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Ripasudil hydrochloride hydrate (K-115), a specific Rho-associated coiled-coil containing protein kinase (ROCK) inhibitor, is
developed for the treatment of glaucoma and ocular hypertension. Topical administration of ripasudil decreases intraocular
pressure (IOP) by increasing conventional outflow through the trabeculae to Schlemm’s canal, which is different from existing
agents that suppress aqueous humor production or promote uveoscleral outflow. In this study, we demonstrated that ripasudil
significantly lowered IOP in combined regimens with other glaucoma therapeutic agents in rabbits and monkeys. Ripasudil
showed additional effects on maximum IOP lowering or prolonged the duration of IOP-lowering effects with combined
administration of timolol, nipradilol, brimonidine, brinzolamide, latanoprost, latanoprost/timolol fixed combination, and
dorzolamide/timolol fixed combination. These results indicate that facilitation of conventional outflow by ripasudil provides
additive IOP-lowering effect with other classes of antiglaucoma agents. Ripasudil is expected to have substantial utility in

combined regimens with existing agents for glaucoma treatment.

1. Introduction

Rho-kinase (Rho-associated coiled-coil containing protein
kinase; ROCK), a member of the serine-threonine protein
kinases, is an effector protein of low-molecular-weight G-
protein, Rho [1]. ROCK has two isoforms, ROCK-1 and
ROCK-2, which are extensively distributed throughout the
various organs, including the ocular tissues [2, 3]. ROCK
binds with Rho to form a Rho/ROCK complex and regulates
various physiological functions, such as smooth muscle
contraction, chemotaxis, neural growth, and gene expres-
sion [1, 4-8]. However, aberrant regulation of ROCK
levels in the eyes has been shown to be involved in the
pathogenesis of diabetic retinopathy, age-related macular
edema, cataract, corneal dysfunction, retinal disorders,
and glaucoma [9-20].

Glaucoma is primarily a disease affecting the optic nerve
head that characteristically leads to visual field loss and ulti-
mately blindness. Primary open-angle glaucoma (POAG),
the commonest form of glaucoma, often observed chronic
elevation of intraocular pressure (IOP). These were devel-
oped as a result of pathologically increased resistance to the

drainage of the aqueous humor through outflow pathways
[21]. IOP reduction is currently the only reliable and
evidence-based management approach for the treatment of
glaucoma [22]. The strategies of glaucoma treatment are
decided according to the stages of glaucoma, types, and dif-
ferent conditions, with pharmacological agents considering
the first-line therapy in most types of glaucoma [23]. The
ocular hypotensive mechanisms of currently available anti-
glaucoma agents are categorized into two types. One is to
promote uveoscleral outflow, such as prostaglandin (PG)
analogs, «f3-adrenergic receptor blockers, «l-adrenergic
receptor blockers, and a2-adrenergic receptor agonists, and
the other is to suppress aqueous humor production, such as
B-adrenergic receptor blockers, carbonic anhydrase inhibi-
tors (CAI), and «f3-adrenergic receptor blockers [23]. How-
ever, reduction of IOP below the target level is often
challenging with monotherapy [24]. Consequently, there is
a great clinical need for a novel class of agents, which pos-
sesses potent IOP-lowering effects, and can be used with
other agents for combination therapy.

Ripasudil is the first-in-class ROCK inhibitor ophthalmic
agent developed for the treatment of glaucoma and ocular
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hypertension [25-32]. In the previous study, we showed
that ripasudil decreased IOP by potentiation of the outflow
facility from the conventional outflow route [26, 27]. The
mechanism of actions of ripasudil is different from that
of other agents, such as promotion of uveoscleral outflow
and suppression of aqueous humor production. In this study,
we demonstrated that topical instillation of ripasudil oph-
thalmic solution with other glaucoma therapeutic agents,
such as p-blocker, af-blocker, a2-agonist, CAI, and PG
analogs, further reduced IOP and for a longer duration.

2. Materials and Methods

2.1. Animals. Male Japanese white rabbits weighing 2.0-
3.0kg and male cynomolgus monkeys weighing 5.0-8.5 kg
(5 years or older) were used in this study. The rabbits were
housed in an air-conditioned room (22-25°C, 50%-70%
humidity) lit from 7:00 to 19:00, and they were allowed food
and water ad libitum throughout the experiments. The mon-
keys were housed in an air-conditioned room (22-28°C,
40%-80% humidity) lit from 7:00 to 19:00, and they were
provided 100g of feed daily between 9:00 and 12:00, with
the exception that feed were provided after the last measure-
ment on each day of IOP measurement. All studies were con-
ducted in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were
approved by the Animal Ethics Committee of Kowa Tokyo
New Drug Research Laboratories.

2.2. Chemicals and Drug Preparation. Ripasudil was synthe-
sized at Tokyo New Drug Research Laboratories, Kowa Co.
Ltd. (Tokyo, Japan) and was dissolved in a vehicle containing
preservative for clinical use as an ophthalmic agent. 0.25%
nipradilol (HYPADIL Kowa ophthalmic solution 0.25%)
was purchased from Kowa Pharmaceutical Co. Ltd. (Tokyo,
Japan); 1% brinzolamide (Azopt 1% ophthalmic suspension)
was purchased from Alcon Japan Ltd. (Tokyo, Japan); 0.1%
brimonidine (Aiphagan ophthalmic solution 0.1%) was pur-
chased from Senju Pharmaceutical Co. Ltd. (Osaka, Japan);
0.005% latanoprost (Xalatan eye drops 0.005%) and 0.005%
latanoprost/0.5% timolol fixed combination (Xalacom com-
bination eye drops) were purchased from Pfizer Inc. (Tokyo,
Japan); and 0.5% timolol (Timoptol Ophthalmic Solution
0.5%) and 1% dorzolamide/0.5% timolol fixed combination
(COSOPT ophthalmic solution) were purchased from Santen
Pharmaceutical Co. Ltd. (Osaka, Japan).

2.3. Method of Topical Administration. In rabbit experi-
ments, 50 uL of agents were instilled into one eye. For com-
bined regimens with other agents, 0.5% timolol, 0.25%
nipradilol, 0.1% brimonidine, or 1% brinzolamide was
administrated 5min after the instillation of 0.4% ripasudil.
The contralateral eye was not treated. In monkey experi-
ments, 20 uL of agents was instilled into one eye. For com-
bined regimens with other agents, 0.005% latanoprost
(alone) and 0.005% latanoprost/0.5% timolol or 1% dorzola-
mide/0.5% timolol (in combination) were administrated
5min after the instillation of 0.4% ripasudil or vehicle. The
contralateral eye was not treated.
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FiGure 1: Additive IOP-lowering effect of ripasudil with timolol.
Male albino rabbits were administered 50 uL of vehicle (O), 0.4%
ripasudil (@), 0.5% timolol (A), or 0.4% ripasudil +0.5% timolol
(®) into one eye (n=9). The contralateral eye was not treated.
IOP were measured using pneumotonometers prior to the
experiments and 0.5, 1, 2, 3, 4, and 5h after instillation. For
combined use of ophthalmic agents, 0.5% timolol was
administered 5 min after instillation of 0.4% ripasudil. All data are
presented as means + SEs. *"P < 0.05, compared with vehicle and
0.4% ripasudil, respectively (Tukey’s multiple comparison test).

2.4. Measurement of Intraocular Pressure. Pneumoton-
ometers (Model 30 Classic Pneumotonometer; Medtronic
Solan Ophthalmic Products Inc., Jacksonville, FL) were used
to monitor IOP. For IOP measurements, the eyes were anes-
thetized by topical instillation of 0.4% oxybuprocaine (0.4%
Benoxil ophthalmic solution; Santen Pharmaceutical Co.
Ltd., Osaka, Japan). IOP was measured in both eyes prior
to the instillation of agents and 0.5, 1, 2, 3, 4, and 5h after
instillation in the albino rabbits. For the experiments with
monkeys, IOP was measured before and 1, 2, 4, and 6h or
1, 2, 3, 4, 6, and 8h after instillation of agents.

2.5. Statistical Analyses. Difference in IOP (4IOP) between
pretreatment (0 h) and at each time point after the instillation
of agents was calculated. All data are expressed as means
+ SEs. For 4IOP, Tukey’s multiple comparison test (compar-
ing means of more than two groups) or Student’s t-test (com-
paring means of two groups) was performed at each time
point for each treatment group. P < 0.05 was predetermined
as the criterion of statistical significance for all the analyses.

3. Results

3.1. Additive IOP-Lowering Effect of Ripasudil with Timolol.
IOP-lowering effects of 0.4% ripasudil, 0.5% timolol, and
combined treatment of 0.4% ripasudil with 0.5% timolol were
demonstrated in rabbits (Figure 1). Compared with vehicle,
ripasudil significantly lowered the IOP 1 and 2h after instil-
lation, and timolol significantly lowered 0.5, 1, and 3 h after
instillation. Combined treatment of ripasudil and timolol sig-
nificantly lowered IOP at 0.5, 1, 2, 3, 4, and 5h after instilla-
tion compared with vehicle and at 0.5, 3, and 4h after
instillation compared with ripasudil.

3.2. Additive IOP-Lowering Effect of Ripasudil with
Nipradilol. IOP-lowering effects of 0.4% ripasudil, 0.25%
nipradilol, and combined treatment of 0.4% ripasudil with
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FIGURE 2: Additive IOP-lowering effect of ripasudil with nipradilol.
Rabbits were administered vehicle (O), 0.4% ripasudil (®), 0.25%
nipradilol (A), or 0.4% ripasudil + 0.25% nipradilol (#) into one
eye (n=10). IOP were measured 0.5, 1, 2, 3, 4, and 5h after
instillation. For combined use of ophthalmic agents, 0.25%
nipradilol was administered 5min after instillation of 0.4%
ripasudil. All data are presented as means+SEs. *P<0.05,
compared with vehicle (Tukey’s multiple comparison test).
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Ficure 3: Additive IOP-lowering effect of ripasudil with
brinzolamide. Rabbits were administered vehicle (O), 0.4%
ripasudil (®), 1% brinzolamide (A), or 0.4% ripasudil+ 1%
brinzolamide (#) into one eye (n = 10). IOP were measured 0.5, 1,
2, 3, 4, and 5h after instillation. For combined use of ophthalmic
agents, 1% brinzolamide was administered 5 min after instillation of
0.4% ripasudil. All data are presented as means + SEs. *™*P < 0.05,
compared with vehicle, 0.4% ripasudil, and 1% brinzolamide,
respectively (Tukey’s multiple comparison test).

0.25% nipradilol were demonstrated in rabbits (Figure 2).
Compared with vehicle, a significant IOP-lowering effect
was observed at 0.5, 1, and 2 h after instillation of ripasudil;
0.5 and 1h after instillation of nipradilol; and 0.5, 1, 2, 3,
and 4 h after instillation of combined treatment of ripasudil
and nipradilol.

3.3. Additive IOP-Lowering Effect of Ripasudil with
Brinzolamide. 1OP-lowering effects of 0.4% ripasudil, 1%
brinzolamide, and combined treatment of 0.4% ripasudil
with 1% brinzolamide were demonstrated in rabbits
(Figure 3). Compared with vehicle, a significant IOP-
lowering effect was observed at 0.5, 1, 2, and 3 h after instilla-
tion of 0.4% ripasudil; 1, 2, 3, and 4 h after instillation of brin-
zolamide; and 0.5, 1, 2, 3, 4, and 5h after instillation of
combined treatment of ripasudil and brinzolamide. More-
over, combination of ripasudil and brinzolamide showed sig-
nificant IOP-lowering effect at 2, 3, and 5h against both
single instillation of 0.4% ripasudil and 1% brinzolamide.
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FiGure 4: Additive IOP-lowering effect of ripasudil with
brimonidine. Rabbits were administered vehicle (O), 0.4% ripasudil
(@), 0.1% brimonidine (A), or 0.4% ripasudil + 0.1% brimonidine
(#) into one eye (n = 10). IOP were measured 0.5, 1, 2, 3,4, and 5h
after instillation. For combined use of ophthalmic agents, 0.1%
brimonidine was administered 5min after instillation of 0.4%
ripasudil. All data are presented as means=SEs. *™*P <0.05,
compared with vehicle, 0.4% ripasudil, and 0.1% brimonidine,
respectively (Tukey’s multiple comparison test).
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FiGURrk 5: Additive IOP-lowering effect of ripasudil with latanoprost.
Male cynomolgus monkeys were administered 20 uL of 0.4%
ripasudil (@), 0.005% latanoprost (A), or 0.4% ripasudil +0.005%
latanoprost (#) into one eye (1 = 4). The contralateral eye was not
treated. IOP were measured using pneumotonometers prior to the
experiments and 1, 2, 4, and 6 h after instillation. For combined use
of ophthalmic agents, 0.005% latanoprost was administered 5min
after instillation of 0.4% ripasudil. All data are presented as means
+SEs. TP < 0.05, compared with 0.005% latanoprost and ripasudil,
respectively (Tukey’s multiple comparison test).

3.4. Additive IOP-Lowering Effect of Ripasudil with
Brimonidine. IOP-lowering effects of 0.4% ripasudil, 0.1%
brimonidine, and combined treatment of 0.4% ripasudil with
0.1% brimonidine were demonstrated in rabbits (Figure 4).
Compared with vehicle, ripasudil significantly lowered the
IOP at 1 and 2h after instillation; 0.1% brimonidine at 2
and 3 h after instillation; and combined treatment of ripasu-
dil and brimonidine at 0.5, 1, 2, 3, and 4h after instillation.
Additionally, combined treatment of ripasudil and brimoni-
dine significantly lowered IOP compared with ripasudil,
and brimonidine alone, at 0.5h after instillation.

3.5. Additive IOP-Lowering Effect of Ripasudil with
Latanoprost in Cynomolgus Monkeys. IOP-lowering effects
of 0.4% ripasudil, 0.005% latanoprost, and combined treat-
ment of 0.4% ripasudil with 0.005% latanoprost were demon-
strated in monkeys (Figure 5). Compared with both single
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F1GURE 6: Additive IOP-lowering effect of ripasudil with latanoprost/
timolol fixed combination. Monkeys were administered vehicle
+0.005% latanoprost/0.5% timolol fixed combination (A), or 0.4%
ripasudil + 0.005% latanoprost/0.5% timolol fixed combination (#)
into one eye (n=>5). IOP were measured before and 1, 2, 3, 4, 6,
and 8h after instillation. 0.005% latanoprost/0.5% timolol fixed
combination was administered 5 min after instillation of vehicle or
0.4% ripasudil. All data are presented as means+ SEs. *P < 0.05,
compared with vehicle +0.005% latanoprost/0.5% timolol fixed
combination (Student’s t-test).

instillation of ripasudil and latanoprost, a significant IOP-
lowering effect was observed 4 and 6h after instillation of
the combined treatment of ripasudil and latanoprost.

3.6. Additive IOP-Lowering Effect of Ripasudil with Fixed
Combination Agents in Cynomolgus Monkeys. Additive
IOP-lowering effects of 0.4% ripasudil with fixed combina-
tion (0.005% latanoprost/0.5% timolol or 1% dorzolamide/
0.5% timolol) were demonstrated in monkeys. Compared
with latanoprost/timolol and vehicle, combination of latano-
prost/timolol and ripasudil significantly lowered the IOP 1, 2,
3, 4, and 6 h after administration (Figure 6). Compared with
dorzolamide/timolol and vehicle, combination of dorzola-
mide/timolol and ripasudil significantly lowered the IOP 1,
2, 4, and 6 h after administration (Figure 7).

4. Discussion

In this study, we demonstrated the additive IOP-lowering
effects of ripasudil topical instillation with other glaucoma
therapeutic agents, -blocker, af-blocker, a2-agonist, CAI,
PG analogs, and fixed combination. A lot of therapeutic
agents are used to manage IOP for glaucoma treatment. For
example, PG analogs, «f3-blockers, a1-blockers, and a2-ago-
nists are currently used to promote uveoscleral outflow, and
B-blockers, CAI and af-blockers are used to suppress aque-
ous humor production. In addition, these agents are used in
different ways for glaucoma treatment, such as combined
administration of agents, fixed-dose combination formula-
tions, and appropriate agents are selected according to the
target IOP of each patient. However, there are unmet medical
needs in the market for developing novel class of ocular
hypotensive agents, as present antiglaucoma agents are
insufficient for obtaining the required reduction of IOP. In
this study, we aimed to evaluate the additive IOP-lowering
effects of combined regimens of ripasudil and other antiglau-
coma agents in rabbits and monkeys. We believe that the
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FiGure 7: Additive IOP-lowering effect of ripasudil with
dorzolamide/timolol ~ fixed  combination. = Monkeys  were
administered vehicle+1% dorzolamide/0.5% timolol fixed
combination (A) or 0.4% ripasudil + 1% dorzolamide/0.5% timolol
fixed combination (#) into one eye (n=5). IOP were measured
before and 1, 2, 3, 4, 6, and 8 h after instillation. 1% dorzolamide/
0.5% timolol fixed combination was administered 5min after
instillation of vehicle or 0.4% ripasudil. All data are presented as
means + SEs. *P < 0.05, compared with vehicle + 1% dorzolamide/
0.5% timolol (Student’s t-test).

mechanism of facilitation via conventional outflow by ripa-
sudil differs from those of other agents.

The pharmacological features of ripasudil have previ-
ously been investigated. Ripasudil inhibited both human
ROCK-1 and ROCK-2 with IC;, values of 0.051 and
0.019 umol/L, respectively. The inhibitory effect of ripasudil
was more potent than that of Y-27632 or fasudil [26]. Inhib-
itory activities (as in IC., values) of ripasudil on other serine/
threonine kinases are approximately 1000-fold less potent
than ROCK inhibition. Moreover, ripasudil does not inhibit
carbonic anhydrase and has no binding affinity for «a-, -,
and prostanoid receptors. These results indicate that ripasu-
dil is a selective ROCK inhibitor.

In in vivo studies using rabbits and monkeys with normal
IOP, a clinical dose of 0.4% ripasudil showed a significant
IOP-lowering effect, which was comparable with existing
glaucoma therapeutic agents [26, 27]. In a study of aqueous
humor dynamics in rabbits, instillation of 0.4% ripasudil
significantly increased outflow facility; however, it had no
effect on uveoscleral outflow or aqueous flow rate [26].
In in vitro studies, ripasudil induced retraction and round-
ing as well as reduced actin bundles in monkey trabecular
meshwork (TM) cells [27]. In addition, ripasudil reduced
transendothelial electrical resistance (TEER), increased
FITC-dextran permeability, and decreased ZO-1 immuno-
staining areas in monkey Schlemm’s canal endothelial
(SCE) cells [27]. These findings corroborate previous stud-
ies of other ROCK inhibitors in rabbits or monkeys [19,
20, 33-35]. Therefore, promotion of aqueous outflow by
ripasudil is likely due to TM cytoskeletal changes, reduced
outflow resistance, and increased SCE permeability as a
result of ROCK inhibition. These results strongly indicate
that the ocular hypotensive effect of ripasudil is associated
with its potentiation of outflow facility from the conven-
tional outflow route.

In this study, the IOP-lowering effect of ripasudil was
enhanced by instillation with brimonidine, brinzolamide,
latanoprost, latanoprost/timolol fixed combination, and
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TasLE 1: Additive effect by ripasudil for categories of glaucoma therapeutic agents.

Categories Target Additive effect with ripasudil

IOP reduction
p-Blockers Prolonged duration
CAI Suppression of aqueous humor production 10P reduction

Combination of -blockers and CAI

Prolonged duration

IOP reduction
Prolonged duration

PG analogs

IOP reduction
Prolonged duration

Promotion of uveoscleral outflow

a2-Agonists
a3-Blockers

Combination of PG analogs and f3-blockers

Suppression of aqueous humor production and
promotion of uveoscleral outflow

IOP reduction
Prolonged duration

Prolonged duration

IOP reduction
Prolonged duration

dorzolamide/timolol fixed combination. Furthermore, com-
bined instillation of ripasudil with latanoprost/timolol fixed
combination showed more additive IOP-lowering effect
compared with combined instillation of ripasudil with timo-
lol or latanoprost. Therefore, additive IOP-lowering effect by
ripasudil was able to show with two or more agents. These
results suggest that increment of conventional outflow is
effective for lowering the IOP under the increase in uveoscl-
eral outflow or increment of uveoscleral flow with suppress-
ing the aqueous humor production. However, combined
instillation of ripasudil with nipradilol did not show additive
effect on IOP compared with their single instillations. The
maximum IOP-lowering effect of nipradilol was observed at
1h after instillation, and the IOP value was 14.1 mmHg,
which is similar to the episcleral venous pressure in rabbits
[36]. Ripasudil and nipradilol have similar IOP-lowering
effect, that is, both agents show maximum IOP reduction at
1h after instillation and disappear rapidly in rabbits. This
might be the reason why we could not take more additive
IOP reduction by combination of ripasudil with nipradilol.
On the other hand, combination of ripasudil with other
agents prolonged the duration of IOP-lowering effects com-
pared with single instillation of each agent. The ocular hypo-
tensive mechanism of ripasudil, facilitation of conventional
outflow, provides additive ocular hypotensive effect with
combination use of other types of ocular hypotensive agents
(Table 1). Furthermore, there was no adverse event regarding
the topical instillation of ripasudil of coadministration of
ripasudil with other antiglaucoma drugs in this study. Our
results in this study agree with clinical studies, in that the
administration of ripasudil with timolol or latanoprost
showed additive IOP-lowering effect in glaucoma patients
[31]. Therefore, we believe that the additive IOP-lowering
effect of ripasudil with other glaucoma therapeutic agents
in this study would provide beneficial clinical effects.

There are many reports that not only an elevation of IOP
but also an impairment of ocular circulation are the etiology
of glaucoma and evaluated the effect of antiglaucoma drugs
on ocular blood flow in experimental animals and humans
[37-42]. Nakabayashi et al. reported that ripasudil increased

retinal blood flow in cats [43]. Similar results were reported
by other ROCK inhibitor reagents [44, 45], and this effect
might be due to direct vasodilating action of ROCK inhibi-
tors in the posterior side of the eye.

Glaucoma is a condition that involves distinctive change
in the optic nerve and visual field [23], and neuroprotective
effect might be a beneficial effect on suppressing the progres-
sion of glaucomatous neural damage. There are many reports
for the neuroprotective effect of antiglaucoma agents. Brimo-
nidine showed neuroprotective effect in rats [46] and pre-
vented the progression of visual field loss in humans [47].
Yamamoto et al. reported the neuroprotective effect of ripa-
sudil in rats [48]; similar effects were also observed with other
ROCK inhibitors [18, 49, 50]. Therefore, neuroprotective
effect by ripasudil is expected to show beneficial effect on
visual field in humans.

Furthermore, ROCK inhibitors have direct anti-
inflammatory effects [51, 52] compared with other antiglau-
coma agents. Increased production of proinflammatory cyto-
kines has been reported to result in POAG and secondary,
including exfoliation and uveitic glaucomas [53, 54].
Glucocorticoid-induced ocular hypertension is a form of sec-
ondary open-angle glaucoma induced by steroid administra-
tion. Its underlying mechanisms are associated with
increasing outflow resistance through the conventional out-
flow route caused by accumulation of extracellular matrix
(ECM) [55]. Fujimoto et al. reported that ROCK inhibitor
improved dexamethasone-induced reduction of the outflow
facility and inhibited the increase in ECM, such as collagen
type IV a1 and fibronectin mRNA expression in porcine eyes
[56]. Therefore, anti-inflammatory effect of ripasudil and its
suppressive effect of ECM via ROCK inhibition may provide
a strategy to treat and prevent secondary glaucoma, with
additive IOP-lowering effects when combined regimens are
used with other antiglaucoma agents.

5. Conclusions

In this study, we demonstrated that ripasudil showed
additional maximum IOP-lowering effect or prolongation



of IOP-lowering effect in combined regimens with S-
blocker, «f3-blocker, a2-agonist, CAI, PG analog, and fixed
combination of these agents. The mechanisms of action
are due to increment of conventional outflow by ripasudil
treatment. Ripasudil is expected to have substantial utility
when used in combined regimens with existing agents
and provide a greater choice in pharmacological treatment
options for glaucoma.

Conflicts of Interest

Yoshio Kaneko, Masayuki Ohta, Tomoyuki Isobe, Yuto
Nakamura, and Ken Mizuno are employees of Kowa. The
authors declare that there is no conflict of interest regarding
the publication of this paper.

Acknowledgments

The excellent technical assistance of Aya Nanmoku and
Yukako Iwashita is gratefully acknowledged.

References

[1] T. Ishizaki, M. Maekawa, K. Fujisawa et al., “The small
GTP-binding protein Rho binds to and activates a 160
kDa Ser/Thr protein kinase homologous to myotonic dys-
trophy kinase,” The EMBO Journal, vol. 15, no. 8,
pp. 1885-1893, 1996.

[2] O.Nakagawa, K. Fujisawa, T. Ishizaki, Y. Saito, K. Nakao, and
S. Narumiya, “ROCK-I and ROCK-II, two isoforms of Rho-
associated coiled-coil forming protein serine/threonine kinase
in mice,” FEBS Letters, vol. 392, no. 2, pp. 189-193, 1996.

[3] C. Fukiage, K. Mizutani, Y. Kawamoto, M. Azuma, and
T. R. Shearer, “Involvement of phosphorylation of myosin
phosphatase by ROCK in trabecular meshwork and ciliary
muscle contraction,” Biochemical and Biophysical Research
Communications, vol. 288, no. 2, pp. 296-300, 2001.

[4] H. Shimokawa and A. Takeshita, “Rho-kinase is an important
therapeutic target in cardiovascular medicine,” Arteriosclero-
sis, Thrombosis, and Vascular Biology, vol. 25, no. 9,
pp. 17671775, 2005.

[5] H. Sagawa, H. Terasaki, M. Nakamura et al., “A novel ROCK
inhibitor, Y-39983, promotes regeneration of crushed axons
of retinal ganglion cells into the optic nerve of adult cats,”
Experimental Neurology, vol. 205, no. 1, pp. 230-240, 2007.

[6] H. B. Tan, Y. S. Zhong, Y. Cheng, and X. Shen, “Rho/
ROCK pathway and neural regeneration: a potential therapeu-
tic target for central nervous system and optic nerve damage,”
International Journal Ophthalmology, vol. 4, no. 6, pp. 652-
657, 2011.

[7] J. Bertrand, M. Winton, N. Rodriguez-Hernandez, R. B.
Campenot, and L. McKerracher, “Application of Rho antag-
onist to neuronal cell bodies promotes neurite growth in
compartmented cultures and regeneration of retinal ganglion
cell axons in the optic nerve of adult rats,” The Journal of
Neuroscience, vol. 25, no. 5, pp. 1113-1121, 2005.

[8] J. M. Stiles, V. Kurisetty, D. C. Mitchell, and B. A. Bryan,
“Rho kinase proteins regulate global miRNA expression in
endothelial cells,” Cancer Genomics Proteomics, vol. 10, no. 6,
pp. 251-263, 2013.

Journal of Ophthalmology

[9] M. Waki, Y. Yoshida, T. Oka, and M. Azuma, “Reduction of
intraocular pressure by topical administration of an inhibitor
of the Rho-associated protein kinase,” Current Eye Research,
vol. 22, no. 6, pp. 470-474, 2001.

[10] M. Tamura, H. Nakao, H. Yoshizaki et al., “Development
of specific Rho-kinase inhibitors and their clinical applica-
tion,” Biochimica et Biophysica Acta, vol. 1754, no. 1-2,
pp. 245-252, 2005.

[11] T. Yokota, K. Utsunomiya, K. Taniguchi, A. Gojo, H. Kurata,
and N. Tajima, “Involvement of the Rho/Rho kinase signal-
ing pathway in platelet-derived growth factor BB-induced
vascular endothelial growth factor expression in diabetic
rat retina,” Japanese Journal of Ophthalmology, vol. 51,
no. 6, pp. 424-430, 2007.

[12] R. Arita, Y. Hata, S. Nakao et al., “Rho kinase inhibition by fas-
udil ameliorates diabetes-induced microvascular damage,”
Diabetes, vol. 58, no. 1, pp. 215-226, 2009.

[13] K. Hollanders, T. Van Bergen, N. Kindt et al., “The effect
of AMA0428, a novel and potent ROCK inhibitor, in a model
of neovascular age-related macular degeneration,” Investi-
gative Ophthalmology & Visual Science, vol. 56, no. 2,
pp. 1335-1348, 2015.

[14] S.Zandi, S. Nakao, K. H. Chun et al., “ROCK-isoform-specific
polarization of macrophages associated with age-related
macular degeneration,” Cell Reports, vol. 10, no. 7, pp. 1173-
1186, 2015.

[15] H.]J.Choand]. Yoo, “Rho activation is required for transform-
ing growth factor-beta-induced epithelial-mesenchymal tran-
sition in lens epithelial cells,” Cell Biology International,
vol. 31, no. 10, pp. 1225-1230, 2007.

[16] N. Okumura, N. Koizumi, M. Ueno et al., “The new therapeu-
tic concept of using a rho kinase inhibitor for the treatment of
corneal endothelial dysfunction,” Cornea, vol. 30, Supplement
1, pp. S54-559, 2011.

[17] Y. Zheng, H. Bando, Y. Ikuno et al, “Involvement of rho-
kinase pathway in contractile activity of rabbit RPE cells
in vivo and in vitro,” Investigative Ophthalmology ¢ Visual
Science, vol. 45, no. 2, pp. 668-674, 2004.

[18] A. Hirata, M. Inatani, Y. Inomata et al., “Y-27632, a Rho-
associated protein kinase inhibitor, attenuates neuronal cell
death after transient retinal ischemia,” Graefe's Archive for
Clinical and Experimental Ophthalmology, vol. 246, no. 1,
pp- 51-59, 2008.

[19] M. Honjo, H. Tanihara, M. Inatani et al., “Effects of Rho-
associated protein kinase inhibitor Y-27632 on intraocular
pressure and outflow facility,” Investigative Ophthalmology &
Visual Science, vol. 42, no. 2, pp. 137-144, 2001.

[20] M. Honjo, M. Inatani, N. Kido et al., “Effects of protein kinase
inhibitor, HA1077, on intraocular pressure and outflow facility
in rabbit eyes,” Archives of Ophthalmology, vol. 119, no. 8,
pp. 1171-1178, 2001.

[21] H. A. Quigley, “Open-angle glaucoma,” The New England
Journal of Medicine, vol. 328, no. 15, pp. 1097-1106, 1993.

[22] R.van der Valk, C. A. Webers, J. S. Schouten, M. P. Zeegers,
F. Hendrikse, and M. H. Prins, “Intraocular pressure-lowering
effects of all commonly used glaucoma drugs: a meta-analysis
of randomized clinical trials,” Ophthalmology, vol. 112, no. 7,
pp. 1177-1185, 2005.

[23] Japanese Ophthalmologic Society, “The Japan glaucoma

society guidelines for glaucoma (3rd edition),” Nihon Ganka
Gakkai Zasshi, vol. 116, no. 1, pp. 3-46, 2012, (in Japanese).



Journal of Ophthalmology

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Y. Nakai, “Current status of glaucoma therapy at private prac-
tices and a private ophthalmology hospital,” Atarashii Ganka
(J. Eye), vol. 25, no. 11, pp. 1581-1585, 2008, (in Japanese).

K. P. Garnock-Jones, “Ripasudil: first global approval,” Drugs,
vol. 74, no. 18, pp. 2211-2215, 2014.

T. Isobe, K. Mizuno, Y. Kaneko, M. Ohta, T. Koide, and S.
Tanabe, “Effects of K-115, a rho-kinase inhibitor, on aqueous
humor dynamics in rabbits,” Current Eye Research, vol. 39,
no. 8, pp. 813-822, 2014.

Y. Kaneko, M. Ohta, T. Inoue et al, “Effects of K-115
(Ripasudil), a novel ROCK inhibitor, on trabecular meshwork
and Schlemm’s canal endothelial cells,” Scientific Reports,
vol. 6, p. 19640, 2016.

H. Tanihara, T. Inoue, T. Yamamoto et al, “Intra-ocular
pressure-lowering effects of a Rho kinase inhibitor, ripasudil
(K-115), over 24 hours in primary open-angle glaucoma and
ocular hypertension: a randomized, open-label, crossover
study,” Acta Ophthalmologica, vol. 93, no. 4, pp. €254-¢260,
2015.

H. Tanihara, T. Inoue, T. Yamamoto et al., “Phase 2 random-
ized clinical study of a Rho kinase inhibitor, K-115, in primary
open-angle glaucoma and ocular hypertension,” American
Journal of Ophthalmology, vol. 156, no. 4, pp. 731-736, 2013.

H. Tanihara, T. Inoue, T. Yamamoto et al., “Phase 1 clinical
trials of a selective Rho kinase inhibitor, K-115,” JAMA
Ophthalmology, vol. 131, no. 10, pp. 1288-1295, 2013.

H. Tanihara, T. Inoue, T. Yamamoto et al., “Additive intraoc-
ular pressure-lowering effects of the Rho kinase inhibitor ripa-
sudil (K-115) combined with timolol or latanoprost: a report
of 2 randomized clinical trials,” JAMA Ophthalmology,
vol. 133, no. 7, pp. 755-761, 2015.

H. Tanihara, T. Inoue, T. Yamamoto et al., “One-year clinical
evaluation of 0.4% ripasudil (K-115) in patients with open-
angle glaucoma and ocular hypertension,” Acta Ophthalmolo-
gica, vol. 94, no. 1, pp. e26-e34, 2016.

Z. Lu, D. R. Overby, P. A. Scott, T. F. Freddo, and H. Gong,
“The mechanism of increasing outflow facility by rho-kinase
inhibition with Y-27632 in bovine eyes,” Experimental Eye
Research, vol. 86, no. 2, pp. 271-281, 2008.

T. Koga, T. Koga, M. Awai, J. Tsutsui, B. Y. Yue, and H. Tani-
hara, “Rho-associated protein kinase inhibitor, Y-27632,
induces alterations in adhesion, contraction and motility in
cultured human trabecular meshwork cells,” Experimental
Eye Research, vol. 82, no. 3, pp. 362-370, 2006.

T. Kameda, T. Inoue, M. Inatani et al., “The effect of Rho
associated protein kinase inhibitor on monkey Schlemm’s
canal endothelial cells,” Investigative Ophthalmology & Visual
Science, vol. 53, no. 6, pp. 3092-3103, 2012.

D. O. Zamora and J. W. Kiel, “Topical proparacaine
and episcleral venous pressure in the rabbit,” Investiga-
tive Ophthalmology ¢ Visual Science, vol. 50, no. 6,
pp. 2949-2952, 2009.

K. Mizuno, T. Koide, N. Saito et al., “Topical nipradilol: effects
on optic nerve head circulation in humans and periocular dis-
tribution in monkeys,” Investigative Ophthalmology ¢ Visual
Science, vol. 43, no. 10, pp. 3243-3250, 2002.

T. Yoshitomi, K. Yamaji, H. Ishikawa, and Y. Ohnishi,
“Vasodilatory effects of nipradilol, an alpha- and beta-
adrenergic blocker with nitric oxide releasing action, in rabbit
ciliary artery,” Experimental Eye Research, vol. 75, no. 6,
Pp. 669-676, 2002.

[39]

(40]

[41]

(42]

(43]

(44]

[45]

[46]

(47]

(48]

[49]

(50]

[51]

(52]

M. Kanno, M. Araie, K. Tomita, and K. Sawanobori, “Effects of
topical nipradilol, a beta-blocking agent with alpha-blocking
and nitroglycerin-like activities, on aqueous humor dynamics
and fundus circulation,” Investigative Ophthalmology & Visual
Science, vol. 39, no. 5, pp. 736-743, 1998.

T. Kida, T. Sugiyama, S. Harino, K. Kitanishi, and T. Ikeda,
“The effect of nipradilol, an alpha-beta blocker, on retinal
blood flow in healthy volunteers,” Current Eye Research,
vol. 23, no. 2, pp. 128-132, 2001.

J. E. Grunwald, “Effect of two weeks of timolol maleate treat-
ment on the normal retinal circulation,” Investigative Ophthal-
mology & Visual Science, vol. 32, no. 1, pp. 39-45, 1991.

Y. Tamaki, M. Araie, K. Tomita, A. Tomidokoro, and M.
Nagahara, “Effects of topical adrenergic agents on tissue circu-
lation in rabbit and human optic nerve head evaluated with
laser speckle tissue circulation analyzer,” Survey of Ophthal-
mology, vol. 42, Supplement 1, pp. $52-5S63, 1997.

S. Nakabayashi, M. Kawai, T. Yoshioka et al., “Effect of intra-
vitreal Rho kinase inhibitor ripasudil (K-115) on feline retinal
microcirculation,” Experimental Eye Research, vol. 139,
pp. 132-135, 2015.

T. Sugiyama, M. Shibata, S. Kajiura et al., “Effects of fasudil, a
Rho-associated protein kinase inhibitor, on optic nerve head
blood flow in rabbits,” Investigative Ophthalmology & Visual
Science, vol. 52, no. 1, pp. 64-69, 2011.

H. Tokushige, M. Waki, Y. Takayama, and H. Tanihara,
“Effects of Y-39983, a selective Rho-associated protein kinase
inhibitor, on blood flow in optic nerve head in rabbits and axo-
nal regeneration of retinal ganglion cells in rats,” Current Eye
Research, vol. 36, no. 10, pp. 964-970, 2011.

E. Yoles, L. A. Wheeler, and M. Schwartz, “Alpha2-adrenore-
ceptor agonists are neuroprotective in a rat model of optic
nerve degeneration,” Investigative Ophthalmology & Visual
Science, vol. 40, no. 1, pp. 65-73, 1999.

T. Krupin, J. M. Liebmann, D. S. Greenfield, R. Ritch, and
S. Gardiner, “A randomized trial of brimonidine versus
timolol in preserving visual function: results from the low-
pressure glaucoma treatment study,” American Journal of
Ophthalmology, vol. 151, no. 4, pp. 671-681, 2011.

K. Yamamoto, K. Maruyama, N. Himori et al., “The novel Rho
kinase (ROCK) inhibitor K-115: a new candidate drug for neu-
roprotective treatment in glaucoma,” Investigative Ophthal-
mology & Visual Science, vol. 55, no. 11, pp. 7126-7136, 2014.
A. Tura, F. Schuettauf, P. P. Monnier, K. U. Bartz-Schmidt,
and S. Henke-Fahle, “Efficacy of Rho-kinase inhibition in pro-
moting cell survival and reducing reactive gliosis in the rodent
retina,” Investigative Ophthalmology & Visual Science, vol. 50,
no. 1, pp. 452-461, 2009.

Y. Kitaoka, Y. Kitaoka, T. Kumai et al., “Involvement of RhoA
and possible neuroprotective effect of fasudil, a Rho kinase
inhibitor, in NMDA-induced neurotoxicity in the rat retina,”
Brain Research, vol. 1018, no. 1, pp. 111-118, 2004.

P. Y. Mong, C. Petrulio, H. L. Kaufman, and Q. Wang,
“Activation of Rho kinase by TNF-alpha is required for
JNK activation in human pulmonary microvascular endo-
thelial cells,” Journal of Immunology, vol. 180, no. 1,
pp. 550-558, 2008.

Y. Nakamura, S. Hirano, K. Suzuki, K. Seki, T. Sagara, and
T. Nishida, “Signaling mechanism of TGF-betal-induced
collagen contraction mediated by bovine trabecular mesh-
work cells,” Investigative Ophthalmology & Visual Science,
vol. 43, no. 11, pp. 3465-3472, 2002.



(53]

(54]

(55]

(56]

Y. Takai, M. Tanito, and A. Ohira, “Multiplex cytokine
analysis of aqueous humor in eyes with primary open-
angle glaucoma, exfoliation glaucoma, and cataract,” Investi-
gative Ophthalmology ¢ Visual Science, vol. 53, no. 1,
pp. 241-247, 2012.

S. Ohira, T. Inoue, K. Iwao, E. Takahashi, and H. Tanihara,
“Factors influencing aqueous proinflammatory cytokines and
growth factors in uveitic glaucoma,” PloS One, vol. 11, no. 1,
article e0147080, 2016.

P. Agarwal, A. M. Daher, and R. Agarwal, “Aqueous humor
TGEF-32 levels in patients with open-angle glaucoma: a meta-
analysis,” Molecular Vision, vol. 21, pp. 612-620, 2015.

T. Fujimoto, T. Inoue, T. Kameda et al., “Involvement of
RhoA/Rho-associated kinase signal transduction pathway in
dexamethasone-induced alterations in aqueous outflow,”
Investigative Ophthalmology ¢ Visual Science, vol. 53, no. 11,
pp. 7097-7108, 2012.

Journal of Ophthalmology



	Additive Intraocular Pressure-Lowering Effects of Ripasudil with Glaucoma Therapeutic Agents in Rabbits and Monkeys
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Chemicals and Drug Preparation
	2.3. Method of Topical Administration
	2.4. Measurement of Intraocular Pressure
	2.5. Statistical Analyses

	3. Results
	3.1. Additive IOP-Lowering Effect of Ripasudil with Timolol
	3.2. Additive IOP-Lowering Effect of Ripasudil with Nipradilol
	3.3. Additive IOP-Lowering Effect of Ripasudil with Brinzolamide
	3.4. Additive IOP-Lowering Effect of Ripasudil with Brimonidine
	3.5. Additive IOP-Lowering Effect of Ripasudil with Latanoprost in Cynomolgus Monkeys
	3.6. Additive IOP-Lowering Effect of Ripasudil with Fixed Combination Agents in Cynomolgus Monkeys

	4. Discussion
	5. Conclusions
	Conflicts of Interest
	Acknowledgments

