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Abstract

A close relationship between the renin—angiotensin system and the pathophysiology of diabetic retinopathy has been suggested, several
angiotensin II type 1 receptor (angiotensin AT1 receptor) antagonists being effective in animal models. Therefore, we examined the efficacy
of an angiotensin AT1 receptor antagonist, olmesartan medoxomil (CS-866), in animal retinopathy models.

In diabetic stroke-prone spontaneously hypertensive (SHRSP) rats, 4-week treatment with CS-866 prevented the elongation of oscillatory
potential peaks dose-dependently which almost normalized at 3 mg/kg/day. Next, in oxygen-induced retinopathy mice, CS-866 at 1 mg/kg
significantly prevented the retinal neovascularization. In these animal models, plasma concentrations of CS-866 were comparable to the in

vitro ICs, value of the angiotensin AT1 receptor.

In summary, our data demonstrated that CS-866 was effective in early and late stage retinopathy models through the inhibition of the
angiotensin AT1 receptor. These findings suggest the possibility of CS-866 as a therapeutic agent for diabetic retinopathy.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Diabetic retinopathy is one of the major diabetic
complications and a leading cause of adult blindness in
developed countries. Diabetic retinopathy is believed to
occur in almost all of type 1 (Klein et al., 1984) and more
than 60% of type 2 diabetic patients after 20 years of
diabetes (American Diabetes Association, 2000). The
progression of the disease is usually sequential and is
divided into non-proliferative and proliferative retinopathy.
In early stage diabetic retinopathy, non-proliferative diabetic
retinopathy, hyperglycemia initiates metabolic abnormalities
leading to retinal vessel hyperpermeability, decrease in
retinal blood flow and some neuronal impairment in the
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retina. In late stage diabetic retinopathy, proliferative
diabetic retinopathy, capillary occlusion causes retinal
hypoxia and initiates neovascularization. Newly formed
vessels are vulnerable and the rupture of those vessels
sometimes leads to blindness. In this way, diabetic
retinopathy seriously reduces patients’ quality of life,
however, medical treatment for diabetic retinopathy except
for tight glycemic control (The Diabetes Control and
Complications Trial Research Group, 1993) is restricted to
surgical operations (Early Treatment Diabetic Retinopathy
Study Research Group, 1991; The Diabetic Retinopathy
Vitrectomy Study Research Group, 1988). Recently avail-
able pharmacotherapy with disease-modifying drugs would
be a better option for the medical treatment of diabetic
retinopathy.

Recent studies have shown that the renin—angiotensin
system plays an important role in the pathophysiology of
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diabetic retinopathy. In an in vitro study, angiotensin II was
shown to stimulate the expression of vascular endothelial
growth factor (VEGF), a key factor in the pathogenesis of
diabetic retinopathy, and its receptor in retinal cell cultures
(Otani et al., 1998, 2000). In an animal study, Gilbert et al.
(2000) demonstrated that treatment of diabetic rats with an
angiotensin-converting enzyme inhibitor reduced the upre-
gulated VEGF mRNA level and the increase in retinal
permeability. Moreover, evidence from clinical studies
strongly suggests the beneficial effects of renin—angiotensin
system inhibition in patients with diabetic retinopathy.
Parving et al. (1989) reported that an angiotensin-converting
enzyme inhibitor alone or in combination with diuretics,
inhibits retinal vascular permeability to fluorescein in
hypertensive type 1 diabetic patients with background
retinopathy. In the EUCLID (EURODIAB Controlled Trial
of Lisinopril in Insulin-Dependent Diabetes Mellitus) study
(Chaturvedi et al., 1998), treatment with lisinopril signifi-
cantly reduced the development of retinopathy in non-
hypertensive type 1 diabetic patients. In the UK Prospective
Diabetic Study (UK Prospective Diabetes Study Group,
1998), tight blood pressure control with captopril reduced
the progression of diabetic retinopathy in hypertensive
patients with type II diabetes.

Olmesartan medoxomil (5-methyl-2-oxo0-1,3-dioxolen-4-
yl) methoxy-4-(1-hydroxy-1-methylethyl)-2-propyl-1-{4-[2-
(tetrazol-5-yl)-phenyl] phenyl}methylimidazol-5-carboxy-
late), CS-866, is a potent and selective angiotensin AT
receptor blocker (Mizuno et al., 1995) which has recently
been approved for the treatment of hypertension in the
United States, Japan and European countries. The drug
contains a medoxomil ester moiety and is cleaved by an
endogenous esterase to release active metabolite (RNH-
6270). Clinical trials in hypertensive patients (Neutel et al.,
2002) revealed a long lasting action and a good tolerance of
the drug without significant adverse effects at a dose of 80
mg. A once-daily regimen is effective and doses of up to 40
mg/body/day are approved. Olmesartan is also reported to
be effective in animal models of atherosclerosis, liver
disorders and diabetic nephropathy (Koike, 2001; Kurikawa
et al., 2003; Mizuno et al., 2002).

To confirm the relationship between the renin—angioten-
sin system and diabetic retinopathy and to evaluate the
potential of CS-866 for the treatment of diabetic retinopathy,
we conducted in vivo pharmacological and pharmacokinetic
experiments on early retinal electrophysiological change in
diabetic rats and on hypoxia-induced neovascularization in
mice.

2. Materials and methods
2.1. Materials

Streptozotocin, Tris and neutral buffered formalin were
purchased from Sigma Chemical Co. (St. Louis, MO). Citric

acid, trisodium citrate, methylcellulose 50 cP, carboxy-
methyl cellulose sodium salt, magnesium chloride, maleate
and adenosine diphosphate (ADP) were obtained from
Wako Pure Chemicals (Osaka, Japan). Lead nitrate and
ammonium sulfide were purchased from Kanto Chemical,
Co., Inc. (Tokyo, Japan). Ketamine hydrochloride was
obtained from Sankyo Yell Yakuhin Co., Ltd. (Tokyo,
Japan). Xylazine was obtained from Bayer Ltd. (Tokyo,
Japan). Heparin sodium injection was obtained from Takeda
Chemical Industries, Ltd. (Osaka, Japan). CS-866, RNH-
6270, RNH-6272 and TCV-116 were synthesized in our
company (Sankyo Co., Ltd., Tokyo, Japan). Other reagents
and solvents used were of analytical grade or high
performance liquid chromatography (HPLC) grade.

2.2. Electroretinogram study

2.2.1. Animals

All experiments were carried out in accordance with the
Animal Experimentation Guidelines of Sankyo Co., Ltd.
Male spontanecously hypertensive-stroke prone rats
(SHRSP)/Izm (6 weeks of age) were purchased from SLC
Japan (Yokohama, Japan) and used at 7 weeks of age after |
week of quarantine and acclimatization. Rats were given
water and a standard laboratory diet (CRF-1; Oriental Yeast
Co., Ltd., Tokyo, Japan) ad libitum.

2.2.2. Induction and determination of diabetes

Diabetes was induced in rats by a single intravenous
injection of streptozotocin freshly made up in 2 mM citric
acid buffer (pH 4.5) at a dose of 40 mg/kg. Age-matched
control animals were given buffer only (non-diabetic
group). At 6 weeks after the streptozotocin injection,
diabetes was defined as a glucose level of greater or equal
to 250 mg/dl in tail vein blood. Diabetic rats were divided
into four groups so that each group showed a similar
mean value of plasma glucose and body weight (diabetic
control group and 0.3, 1 and 3 mg/kg CS-866 treated
groups). The non-diabetic group and diabetic control
group were given vehicle (0.5% methylcellulose) and the
three treated groups were administered the specified dose
of CS-866. The vehicle or the drug was administered
orally once daily for 4 weeks from the day of group
assignment.

2.2.3. Measurement of blood glucose and hemoglobin A;c
(HbA,c)

Blood glucose and HbA;c were determined 2 days
before the group assignment, 2 and 4 weeks after the dose
initiation. Blood samples were collected from the tail vein
and the plasma glucose levels were measured by a
hexokinase-glyceraldehyde 6 phosphate dehydrogenase
method. HbA - was determined by a latex agglutination
method. Both parameters were determined using an AU400
chemistry analyzer (Olympus Optical Company Ltd.,
Tokyo, Japan).
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2.2.4. Measurement of cardiovascular parameters

Blood pressure (systolic, diastolic and mean blood
pressure) and heart rate were measured before treatment
(baseline), 2 and 4 weeks after the dose initiation by a tail—
cuff method using an automated invasive blood-pressure
meter (BP-98A, Softron Co., Ltd., Tokyo, Japan).

2.2.5. Electroretinogram measurement

An electroretinogram study was performed at 4 weeks
after the dose initiation. After more than 1 h of adaptation to
darkness, rats were anesthetized with intramuscular admin-
istration of 50 mg/kg ketamine hydrochloride and 2 mg/kg
xylazine. Pupils were dilated with tropicamide-phenylephrin
(Mydrin-P®) and a contact lens-type bipolar electrode
(Kyoto Contact Lens Laboratory, Kyoto, Japan) was placed
on the cornea of the left eye. A xenon lamp for stimulation
was placed 20 cm above the eye. Electroretinograms
induced by the light stimuli (0.3 J, 1 Hz) were recorded
using a Neuropack (MEB-7102, Nihon Kohden Corpora-
tion, Tokyo, Japan; time constant: 0.03 s, high cut: 1000
Hz,) and the latencies of the oscillatory potential peaks (O1,
02 and O3) were determined from the electroretinograms.

2.3. Oxygen-induced retinopathy study

2.3.1. Animals

One-week-old C57BL/6 mice with their mothers were
purchased from Japan SLC, Inc. (Hamamatsu, Japan) and
Charles River Japan Inc. (Kanagawa, Japan).

Mice were given water and a standard laboratory diet
(FR-2; Funabashi Farm Co., Ltd., Chiba, Japan) ad libitum
and maintained on a 12-h light—dark cycle.

2.3.2. Oxygen-induced retinopathy

The neovascularization in mouse retina was induced as
described previously (Smith et al., 1994). Animals were
exposed to hyperoxic conditions (70-75% oxygen) for 5
days followed by another 5 days of normal oxygen
conditions. Oxygen concentration was monitored with an
OM25ME oxygen analyzer (Maxtec Inc., Salt Lake City,
UT, USA). After the hyperoxygen exposure, pups were
randomly assigned to each treatment group (day 0). Treat-
ment was then carried out for 5 days from day 0 to day 4.

CS-866, TCV-116 (angiotensin AT1 receptor antagonist)
or vehicle (0.5% carboxymethylcellulose solution) was
orally administered once daily. Doses ranged from 1 to 30
mg/kg. Drugs or vehicle was applied at a volume of 4 ml/kg
using a microsyringe (Hamilton Co., Reno, NV, USA)
connected with a polyethylene tube (PE20, Becton Dick-
inson and Company, NJ, USA).

2.3.3. Visualization of the vasculature

On day 5, animals were sacrificed by cervical disloca-
tion. The right eyes of each mouse were enucleated and
fixed in 10% neutral buffered formalin at approximately 2—8
°C overnight.

After the fixation, the retina was surgically removed and
divided into four quadrants of approximately equal size. The
retina was further processed for ADPase staining as
described previously (Lutty and McLeod, 1992). Briefly,
the retina was washed in distilled water 5 times, and then
incubated at 37 °C for 30 min in a 0.2 M Tris—maleate buffer
(pH 7.2) containing 0.1% lead nitrate, 0.12% magnesium
chloride and 0.1% ADP. Finally, the retina was rinsed 5
times in distilled water, and developed with 2% ammonium
sulfide.

2.3.4. Determination of retinal neovascularization

The degree of neovascularization was evaluated in a
blind manner by an examiner who was not informed of the
treatment regimen. The retinal neovascularization was
determined by a grading method described previously
(Zhang et al., 2000). Briefly, each retinal quadrant was
further divided into three equal parts (clock hours) by visual
estimation and each clock hour was scored positive when
abnormal vascular tufts were found. The number of positive
clock hours in the retina was defined as the neovasculariza-
tion score and then each retina was given a score of between
0 and 12 clock hours.

2.4. Statistical analyses

Statistical analyses for pharmacological experiments
were performed using the SAS® System Release 8.2
(SAS Institute Inc., Tokyo, Japan). The equality of variance
between two groups was initially evaluated by the F-test.
When the equality was significantly rejected (P <0.05),
mean differences were evaluated by the Welch test, whereas
the Student #-test was performed for other cases. For
multiple comparison, the Dunnett test was performed. A
value of P<0.05 was considered statistically significant.

2.5. Pharmacokinetic analysis in diabetic SHRSP rats and
oxygen-induced retinopathy mice

The pharmacokinetic study was conducted using diabetic
SHRSP rats and oxygen-induced retinopathy mice devel-
oped according to the same method described above. CS-
866 suspension in 0.5% carboxymethylcellulose was orally
administered to rats at the dose of 3 mg/kg and mice at the
dose of 1, 3 or 10 mg/kg. After collecting blood, the plasma
concentrations of RNH-6270, the active metabolite of CS-
866, were determined by a fluorescence-HPLC method
using RNH-6272 (an analog of RNH-6270) as internal
standard. Briefly, the mixture of the plasma sample and
RNH-6272 solution was applied onto a preactivated mini-
column (Bond Elut PH, Varian Technologies Japan Ltd,
Tokyo, Japan), and eluted with methanol after washing. The
eluate was evaporated and redissolved with the mobile
phase for HPLC. After centrifugation, the supernatant was
subjected to fluorescence-HPLC (LC-10A system, Shi-
madzu Corporation, Kyoto, Japan) using a column switch-
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ing technique. Shim-pack WAX-1 (4.0 X 50 mm, Shimadzu
Corporation, Kyoto, Japan) and YMC-pack ODS-A A-312
(6.0 x 150 mm, YMC Co., Ltd., Kyoto, Japan) were used
for entrapment and analysis, respectively. Mobile phase 1
(acetonitrile/0.05 M phosphate buffer (pH 7.0), 13/87) and
Mobile phase 2 (acetonitrile/0.05 M ammonium acetate, 28/
72, adjusted with acetic acid to pH 3.75) were used, and the
column-switching time was set at 5 min. Analytes were
detected at wavelengths of 260 nm (excitation) and 370 nm
(emission).

The plasma unbound fraction was estimated by an
ultrafiltration method using ['*C]-RNH-6270, and plasma
unbound concentrations of RNH-6270 were calculated by
multiplying the total plasma concentrations by the unbound
ratio (the ratio of the unbound drug concentration to the total
drug concentration).

3. Results
3.1. Electroretinogram study

3.1.1. Changes in body weight, plasma glucose concen-
tration and HbA ;¢ level

The changes in body weight, plasma glucose concen-
tration and HbA ¢ levels in normal and streptozotocin-
induced diabetic animals are summarized in Table 1. At 6
weeks after the streptozotocin treatment, the body weight
was significantly lower in diabetic rats compared with non-
diabetic animals. CS-866 treatment (0.3, 1 or 3 mg/kg) did
not affect the body weight throughout the experimental
period.

Plasma glucose concentrations and HbA - levels in the
diabetic groups were significantly higher in diabetic animals

Table 1
Body weight, plasma glucose concentrations and HbA;c levels in non-
diabetic and diabetic SHRSP rats treated with or without CS-866

Parameter ND DC CS0.3 CS1 CS3
Body weight (g)

ow 296+ 5 234 £ 7%* 23547 236+10 234%6
2W 282+9 237+ 6** 24348 242+10 240+7
4W 291+8 291 £8**  241%6 249 +38 248 £ 10

Blood glucose (mg/dl)

ow 1397 509+23F 499419  506+27 501+21
2W 134+7 520+21F 517419 524423 539+23
4W 124+4 490+34F 510424 479423 503+21
HbA ¢ (%)

ow 29400 79+02f 80402 77+02 7.8+02
2W 2.8+£0.1 82+02" 84+02 80x0.1 81£02
4w 25+0.1 84+04% 85+03 83+02 85+02

ND: non-diabetic group treated for 4 weeks with vehicle. DC: 10-week
diabetic group treated for 4 weeks with vehicle. CS0.3, CS1 and CS3: 10-
week diabetic group treated for 4 weeks with CS-866 (0.3, 1 and 3 mg/kg/
day, respectively). Results are expressed as the mean + S.E.M. (n=10).
** P<0.01 vs. ND (by the Student z- test).

¥ P<0.01 vs. ND (by the Welch test).

Table 2
Blood pressure and heart rate in non-diabetic and diabetic SHRSP rats
treated with or without CS-866

Parameter ~ ND DC CS0.3 CS1 CS3
Systolic blood pressure (mm Hg)

ow 226+ 4 200 +4* 201+3 200+3  201+5
2W 236+5 194 +3° 187+5 189+4  189+3
4W 237+ 4 197 +4* 189+4 183+4  180+5°

Diastolic blood pressure (mm Hg)

ow 177+ 6 145+ 6" 150+ 4 146 +5 150+5
2W 195+9 136 £4° 139+9 129+7 136 =4
4w 183+7 136 £ 9* 135+6 127+ 6 126 +£7

Mean blood pressure (mm Hg)

ow 193+6 163 +5* 167+3 164+ 4 167+5
2W 208 +8 155+3° 155+8 149+ 6 153+4
4W 201+6 156 +7* 153+5 146+ 5 144+ 6

Heart rate (beats/min)

ow 352411 303 +8* 302+5 292+5  298+6
2W 412+12  301+9° 320+ 11 309+7  318%7
4W 370+ 11 305+£10"  303+8 296+8  305+6

ND: non-diabetic group treated for 4 weeks with vehicle, DC: 10-weeks
diabetic group treated for 4 weeks with vehicle. CS03, CS1 and CS3: 10-
week diabetic group treated for 4 weeks with CS-866 (0.3, 1 and 3 mg/kg/
day, respectively). Results are expressed as the mean + S.E.M. (n=10).

# P<0.01 vs. ND (by the Student ¢-test).

® P<0.01 vs. ND (by the Welch test).

¢ P<0.05 vs. DC (by the Dunnett test).

compared with the non-diabetic group at all time points.
Neither parameter was affected by 4-week treatment with
CS-866 (0.3, 1 or 3 mg/kg).

3.1.2. Changes in cardiovascular parameters

The changes in cardiovascular parameters (heart rate,
systolic, diastolic and mean blood pressure) are summarized
in Table 2. These parameters were significantly decreased in
diabetic groups compared with the non-diabetic group
during the experimental period (Table 2). At 4 weeks after
the treatment, significant reduction in systolic blood
pressure was observed in the CS-866 3 mg/kg-treated group
compared with the diabetic control group. For other
parameters, there were no significant differences between
the diabetic control and CS-866-treated groups.

3.1.3. Electroretinography

The latencies of the oscillatory potential peaks (O1, O2
and O3) in the diabetic control group were significantly
elongated compared with the non-diabetic group at 10
weeks after the streptozotocin injection (Fig. 1). Treatment
with CS-866 dose-dependently prevented this elongation
and 3 mg/kg CS-866 treatment completely arrested this
elongation at the O2 and O3 peak latencies.

3.1.4. Pharmacokinetic study in diabetic SHRSP rats

The time courses of the plasma concentration of RNH-
6270 in diabetic SHRSP rats are shown in Fig. 2, and the
pharmacokinetic parameters are summarized in Table 3.
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Fig. 1. Effect of CS-866 on the latency of oscillatory potential peaks (A:
0O1; B: 02 and C: O3) in non-diabetic and diabetic SHRSP rats. ND: non-
diabetic group treated for 4 weeks with vehicle. DC: 10-week diabetic
group treated for 4 weeks with vehicle. CS03, CS1 and CS3: 10-week
diabetic group treated for 4 weeks with CS-866 (0.3, 1 and 3 mg/kg/day,
respectively). Results are expressed as the mean+ S.EM. (n=10).
##P<0.01 vs. ND (by the Student t-test), "P<0.05, P <0.01 vs. DC
(by the Dunnett test).

Data are not shown, but the pharmacokinetic parameters in
the streptozotocin-induced diabetic rats were comparable to
those in the non-diabetic rats indicating that diabetic
conditions did not severely affect the pharmacokinetic
profile of RNH-6270. In order to consider the PK/PD
relationships, the unbound C,,,, was calculated by multi-
plying the Cy,,« value (total concentrations) by the plasma
unbound ratio (0.014), and the value determined as 1.3 ng/
ml. The unbound ratio of RNH-6270 in rat plasma (0.986)
was similar to that in human plasma (0.012).
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Fig. 2. Pharmacokinetic study of RNH-6270 in diabetic SHRSP rats. The
plasma concentrations of the active metabolite (RNH-6270) after oral
administration of CS-866 were determined as described in the Materials and
methods. Results are expressed as the mean = S.E.M. (n=4).

3.2. Oxygen-induced retinopathy

3.2.1. Pharmacological study in mouse oxygen-induced
retinopathy model

We investigated the effects of angiotensin AT1 receptor
blockers on the retinal neovascularization in a mouse
oxygen-induced retinopathy model. As shown in Fig. 3A
and B, hypoxic conditions caused retinal neovascularization
in the mouse pups. CS-866 at oral doses of 1, 3, 10 and 30
mg/kg significantly and dose-dependently reduced the
hypoxia-induced neovascularization. Another angiotensin
AT1 receptor antagonist, TCV-116 (Fig. 3B), also inhibited
the neovascularization in a dose-dependent manner. CS-866
and TCV-116 induced significant inhibition at doses of 1
and 10 mg/kg, respectively.

3.2.2. Pharmacokinetic study

The total and plasma unbound concentrations of RNH-
6270 2 and 24 h after oral administration of CS-866 at
doses of 1, 3 or 10 mg/kg to oxygen-treated mouse pups
are shown in Table 4. The plasma concentrations at 2
and 24 h post-dosing increased proportionally to the
dose. The unbound ratio of RNH-6270 in mouse plasma
was 0.0192, and the plasma unbound concentration of the
active metabolites at 2 h post-dosing was calculated to be
6.06 ng/ml for 1 mg/kg, 18.0 ng/ml for 3 mg/kg and

Table 3
Pharmacokinetic parameters of RNH-6270 in plasma after oral admin-
istration of CS-866 at a dose of 3 mg/kg to diabetic SHRSP rats

Parameter Mean + S.E.M.
AUCq 54 1, (ng h/ml) 656 +236
Conax (ng/ml) 959+ 7.4
Tinax (h) 4.040.0

t12 (h) 5.7+2.1

Results are expressed as the mean £ S.E.M. (n=4).
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Fig. 3. Effects of angiotensin AT1 receptor antagonists on hypoxia-induced
neovascularization in mouse pups. Hypoxia-induced retinal neovasculari-
zation was produced as described in the Materials and methods. Mouse
pups were treated with vehicle (veh) or indicated doses of (A) CS-866 or
(B) TCV-116 for 5 days. The number inside each bar indicates group size.
Results are expressed as the mean=+ S.E.M. *P<0.05, **P<0.01 vs.
vehicle (by the Dunnett test).

72.9 ng/ml for 10 mg/kg CS-866 administration (mean
values).

4. Discussion

Diabetic SHRSP rats are reported to be suitable models
for the evaluation of potential anti-diabetic retinopathy
drugs because they have vulnerable retinal vessels similar to
those in patients with diabetic retinopathy and the retinop-
athy develops at high incidence and in a short period after
onset of diabetes (Nagisa et al., 2001).

The oscillatory potentials are usually elongated by
hyperglycemia (Yonemura et al., 1962) and thus used for
diagnosis of retinal dysfunction in retinopathy patients. We
evaluated the effect of CS-866 on early stage diabetic
retinopathy using the SHRSP model by measuring the
latencies of oscillatory potentials in electroretinograms.

CS-866 dose-dependently corrected the delayed latencies
of oscillatory potentials in the diabetic SHRSP rats. This
result was consistent with a previous report using an

angiotensin AT1 receptor antagonist (TCV-116) in diabetic
SHRSP rats (Nagisa et al., 2001).

Systolic blood pressure was slightly but significantly
suppressed by oral administration of CS-866 at a dose of 3
mg/kg 24 h after administration. It is speculated that the
reduction in systolic blood pressure would be more
significant at the earlier phase after administration because
the plasma concentration of the drug would be higher.
Hypertension is known to be one of the risk factors for
diabetic retinopathy and reducing blood pressure is shown
to be effective in the treatment of diabetic retinopathy (UK
Prospective Diabetes Study Group, 1998). However, the
lowered blood pressure would not be the reason for the
amelioration of oscillatory potential latencies by CS-866. A
previous clinical study reported that angiotensin-converting
enzyme inhibitors prevented abnormalities in the electro-
retinogram, despite other hypotensive agents such as beta-
blockers or calcium antagonists showing no effect (Cosenzi
et al., 1999), suggesting that the retinal local angiotensin
AT1 receptor, but not high systolic blood pressure, plays an
important role in the pathophysiology of diabetic retinop-
athy. In agreement with this hypothesis, our results showed
that diabetes significantly lowered systolic blood pressure
and induced electroretinogram change in SHRSP rats.
Furthermore, the diabetic SHRSP rats treated with CS-866
were still hypertensive (systolic blood pressure: 180 mm
Hg) at 24 h after dosing, whereas delayed oscillatory
potential latencies were almost normalized. Although the
mechanism by which the renin—angiotensin system inhib-
itors ameliorate electroretinogram abnormalities is still
unclear, our results using CS-866 as an angiotensin ATl
receptor antagonist supported the important role of the local
renin—angiotensin system in the pathophysiology of early
phase diabetic retinopathy and suggest that CS-866 may
have potential in treatment of early stage diabetic retinop-
athy. The precise mechanism of CS-866 action is unclear but
the advanced glycation end product (AGE) pathway might
be involved because AGE-dependent slowing in ERG
oscillatory potentials in diabetic animals (Segawa et al.,
1998) and CS-866-dependent reduction in AGE formation
(Nangaku et al., 2003) have been reported.

In addition to the pharmacological experiment, we
conducted a parallel pharmacokinetic experiment in an
SHRSP rat model. We measured plasma concentrations of
the active metabolite of CS-866 (RNH-6270) in non-
diabetic and diabetic SHRSP rats and found that the C,.x

Table 4
Plasma concentrations of RNH-6270 after oral administration of CS-866 at
doses of 1, 3 and 10 mg/kg to oxygen-treated mice

Plasma RNH-6270 conc. (ng/ml)
24 h post-dose

Dose (mg/ml)

2 h post-dose

1 319+ 116 36.7+6.3
3 948 + 95 134+29
10 3840+ 229 426+ 125

Results are expressed as the mean = S.E.M. (n=4).
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of the protein-unbound drug (1.3 ng/ml recalculated as a
protein unbound value) was comparable to the in vitro ICs
value of RNH-6270 (3.4 ng/ml; Mizuno et al., 1995).
Therefore, the present pharmacokinetic data supported the
notion that the ameliorative effect of oral administration of
CS-866 on electroretinogram abnormalities is via inhibition
of the angiotensin AT1 receptor. The ameliorative effects of
angiotensin AT1 receptor blockers on diabetic retinopathy
have already been documented, but the present study is the
first published report that discusses the anti-retinopathy
effect of angiotensin ATl receptor antagonists using
pharmacokinetic data.

We evaluated the potential of CS-866 in late stage
diabetic retinopathy, where extensive retinal neovasculari-
zation is observed. An oxygen-induced retinopathy model
was chosen for the evaluation of retinal neovascularization
because commonly used diabetic animal models usually do
not reached the proliferative stage. In this model, neo-
vascularization has been ameliorated by candidate drugs for
diabetic retinopathy treatment such as anti-VEGF agents
(Ozaki et al., 2000; Aiello et al., 1995) and renin—
angiotensin system blockers (Tadesse et al., 2001; Lon-
champt et al., 2001). Therefore, we considered that this
animal model would be suitable for evaluating compounds
for potential treatment of diabetic retinopathy, especially of
proliferative diabetic retinopathy. In the present study,
orally administered CS-866 ameliorated the neovasculariza-
tion dose-dependently and significant inhibition was
observed at all doses tested, 1 mg/kg, 3 mg/kg and 10
mg/kg. This result suggested the effectiveness of CS-866 in
the treatment of proliferative diabetic retinopathy. The
preventive effect of the drug would be due to angiotensin
AT1 receptor inhibition because another angiotensin AT
receptor antagonist (TCV-116) also exhibited the dose-
dependent inhibition.

To support the results from the pharmacological experi-
ment, a pharmacokinetic experiment was performed also in
this oxygen-induced retinopathy model. We measured the
plasma drug concentrations at 2 and 24 h after drug
administration after an oral dose of 1 mg/kg. The plasma
unbound RNH-6270 concentration at 2 h after drug
administration (1 mg/kg) was 6.1 ng/ml. As shown in the
electroretinogram study, the plasma unbound RNH-6270
concentration was comparable to the ICso value of the drug
in this mouse model. These pharmacokinetic data confirmed
that CS-866 prevented the oxygen-induced angiogenesis
through the inhibition of the angiotensin AT1 receptor.

The pharmacokinetic data in these two animal models
also imply that the plasma concentrations of the drug in the
animal models were within the range observed in clinical
studies. In a previous clinical study of CS-866 for anti-
hypertension therapy, the C,,., and the area under the curve
after an oral administration of 40 mg (the highest dose
clinically used) were 693 +78 and 42294500 ng/ml,
respectively (Schwocho and Masonson, 2001). The Ciyax
of unbound RNH-6270 in clinical situation was estimated to

be 8.3 ng/ml by multiplying the C,,. by the free/bound
ratio (0.012), which is higher than that obtained in animal
experiments. Although the difference in species should be
carefully considered, it is possible that occurrence of
abnormalities in the electroretinogram and neovasculariza-
tion in diabetic retinopathy is suppressed by an admin-
istration of a clinically available dose of CS-866.

In conclusion, we obtained evidence that CS-866 was
effective in early ERG impairment in diabetic rats and
hypoxia-induced neovascularization. These results con-
firmed the close relationship between the renin—angioten-
sin system and the pathophysiology of diabetic
retinopathy. Pharmacokinetic data supported the evidence
that CS-866 ameliorated these abnormalities through the
inhibition of the angiotensin AT1 receptor. CS-866 would
provide effective drug therapy for treatment of diabetic
retinopathy. The precise mechanism of action and phar-
macokinetic properties in diabetic patients should be
elucidated hereafter.

References

Aiello, L.P., Pierce, E.A., Foley, E.D., Takagi, H., Chen, H., Riddle, L.,
Ferrara, N., King, G.L., Smith, L.E., 1995. Suppression of retinal
neovascularization in vivo by inhibition of vascular endothelial growth
factor (VEGF) using soluble VEGF-receptor chimeric proteins. Proc.
Natl. Acad. Sci. U. S. A. 92, 10457—10461.

American Diabetes Association, 2000. Diabetic retinopathy. Diabetes Care
23, S73-S76.

Chaturvedi, N., Sjolie, A.K., Stephenson, J.M., Abrahamian, H., Keipes,
M., Castellarin, A., Rogulja-Pepeonik, Z., Fuller, J.H., 1998. Effect of
lisinopril on progression of retinopathy in normotensive people with
type 1 diabetes. The EUCLID Study Group. EURODIAB controlled
trial of Lisinopril in Insulin-Dependent Diabetes Mellitus. Lancet 351,
28-31.

Cosenzi, A., Bocin, E., Sacerdote, A., Plazzotta, N., Seculin, P., Bernobich,
E., Solimano, N., Ravalico, G., Bellini, G., 1999. Antihypertensive
drugs and the nervous system: ACE-inhibitors restore oscillatory
potentials in hypertensives. Clin. Exp. Hypertens. 21, 223-231.

Early Treatment Diabetic Retinopathy Study Research Group, 1991. Early
photocoagulation for diabetic retinopathy. ETDRS report number 9.
Ophthalmology 98, 766—785.

Gilbert, R.E., Kelly, D.J., Cox, A.J., Wilkinson-Berka, J.L., Rumble, J.R.,
Osicka, T., Panagiotopoulos, S., Lee, V., Hendrich, E.C., Jerums, G.,
Cooper, M.E., 2000. Angiotensin converting enzyme inhibition reduces
retinal overexpression of vascular endothelial growth factor and hyper-
permeability in experimental diabetes. Diabetologia 43, 1360—1367.

Klein, R., Klein, B.E., Moss, S.E., Davis, M.D., DeMets, D.L., 1984. The
Wisconsin epidemiologic study of diabetic retinopathy: II. Prevalence
risk of diabetic retinopathy when age at diagnosis is less than 30 years.
Arch. Ophthalmol. 102, 520-526.

Koike, H., 2001. New pharmacologic aspects of CS-866, the newest
angiotensin II receptor antagonist. Am. J. Cardiol. 87, 33C—-36C.
Kurikawa, N., Suga, M., Kuroda, S., Yamada, K., Ishikawa, H., 2003. An
angiotensin II type 1 receptor antagonist, olmesartan medoxomil,
improves experimental liver fibrosis by suppression of proliferation
and collagen synthesis in activated hepatic stellate cells. Br. J.

Pharmacol. 139, 1085—1094.

Lonchampt, M., Pennel, L., Duhault, J., 2001. Hyperoxia/normoxia-driven
retinal angiogenesis in mice: a role for angiotensin II. Invest.
Ophthalmol. Visual Sci. 42, 429-432.



246 H. Nakamura et al. / European Journal of Pharmacology 512 (2005) 239-246

Lutty, G.A., McLeod, D.S., 1992. A new technique for visualization of the
human retinal vasculature. Arch. Ophthalmol. 110, 267—276.

Mizuno, M., Sada, T., Ikeda, M., Fukuda, N., Miyamoto, M., Yanagisawa,
H., Koike, H., 1995. Pharmacology of CS-866, a novel nonpeptide
angiotensin II receptor antagonist. Eur. J. Pharmacol. 285, 181—188.

Mizuno, M., Sada, T., Kato, M., Koike, H., 2002. Renoprotective effects of
blockade of angiotensin II AT1 receptors in an animal model of type 2
diabetes. Hypertens. Res. 25, 271-278.

Nagisa, Y., Shintani, A., Nakagawa, S., 2001. The angiotensin II receptor
antagonist candesartan cilexetil (TCV-116) ameliorates retinal disorders
in rats. Diabetologia 44, 883 —888.

Nangaku, M., Miyata, T., Sada, T., Mizuno, M., Inagi, R., Ueda, Y.,
Ishikawa, N., Yuzawa, H., Koike, H., van Ypersele de Strihou, C.,
Kurokawa, K., 2003. Anti-hypertensive agents inhibit in vivo the
formation of advanced glycation end products and improve renal
damage in a type 2 diabetic nephropathy rat model. J. Am. Soc.
Nephrol. 14, 1212-1222.

Neutel, J.M., Elliott, W.J., 1zzo, J.L., Chen, C.L., Masonson, H.N., 2002.
Antihypertensive efficacy of olmesartan medoxomil, a new angiotensin
I receptor antagonist, as assessed by ambulatory blood pressure
measurements. J. Clin. Hypertens. (Greenwich) 4, 325—-331.

Otani, A., Takagi, H., Suzuma, K., Honda, Y., 1998. Angiotensin II
potentiates vascular endothelial growth factor-induced angiogenic
activity in retinal microcapillary endothelial cells. Circ. Res. 82,
619-628.

Otani, A., Takagi, H., Oh, H., Suzuma, K., Matsumura, M., lkeda, E.,
Honda, Y., 2000. Angiotensin II-stimulated vascular endothelial growth
factor expression in bovine retinal pericytes. Invest. Ophthalmol. Visual
Sci. 41, 1192—1199.

Ozaki, H., Seo, M.S., Ozaki, K., Yamada, H., Yamada, E., Okamoto, N.,
Hofmann, F., Wood, J.M., Campochiaro, P.A., 2000. Blockade of
vascular endothelial cell growth factor receptor signaling is sufficient
to completely prevent retinal neovascularization. Am. J. Pathol. 156,
697-707.

Parving, H.H., Larsen, M., Hommel, E., Lund-Andersen, H., 1989. Effect
of antihypertensive treatment on blood-retinal barrier permeability to

fluorescein in hypertensive type 1 (insulin-dependent) diabetic patients
with background retinopathy. Diabetologia 32, 440—-444.

Schwocho, L.R., Masonson, H.N., 2001. Pharmacokinetics of CS-866, a
new angiotensin II receptor blocker, in healthy subjects. J. Clin.
Pharmacol. 41, 515-527.

Segawa, Y., Shirao, Y., Yamagishi, S., Higashide, T., Kobayashi, M.,
Katsuno, K., Iyobe, A., Harada, H., Sato, F., Miyata, H., Asai, H.,
Nishimura, A., Takahira, M., Souno, T., Segawa, Y., Maeda, K., Shima,
K., Mizuno, A., Yamamoto, H., Kawasaki, K., 1998. Upregulation of
retinal vascular endothelial growth factor mRNAs in spontaneously
diabetic rats without ophthalmoscopic retinopathy. A possible partic-
ipation of advanced glycation end products in the development of the
early phase of diabetic retinopathy. Ophthalmic Res. 30, 333—-339.

Smith, L.E., Wesolowski, E., McLellan, A., Kostyk, S.K., D’Amato, R.,
Sullivan, R., D’Amore, P.A., 1994. Oxygen-induced retinopathy in the
mouse. Invest. Ophthalmol. Visual Sci. 35, 101—111.

Tadesse, M., Yan, Y., Yossuck, P., Higgins, R.D., 2001. Captopril improves
retinal neovascularization via endothelin-1. Invest. Ophthalmol. Visual
Sci. 42, 1867—1872.

The Diabetes Control and Complications Trial Research Group, 1993. The
effect of intensive treatment of diabetes on the development and
progression of long-term complications in insulin-dependent diabetes
mellitus. N. Engl. J. Med. 329, 977-986.

The Diabetic Retinopathy Vitrectomy Study Research Group, 1988. Early
vitrectomy for severe proliferative diabetic retinopathy in eyes with
useful vision. Results of a randomized trial—Diabetic Retinopathy
Vitrectomy Study Report 3. Ophthalmology 95, 1307—1320.

UK Prospective Diabetes Study Group, 1998. Tight blood pressure control
and risk of macrovascular and microvascular complications in type 2
diabetes: UKPDS 38. BMJ 317, 703—-713.

Yonemura, D., Aoki, T., Tsuzuki, K., 1962. Electroretinogram in diabetic
retinopathy. Arch. Ophthalmol. 68, 19-24.

Zhang, S., Leske, D.A., Holmes, J.M., 2000. Neovascularization grading
methods in a rat model of retinopathy of prematurity. Invest.
Ophthalmol. Visual Sci. 41, 887—891.



	Pharmacological and pharmacokinetic study of olmesartan medoxomil in animal diabetic retinopathy models
	Introduction
	Materials and methods
	Materials
	Electroretinogram study
	Animals
	Induction and determination of diabetes
	Measurement of blood glucose and hemoglobin A1C (HbA1C)
	Measurement of cardiovascular parameters
	Electroretinogram measurement

	Oxygen-induced retinopathy study
	Animals
	Oxygen-induced retinopathy
	Visualization of the vasculature
	Determination of retinal neovascularization

	Statistical analyses
	Pharmacokinetic analysis in diabetic SHRSP rats and oxygen-induced retinopathy mice

	Results
	Electroretinogram study
	Changes in body weight, plasma glucose concentration and HbA1C level
	Changes in cardiovascular parameters
	Electroretinography
	Pharmacokinetic study in diabetic SHRSP rats

	Oxygen-induced retinopathy
	Pharmacological study in mouse oxygen-induced retinopathy model
	Pharmacokinetic study


	Discussion
	References


