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Abstract

Purpose: Rho-associated protein kinase (ROCK) inhibitors lower intraocular pressure (IOP) by increasing
aqueous outflow through the trabecular meshwork (TM). The preclinical characterization of netarsudil, a new
ROCK/norepinephrine transporter (NET) inhibitor currently in clinical development, is presented herein.
Methods: The kinase inhibitory activity of netarsudil was compared to its esterase metabolite, netarsudil-M1, and 3
other ROCK inhibitors using a commercially available kinase assay kit. Disruption of actin stress fibers was
measured in primary porcine TM cells and disruption of focal adhesions in transformed human TM (HTM) cells.
Induction of fibrosis markers after exposure to transforming growth factor-b2 (TGF-b2) was conducted in primary
HTM cells. Ocular hypotensive activity and tolerability of topical formulations were evaluated in normotensive
Dutch Belted rabbits and Formosan Rock monkeys. In vitro corneal metabolism assays were conducted using dog,
pig, rabbit, monkey, and human corneas. In vivo ocular pharmacokinetics was studied in Dutch Belted rabbits.
Results: Netarsudil inhibited kinases ROCK1 and ROCK2 with a Ki of 1 nM each, disrupted actin stress fibers
and focal adhesions in TM cells with IC50s of 79 and 16 nM, respectively, and blocked the profibrotic effects of
TGF-b2 in HTM cells. Netarsudil produced large reductions in IOP in rabbits and monkeys that were sustained
for at least 24 h after once daily dosing, with transient, mild hyperemia observed as the only adverse effect.
Conclusion: Netarsudil is a novel ROCK/NET inhibitor with high potency in biochemical and cell-based
assays, an ability to produce large and durable IOP reductions in animal models, and favorable pharmacokinetic
and ocular tolerability profiles.
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Introduction

Glaucoma is a leading cause of irreversible blindness
that affects >60 million people worldwide.1,2 Glauco-

ma can arise through various etiologies, but vision loss is
ultimately due to the progressive death of retinal ganglion
cells and related damage to the optic nerve.3 Currently, the
only therapeutic intervention demonstrated to slow damage
to the optic nerve and preserve vision is the reduction of
intraocular pressure (IOP).4

In a healthy eye, trabecular outflow is the main drainage
pathway for aqueous humor (AH). IOP is maintained within

a narrow range through pressure-sensitive regulation of
aqueous outflow.5 In a glaucomatous eye, IOP becomes
elevated as a result of an abnormally high resistance to
outflow through the trabecular pathway.6 The causes of in-
creased outflow resistance are not fully understood, but it
appears to involve an increase in the contractile tone and
stiffness of the trabecular meshwork (TM), changes in ex-
tracellular matrix deposition, and changes in the perme-
ability of the inner wall of Schlemm’s canal.5

The most commonly used glaucoma medications do not
specifically target the diseased TM, but lower IOP primarily by
either increasing aqueous outflow through the uveoscleral
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outflow pathway (prostaglandin analogs and alpha agonists) or
decreasing aqueous production (beta blockers, carbonic anhy-
drase inhibitors, and alpha agonists).7,8 Pilocarpine, a muscarinic
receptor agonist, lowers IOP by increasing trabecular outflow
facility, but its pharmacological target tissue is the ciliary muscle,
not the TM. Pilocarpine-induced contraction of the ciliary mus-
cle changes the shape of the outflow pathway such that the jux-
tacanalicular portion of the TM expands and the lumen of
Schlemm’s canal widens, reducing resistance to outflow.9,10

To develop new glaucoma medications, a number of
therapeutic targets are being pursued that directly address
the cause of elevated IOP: the diseased trabecular outflow
pathway.11 Rho-associated protein kinase (ROCK) inhibi-
tors represent a new class of trabecular outflow drugs cur-
rently in clinical development. ROCK is a serine/threonine
kinase that serves as an important downstream effector of
Rho GTPase. ROCK activity in TM and Schlemm’s canal
cells drives actomyosin contraction, promotes extracellular
matrix production, and increases cell stiffness.12 Inhibitors
of ROCK, conversely, reduce cell contraction, decrease
expression of fibrosis-related proteins, and reduce cell
stiffness in cultured TM and Schlemm’s canal cells. In an-
imal models, ROCK inhibitors have been shown to increase
trabecular outflow facility and thereby lower IOP.12,13

The therapeutic potential of ROCK inhibitors was ini-
tially demonstrated using the small molecule inhibitor Y-
27632, which was shown to lower IOP in rabbits upon
topical ocular application,14 relax precontracted TM tis-
sue,15 and increase trabecular outflow facility in perfused
enucleated porcine eyes.16 Similar results have since been
reported for other ROCK inhibitors, some of which have
been shown to lower IOP in clinical trials.17 Recently, the
ROCK inhibitor ripasudil earned regulatory approval in
Japan for the reduction of IOP in subjects with glaucoma.18

Aerie Pharmaceuticals initiated its Rho kinase drug dis-
covery program in 2006. The goal was to identify effective
and well-tolerated ROCK inhibitors with a durable IOP-
lowering effect. This effort resulted in the discovery of a
new class of amino-isoquinoline amide ROCK inhibitors.19

In addition to being highly potent inhibitors of ROCK, the
most effective compounds in this class also had inhibitory
activity against the norepinephrine transporter (NET). From
this new class of ROCK/NET inhibitors, netarsudil (also
known as AR-13324) was selected for clinical development.

Consistent with its ROCK inhibitory activity, topical
administration of netarsudil has been shown to lower IOP in
animal studies by increasing trabecular outflow facility.20,21

Netarsudil has also been shown to decrease production of
AH in monkeys16 and to decrease episcleral venous pressure
in rabbits.22 These secondary IOP-lowering mechanisms
have not been reported for other ROCK inhibitors, and thus
may be related to netarsudil’s NET inhibitory activity. Im-
portantly, netarsudil has also been tested in human donor
eyes and shown to increase trabecular outflow facility, in-
crease the effective filtration area of the TM, cause expan-
sion of the TM tissue, and dilate episcleral veins.23

In Phase 2 and Phase 3 clinical studies, once daily dosing
of netarsudil has demonstrated significant IOP lowering and a
favorable safety profile in subjects with glaucoma and ocular
hypertension.24–26 This article presents the preclinical phar-
macological and pharmacokinetic studies that identified ne-
tarsudil as a promising clinical candidate, and provides some
insight into the clinical pharmacology of the molecule.

Methods

Test articles

Netarsudil, its esterase metabolite netarsudil-M1, and AR-
12286 were synthesized at Aerie Pharmaceuticals. ROCK
inhibitors fasudil and Y-27632 were purchased from Sigma
(St. Louis, MO). 14C-netarsudil and 3H-AR-12286 were
prepared by Quotient Bioresearch (Cambridgeshire, United
Kingdom) by incorporating a 14C label into the b position of
the amino acid portion of netarsudil and a 3H label at the C-5
of the isoquinolone, respectively. The chemical structures are
presented in Fig. 1.

Biochemical and cell-based assays

Protein kinase assays were conducted using serially di-
luted test compound as previously described.19 In brief,
protein kinase activity was quantitated in 96-well white, flat-
bottom, half-area, nonbinding assay plates (Corning No.
3642) using Promega’s Kinase-Glo� Luminescent Kinase
Assay Kit (Promega, Madison, WI) according to included
directions. The kinases ROCK1, ROCK2, protein kinase C-
theta (PKC-theta), and calcium/calmodulin-dependent pro-
tein kinase II Alpha (CAMK2A) were purchased from
Invitrogen/Life Technologies (Waltham, MA). Protein ki-
nase A (PKA) and myotonic dystrophy kinase-related
CDC42-binding kinase alpha (MRCKA) were purchased
from Upstate (Lake Placid, NY).

Cell-based assays measuring disruption of actin stress
fibers and focal adhesions were conducted using high-
content screening in primary porcine TM (PTM) cells and in
transformed human TM (HTM) cells, respectively, as pre-
viously described.19 In brief, PTM cells were isolated from
freshly obtained enucleated porcine eyes following the
procedure by Rao and Epstein.27 Immortalized HTM cells
(TM-1) were obtained through a kind gift from Donna Pe-
ters (Department of Ophthalmology and Visual Sciences,
University of Wisconsin). Cells were grown on fibronectin-
coated glass-bottom 96-well plates, incubated for 6 h in
media containing the serially diluted test compound, form-
aldehyde fixed, triton solubilized, and stained. PTM cells
were stained with Alexa Fluor�488 phalloidin and Hoechst
33342 to reveal F-actin and nuclei, respectively. HTM cells
were stained with mouse anti-paxillin antibody/Alexa Fluor
488 goat-anti-mouse IgG and Hoechst 33342 to reveal focal
adhesions and nuclei, respectively. All staining reagents
were obtained through Invitrogen/Life Technologies. Ima-
ges were collected on an INCell 1000 imager (GE Health-
care, Marlborough, MA) with a 20 · objective, and actin
fiber length and total area of focal adhesions were measured
using custom algorithms developed using the INCell De-
veloper Toolbox, v1.6. Statistical calculations (IC50) were
performed using a 3-parameter Dose Response Inhibition
algorithm in GraphPad Prism.

Cell-based assays measuring the expression of fibrogenic
markers were conducted in primary HTM cells cultured from
TM tissue isolated from donor corneal rings as previously
described.28 HTM cells from passages 4–6 were used in 2
separate experiments. Cells were grown on gelatin (2%)-
coated coverslips until they were semi-confluent. Serum-
starved HTM cells (24 h) were treated with 8 ng/mL human
recombinant transforming growth factor-b2 (TGF-b2) (Sigma-
Aldrich, St Louis MO), 500 nM netarsudil, 8 ng/mL TGF-b2
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plus 500 nM netarsudil, or vehicle for 24 h. The cells were then
assessed for induction of the fibrogenic markers a-smooth
muscle actin (a-SMA), Collagen I, and fibroblast-specific
protein 1 (FSP1) using immunofluorescence staining as pre-
viously described.29 Mouse monoclonal antibody against a-
SMA was purchased from Sigma-Aldrich, rabbit anti-FSP1
antibody from EMD Millipore (Billerica, MA), and rabbit anti-
Collagen I antibody from Abcam (Cambridge, MA).

Efficacy and tolerability in animal models

Ocular hypotensive activity and tolerability were evaluated
in Dutch Belted rabbits (n = 10–12/group) and Formosan Rock
monkeys (n = 6/group). Rabbits were conscious during IOP
measurements and ocular examinations, whereas monkeys
were lightly anesthetized with ketamine (5 mg/kg, intramus-
cular). Test articles were topically administered as 30mL drops
to 1 eye of each animal once daily (AM) for 3 days, with the
fellow untreated eye serving as the control. IOP was deter-
mined for both eyes before test article administration and at
times 1, 2, 4, 8, and 24 h (rabbits) or 4, 8, and 24 h (monkeys)
after each morning dose using a Model 30 Classic� pneuma-
tonometer (Reichert, Inc., Depew, NY). Three independent
IOP measurements were obtained and averaged for each eye at
each time point. A modified Draize scale was used to score
ocular tolerability.30 Hyperemia was scored on a 0 to 3 scale
(none to severe). Probability comparisons for the difference in
IOP between treated and untreated eyes were performed for
each time point using a 2-tailed paired Student’s t-test. A crit-
ical P value of P < 0.05 was used to determine statistical sig-
nificance. Statistical calculations were performed using XLfit
(Version 4.2.1; IDBS, Guildford, United Kingdom). Animal
testing was conducted in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.

Pharmacokinetics

Corneal metabolism. Enucleated pig eyes (n = 3) were
harvested at a local abattoir, stored on ice, and used within

4 h of slaughter. For eyes harvested from beagle dogs (n = 3;
Calvert Laboratories, Pittston, PA), Dutch Belted rabbits
(n = 3; Robinson Services, Mockesville, NC), and cyno-
molgus monkeys (n = 4; Covance, Madison, WI), intact
globes were stored in K-Sol corneal preservation buffer31

under cold conditions and used within 24 h of sacrifice.
Human corneas (n = 3) were acquired from The Eye Bank
for Sight Restoration (New York, NY). The weights of the
corneal punches were approximately the same for the dog,
pig, human, and rabbit, whereas monkey corneal punches
were approximately half of the weight of the others. Corneal
punches were stored in phosphate-buffered saline and used
within 1 h of preparation.

Corneal metabolism assays were initiated by adding 1 mL
of 400 mM netarsudil mesylate in borate-mannitol assay
buffer, pH 6.5 to wells containing individual corneal pun-
ches in 1 mL assay buffer followed by thorough trituration.
Samples were incubated at 37�C and reactions were subse-
quently terminated at appropriate time intervals by trans-
ferring a 100mL aliquot of solution to an equal volume of
cold acetonitrile followed by thorough trituration. The
samples were centrifuged at 10,000 g for 10 min and the
supernatants analyzed by high performance liquid chroma-
tography (HPLC) using a Waters Alliance 2695 HPLC
(Milford, MA) equipped with a Symmetry C18 4.6 · 75 mm
3.5 mm column. Netarsudil peak areas were integrated using
Mass Lynx V4 (Waters Corporation, Milford, MA).

Ocular metabolism. Topical ocular doses of 0.02% ne-
tarsudil mesylate (35 mL drop) were administered to both
eyes of 3 male New Zealand rabbits in each of 4 groups. In
groups 1 and 2, the test article was dosed only once, and
100 mL samples of AH were taken from each eye by para-
centesis at 4 or 6 h postdose, respectively. In groups 3 and 4,
the test article was dosed once daily for 3 or 4 days, re-
spectively, and 100 mL samples of AH were taken 4 h after
dosing. Levels of netarsudil and its metabolite netarsudil-
M1 were measured in the samples by HPLC/mass

FIG. 1. Structures of test compounds.
NETi, norepinephrine transporter in-
hibitor; ROCKi, Rho-associated protein
kinase inhibitor.
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spectrometry (HPLC/MS) with a lower limit of quantitation
of 0.1 ng/mL for each analyte.

Absorption and distribution. A single topical ocular dose
of 0.02% 14C-netarsudil mesylate (35mL drop) was adminis-
tered to both eyes of 3 male Dutch Belted rabbits in each of 7
groups. At 0.25, 0.5, 1, 4, 8, 24, and 48 h postdose, the following
samples were harvested from each group: whole blood, derived
plasma, AH, vitreous humor, cornea, conjunctiva, lens, iris/
ciliary body, retina-choroid-plexus, liver, and kidneys. All
samples were assayed for total radioactivity. A study of the
same design was conducted for AR-12286, using a single
topical ocular dose of 0.5% 3H-AR-12286 (35mL drop).

Results

In vitro activity

Netarsudil inhibitory activity against the 2 described iso-
forms of Rho kinase, ROCK1 and ROCK2, in addition to the
additional kinases PKA, MRCKA, PKC-theta, and CAMK2A
is presented in Table 1. Also tested were netarsudil-M1, the
primary metabolite of netarsudil, and the ROCK inhibitors AR-
12286, Y-27632, and fasudil. All 5 compounds demonstrated
significant inhibitory activity against ROCK1 and ROCK2,
with the order of potency from highest to lowest being
netarsudil-M1>netarsudil>AR-12286>Y-27632>fasudil. These
data reveal that netarsudil-M1 is an active metabolite with
5-fold greater activity against Rho kinase than netarsudil.

The same compounds were tested in cell-based assays for
their ability to disrupt actin stress fibers and focal adhesions
in PTM cells and HTM cells, respectively (Table 1 and
Fig. 2). The rank order of potency was the same as in the

ROCK biochemical assays, with netarsudil-M1 demon-
strating *5-fold greater activity than netarsudil for dis-
ruption of actin stress fibers and focal adhesions.

The ability of netarsudil to block TGF-b2-induced ex-
pression of fibrogenic markers was evaluated in primary
HTM cells (Fig. 3). HTM cells treated with TGF-b2 alone
for 24 h showed increased immunostaining for a-SMA,
FSP1, and Collagen I compared to untreated cells. In con-
trast, the simultaneous treatment of HTM cells with TGF-b2
and netarsudil abolished the induction of these markers by
TGF-b2, indicating an antifibrotic activity for netarsudil.

Efficacy and tolerability in animal models

Dose-dependent IOP-lowering and tolerability of netarsudil
mesylate solutions were evaluated in normotensive Dutch
Belted rabbits and Formosan Rock monkeys (Fig. 4). In both
species, netarsudil formulations produced dose-dependent,
statistically significant reductions in IOP at all time points as
compared to the contralateral control eye (P < 0.05, Student’s
paired t-test), with the maximum reduction being achieved after
the third daily dose. In rabbits, the 0.005%, 0.01%, 0.02% and
0.04% solutions produced maximal IOP reductions on Day 3 of
2.5 – 0.2, 4.6 – 0.2, 5.0 – 0.6, and 8.1 – 0.7 mmHg, respectively,
at 4 or 8 h after dosing. All 4 solutions produced trace (+0.5) to
mild hyperemia (+1) that typically persisted 4–8 h after dosing.
No other adverse effects were noted. In monkeys, the 0.01%,
0.02%, and 0.04% solutions produced maximal IOP reductions
of 4.2 – 0.2, 5.8 – 0.3, and 7.5 – 1.1 mmHg, respectively, at 4 or
8 h after dosing on Day 3. The IOP-lowering effect had a longer
duration in monkeys compared to rabbits. As in rabbits, trace to
mild hyperemia was the only adverse effect noted.

Table 1. In Vitro Potency of Rho-Associated Protein Kinase Inhibitors (nM)

Compound ROCK1 Ki ROCK2 Ki PKA Ki PKCT Ki MRCKA Ki CAM2A Ki PTM IC50 HTM IC50

Netarsudil 1 1 5 92 129 5,312 79 16
Netarsudil-M1 0.2 0.2 1 27 7 13,689 22 3
AR-12286 2 2 69 9,322 28 5,855 924 818
Y27632 22 41 21,006 413 485 16,863 9,970 1,738
Fasudil 76 47 216 3,162 5,983 3,162 10,060 3,942

Values represent the average of ‡3 replicate experiments.
CAM2A, calcium/calmodulin-dependent protein kinase 2A; HTM, human trabecular meshwork; IC50, half maximal inhibitory

concentration; Ki, inhibition constant; MRCKA, myotonic dystrophy kinase-related CDC42-binding kinase A; PKA, protein kinase A;
PKCT, protein kinase C, theta; PTM, porcine trabecular meshwork; ROCK1, Rho-associated protein kinase 1; ROCK2, Rho-associated
protein kinase 2.

FIG. 2. Disruption of actin stress fibers and focal adhesions by netarsudil versus other ROCK inhibitors. (A) Netarsudil
dose-response in actin stress fiber assay. Primary PTM cells were incubated for 6 h in the presence of 0, 0.015, 0.138, or
1.2 mM netarsudil then fixed and stained with Alexa Fluor-488 phalloidin and Hoechst 33342 to reveal actin fibers and
nuclei, respectively. Top panel: fluorescence images of stained cells. Bottom panel: False color images created by an
automated, custom algorithm to identify stress fibers and calculate mean stress fiber length. (B) Netarsudil dose-response in
focal adhesion assay. Immortalized HTM cells (TM-1) were incubated for 6 h in the presence of 0, 0.015, 0.138, or 1.2 mM
netarsudil then fixed and stained with mouse anti-paxillin antibody/Alexa Fluor�488 goat-anti-mouse IgG and Hoechst
33342 to reveal focal adhesions and nuclei, respectively. Top panel: fluorescence images of stained cells. Bottom panel:
False color images created by an automated, custom algorithm to identify focal adhesions and calculate the mean number of
focal adhesions per cell. (C) Dose–response curves (n = 4) for netarsudil, netarsudil-M1, AR-12286, Y-27632, and fasudil in
the PTM actin stress fiber length assay. Mean stress fiber length is presented as a percentage of the mean length of stress
fibers measured in untreated control cells. (D) Dose–response curves (n = 4) for netarsudil, netarsudil-M1, AR-12286, Y-
27632, and fasudil in the HTM focal adhesion assay. Mean number of focal adhesions per cell is presented as a percentage
of the number of focal adhesions per cell measured in untreated control cells. HTM, human trabecular meshwork; PTM,
porcine trabecular meshwork; ROCK, Rho-associated protein kinase.

‰
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The IOP-lowering effect of netarsudil 0.04% compared to
AR-12286 0.5% in normotensive Dutch Belted rabbits is
presented in Fig. 5A. Netarsudil 0.04% achieved larger IOP
reductions and a longer duration of effect. The difference was
greatest at 8 h after dosing on Day 3, when netarsudil 0.04%
produced an IOP reduction of 8.1 – 0.7 mmHg compared to an
IOP reduction of 2.9 – 0.2 mmHg for AR-12286 0.5%.

The IOP-lowering efficacy of netarsudil 0.04% was further
compared to AR-12286 0.5% in normotensive Formosan Rock
monkeys (Fig. 5B). Netarsudil 0.04% and AR-12286 0.5%
produced similar IOP reductions on Day 1. By Day 3, ne-
tarsudil 0.04% demonstrated larger IOP reductions and a lon-
ger duration of effect than AR-12286 0.5%, with netarsudil
0.04% reducing IOP by 7.5 – 0.7 and 7.5 – 1.1 mmHg at 4 and
24 h after dosing, and AR-12286 0.5% reducing IOP by
5.6 – 0.3 and 3.9 – 0.3 mmHg at 4 and 24 h after dosing.

Pharmacokinetics

Corneal metabolism of netarsudil was evaluated by incu-
bating netarsudil in vitro with corneal tissue punches from
rabbit, pig, dog, monkey, and human corneas (Fig. 6A). Me-
tabolism of netarsudil by corneal tissue was evident for all
species, with metabolism most rapid for dog (t1/2 = 98 min),
followed by monkey (t1/2 = 109 min), rabbit (t1/2 = 140 min),
pig (t1/2 = 156 min), and human (t1/2 = 175 min) corneal tissues.

Ocular metabolism of netarsudil in rabbits was evaluated
by measuring levels of netarsudil and netarsudil-M1 in AH
samples following topical ocular dosing (Fig. 6B).
Netarsudil-M1 was detected in all AH samples, whereas
netarsudil concentrations were below the limit of detection

(0.1 ng/mL) in all but 1 of the 24 samples (Day 1, 4 h;
1.82 ng/mL). The mean concentration of netarsudil-M1 in
AH was 7.5 – 4.87 and 3.95 – 2.53 ng/mL at 4 and 6 h
postdose on Day 1, and 6.44 – 4.15 and 10.74 – 4.88 ng/mL
at 4 h after the third and fourth daily dose, respectively.

The ocular and systemic bioavailability and distribution of
14C-netarsudil and 3H-AR-12286 was evaluated following a
single topical ocular dose of netarsudil 0.02% or AR-12286
0.5%, respectively, to Dutch Belted rabbits (Table 2). In general,
the rank order of maximum 14C-netarsudil radioactivity levels
(Cmax) was as follows: Cornea>Conjunctiva>>Iris/ciliary body>>
Retina-choroid-plexus>AH>Vitreous humor>Lens. A similar
rank order of tissue exposure was obtained when measured as
area under the curve over 48 h (AUC0–48h). The distribution of
3H-AR-12286 to ocular tissues differed somewhat from 14C-
netarsudil, with a relatively higher exposure in the iris/ciliary
body compared to other ocular tissues. The rank order of 3H-AR-
12286 Cmax values was as follows: Cornea>Iris/ciliary body>
Conjunctiva>Retina-choroid-plexus>AH>>Lens>Vitreous hu-
mor. When tissue exposure was measured as AUC0–48h, the
highest tissue exposure to 3H-AR-12286 was in the iris-ciliary
body. The time required after dosing to reach peak tissue con-
centrations (Tmax) was similar for 14C-netarsudil and 3H-AR-
12286 in all tissues except AH, for which Tmax was 8 h for 14C-
netarsudil compared to 0.25 to 0.5 h for 3H-AR-12286.

The Cmax values for netarsudil in AH were *30-fold
lower than for AR-12286, consistent with the 25-fold lower
drug concentration in the netarsudil dosing solution. How-
ever, the AUC0–48h values for netarsudil were only *5-fold
lower than for AR-12286. This correlated with a longer
terminal elimination half-life (T1/2,e) in AH for netarsudil

FIG. 3. Netarsudil blocks the profibrotic effects of TGF-b on HTM cells. Serum-starved primary HTM cells incubated for
24 h in the presence of either vehicle, 8 ng/mL human TGF-b2, 500 nM netarsudil, or 8 ng/mL TGF-b2 plus 500 nM
netarsudil were fixed and stained for the fibrogenic markers a-SMA, fibroblast-specific protein 1 (FSP1), and Collagen 1A.
a-SMA, a-smooth muscle actin; HTM, human trabecular meshwork; TGF-b2, transforming growth factor-b2.
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(16–17 h) compared to AR-12286 (9–11 h). The T1/2,e val-
ues for netarsudil in cornea, conjunctiva, and vitreous
humor, in addition to blood, plasma, liver, and kidney,
ranged from 12 to 27 h. Elimination of netarsudil from
retina-choroid-plexus, lens, and iris/ciliary body was much
slower, with T1/2,e values ranging from 68 to 112 h. For
AR-12286, T1/2,e values were similar across all tissues
measured and ranged from 9 to 41 h.

As expected for topical ocular dosing, maximum systemic
concentrations of 14C-netarsudil in blood, plasma, liver, and
kidney were *200- to 3000-fold lower than in the cornea
and conjunctiva.

Discussion

The preclinical pharmacology and pharmacokinetics stud-
ies presented herein demonstrate that netarsudil is a potent

ROCK inhibitor that disrupts actin stress fibers and focal
adhesions in TM cells, blocks the profibrotic effects of TGF-
b2, and produces large reductions in IOP that are sustained
for at least 24 h after once daily dosing. Topical application of
netarsudil was well tolerated, with only transient, mild hy-
peremia observed as an adverse effect. Based on its promising
preclinical efficacy and safety profile, netarsudil was selected
as a lead candidate for clinical development.

Biochemical assays revealed netarsudil to be highly ef-
fective at inhibiting ROCK1 and ROCK2, with a potency
that is >20-fold greater than the most commonly studied
ROCK inhibitors, Y-27632 and fasudil. Furthermore,
netarsudil-M1, the esterase metabolite of netarsudil, was
found to have 5-fold greater potency than netarsudil itself,
with a Ki of 0.2 nM for each ROCK isoform. These results
identify netarsudil-M1 as one of the most potent ROCK
inhibitors described to date.

FIG. 4. Netarsudil dose-dependent lowering of IOP in rabbits and monkeys. Formulations containing 0.005% (rabbit
only), 0.01%, 0.02%, or 0.04% netarsudil were administered once daily (AM) to 1 eye of each animal for 3 days, with the
fellow untreated eye serving as the control. IOP was determined for both eyes before test article administration (time 0) and
at times 1, 2, 4, 8, and 24 h (rabbits) or 4, 8, and 24 h (monkeys) after each morning dose on Day 1 and 3. (A) Changes in
IOP for the treated eye relative to the untreated contralateral eye in Dutch Belted rabbits (n = 10/group). IOP reductions were
statistically significant (P < 0.05) at all postdose time points. (B) Change in IOP in the netarsudil-treated eye relative to the
untreated contralateral eye in Formosan Rock monkeys (n = 6/group). IOP reductions were statistically significant (P < 0.05)
at all postdose time points. IOP, intraocular pressure.
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ROCK inhibitors relax the TM and increase the perme-
ability of Schlemm’s canal by blocking the formation of
actin stress fibers and focal adhesions, which contribute to
cell shape and stiffness.13 As expected, netarsudil and
netarsudil-M1 were highly effective at disrupting actin
stress fibers and focal adhesions in both porcine and human
TM cells. Netarsudil-M1 was *5-fold more potent than
netarsudil in these cell-based assays, consistent with its
greater ROCK inhibitory activity.

TGF-b2 is a profibrotic cytokine that has been found at
elevated levels in the AH of patients with open angle
glaucoma.32 This cytokine is thought to play a major role in
promoting increased extracellular matrix stiffness and cell
contraction in the TM, thereby contributing to elevated
IOP.33 Importantly, ROCK inhibitors have previously been
shown to block the fibrogenic response of human TM cells
to TGF-b2,27 and to have antifibrotic activity in animal

models of cardiac fibrosis, liver fibrosis, kidney fibrosis, and
pulmonary fibrosis.34–36 Our results confirm that netarsudil
shares the antifibrotic activity described for other ROCK
inhibitors. These data suggest that netarsudil may have the
potential to modify the fibrotic disease processes at the TM
that are associated with elevated IOP.

A number of ophthalmic drugs have been developed as
ester prodrugs as a means to reduce ocular side effects and
increase corneal penetration.37–39 As these prodrugs pass
through the cornea they are converted to the active form of
the drug by corneal esterases. Netarsudil is similarly con-
verted to a more potent drug, netarsudil-M1, as it passes
through the cornea and into the AH following topical ocular
dosing in rabbits. Conversion of netarsudil to netarsudil-M1
by corneal esterases may explain why netarsudil, which has
only 2-fold greater potency for ROCK than AR-12286,
achieved the same maximum IOP reduction as AR-12286

FIG. 5. IOP-lowering effect of netarsudil versus AR-12286 in rabbits and monkeys. Netarsudil 0.04% or AR-12286 0.5%
was administered once daily (AM) to 1 eye of each animal for 3 days, with the fellow untreated eye serving as the control.
IOP was determined for both eyes before test article administration (time 0) and at times 1, 2, 4, 8, and 24 h (rabbits) or 4, 8,
and 24 h (monkeys) after each morning dose on Day 1 and 3. (A) Change in IOP in the treated eye relative to the untreated
contralateral eye in Dutch Belted rabbits (n = 12/group). For netarsudil 0.04% and AR-12286 0.5%, IOP reductions were
statistically significant (P < 0.01) at all postdose time points. (B) Change in IOP in the treated eye relative to the untreated
contralateral eye in Formosan Rock monkeys (n = 6/group). For netarsudil 0.04% and AR-12286 0.5%, IOP reductions were
statistically significant (P < 0.01) at all postdose time points. IOP, intraocular pressure.
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FIG. 6. Metabolism of netarsudil by ocular tissues. (A) Metabolism of netarsudil in the presence of corneal tissue isolated
from Dutch Belted rabbit (n = 3), beagle dog (n = 3), pig (n = 3), cynomolgus monkey (n = 4), and human (n = 3) corneas.
Corneal metabolism assays were initiated by adding netarsudil in assay buffer to wells containing individual corneal
punches in assay buffer followed by incubation at 37�C. Samples were removed at specified time intervals and analyzed by
HPLC to determine the percentage of netarsudil remaining at each time point. (B) Levels of netarsudil versus netarsudil-M1
in AH following topical ocular application of netarsudil 0.02% to Dutch Belted rabbits. Netarsudil was administered to both
eyes of 3 male New Zealand rabbits in each of 4 groups. In groups 1 and 2, test article was dosed only once, and samples of
AH were taken from each eye by paracentesis at 4 or 6 h postdose, respectively. In groups 3 and 4, test article was dosed
once daily for 3 or 4 days, respectively, and samples of AH were taken 4 h after dosing. Levels of netarsudil and its
metabolite netarsudil-M1 were measured in the samples by HPLC/mass spectrometry. AH, aqueous humor; HPLC, high
performance liquid chromatography.

Table 2. Pharmacokinetic Parameters for
14

C-netarsudil and
3H-AR-12286 Following

a Single Topical Ocular Dose in Dutch Belted Rabbits

Tissue Eye

14C-Netarsudil (0.02%) 3H-AR-12286 (0.5%)

Cmax,
ng$eq/g Tmax, h

AUClast,
ng$eq$h/g T1/2,e, h

Cmax,
ng$eq/g Tmax, h

AUClast,
ng$eq$h/g T1/2,e, h

Cornea L 3,666 0.5 63,387 14 10,309 0.25 54,433 21
R 3,972 0.25 69,605 13 10,691 0.25 93,347 13

Conjuctiva L 2,442 0.25 9,525 13 5,374 0.25 34,248 37
R 3,292 0.25 12,390 17 4,071 0.5 77,672 34

Iris-ciliary body L 955 0.25 10,845 n.d. 8,394 1 170,278 36
R 416 8 11,555 112 6,373 1 150,748 41

Retina-choroid-plexus L 80 0.25 1,390 204 1,074 0.25 15,117 26
R 50 0.5 1,298 68 1,379 1 19,130 30

Aqueous humor L 16 8 510 17 595 0.25 2,648 11
R 23 8 613 16 734 0.5 3,205 9

Vitreous humor L 7 0.25 51 12 35 0.5 484 10
R 4 0.25 51 15 33 0.5 420 38

Lens L 2 0.25 33 99 59 0.25 937 36
R 2 0.25 37 83 55 1 1,383 19

Blood n/a 1 0.25 15 27 40 0.5 317 27

Plasma n/a 1 0.5 24 16 40 0.5 302 35

Liver n/a 6 1 88 13 274 1 3,314 18

Kidney n/a 19 1 298 16 355 0.5 2,549 15

AUClast, area under the curve; Cmax, maximum observed concentration of radioactivity; Tmax, time of maximum radioactivity
concentration; T1/2,e, apparent elimination half-life of radioactivity.
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even when dosed at a 25-fold lower concentration in nor-
motensive rabbits (0.02% vs. 0.5%, respectively). The
disproportionately high effectiveness of netarsudil does not
appear to be due to a difference in ocular bioavailabil-
ity, since the maximum concentration of netarsudil- and
AR-12286-related radioactivity in rabbit AH was propor-
tional to their respective dosing concentrations (0.02%
and 0.5%, respectively). This suggests that the enhanced
IOP-lowering efficacy of netarsudil relative to AR-12286
is a result of the more potent netarsudil-M1 being the
predominant form of netarsudil in AH following topical
ocular dosing in rabbits.

Factors other than ROCK potency may also contribute to
the greater IOP-lowering effectiveness of netarsudil com-
pared to AR-12286. Peak efficacy for AR-12286 occurred at
0.5 h after dosing on Day 1, and by 8 h more than half of the
AR-12286 IOP-lowering effect was lost. In contrast, ne-
tarsudil did not reach its peak efficacy until 8 h after dosing.
This longer duration of IOP reduction for netarsudil versus
AR-12286 was consistent with their respective ocular
pharmacokinetic profiles. AR-12286 dosing produced a
maximum AH drug concentration at 0.25 to 0.5 h after
dosing, whereas netarsudil dosing produced a maximum AH
drug concentration at 8 h after dosing. In addition, the AH
half-life for netarsudil-related radioactivity was *60%
longer than that for AR-12286.

The greater efficacy and longer duration of IOP lowering
for netarsudil in rabbits could also be related to its NET
inhibitory activity. Inhibition of NET blocks reuptake of
norepinephrine at noradrenergic synapses and thereby in-
creases the strength and duration of endogenous norepi-
nephrine signaling.40 Topical application of norepinephrine
has been shown to cause a delayed and prolonged IOP re-
duction in rabbits.41,42 The mechanism may involve reduced
AH formation due to norepinephrine-induced vasoconstric-
tion, which may cause reduced blood flow to the ciliary
processes.41 It is therefore of interest that netarsudil was
shown to reduce AH formation following topical ocular
dosing in monkeys.20 However, while netarsudil possesses
NET inhibitory activity, netarsudil-M1 does not inhibit NET
(data not shown). The contribution of NET inhibition to the
IOP-lowering effect of netarsudil requires further study.

The diurnal pattern of IOP reduction in normotensive
monkeys differed significantly from normotensive rabbits.
In monkeys, netarsudil 0.04% maintained its full IOP-
lowering effect for 24 h after dosing, whereas in rabbits
much of the IOP-lowering effect was lost by 24 h. AR-
12286 0.5% also had a much longer duration of effect in
monkeys than in rabbits. In addition, netarsudil 0.04% and
AR-12286 0.5% produced similar IOP reductions in mon-
keys on Day 1. By Day 3, netarsudil 0.04% achieved larger
IOP reductions than AR-12286 0.5%, but the difference in
diurnal efficacy between the 2 drugs was much greater in
rabbits than in monkeys. Given that the physiology of the
monkey trabecular outflow pathway is more similar to hu-
mans than is the rabbit outflow pathway,43 the monkey
would be expected to be the better model for evaluating the
relative efficacy of trabecular outflow drugs. This assump-
tion is supported by the results of Phase 1 clinical trials
conducted in normotensive volunteers with netarsudil44 and
AR-12286.45 In these studies, the diurnal pattern of IOP
reduction for each drug was similar to the results obtained in
normotensive monkeys.

The ability to maintain IOP-lowering efficacy for 24 h
after dosing was a key criterion that netarsudil needed to
meet for advancement into clinical trials. ROCK inhibition
is known to cause relaxation of vascular smooth muscle.46

Due to this activity, application of a ROCK inhibitor to the
eye causes vasodilation of conjunctival blood vessels, which
can produce conjunctival hyperemia, or ‘‘red eyes.’’ In our
animal testing of netarsudil, conjunctival hyperemia was
trace to mild in severity and short-lived. This suggested that
if patients could dose netarsudil once daily in the evening,
the hyperemia would likely resolve during the night and not
be noticeable during the day. This strategy for minimizing
hyperemia proved effective in a 28-day clinical study of
netarsudil 0.02% dosed once daily in the evening, with 65%
to 76% of patients scored as having no hyperemia or trace
hyperemia at the Day 7 and 28 morning visits.24

The effect of netarsudil on trabecular outflow facility has
been studied in enucleated mouse and human eyes and in
living monkeys. In mouse eyes perfused with netarsudil-M1
for *1 h, outflow facility increased by 56% for C57 mice
and 91% for CD1 mice.21 In human donor eyes perfused
with netarsudil-M1 for 3 h, outflow facility increased by
59.7% relative to control eyes.23 A similar increase in out-
flow facility was measured in live monkeys 6 h after topical
dosing with netarsudil 0.04%, which produced a 53% in-
crease in tonographic outflow facility.20 In the current
study, the IOP-lowering effect of netarsudil 0.04% in
monkeys was notably greater on Day 3 of dosing as
compared to Day 1. This suggests that the acute dosing
studies might not have captured the maximal effect of
netarsudil on outflow facility. Given that netarsudil also
produced much larger reductions in IOP on Day 8 com-
pared to Day 1 in a Phase 1 clinical trial,44 evaluation of
netarsudil’s effects on AH dynamics in humans should
incorporate several days of dosing.

In summary, netarsudil is a novel ROCK/NET inhibitor
selected for clinical development based upon its high po-
tency in biochemical and cell-based assays, its ability to
produce large and durable IOP reductions in animal models,
and its favorable pharmacokinetic and ocular tolerability
profiles. Based upon the successful completion of Phase 2
clinical studies in patients with glaucoma or ocular hyper-
tension, netarsudil has been advanced to Phase 3 clinical
trials. If approved for use, netarsudil will provide a new
treatment option for lowering IOP that targets the diseased
trabecular outflow pathway.
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