 and 12 hr)
is shown in Figs 2 and 3.

For the purpose of the study, which
is to evaluate the effectiveness of both
drugs as IOP-lowering treatments,
only pharmacokinetic data regarding
the anterior segment of the eye are
shown. Irbesartan reached a maximum
concentration of 282 � 159 nM
(mean � SD, n = 26) in the aqueous
humour of the study eye 3 hr after
administration (Fig. 2A) and candesar-
tan’s maximum concentration in the
aqueous humour was 70 � 73 nM

(mean � SD, n = 23) 3 hr after admin-
istration (Fig. 3A).

Discussion

Our data demonstrate that irbesartan
and candesartan in c-cyclodextrin
nanoparticle eye drops penetrate the
rabbit eye in pharmacologically rele-
vant concentrations after a single topi-
cal application and lower IOP
comparably to timolol eye drops. Sev-
eral publications support the efficacy of
ARBs and ACEs as IOP-lowering
treatments. Relevant studies and their
results are listed in Table 1.

Based on a study from Kim et al.,
the IC50 of irbesartan as an angioten-
sin II type 1 receptor-specific compet-
itive antagonist is 1.3 nM (Kim et al.,
2018). van Rodijnen et al., (2010)
found only a slight difference in
potency between candesartan and irbe-
sartan, and their calculations estimate

candesartan’s IC50 values to be
between 0.4 and 0.7 nM. Our results
show a concentration in aqueous
humour of 100 times the IC50, sug-
gesting over 99% inhibition of the
receptor for both drugs.

In a study by Lee et al., 30 rabbits
received an intravitreal single injection
of 1 mg of candesartan and analysed
the concentration in the vitreous at
different time-points, calculating a half-
life of candesartan of approximately
6.83 hr. In our study, the single dose
administered to the rabbits was equal
to 0.05 mg. Considering Lee et al. cal-
culations and the difference in the
routes of administration, the 48 hr
washout period we established between
treatments is enough to eliminate resid-
ual drugs from previous administra-
tions and avoid a cumulative effect.
They also indicated that the common
daily oral dose of candesartan for
humans is 16 mg and, compared with
that, the intraocular concentration
after a topical administration of a
0.5 mg dose of candesartan is approx-
imately 200 times higher than that after
taking 16 mg orally (Lee et al., 2011).

Several studies have been performed
to determine the pharmacokinetic
properties of c-cyclodextrin/drug com-
plexes after topical administration to
the eye. In a study by Johannsd�ottir
et al., dexamethasone in cyclodextrin
microsuspension was topically applied
in rabbits to determine the pharma-
cokinetics. Their results showed a max-
imum concentration of
7506 � 1067 nM in the cornea and
438 � 107 nM in the aqueous humour
2 hr after the administration (Johanns-
dottir et al., 2018). Our pharmacoki-
netic profiles for irbesartan and
candesartan in the corneal tissue and
aqueous humour are in general agree-
ment with those reported by Johanns-
dottir et al. regarding dexamethasone,
showing an increase of the drug con-
centration during the first 2–3 hr after
administration and a slow decrease
after that. This similarity supports our
hypothesis that cyclodextrin nanopar-
ticle ensures a sustained release of the
drug in the eye tissues and enables
penetration of the drug to the anterior
chamber.

The pharmacokinetic profiles
observed with irbesartan and candesar-
tan also coincide with data reported in
previous studies by Djebli et al. and
Mishima using different drugs, where
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Fig. 2. A (top): irbesartan concentration (n = 26, mean � SD; ng/g and nM) in the cornea. B

(bottom): irbesartan concentration in the aqueous humour. Charts show drug concentration at

time-points (hours) after administration. Study eyes are shown in blue and untreated fellow eyes

are shown in grey.
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the drug concentration follows a pro-
gressive decrease in the corneal tissue
while it peaks in the aqueous humour
around 2 hr after administration

(Mishima, 1981; Djebli et al., 2017).
As stated by Djebli et al., these findings
are consistent with the physiology of
the eye (i.e. aqueous humour being a

fluid with a higher turnover compared
to the cornea tissue). However, there
are perceptible differences between the
pharmacokinetic profiles of irbesartan
and candesartan, the latter showing
more stable and sustained drug con-
centrations in both cornea and aqueous
humour throughout time. These results
are consistent with those reported by
van Rodijnen et al. that suggested a
slower dissociation of candesartan
from the AT1-receptor than irbesartan
and losartan (van Rodijnen et al.,
2010).

Chiang et al. tested different timolol
preparations and measured the effect
on the IOP in rabbits. Their results
showed a noticeable decrease in the
IOP 1 hr after a 50 µl administration
of 0.5% timolol, which is consistent to
our results where we can see that
timolol is the group that shows the
greatest decrease 2 hr after the admin-
istration (Chiang et al., 1996).

In our study, a blank group was also
monitored as a control for a diurnal
effect and other variability, as both
normal and glaucomatous human eyes
can show considerable variation in
intraocular pressure (Wilensky, 1991).
Although a decreasing trend along the
day was observed for the blank group
in our study, this change did not reach
statistical significance compared with
the treated groups (n = 10, p > 0.05).
According to Cervino et al., in addition
to the circadian rhythm, IOP short-
term fluctuations are associated with
heart rate, breathing patterns, eye or
lid position or physical activity, as well
as issues regarding repeatability and
reproducibility of rebound tonometry
(Shapiro et al., 2006). Other potential
factors influencing IOP fluctuations
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(bottom): candesartan concentration in the aqueous humour. Charts show drug concentration at
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Table 1. List of published reports on the IOP-lowering effect of ARBs and ACEs using different experimental models and routes of administration

Drug References

Route of

administration Model Effect

SCH 33861 (ACE inhibitor) Watkins RW et al., (1987) Topical Rabbits Well tolerated and effective in lowering intraocular

pressure in patients with ocular hypertension or primary

open-angle glaucoma.

Captopril (ACE inhibitor) Costagliola et al., (1995) Oral Human Significantly lowers IOP in all patients by increasing the

outflow of aqueous humour.

Enalaprilat nanoparticle

eye drops (ACE inhibitor)

Loftsson et al., (2010) Topical Rabbits The decrease in the IOP was proportional to the

concentration of the drug dissolved in the formulation.

CS-088 (ARB) Inoue et al., (2001) Topical Rabbits IOP-lowering effect in two models of hypertensive rabbits.

Losartan (ARB) Iaccarino et al., (2002) Oral Human Decrease in the IOP in hypertensive humans mainly due to

a reduction in the production of aqueous humour.

Irbesartan and

Telmisartan (ARBs)

Hazlewood et al., (2018) Oral Human Both ARBs lower IOP and suggested that delivery of

ARBs by eye drops would help to achieve localized

effective drug concentrations.
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such as water drinking, animal han-
dling and drug administration must be
considered. Brucculeri et al. observed
that IOP increased significantly after
water ingestion and remained altered
for 45 min (Brucculeri et al., 1999).

Furthermore, Dinslage et al., (1998)
studied the effect of animal handling on
IOP, observing an increase followed by
a decrease from the normal pressure
for a period lasting from a few minutes
to several hours. In our study, rebound
tonometry requires handling each ani-
mal individually several times a day,
however, rabbits were handled gently
before IOP measurement to cause them
minimal disturbances. As indicated by
Ma et al., if any sign of stress was
found, IOP measurements were post-
poned for at least another two minutes
before repeating the measurements.
Regarding water supply, we intended
for the rabbits to have a continuous
source of drinking water so fluid bal-
ance was not interrupted and minimal
changes in IOP were caused due to
water loading (Ma et al., 2016).

Although the outcome of the study
was positive, it shows some potential
limitations such as the small sample
size of animals used in the IOP study.
Individual values for IOP show vari-
ability that could affect the robustness
of the statistical test and provide devi-
ation in the analysis of the results.
Another limitation is the duration of
the IOP measurements, with the last
one taken 4 hr after the administration
while pharmacokinetic data shows that
drug can be detected in the tissues at
least until 12 hr after the administra-
tion.

Conclusion

Irbesartan and candesartan eye drops
deliver drug into the eye in pharmaco-
logically relevant concentration,
achieving drug concentrations 100
times above the IC50 for angiotensin
II receptor and showing an IOP-low-
ering effect. Our data suggest that both
ARBs could have potential as a new
class of eye drops to lower IOP in
glaucoma. Clinical trials are needed to
confirm and develop this thesis.
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