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Original Article

Effect of Nitric Oxide on the Expression of Matrix Metalloproteinase 
and Its Association with Migration of Cultured Trabecular Meshwork 

Cells

Jae Woo Kim

Department of Ophthalmology, Catholic University of Daegu School of Medicine, Daegu, Korea

Purpose: To determine the effect of exogenous nitric oxide (NO) on the migration of trabecular meshwork (TM) 

cells and its association with expression of matrix metalloproteinases (MMPs).

Methods: Primary human TM cells treated with 1 or 10 μM S-nitroso-N-acetyl-penicillamine (SNAP) and exam-

ined for changes in adherence. TM cells were seeded onto transwell culture inserts, and changes in their mi-

gratory activity were quantified. Reverse transcription polymerase chain reaction was performed to determine 

the relative changes in mRNA expression of MMPs and tissue inhibitor of metalloproteinases (TIMPs). 

Results: Treatment with SNAP did not significantly suppress TM cell adhesion or migration (p > 0.05). Treat-

ment of TM cells with 10 μM SNAP decreased expression of MMP-2 and increased expression of membrane 

type MMP-1 and TIMP-2. Treatment with interleukin-1α triggered MMP-3 expression but did not exert signifi-

cant effects on MMP-3 activation in response to SNAP.

Conclusions: These data suggest that NO revealed no significant effect on the migration of TM cells because 

NO decreased MMP-2 and increased TIMP-2 expression. Although expression of certain MMPs and TIMPs 

change in response to NO donors, NO may modulate trabecular outflow by changing the cellular production of 

extracellular matrix without having a significant effect on the migration of TM cells.
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The trabecular meshwork (TM) of the eye, composed of 
cells and matrix, is thought to regulate aqueous humor 
outflow to control intraocular pressure (IOP) [1]. Among 
the factors controlling IOP, a pivotal role is ascribed to the 
TM, a smooth muscle-like tissue with contractile proper-
ties in the anterior chamber angle of the eye that regulates 
aqueous humor outflow [2,3]. When these signals are re-

ceived, extracellular matrix (ECM) turnover is adjusted to 
shift the balance toward higher or lower resistance [4-9]. 
The significance of matrix metalloproteinases (MMPs) in 
outflow resistance was shown when treatment of anterior 
segments in perfusion culture with MMPs was found to 
increase outflow, while specific inhibition of MMP activity 
decreased outflow facility [10].

The TM, along with a number of other tissues in the eye 
has an extremely limited replicative capacity in vivo [11]. 
With aging, the cell population progressively decreases, 
defects being made up by cell spreading rather than overt 
re-proliferation [12-14]. If a cell enters the cell cycle to re-
plenish the diminishing meshwork cell population, it will 
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loosen its contact with the ECM with adjacent cells and 
up-regulate appropriate receptors. Thus, the very cells 
which are about to divide are the very ones most likely to 
be lost by mobilization and subsequent migration. Despite 
evidence that nitric oxide (NO) inhibits cell migration and 
proliferation in several different experimental models, NO 
elicits opposite effects on different cell types; namely, the 
inhibition of vascular smooth muscle cell (VSMC) prolif-
eration but also the promotion of endothelial cell (EC) pro-
liferation [15]. Proliferating VSMCs in intact vascular tis-
sues secrete metalloproteinases that proteolyze matrix 
proteins, thereby allowing them to migrate [16,17]. Tracht-
man et al. [18] have found that NO stimulates the activity 
of a 72-kDa MMP (gelatinase) in cultured rat mesangial 
cells, and Murohara et al. [19] have demonstrated that en-
dothelial nitric oxide synthease derived NO facilitates EC 
migration [20]. If these findings are also true for TM cells, 
this would constitute a pathway by which NO might pro-
mote migration and result in TM cell loss. Despite the ben-
eficial IOP-lowering effect of NO, this may exacerbate 
glaucoma. Until now, it has been unclear as to whether NO 
affects the migratory activity of TM cells.

The purpose of this study was to determine whether NO 
inhibits the migration of cultured TM cells and to evaluate 
possible involvement of MMPs related to the regulation of 
TM cell migration.

Materials and Methods

Materials

S-nitroso-N-acetyl-penicillamine (SNAP), 3-[4,5-Di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT), Nω-nitro-L-arginine methyl ester (L-NAME), 
Griess reagent, and interleukin-1a (IL-1α) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). A microche-
moattraction chamber (No. 3415; Transwell, Sigma-
Aldrich) was purchased from Corning (Acton, MA, USA). 

Fetal bovine serum (FBS), Dulbecco’s modified eagle’s 
medium (DMEM), penicillin/streptomycin, and trypsin 
were purchased from Gibco (Invitrogen, Carlsbad, CA, 
USA). Primers for mRNA were obtained from Genet bio 
(Seoul, Korea). Trizol was purchased from Invitrogen and 
Taq Green Master Mix was purchased from Promega 
(Fitchburg, WI, USA). All other reagents and general lab 
chemicals were purchased from Sigma-Aldrich Chemical. 

Cell culture 

TM cell cultures were established from enucleated hu-
man eye obtained from the eye bank and transported on 
ice within two hours after exsanguinations as previously 
described [21]. Briefly, TM tissues were excised by dissect-
ing a continuous strand of tissue between the line of 
Schwalbe and the scleral spur by teasing away the TM tis-
sue using a curette. The excised TM tissues were placed in 
a sterile culture dish with DMEM medium containing 15% 
FBS, 2 mM glutamine, 50 μg/mL gentamicin, and 2.5 mg/
mL fungizone and left undisturbed for three to five days 
in a 37°C incubator with a 5% CO2 atmosphere. After 
identifying initial cell growth, the explants were removed 
and the cultures were maintained with a medium contain-
ing 10% FBS. Cultures of three to five passages were used 
for experiments.

Experimental treatment

Cultures approaching confluency were trypsinized and 
inoculated into 12-well culture plates (1×105 cells/well). Af-
ter allowing attachment, the cells were washed three times 
with serum-free medium and cultured for 24 hours in me-
dium lacking FBS but supplemented with 0.5% bovine se-
rum albumin. The cells were then cultured for 24 hours in 
DMEM supplemented with 1% FBS. The NO donor SNAP 
was added to the medium at concentrations of 0, 1, or 10 
μM with or without co-treatment with the NO inhibitor 0.5 
mM L-NAME. To induce certain MMPs, 25 ng/mL IL-1a 
was added to the cultures. Then, the cultures were re-
turned to the incubator and incubated for 24 hours.

Rapid colorimetric assay for cell growth and survival 
(MTT assay)

Cell survival was determined by a rapid MTT colori-
metric assay. The MTT assay is based on the tetrazolium 
salt MTT that detects living but not dead cells. As signals 
are generated, the optical density is directly proportional 
to the number of cells [22]. After adding 100 μL of a MTT 
stock solution (5 mg MTT/mL phosphated buffered saline) 
to each well, all the media was removed from the well af-
ter a four-hour incubation at 37°C. Then, 0.5 mL of di-
methyl sulfoxide (DMSO) was added to each well, and 100 
μL of the solution was transferred from each well to a 96-
well plate and read on a multi-well scanning spectropho-
tometer (λ = 570 nm, Fluostar Optima; BMG Labtech, Of-
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fenburg, Germany). A minimum 10-minute exposure to 
DMSO was required to dissolve the MTT formazan crys-
tals after which the absorbance remained constant for 20 
minutes. Therefore, in all experiments, spectrophotometric 
readings were taken 15 minutes after the addition of 
DMSO.

Measurement of nitric oxide production

Nitrite concentrations in the media were measured using 
the Griess reaction [23]. Briefly, media samples were col-
lected from each well following appropriate treatment and 
reacted with modified Griess reagent by mixing equal vol-
umes with each other at room temperature for 15 minutes. 
Optical density was then measured and read on a multi-
well scanning spectrophotometer at 540 nm. The nitrite 
concentration was then determined from a comparison of 
absorbance with that of a standard solution of sodium ni-
trite in medium. The background absorbance, measured 
using the medium alone, was subtracted from all values.

Adhesion assay

A TM cell adhesion assay was carried out as described 
previously with minor modifications [24,25]. The cells 
were seeded in the presence or absence of SNAP or 
L-NAME in two 96-well plates. After a 60-minute incuba-
tion, unattached cells were removed by washing three 
times with phosphated buffered saline. After removing the 
unattached cells, cells were quantified by the MTT assay 
as described above. Cell adhesion (%) was expressed as the 
number of adhered cells (after washing) divided by the 
number of total cells (before washing).

Migration assay

The migration of TM cells was measured with a tran-
swell migration apparatus as described previously [26,27]. 
Briefly, cells were trypsinized and resuspended at a densi-
ty of 2×106 cells/mL. Then, the TM cells were added into 
the upper wells of a transwell chamber (insert pore size, 3.0 
mm). The cultures containing media with or without SNAP 
were incubated for five hours at 37°C in an atmosphere of 
95% air and 5% CO2. At the end of the incubation period, 
cells were stained with trypan blue, and migrated cells at-
tached to the bottom of the filter were counted under a light 
microscope. Cell migration (%) was expressed as the num-
ber of migrated cells divided by the number of total cells. 

mRNA expression levels of MMPs and tissue inhibitor 
of metalloproteinases by RT-PCR

Total RNA was extracted with Trizol (Invitrogen). An 
RNA denaturation mix consisting of isolated RNA, oligo 
dT primers, and nuclease-free water was denatured. RT-
PCR was performed using oligonucleotide primers specific 
to MMP-2, -3, -9, -14, and tissue inhibitor of metalloproteinase 
(TIMP)-1 and-2 mRNA (Table 1) [28]. Two tubes were run 
in parallel with the second tube containing only Platinum 
Taq polymerase to assure that the source of the RT-PCR 
product was mRNA. cDNA was synthesized by adding 
prime RT premix. Taq Green Master Mix and 10 pM each 
of forward and reverse primers was added to the synthe-
sized cDNA. The amplification reaction was carried out 
for 30 cycles on a DNA Engine Cycler (Bio-Rad, Hercules, 
CA, USA). The amplified PCR products were analyzed us-
ing Multi-gauge software (Fujifilm, Tokyo, Japan) after 
electrophoresis. The level of b-actin was used as an inter-
nal standard.

Table 1. MMP and TIMP primers

Forward Reverse bp
MMP-2 CTCGTGCCTTCCAAGTCTGG GGCGTTCCCATACTTCACAC 251
MMP-3 TTGGCCCATGCCTATGCCCC ACAGGCGGAACCGAGTCAGG 214
MMP-9 GGGCCGCTCCTACTCTGCCT TCGAGTCAGCTCGGGTCGGG 296
MMP-14 CCCTATGCCTACATCCGTGA TCCATCCATCACTTGGTTAT 570
TIMP-1 GTCCCGTCACCTTGCCTGCC GCTTCAGCTTCCACTCCGGGC 102
TIMP-2 TGCCCCACGGGCGTTTTCAT GGCCACGCGTTCCACTCTGG 336

b-actin	 ACAGGAAGTCCCTTGCCATC AGGGAGACCAAAAGCCTTCA 248

MMP = matrix metalloproteinase; TIMP = tissue inhibitor of metalloproteinase.
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Statistical analysis

The expression of mRNA was scanned, and the relative 
intensity of bands was determined by densitometry. Every 
experiment was performed in triplicates, and the data are 
expressed as mean ± standard error of the mean corre-
sponding to the number of wells analyzed. Experimental 
differences between the results of control cultures and a 
single treatment group were evaluated using the Student’s 
t-test. A p-value less than 0.05 was considered statistically 
significant. The two-sample z-test was used for comparing 
two proportions.

Results

Effect of nitric oxide donors on trabecular meshwork 
cell survival and nitric oxide production

The NO donor SNAP significantly increased NO in the 
media in a dose-dependent manner. Nitrite concentration 
increased significantly from 0.68 mM in the non-exposed 
control to 6.62 and 13.21 mM with exposure to 1 or 10 mM 
SNAP, respectively (p = 0.003, 0.001) (Fig. 1). 

However, 25 ng/mL IL-1a had no effect on the produc-
tion of NO compared to the non-exposed control ( p = 
0.263). Addition of L-NAME to 10 mM SNAP decreased 
NO production to 7.39 mM.

SNAP did not significantly inhibit the survival of TM 
cells at a concentration of 1 or 10 μM (p > 0.05) (Fig. 2). 
When 0.5 mM L-NAME or 25 ng/mL IL-1a was adminis-
tered simultaneously with SNAP, cell survival was also not 
significantly affected (p > 0.05). Thus, the results of these 
experiments show that cell survival and proliferation were 
not affected by a concentration of 10 μM SNAP. 

Effect of nitric oxide donors on trabecular meshwork 
cell adhesion

To test the possibility that NO interferes with cell matrix 
adhesion, the attachment of TM to the cell matrix was ex-
amined in the presence or absence of SNAP. Incubation of 
TM cells with either SNAP or the inhibitor of NO synthase 
L-NAME were plated and allowed to attach for five hours. 
The percent of adherent cells at 1 or 10 mM was 70.1% ± 
1.0% and 71.7% ± 0.7%, respectively. Adhered cells in the 
controls were 68.4% ± 0.5% of the total added cells (Fig. 3). 

Treatment with SNAP did not result in a significant blunt-
ing of TM cell adhesion. Increasing the concentration of 
SNAP up to 10 mM did not increase cell matrix adhesion 
over control levels compared to the non-exposed control (p 
= 0.559). The adhesion of L-NAME-treated cells was not 
different from the control cell population, and the percent 
of adherent cells was 62.1% ± 0.8 % (p = 0.452).

Effect of nitric oxide donors on trabecular meshwork 
cell migration

Assessment of transmigration five hours later showed that 
SNAP-induced changes in TM cell migration were not signifi-

Fig. 1. Effect of S-nitroso-N-acetyl-penicillamine (SNAP) with 
interleukin-1a (IL-1a) on the production of nitric oxide (NO) in 
trabecular meshwork (TM) cells. SNAP significantly increased 
NO production in a dose-dependent manner (*p < 0.05). Produc-
tion of NO in TM cells incubated with IL-1a was not different 
compared with the control. Addition of Nω-nitro-L-arginine 
methyl ester (L) to 10 mM SNAP significantly inhibited NO pro-
duction (**p < 0.05). Values are presented as means ± standard 
error of the mean.

0 IL-1α SNAP 1 μM SNAP 10 μM SNAP 10 μM + L 

Ni
tri

te
 (μ

M
)

16

14

12

10

8

6

4

2

0

*

*

**

Fig. 2. Effect of Nω-nitro-L-arginine methyl ester (L-NAME), 
interleukin-1a (IL-1a), and S-nitroso-N-acetyl-penicillamine 
(SNAP) on the survival of trabecular meshwork cells. L-NAME, 
IL-1a, and SNAP did not have different effects on survival com-
pared with the control (p > 0.05). Values are presented as means 
± standard error of the mean.
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cantly different from the non-treated control cells (Fig. 4). The 
percent of migrated cells at 1 or 10 mM was 16.3% and 15.3%, 
respectively. Migrated cells in the controls were 15.6% of 
the total added cells. The migration of L-NAME-treated 
cells was not different from the control cell population, 
and the percent of migrated cells was 18.0%. 

Changes in matrix metalloproteinase mRNA expression 
in response to S-nitroso-N-acetyl-penicillamine

In cultured TM cells, the relative level of mRNA expres-
sion for four MMPs and two TIMPs in response to SNAP 

was determined by RT-PCR. Expression of MMP-2 de-
creased as the concentration of SNAP increased (Fig. 5A). 
At a concentration of 1 mM, the expression of MMP-2 de-
creased slightly to an average of 7.5%. At 10 mM, a further 
dose-dependent decrease in MMP-2 expression was ob-
served (p = 0.041). At 1 mM, the expression of MT1-MMP 
was unchanged (Fig. 5B). At 10 mM, expression was in-
creased to an average of 12.4% (p = 0.025). Overall, the 
expression of MMP-2 decreased and MT1-MMP increased 
in response to 10 mM SNAP.

The expression of MMP-3 decreased at 10 mM, but the 
decrease was not statistically significant (p = 0.109) (Fig. 6). 
MMP-3 mRNAs were not detected without IL-1a stimula-
tion. MMP-9 mRNAs were not detected with or without 
IL-1a stimulation of TM cells.

The expression of TIMP-1 did not change in response to 
SNAP (Fig. 7A). The expression of TIMP-1 decreased 
slightly at 10 mM, but the decrease was not statistically sig-
nificant. At 1 mM, the expression of TIMP-2 increased 
slightly (Fig. 7B) to an average of 10.5% at 10 mM (p = 
0.005). Overall, the expression of TIMP-1 did not change, 
whereas TIMP-2 expression increased in response to 
SNAP.

Discussion 

NO has multiple functions on vascular cells including 
the migration and/or proliferation of cells [29]. The regula-
tion of gene expression and activity of various MMPs is 
complex and NO seems to play a role. MMP-2 (gelatinase 
A) activation is suppressed by NO donors in human breast 
cancer cells. However, NO has been shown to inhibit the 
expression of MMP-9 (gelatinase B) but not MMP-2 in rat 
smooth muscle cells [30-32]. MMPs degrade the basement 
membrane and ECM, facilitating cell migration. Among 
the MMPs, MMP-2 and MMP-9 play a critical role in cell 
migration [33].

In both ECs and VSMCs, MMP appears to be a key mo-
lecular effector of NO during migration [34,35]. NO inhib-
its MMP-2 expression, attenuates endothelial migration, 
and reversibly inhibits migration independent of prolifera-
tion or cytotoxicity in cultured VSMCs. However, there 
are controversial reports on the effects of NO on cell mi-
gration. ECs treated with NO have been shown to have in-
creased migratory activity [36]. In contrast, other studies 

Fig. 3. Effect of Nω-nitro-L-arginine methyl ester (L-NAME) 
and S-nitroso-N-acetyl-penicillamine (SNAP) on the adhesion 
of trabecular meshwork cells. L-NAME and SNAP did not have 
a significant effect on cell adhesion compared with the control 
(p > 0.05). Values are presented as means ± standard error of the 
mean. 
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demonstrated that NO donors increase NO production, 
which leads to inhibition of endothelial migration [37,38].

Numerous MMPs have been detected in TM cells and 
tissues. In addition, MMP mRNA and protein levels are 
up-regulated in response to mechanical stretching, elevat-
ed pressure, and various cytokines or growth factors. It is 
known that MMP-2, -14, -15, and -16 are constitutively ex-
pressed at relatively high levels in the TM. MMP-1, -3, and 
-9 are normally expressed at low levels but are massively 
up-regulated and activated in response to various stimuli 
[37]. It is known that NO is involved in the regulation of 
trabecular outflow, and external administration of NO do-
nors results in decreased IOP [39-41]. MMPs play a signifi-
cant role in the regulation of aqueous humor outflow facil-
ity by controlling ECM turnover in the TM. NO modulates 
the expression of MMPs, which may also be important for 
tissue remodeling characterized by cell proliferation and 
migration [42]. In TM cells, numerous MMPs have been 
detected, and MMP mRNA and protein levels are up-reg-
ulated in response to mechanical stretching and elevated 
pressure. However, the detailed molecular mechanisms of 
how NO affects TM cell migration is still unclear. 

Our results demonstrate that NO had no significant ef-
fect on the survival of cultured TM cells, in agreement 

Fig. 6. Effect of S-nitroso-N-acetyl-penicillamine (SNAP) on 
matrix metalloproteinase (MMP)-3 mRNA activity stimulated by 
interkeukin-1a. Trabecular meshwork cells did not show a signif-
icant difference in MMP-3 levels in response to SNAP compared 
to the non-exposed control (p > 0.05). MMP-9 was not expressed 
in trabecular meshwork cells after stimulation with interkeukin-
1a. 
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Fig. 5. Effect of S-nitroso-N-acetyl-penicillamine (SNAP) on matrix metalloproteinase (MMP)-2 (A) and MT1-MMP (B) mRNA activity. 
Trabecular meshwork cells showed a significant decrease in MMP-2 levels and increased MT1-MMP in response to 10 μM SNAP com-
pared to the non-exposed control (*p < 0.05). 
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with a previous report [43]. Epithelial cell migration is de-
pendent on NO in some cell types. For example, NO serves 
as a switch from a stationary to locomoting phenotype in 
BS-C-1 cells, and exogenous NO has been shown to elicit 
chemotaxis of neutrophils in vitro [44,45]. Previous studies 
have demonstrated that NO plays a permissive role in en-
dothelin-1-elicited locomotion of ECs [46,47]. We per-
formed adhesion and migration assays to determine 
whether NO induces stimulation of podokinesis in TM 
cells. Our results suggest that NO did not mediate adher-
ence or migration of TM cells in response to SNAP. Lack 
of an effect by L-NAME on adherence indicates that TM 
cells in culture express minimal endothelial nitric oxide 
synthease activity, and it is possible to elicit an effect by 
L-NAME only when cells are stimulated. Overall, incuba-
tion of TM cells with an NO donor did not affect cell ad-
herence. These findings further support that interference 
by NO with respect to TM cell migration was negligible. 
Thus, it appears that NO does not cause significant chang-
es on TM cell adherence or migration, unlike ECs or 
VSMCs. 

Since MMP-2 and MMP-9 are particularly relevant for 
migration, and MT1-MMP (MMP-14) acts as an MMP-2 
activator [9,33], we focused on these MMPs to evaluate the 

effect on migration in response to NO. MMP-2 and MT1-
MMP mRNA are known to be highly expressed in TM 
cells. To gain more insight into how MMP activation is 
regulated in response to NO donors during human TM cell 
migration, we evaluated the effects of SNAP on the ex-
pression of MMPs and TIMPs. We observed that treatment 
with SNAP resulted in a decrease of MMP-2 expression 
compared with control cells. Since MT1-MMP has been 
reported to be a key molecular effector of NO during EC 
migration [48], we also explored MT1-MMP expression in 
human TM cells treated with SNAP. We observed a slight 
increase in MT1-MMP expression compared with control 
cells.

MMP-1, -3, and -9 are normally expressed at low levels 
but are massively up-regulated and activated in response 
to various types of stimuli including IL-1a [49,50]. Al-
though IL-1α stimulation was selective for MMP-3, we ob-
served no significant difference in MMP-3 expression in 
response to SNAP. Furthermore, we did not observe ex-
pression of MMP-9 mRNA in control or SNAP-treated 
TM cells, which is in agreement with a previous study [9]. 
The absence of MMP-9 and concurrent up-regulation of 
TIMP-2 along with down-regulation of MMP-2 may ex-
plain the limited effect of NO donors on TM cell migration 

Fig. 7. Effect of S-nitroso-N-acetyl-penicillamine (SNAP) on tissue inhibitor of metalloproteinase (TIMP)-1 (A) and TIMP-2 (B) mRNA 
activity. Trabecular meshwork cells did not show a significant difference in TIMP-1 levels (p > 0.05) but showed a significant increase in 
TIMP-2 levels in response to 10 μM SNAP compared to the non-exposed control (*p < 0.05). 
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[50]. The results from our experiments show that TIMP-2 
activation in TM cells in response to an NO donor occurs 
despite increased expression of MT1-MMP mRNA. Thus, 
it is possible that NO has a higher affinity for TIMP-2 [51].

Depletion of TM cells is considered to play a pivotal role 
within the factors conferring the development of primary 
open angle glaucoma (POAG). In fact, age-related TM cell 
loss is even more pronounced in patients with POAG than 
in age-matched controls. In this context, detachment from 
the TM and migration from the outflow system stimulated 
by factors present in the aqueous humor has been suggest-
ed as one mechanism conferring meshwork cell depletion 
in POAG [11-14]. Immunoreactions for MMPs are stronger 
in POAG samples compared to controls, with the exception 
of MMP-2 levels. Moreover, the staining intensity of 
MMP-1 or MMP-3 is significantly higher in POAG sam-
ples [52,53]. It has been reported that the MMP-2/TIMP-2 
ratio is increased in the aqueous humor of POAG eyes [54], 
possibly as a result of detachment or loss of TM cells. 
These results suggest that MMP-1 and MMP-3 are the 
most likely candidates to be involved in the remodeling of 
trabecular tissue in POAG eyes. It is also likely that cell 
loss can be explained by local cell death or TM cell migra-
tion. Strong attachment to the trabecular ECM enhances 
inhibition. If a cell enters the cell cycle to replenish the di-
minishing TM cell population, it will loosen its contact 
with the ECM. The present study demonstrates that NO 
elicited a decrease in MMP-2 activity, an absence of MMP-
9 activity, and an increase in TIMP-2 activity without a 
permissive role of NO in TM cell adhesion or migration, 
which, if occurred, would result in TM cell detachment 
and subsequent cell loss.

An imbalance in the equilibrium between MMP and 
TIMP levels may be an important factor in the mainte-
nance and regulation of the ECM in the TM. A decrease in 
MMP-2 and an increase in TIMP-2 secretion may play an 
important role in inhibiting cell migration by altering the 
ratio of MMPs to TIMPs. This shifts the balance of MMP 
activity, which may favor the inhibition of cell migration. 
Our data suggest that the MMP-2/TIMP-2 ratio decreased 
in response to exogenous NO. 

In conclusion, we have demonstrated that NO, an 
IOP-lowering agent, does not significantly affect migration 
of TM cells. Thus, NO may increase trabecular outflow fa-
cility without TM cell loss. In vitro analyses of TM cell 
migration had the limitation of being remote from physio-

logical and pathological events in vivo. Further in vivo 
analyses are necessary to confirm our observations.
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