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Purpose: To investigate the effects of prostaglandin E2 agonist omidenepag (OMD) on the expression of matrix metallopro-
teinase (MMP) in human trabecular meshwork (TM) cells.

Methods: Primarily cultured human TM cells were exposed to 0, 1, 10, or 40 µmol/L OMD for 3 days. The permeability 
through the TM cell monolayer was assessed using carboxyfluorescein. Expressions of messenger ribonucleic acid and pro-
tein levels of MMP-1, MMP-3, and MMP-9 were measured by reverse transcription polymerase chain reaction and Western 
blotting, respectively. Also, the permeability, expression of messenger ribonucleic acid, and protein levels of MMPs were 
measured after exposure to 1 µmol/L latanoprost free acid (LAT). 

Results: OMD and LAT did not affect the cellular survival (all p > 0.05). Each concentration of OMD and LAT did not affect the 
permeability of carboxyfluorescein significantly (all p > 0.05). LAT increased the level of MMP-1 protein but did not increase 
the levels of MMP-3 and MMP-9 proteins. Each concentration of OMD did not affect the levels of MMP-1, MMP-3, and MMP-
9 proteins (all p > 0.05) 

Conclusions: In TM cells, prostaglandin E2 agonist OMD did not increase the permeability through the TM cell monolayer, 
and the protein levels of MMPs. These suggest that the direct effect on the trabecular outflow by OMD may be limited. 
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Glaucoma is a neurodegenerative optical neuropathy that 
is characterized by the loss of retinal ganglion cells and 
their axons and is known to a leading cause of irreversible 
vision loss [1-3]. Intraocular pressure (IOP) reduction is 
currently the only evidence-based treatment strategy for 

glaucoma. There are several classes of IOP-reducing medi-
cations, including prostanoid FP receptor agonists, such as 
prostaglandin (PG) analogs, beta-blockers, carbonic anhy-
drase inhibitors, adrenergic agonists, rho kinase inhibitors, 
and cholinergics [4,5]. Among them, FP agonists, such as 
latanoprost, bimatoprost, tafluprost, and travoprost, are the 
most common medication class used to lower IOP because 
FP agonists are efficacious, usually well tolerated with few 
systemic side effects, and need to be taken only once daily, 
which promotes good treatment adherence.

Prostanoid FP receptor agonists reduce IOP by enhanc-
ing uveoscleral outflow [6]. PG analogs elicit their effect 
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by binding to specific receptors localized in the cell mem-
brane and nuclear envelope. In the eye, FP and all four EP 
receptors have been identified in several ocular tissues, in-
cluding the trabecular meshwork (TM) and the cells of 
Schlemm’s canal [7,8]. As PGE2 receptor agonist has been 
known to reduce IOP since 1988 [9-11], many studies have 
conducted for clinical use and omidenepag (OMD) isopro-
pyl, a selective EP2 receptor agonist, as a new IOP-lower-
ing ophthalmic solution recently [12-14].

FP agonists are efficacious, usually well tolerated with 
few systemic side effects. However, PG-associated perior-
bitopathy has been reported in FP agonist-treated patient. 
Long-term use of FP agonists causes deepening of the up-
per eyelid sulcus and pigmentation of the iris and skin sur-
rounding the eye lid [15,16]. In contrast, OMD isopropyl 
reduces these cosmetic adversities which were proved by 
both experimental and clinical studies [17-20].

Whereas PG analogs have been known to modulate 
aqueous humor outflow through the uveoscleral pathway 
by extracellular matrix remodeling, some evidence sug-
gests their action also occurs through the conventional tra-
becular pathway [21]. A study in ocular hypertensive mon-
keys demonstrated that OMD isopropyl lowers IOP by 
increasing the outf low of aqueous humor from both the 
uveoscleral pathway and the trabecular outf low pathway 
[22]. This differs from the findings of aqueous humor dy-
namics studies of most FP agonists which demonstrate that 
aqueous humor outf low is increased predominantly 
through the uveoscleral pathway. In a previous study, the 
outf low facility was accessed by the f luorophotometric 
method and concluded that OMD isopropyl increases tra-
becular outf low facility, demonstrating OMD isopropyl 
has a dual mechanism of action of improving drainage 
through both outflow pathways [22]. In the TM, extracellu-
lar matrix turnover, mediated by matrix metalloproteinase 
(MMP) and tissue inhibitor of MMP (TIMP), alters IOP 
and outflow resistance. Thus, OMD may enhance trabecu-
lar outf low by increasing the activities of MMPs but the 
precise mechanism of increasing trabecular outf low by 
OMD is still uncertain. 

In this study, we investigated the effect of OMD on the 
trabecular outflow by examining the levels of messenger 
RNA (mRNA) expression and MMPs protein in TM cells. 
In addition, we investigated the effect of OMD on the tra-
becular outflow by examining its effect on the permeabili-
ty of TM cell monolayer.

Materials and Methods

Cell culture and experimental treatment 

This study followed the tenets of the Declaration of Hel-
sinki and was approved by the institutional review board 
and the ethics committee of Daegu Catholic University 
Hospital (No. CR-21-036-L). TM cell cultures were estab-
lished from enucleated human eyes obtained from an eye 
bank with written consent. Briefly, TM tissues were excised 
by dissecting a continuous strand of tissue between the line 
of Schwalbe and the scleral spur. The excised TM tissues 
were placed in a sterile culture dish and left undisturbed at 
37°C in a 5% CO2 atmosphere. After identifying initial cell 
growth, the explants were removed, and the cultures were 
maintained with a medium containing 10% fetal bovine se-
rum. Cultures after three to five passages were used for ex-
periments. We purchased and used OMD (HY-17642; Med-
ChemExpress, Monmouth Junction, NJ, USA) because 
OMD isopropyl is hydrolyzed in the eye during corneal 
penetration to its active metabolite OMD [23]. After attach-
ment, primarily cultured TM cells were then exposed to 0, 
1, 10, or 40 μmol/L OMD for 3 days [19]. In addition, TM 
cells were also exposed to 0.1 µmol/L latanoprost free acid 
(LAT; Cayman Chemical, Ann Arbor, MI, USA) for 3 days 
to compare the effect of OMD with LAT.

MTT assay for cell viability 

Cell survival was determined using a rapid 3-(4,5-di-
methylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT; Sigma, St. Louis, MO, USA) colorimetric assay 
[24,25]. For the assay, 100 μL of a MTT stock solution  
(5 mg MTT/mL phosphate-buffered saline [PBS]) was 
added to each well and incubated for 4 hours at 37°C, after 
which all media was removed from the well. After 0.5 mL 
of dimethyl sulfoxide (Sigma) was added to each well, 100 
μL of solution from each well was transferred to a 96-well 
plate and analyzed using a multi-well scanning spectro-
photometer (λ = 570 nm; Fluostar Optima, BMG Labtech, 
Offenburg, Germany).

Measurement of monolayer cell permeability with car-
boxyfluorescein 

A permeability study of the TM cell monolayer was per-
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formed as previously described with minor modification 
[26-28]. Briefly, primarily cultured human TM cells were 
incubated in the inner chamber (insert diameter, 12 mm; 
pore size, 0.4 mm) of a 12-well plate (No. 3460; Transwell, 
Corning, Tewksbury, MA, USA) as 2×104 cells/mL supple-
mented with 10% FBS. After the cells reached confluency, 
the media was changed to 1% serum-containing DMEM 
(Dulbecco Modified Eagle Medium) to avoid the effects of 
growth factors and proteins in serum; then, the TM cells 
were exposed to each drug for 3 days. After washing three 
times with PBS, 50 mM of the tracer carboxyfluorescein 
(Sigma-Aldrich, St. Louis, MO, USA) was added to each 
well. The media was collected from the outer well to ana-
lyze f luorescence after 2 hours, and the concentration of 
carboxyfluorescein in the collected media was measured 
using a spectrof luorometer (Fluostar Optima; BMG 
Labtech, Offenburg, Germany) with an excitation wave-
length of 490 nm and an emission wavelength of 530 nm.

Measurement of the levels of MMP-1, MMP-3, and 
MMP-9 mRNA expressions 

Total RNA was extracted using Trizol reagent (Invitro-
gen, Carlsbad, CA, USA). An RNA denaturation mix con-
sisting of isolated RNA, oligo dT primers, and nuclease-free 
water was denatured. Reverse transcription polymerase 
chain reaction (RT-PCR) was performed using oligonucle-
otide primers specific to MMP-1 (forward primer, TGC 
AAC TCT GAC GTT GAT CCC AGA; reverse primer, 
ACT GCA CAT GTG TTC TTG AGC TGC; 122 bp), to 
MMP-3 (forward primer, CTG GGC CAG GGA TTA ATG 
GAG; reverse primer, CAA TTT CAT GAG CAG CAA 
CGA GA; 102 bp) or to MMP-9 (forward primer, ATT TCT 
GCC AGG ACC GCT TCT ACT; reverse primer, CAG 
TTT GTA TCC GGC AAA CTG GCT; 195 bp). Two reac-
tions were run in parallel with a second reaction containing 
only Platinum Taq polymerase to assure that the source of 
the RT-PCR product was mRNA. Complementary DNA 
was synthesized by adding prime RT premix, Taq Green 
Master Mix (Thermo Scientific, Carlsbad, CA, USA), and 
10 pM of each forward and reverse primer. The amplifica-
tion reaction was carried out for 30 cycles on a DNA En-
gine Cycler (Bio-Rad, Hercules, CA, USA). The amplified 
PCR products were analyzed using Multi Gauge software 
(Fujifilm, Tokyo, Japan) after electrophoresis. The level of 
b-actin was used as an internal standard.

Measurement of the levels of MMP-1, MMP-2, and 
MMP-3 proteins by Western blotting 

Cell extracts were prepared by lysing cells with RIPA 
buffer (Thermo Scientific). Samples were sonicated and 
cleared by centrifugation. Supernatant protein concentra-
tions were determined by BCA protein assay reagent 
(Thermo Scientific). Samples containing equal amounts of 
protein were separated by NuPAGE 4% to 12% Bis-Tris 
gels (Invitrogen, Carlsbad, CA, USA), followed by transfer 
of resolved proteins to nitrocellulose membranes using the 
Xcell SureLock electrophoresis system (Invitrogen). Non-
specific binding was blocked for 1 hour at room tempera-
ture. Blots were then probed overnight at 4°C with primary 
antibodies, followed by 1-hour incubations with secondary 
antibodies conjugated to goat anti-rabbit horse-radish per-
oxidase (Santa Cruz Biotechnology, Dallas, TX, USA), and 
then developed by chemiluminescence detection using Su-
perSignal West Pico Chemiluminescent Substrate (Thermo 
Scientific). Quantification of the signals was performed us-
ing a Gel Doc XR+ system (Bio-Rad). Glyceraldehyde 
3-phosphate dehydrogenase was used as an internal stan-
dard.

Statistical analysis 

All data represent the average results of at least three in-
dependent experiments. Experimental differences between 
the results of control cultures and a single treatment group 
were evaluated using Student’s t-tests. A p-value less than 
0.05 was considered statistically significant.

Results

Effect of OMD on the viability of TM cells 

Exposure to 0, 1, 10, or 40 µmol/L OMD for 3 days did 
not significantly affect TM cell survival (all p > 0.05) (Fig. 1).  
Also, exposure to 0.1 µmol/L LAT did not affect TM cell 
survival (p > 0.05). Thus, the drugs used in this study did 
not affect cell survival.

Effects of OMD on the TM cell monolayer permeability 

To evaluate the effect of OMD on permeability through 
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TM monolayer cells, permeability was measured using 
carboxyf luorescein. As a result, exposure to 0, 1, 10, or  
40 µmol/L OMD did not affect the concentration of car-
boxyfluorescein in the outer well significantly compared to 
nonexposed controls (all p > 0.05) (Fig. 2). Exposure to  
0.1 µmol/L LAT did not affect TM monolayer cell permea-
bility (p > 0.05)

Effects of OMD on the levels of MMP-1, MMP-3, and 
MMP-9 mRNA of expressions

Treatment of the TM cells with 1, 10, or 40 µmol/L of 
OMD did not affect the level of MMP-1 mRNA expression 
(all p > 0.05) (Fig. 3). On the contrary, treatment of the TM 

cells with 0.1 µmol/L LAT resulted in an increase in the 
level of MMP-1 mRNA expression ( p = 0.049). When 
treated TM cells with 1, 10, 40 µmol/L OMD or 0.1 µmol/L 
LAT, there was a tendency to increase the levels of MMP-
3, MMP-9 mRNA expressions, but statistically not signifi-
cant respectively (all p > 0.05) (Fig. 4, 5).

Effects of OMD on the levels of MMP-1, MMP-3, and 
MMP-9 proteins

Administration of 1, 10, or 40 µmol/L OMD did not sig-
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Fig. 1. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the survival of cultured trabecular meshwork cells. Ex-
posure to OMD or LAT did not affect cell survival significantly.
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Fig. 2. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the permeability of cultured trabecular meshwork cell 
monolayers. Exposure to OMD or LAT did not affect the per-
meabilities of carboxyfluorescein significantly compared to non-
exposed control. Carboxyfluorescein intensity of outer chamber 
normalized to the mean value obtained using nonexposed control 
(permeability 100%).
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Fig. 4. Effect of omidenepag (OMD) and 0.1 µmol/L latanoprost 
free acid (LAT) on the levels of matrix metalloproteinase-3 mes-
senger ribonucleic acid expression. Exposure to OMD or LAT 
did not affect levels of matrix metalloproteinase-3 messenger 
ribonucleic acid expression significantly compared to nonexposed 
control.
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Fig. 3. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the levels of matrix metalloproteinase-1 messenger 
ribonucleic acid expression. *In contrast to OMD, exposure to  
0.1 µmol/L LAT increased levels matrix metalloproteinase-1 
messenger ribonucleic acid expression significantly compared to 
nonexposed control (p = 0.049).
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nificantly increased MMP-1 protein levels compared to 
nonexposed controls (all p > 0.05) (Fig. 6). Exposure to  
0.1 µmol/L LAT increased MMP-1 protein level signifi-
cantly compared to nonexposed controls (p = 0.035). When 
treated TM cells with 1, 10, 40 µmol/L OMD or 0.1 µmol/L 
LAT, the levels of MMP-3, or MMP-9 proteins did not sig-
nificantly differ compared to nonexposed controls (all  
p > 0.05) (Fig. 7, 8).

Discussion

Controlled extracellular matrix turnover is important in 
the regulation of aqueous humor outf low facility. In the 
TM, extracellular matrix turnover, mediated by MMPs al-
ters IOP and outf low resistance [29-32]. Previous study 
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Fig. 5. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the level of matrix metalloproteinase-9 messenger ribo-
nucleic acid expression. Exposure to OMD or LAT did not affect 
levels of matrix metalloproteinase-9 messenger ribonucleic acid 
expression significantly compared to nonexposed control.
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Fig. 7. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the level of matrix metalloproteinase (MMP)-3 protein. 
Exposure to OMD or LAT did not affect levels of MMP-3 protein 
significantly compared to nonexposed control. GAPDH = glycer-
aldehyde 3-phosphate dehydrogenase.
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Fig. 6. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the level of matrix metalloproteinase (MMP)-1 protein. 
*Exposure to 0.1 µmol/L LAT increased levels of MMP-1 protein 
significantly compared to nonexposed control (p = 0.035). GAPDH 
= glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 8. Effect of omidenepag (OMD) and latanoprost free acid 
(LAT) on the level of matrix metalloproteinase (MMP)-9 protein. 
Exposure to OMD or LAT did not affect levels of MMP-9 protein 
significantly compared to nonexposed control. GAPDH = glycer-
aldehyde 3-phosphate dehydrogenase.
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showed that PGE2 agonist OMD increases both uveoscler-
al and trabecular outflow in ocular hypertensive monkeys 
[22], but the exact roles of OMD on the TM remain uncer-
tain. Although OMD may reduce resistance of TM by 
modulating MMPs, the direct effect of OMD on the activi-
ty of MMPs in TM cell is still obscure. Among MMPs, ac-
tivities of MMP-1, MMP-3, and MMP-9 are minimal in 
normal state and their activities are increased with various 
stimulations [29-32]. Thus, effects of OMD on the MMP-1, 
MMP-3, and MMP-9 activities were investigated in this 
study.

Our result reveals that OMD did not affect the levels of 
MMP-1, MMP-3, and MMP-9 mRNA and protein signifi-
cantly. Furthermore, OMD did not increase the permeabil-
ity of TM cell monolayer. Taken together, these results 
suggest that the direct effect of OMD on the trabecular 
outflow may be limited.

One of the possible explanations of increasing trabecular 
outflow despite of limited effect on the activities of MMPs 
by OMD in TM cells is as follows. The signaling pathways 
of PGE2 agonist and PGF2a agonist are different. The ac-
tions of these agonists vary in the type of second messen-
ger. EP2 act through adenylyl cyclase and cyclic adenosine 
monophosphate leading to the activation of protein kinase 
A, while FP causes hydrolysis of phosphatidylinositol, 
which activates protein kinase C, and causes release of in-
tracellular calcium [6,21]. FP-induced phosphatidylinositol 
not only increase MMPs levels in the ciliary muscle which 
in turn cause tissue remodeling but also induce PGE2 syn-
thesis [6]. LAT induces MMP-1 expression in human 
non-pigmented ciliary epithelial cells through a cyclooxy-
genase-2-dependent mechanism. After transport of MMP-
1 in aqueous humor to ciliary muscle and TM, the protease 
may facilitate outflow of aqueous humor via remodeling of 
the extracellular matrix of tissues involved in the uveoscle-
ral and trabecular pathway, respectively [33]. The hypothe-
sis that MMPs produced by ciliary cells are secreted into 
the aqueous humor is supported by the fact that the in-
creased amounts of MMPs in the culture medium of organ 
explants treated with LAT [34]. Since MMPs produced by 
the ciliary body are then secreted into the aqueous humor 
and reach the TM, an increase in ciliary cell MMP produc-
tion by LAT might ultimately induce an increase in the 
outflow rates of the TM. Thus, PGE2 may increase trabec-
ular outflow by secreting MMP-1 from the non-pigmented 
ciliary epithelial cells despite of lacking direct effect on 

the expression of MMPs in the TM cells.
Another possibility is that EP2 may be involved in con-

ventional outflow effects at the level of the inner wall of 
Schlemm’s canal. IOP changes seen upon treatment with 
EP2 agonists may be through Schlemm’s canal, but not 
through the TM [35]. 

FP agonists lower IOP predominantly by increasing uve-
oscleral outflow and to a lesser extent trabecular outflow 
facility. A study by Oh et al. [36] showed that TM cells 
produce more TIMPs, and less MMPs than ciliary body 
smooth muscle cells. LAT increases MMPs in TM cells, 
but the increase of TIMPs in TM cells could be the cause 
of the observed reduction of MMP activity and account for 
the greater movement of f luid through the uveoscleral 
pathway. This is consistent with the notion that LAT low-
ers IOP by increasing the aqueous humor flow through the 
uveoscleral route. Although LAT increased MMP-1 activi-
ty in this study, the effect of LAT on the trabecular out-
f low may be less than on the uveoscleral outf low since 
LAT may also increase TIMPs activity in TM. 

There are some limitations in this study. Our in vitro re-
sults suggest that OMD does not increase MMP activities 
in TM directly. Regarding this, further study will be need-
ed to measure MMP concentration in the aqueous humor 
after administration of OMD isopropyl. Also, long-term 
effect of OMD on the activities of MMPs in TM cannot be 
excluded. Since the resistance in trabecular outflow path-
way could be affected by Schlemm’s canal endothelial cells 
[37], the effect of OMD on the permeability of Schlemm’s 
canal endothelial cell need to investigate in the future.

In conclusion, PGE2 agonist OMD did not affect activi-
ties of MMP in TM and did not increase the permeability 
of TM cell monolayer. These results suggest that the direct 
effect of OMD on the trabecular outflow may be limited. 
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