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Abstract

Background and Purpose

The intraocular pressure (IOP)-lowering and side effects in response to different prostaglan-

din F2α analogues can be variable, but, the underlying basis for this difference remains

unknown. This study investigated the differential changes of cellular proteins relevant to

IOP-lowering effects of latanoprost and bimatoprost.

Methods

The human T lymphoblast (MOLT-3) cell line and immortalized human trabecular meshwork

(iHTM) cells were studied by quantitative PCR and by immunofluorescence after treatment

with either latanoprost or bimatoprost. New Zealand white rabbit eyes were treated topically

with each agent and, following euthanasia, anterior segment tissues were studied with

immunostaining.

Results

In cultured MOLT-3 cells, mRNA expression of both c-fos and matrix metalloproteinase 9

increased significantly in response to each agent. In addition, there was little change in tis-

sue inhibitor of metalloproteinase (TIMP)-3 mRNA, but a significant decrease in TIMP-4.

Fibronectin mRNA in MOLT-3 cells was down-regulated with bimatoprost, but was up-regu-

lated with latanoprost. Immunofluorescence analysis of iHTM cells showed that intracellular

fibronectin was significantly decreased by bimatoprost, but was increased by latanoprost.

Both latanoprost and bimatoprost increased mRNA expression of NF-кB p65 and

decreased that of IкBα. Aquaporin-1 mRNA expression was significantly down-regulated by
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bimatoprost. Immunostaining also revealed a significant decrease of aquaporin-1 in the cili-

ary epithelium of New Zealand white rabbits after bimatoprost treatment.

Conclusions

Similarities in protein expression produced by latanoprost and bimatoprost in vitro may be

relevant to the mechanism for their IOP-lowering effects in vivo. Differences in fibronectin

expression and in aquaporin-1 expression in response to each agent may contribute to vari-

ability in the IOP-lowering efficacy in some studies.

Introduction
Prostaglandin F2α analogues (PGAs), including latanoprost, travoprost and bimatoprost, are
considered as the first choice for the pharmaceutical treatment of glaucoma and ocular hyper-
tension based on their effectiveness in lowering intraocular pressure (IOP) and few systemic
side effects [1]. IOP lowering and side effects in response to different PGAs can be variable [2–
5]. Some studies demonstrated that bimatoprost and latanoprost elicited similar IOP lowering
responses, whereas in others bimatoprost appeared to be slightly more effective [6–9]. Some
patients who were poorly or non-responsive to latanoprost responded well to bimatoprost [3].
No studies have reported that the reverse was true. The underlying basis for this difference
remains unknown.

It is generally accepted that all PGAs exert their effects, both therapeutic and adverse, via
their receptors. Latanoprost and travoprost interact with prostaglandin F receptors (FP). The
receptor for bimatoprost is still controversial [10, 11]. There is experimental evidence suggest-
ing that bimatoprost, different from the FP agonists latanoprost and travoprost, may act as a
prostamide at its own receptor. Chen et al. reported that the human T lymphoblast (peripheral
blood acute lymphoblastic leukemia, MOLT-3) cells expressed no FP or thromboxane A2

receptors (TP) based on qPCR analysis, and that bimatoprost exerted its effects independent of
FP and TP receptors [11]. A so-called undefined receptor for bimatoprost might elicit different
effects, therapeutic and adverse, from latanoprost. However, in a previous study we demon-
strated that MOLT-3 cells expressed the FP receptor based on Western blot and mass spec-
trometry analyses [12]. Whether the effects of bimatoprost are independent of the FP receptor
needs further investigation. We have hypothesized that the differential receptor selectivity of
various PGAs to various prostanoid receptors, including FP and EP, might mediate their diver-
sified effects [13, 14]. Some differential effects of the different PGAs might involve differential
changes of cellular proteins that are elicited from the diversified receptor selectivity of various
PGAs.

To understand the diversified effects of various PGAs, differential changes of cellular pro-
teins, previously reported to be involved in IOP regulation or in possible mechanisms for the
IOP lowering effects of PGAs, were investigated following 5-day PGA exposure of cells or tis-
sues. Two PGAs, latanoprost, a representative PGA analog acting via the FP receptor, and
bimatoprost, a prostamide mimetic whose receptor is still controversial [10, 11], were investi-
gated. The targeted proteins included transcription factors c-fos, matrix metalloproteinases
(MMPs) and their inhibitors, fibronectin, aquaporin-1 (AQP1), and nuclear factor-kappa B
(NF-кB).

The IOP in any given eye is determined by the rate of aqueous production and the drainage
of aqueous humor. In order to decrease IOP, most of the anti-glaucoma medications act either

Effects of PG Analogs on the Aqueous Humor Pathway

PLOS ONE | DOI:10.1371/journal.pone.0151644 March 24, 2016 2 / 16



by decreasing the rate of aqueous humor production or by enhancing aqueous outflow, includ-
ing the conventional trabecular meshwork (TM) outflow pathway and the unconventional
uveoscleral pathway. Considering the reported similar effects of various PGAs on the uncon-
ventional uveoscleral pathway [15], we investigated the conventional TM pathway using
immortalized human TM (iHTM) cells, and the aqueous humor inflow pathway in rabbit eyes,
hoping to find some differential effects of the different PGAs. Once different effects of bimato-
prost and latanoprost on mRNA expression were observed in MOLT-3 cells, the proteins in
iHTM cells or in the anterior segments of the rabbit eyes were subsequently investigated.

Materials and Methods
Sichuan University Institute Review Board approved this research.

Cell cultures and drug treatment
MOLT-3 (CRL-1552™) cell line, which expresses the FP receptor [12], was purchased from the
American Type Culture Collection (ATCC; Manassas, VA, USA). These cells were cultured in
RPMI-1640 medium containing 2 mM L-glutamine, 2 g/l sodium bicarbonate, 4.5 g/l glucose,
10 mMHEPES, 1 mM sodium pyruvate (ATCC), and supplemented with 1% penicillin-strep-
tomycin and 10% bovine calf serum (Invitrogen; Carlsbad, CA, USA). iHTM cells (gift from
Zhongshan Ophthalmic Center of Sun Yat-sen University), generated as described [16], were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 2.5 mM L-glutamine
(ATCC) and supplemented with 1% penicillin-streptomycin and 10% bovine calf serum
(Invitrogen).

Stock solutions of 100 mg/ml latanoprost and 100 mg/ml bimatoprost (Cayman Chemical;
Ann Arbor, MI, USA) were prepared in dimethyl sulfoxide (DMSO). Three flasks of MOLT-3
cells were grown to about 30% confluence and treated daily with 0.1% DMSO as control,
10 μg/ml latanoprost or 10 μg/ml bimatoprost respectively [17], continuously for 5 days. The
clinically used ester and amide drugs (latanoprost and bimatoprost respectively) were
employed. After treatment, quantitative PCR (qPCR) analysis was performed to detect the
effects of these PGAs on the expression level of mRNA (listed in Table 1). iHTM cells, cultured
and treated as above, were maintained in 24-well plates. The cells were cultured to confluence
or subconfluence for detecting the extracellular or intracellular distribution of fibronectin,
respectively, by immunofluorescence.

Table 1. Primers of the specific genes for qPCR analysis.

Gene Annealing temperature
(°C)

Primers Amplicon size
(bp)

PCR efficiency
(%)

Forward Reverse

c-fos 59.6 GGCAAGGTGGAACAGTTAT TCCGCTTGGAGTGTATCAG 125 95.2

TIMP-3 49.2 GCAACTCCGACATCGTGA GCATCTTGGTGAAGCCTC 122 99.7

TIMP-4 57.0 ACGCCTTTTGACTCTTCC GCAGCCACAGTTCAGATG 192 90.5

MMP-9 62.5 CGGAGCACGGAGACGGGTAT CCGAGTTGGAACCACGACGC 146 100.9

fibronectin 62.2 CACTGTTTTGGTTCAGACTCG AGATTTCCTCGTGGGCAGC 197 94.3

IкBα 56.2 AGCAGACTCCACTCCACTTG GCCATTGTAGTTGGTAGCCT 218 95.0

NF-кBp65 56.2 CGCTGCATCCACAGTTTCCA GTCCCCACGCTGCTCTTCTT 123 97.7

AQP1 62.5 CCTGGCTATTGACTACACTGG CAGGATGAAGTCGTAGATGAGT 151 100.0

GAPDH 57.0 CCTCAAGATCATCAGCAAT CCATCCACAGTCTTCTGGGT 141 97.0

doi:10.1371/journal.pone.0151644.t001
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Preparation of RNA
Total RNA was isolated from the cultured MOLT-3 cells for each experimental condition with
an extraction reagent (TRIzol Reagent; Invitrogen). RNA was prepared according to the proto-
col from the manufacturer. The RNA pellets were washed with 75% ethanol, centrifuged, air-
dried and dissolved in RNase-free water. The residual DNA was removed by treatment with
DNase I. Concentration and purity (i.e. OD260/OD280) of RNA samples were evaluated with a
SmartSpec Plus spectrophotometer (Bio-Rad; Hercules, CA, USA) following the manufactur-
er’s instructions. RNA integrity was monitored by examining the 28S and 18S rRNA bands
under UV light after separation on a 1% agarose gel and staining with GoldView I (Solarbio;
Shanghai, China).

qPCR assays
Total RNA (1 μg) was reverse-transcribed using a RevertAid™ first-strand cDNA synthesis kit
(Fermentas; Vilnius, Lithuania) according to the manufacturer’s protocol. A 12 μl mixture con-
taining 1 μg RNA, 1 μl oligo(dT)18 (0.5 μg/μl), and complementary RNase-free water was incu-
bated at 65°C for 5 min, followed by adding 4 μl of the reaction buffer supplied with the kit,
1 μl RNase inhibitor (20 U/μl), 2 μl dNTP Mix (10mM), and 1 μl M-MuLv Reverse Transcrip-
tase (200 U/μl). The total reaction system was incubated sequentially at 42°C for 60 min and
70°C for 5 min. qPCR was performed on iCycler-iQ51 (Bio-Rad), with a total reaction mixture
of 20 μl containing 1× SsoFast EVAGreen supermix (Bio-Rad), 2 μl of cDNA, and 330 nM of
each of the forward and reverse primers. The cycling protocol consisted of one cycle of 30 s at
95°C, 40 cycles of 5 s at 95°C and 10 s at optimum annealing temperature (Table 1), followed
by melt-curve data analysis. Fluorescence data were collected during the elongation step. Opti-
mized primers were synthesized (HPLC purification grade) by Beijing Genomics Institute,
China (Table 1). Assays for each RNA sample were performed in triplicate, and a standard
curve from consecutive ten-fold dilutions of PCR products pool representative of a certain
gene was included for PCR efficiency determination. Relative expression calculations, corrected
with PCR efficiency and normalized with respect to the reference gene, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, accession: NM 002046.3), were performed with IQ5 software
(Bio-Rad). The results were expressed as the ratio of PCR-product/GAPDHmRNA. The data
from three independent experiments with independent treatments and PCR reactions from
each were reported as means±SD and used to calculate statistics.

Immunofluorescence of cultured iHTM cells
To study the effects of PGAs on the extracellular and intracellular distribution pattern of fibro-
nectin, immunofluorescence staining was performed on iHTM cells. For the former, iHTM
cells were cultured to 100% confluence and fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH7.4) for 30 min, blocked with 10% goat serum in PBS overnight, and
incubated with mouse anti-fibronectin monoclonal antibody (sc-18825, Santa Cruz Biotech;
Paso Robles, CA, USA; 2 μg/ml) solution for 1 h. After three washes with PBS, the cells were
incubated with goat anti-mouse IgG conjugated with fluorescein isothiocyanate (FITC, Zhong-
shan Goldenbridge Biotech; Beijing, China; 2 μg/ml) for 1 h at 37°C. After another three
washes with PBS, the cells were viewed and photographed with a fluorescence microscope
(Eclipse TE2000-U, Nikon Corp; Shanghai, China). A negative control was processed in the
same manner except that the primary antibody was omitted. To study the intracellular distri-
bution of fibronectin, the cells were cultured to about 30% confluence, then after 5 consecutive
days of PGA treatment, permeabilized by 0.25% Triton X-100 in PBS for 5 min before fixation
to facilitate antibody access to the cytoplasm.

Effects of PG Analogs on the Aqueous Humor Pathway
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Fluorescence intensity was measured using Image-pro Plus 6.0 (IPP6.0) System (Media
Cybernetics; Rockville, MD, USA) to determine the means integrated option density to express
the relative protein level. For each experimental condition, quantitative data originated from
three independent experiments with independent treatments.

Animal experiments
Six normotensive New Zealand white rabbits, weighing 2±0.5 kg, were housed under standard
laboratory conditions of a 12-h light and 12-h dark cycle in individual cages with food and
water ad libitum. Animal handling was in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Each group (three rabbits) received unilateral
topical treatment with 30 μl of Xalatan (0.005% latanoprost; Pfizer, Karlsruhe, Germany) or
Lumigan (0.03% bimatoprost; Pharm-Allergan, Ettlingen, Germany), administered in a
masked fashion daily at 10:00 AM for 5 consecutive days. The contralateral eyes received nor-
mal saline (NS) only.

IOP was measured in conscious rabbits using a TonoVet™ rebound tonometer (Tiolat Oy,
Helsinki, Finland) according to the manufacturer’s recommended procedures. The equipment
was programmed to average the IOP values from six consecutive measurements. IOP was mea-
sured in a masked fashion immediately before each dosing, as well as 4 h and 8 h after dosing.

Immunostaining of tissue sections
The rabbit eyes were enucleated 8 h after the last dosing, and fixed with 4% neutral buffered
paraformaldehyde for 24 h at 4°C. After successive dehydration with 5% and 30% sucrose at
4°C overnight, the anterior segments of the eyes were excised and embedded in OCT Tissue
Tek II embedding compound (Miles Scientific; Naperville, IL, USA). Cryostat sections (5 μm)
were cut and air dried at room temperature for one day.

Immunostaining of the cryostat sections was performed the same way as for cultured cells.
Briefly, after blocking, the cryostat sections were incubated successively in a moist chamber,
with mouse monoclonal antibody to aquaporin1 (7D11; ab11025, Abcam; MA, USA; 2 μg/ml)
as the primary antibody and goat anti-mouse IgG conjugated with FITC (2 μg/ml) as secondary
antibody. A negative control was processed in the same manner except that the primary anti-
body was omitted. The immunostained cryostat sections were viewed and photographed with
fluorescence microscope Eclipse TE2000-U. Fluorescence intensity was measured the same
way as for cultured cells. For each experimental condition, quantitative data originated from
three independent experiments with independent treatments.

Statistical analysis
The experimental data were reported asmeans±SD. Each experiment was performed at least
three times. Statistical comparison among the data was carried out using one-way analysis of
variance (ANOVA) and SPSS 17.0 software (SPSS Inc.; Chicago, IL, USA). Two-tailed paired
Student’s t-test was used to compare IOPs between drug- and vehicle-treated eyes. Differences
were considered statistically significant when p<0.05.

Results

Effects of PGAs on the mRNA expression of MMPs
Degradation of extracellular matrix (ECM) in both conventional TM and uveoscleral aqueous
humor outflow pathway, which derives fromMMPs activation by PGA treatment, has been
demonstrated [18–21]. To understand the effects of both latanoprost and bimatoprost, four
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genes, previously reported to be associated with the IOP-lowering effect of PGAs by inducing
ECM degradation, were investigated in MOLT-3 cells using qPCR (Fig 1 and S1 Table). The
mRNA of both c-fos and MMP-9 increased significantly with either latanoprost or bimato-
prost. With either agent, there was little change in the mRNA expression of tissue inhibitor of
metalloproteinase (TIMP)-3, but a significant decrease in TIMP-4.

Effects of PGAs on fibronectin expression and degradation
To better understand the IOP-lowering effect of PGAs by inducing ECM degradation, the
fibronectin expression and breakdown, which would induce ECM turnover in the TM and
change the resistance to aqueous humor outflow correspondingly [22–24], regulated by PGAs,
was investigated. Treatment of MOLT-3 and iHTM cells for 5 consecutive days with either
latanoprost or bimatoprost altered fibronectin expression at both the mRNA and protein levels.
Fibronectin mRNA expression in MOLT-3 cells, determined by qPCR, was significantly up-
regulated by latanoprost but was significantly down-regulated by bimatoprost (Fig 1 and S1
Table). Immunofluorescence analysis (Fig 2) of iHTM cell cultures indicated that intracellular
fibronectin was also significantly increased by latanoprost (S1 and S2 Figs) and decreased by
bimatoprost (S1 and S3 Figs). Immunostaining of extracellular fibronectin in control iHTM
cell cultures revealed an extensive fibrous network (Fig 3 and S4 Fig). After treatment with
PGAs, the fibronectin network in iHTM cells became discontinuous and less dense (Fig 3, S4,
S5 and S6 Figs). The fibronectin network after bimatoprost treatment (S6 Fig) was significantly
(p<0.05) less dense than that following latanoprost treatment (S5 Fig).

Effects of PGAs on the mRNA expression of NF-κB signaling pathway
Besides the induction of c-fos, nuclear transcription factor NF-κB and its inhibitor IκB have
also been found to be regulated by PGF2α [25]. To check the regulation on NF-κB signaling
pathway by latanoprost and bimatoprost, the mRNA expression of NF-κB and IκB was also
investigated. In MOLT-3 cells, there was a significant 7-fold increase in NF-кB p65 mRNA
after treatment with latanoprost, and a significant 2.5-fold increase with bimatoprost (Fig 4
and S1 Table). The increase of NF-кB p65 mRNA with latanoprost was significantly higher

Fig 1. Effects of PGAs on the mRNA expression of fibronectin and ECM degradation related proteins
in MOLT-3 cells after 5-day consecutive treatment. Control, MOLT-3 cells with 0.1% DMSO; Latan,
MOLT-3 cells with 10 μg/ml lantanoprost; Bima, MOLT-3 cells with 10 μg/ml bimatoprost. Total RNA
extracted fromMOLT-3 cells was subjected to qPCR analysis and compared to that of the reference gene
GAPDH as described in “Methods”. The expression value of control was considered as 1. Error bars
represent SD, n = 3. *, p<0.05, **, p<0.01, versus control.

doi:10.1371/journal.pone.0151644.g001
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than that with bimatoprost (p<0.05). The mRNA of IкBα, an inhibitor of NF-кB p65,
decreased to nearly zero with either latanoprost or bimatoprost treatment (Fig 4 and S1 Table).

Effects of PGAs on the mRNA and protein expression of AQP1
AQP1 involvement has also been reported in the IOP-lowering effects of PGAs [17]. In AQP1–
knockout mice, IOP was decreased when compared to normal animals [26]. To further eluci-
date this proposition, AQP1 mRNA and protein expression after PGA treatment was investi-
gated here in MOLT-3 cells and rabbit eyes separately.

Treatment of MOLT-3 cells for 5 consecutive days with either latanoprost or bimatoprost
altered AQP1 expression at mRNA level. AQP1 mRNA expression, determined by qPCR, was
insignificantly (p = 0.12758) down-regulated by latanoprost but was significantly down-regu-
lated by bimatoprost (Fig 4 and S1 Table).

Fig 2. Changes in intracellular fibronectin levels in iHTM cells following PGA treatment. Before grown
to confluence, cultures were treated with 0.1% DMSO (Control), 10 μg/ml bimatoprost (Bima) or 10 μg/ml
latanoprost (Latan) continuously for 5 days. Cells were permeabilized and then labeled with antibody against
fibronectin and IgG conjugated with FITC successively. A: Phase-contrast micrographs showing the
morphology of iHTM cells treated with PGA or DMSO vehicle. B: Representative photomicrographs showing
fibronectin immunostaining. Scale bar, 20 μm. C: Quantification of fluorescence intensity. Fluorescence
intensity was measured using IPP 6.0 System to determine the means integrated option density to express
the relative protein level. The results were expressed asmeans±SD (n = 3). *, p<0.05, compared with control.

doi:10.1371/journal.pone.0151644.g002
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To test and verify the results obtained fromMOLT-3 cells, we treated normotensive New
Zealand white rabbits daily unilaterally with topical PGAs for 5 consecutive days, with NS
administered contralaterally as vehicle, and then examined the AQP1 levels in the ciliary body
tissues.

Compared with NS, bimatoprost significantly lowered the IOP at 4 h and/or 8 h after daily
drug administration (Fig 5A and S2 Table). On the 4th day, the differences between IOP of
bimatoprost eyes (i.e. 4 h after administration, 9.056±2.002 mmHg) and that of NS eyes (i.e.
4 h after administration, 9.111±1.456 mmHg) were insignificant, but both IOPs were signifi-
cantly (p<0.01) lower than the baseline IOPs of the rabbit eyes (12.681±1.019 mmHg, n = 12).
Systemic absorption of bimatoprost and circulation with blood may have reduced the IOP of
contralateral NS eyes [27]. As with bimatoprost, latanoprost also lowered the IOP at 4 h and/or
8 h after daily drug delivery, although the reductions were relatively minor (Fig 5B and S2
Table).

Fig 3. Decreased deposition of extracellular fibronectin in iHTM cells after PGA treatment.Confluent
cell cultures were treated with 0.1% DMSO (Control), 10 μg/ml bimatoprost (Bima) or 10 μg/ml latanoprost
(Latan) continuously for 5 days. Cells were then labeled with antibody against fibronectin and IgG conjugated
with FITC successively. A: Phase-contrast micrographs showing the morphology of iHTM cells treated with
PGA or vehicle DMSO. B: Representative photomicrographs showing fibronectin immunostaining. Scale bar,
20 μm. C: Quantification of fluorescence intensity. Fluorescence intensity was measured using IPP 6.0
System to determine the means integrated option density to express the relative protein level. The results
were expressed asmeans±SD (n = 3). *, p<0.05, **, p<0.01, compared with control.

doi:10.1371/journal.pone.0151644.g003
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After five days of topical PGA treatment, immunostaining of the cryostat sections of rabbit
eyes was performed with AQP1 antibody and IgG conjugated with FITC. The immunofluores-
cence of AQP1 was significantly less intense throughout the ciliary bodies of bimatoprost-
treated eyes compared with those of controls (Fig 6A and 6C, S7 and S8 Figs). However, there
was no visible difference in AQP1 immunofluorescence intensity between latanoprost-treated
and control eyes (Fig 6B and 6C, S7 and S9 Figs).

Discussion
Zhao et al [17] studied the effects of PGAs on human ciliary muscle (HCM) cells and human
TM (HTM) cells, and concluded that both latanoprost and bimatoprost changed gene expres-
sion in HCM and HTM cells. We utilized the same dose (10 μg/ml) as Zhao to determine the
changes following 5-day consecutive treatment with these drugs, although this dosage is high
relative to the peak aqueous concentration after treatment with a therapeutic dose [peak aque-
ous concentration of latanoprost free acid of 78 nM (28 ng/ml)] [28]. With this concentration,
in addition to the aqueous outflow related genes, Zhao et al explored several genes that have
not been previously reported to be affected by these two PGAs, including AQP1 [17]. In the
current study, we studied MOLT-3 cells with this dosage, hoping to find out if the differential
effects of the different PGAs might involve differential changes of cellular proteins. We found
that both bimatoprost and latanoprost affected the expression of various genes in MOLT-3
cells. The results that we expected with these cells were obtained, that is, the mRNA expression
of both c-fos and MMP9 increased significantly in response to both agents in MOLT-3 cells,
but AQP1 and fibronectin were differentially changed.

IOP is determined by the rate of aqueous humor production by the ciliary body and the
drainage of aqueous humor through the TM and uveoscleral outflow pathways. In glaucomatous

Fig 4. Effects of PGAs on NF-кB p65, IкBα and AQP1mRNA expression in MOLT-3 cells after 5 days of
continuous treatment. Control, MOLT-3 cells with 0.1% DMSO; Latan, MOLT-3 cells with 10 μg/ml
lantanoprost; Bima, MOLT-3 cells with 10 μg/ml bimatoprost. Total RNA extracted fromMOLT-3 cells was
subjected to qPCR analysis and compared to that of the reference gene GAPDH as described in “Methods”.
The expression value of control was considered as 1. Error bars represent SD, n = 3. *, p<0.05, **, p<0.01,
versus control.

doi:10.1371/journal.pone.0151644.g004
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eyes, the increased resistance to aqueous humor outflow is likely due partly to increased ECM in
the TM [15]. MMPs, neutral proteases that initiate degradation of ECM, are expressed by TM
[29] and uveoscleral tissues [18–20, 30], and may play a major role in regulating outflow resis-
tance [31, 32]. In this study, we found that latanoprost and bimatoprost had similar effects on
the expression of MMP-9 and TIMP-4 genes, suggesting that they might both produce similar
effects on ECM turnover to enhance outflow.

It is believed that PGA induction of MMPs is mediated by the activation of the proto-onco-
gene, c-fos [21, 30]. Lindsey et al reported that, in cultured HCM cells, PGA induced the
expression of c-fos [21]. The response was maximal at 1 h after stimulation and was followed
by a reduction to basal levels during the next several hours [21]. Our study showed that after 5
days of treatment with either latanoprost or bimatoprost in MOLT-3 cells, the mRNA level of
c-fos still increased significantly. The difference between our results and those of Lindsey et al
[21] might be due to the different doses (<0.2 μMwas used in Lindsey et al) or durations of
treatment (several hours were investigated in Lindsey et al). The immediate IOP effects that
occur from a single dose of PGA may be mediated by cellular mechanisms different from those
induced by repeated applications or continuous exposure [17, 32, 33].

Fig 5. Effects of topical PGAmedication on rabbit IOP. Thirty μl of Lumigan (Bima, A) or Xalatan (Latan, B) was administered unilaterally to rabbit eyes
(qd) for 5 consecutive days, i.e. at 0, 24, 48, 72, and 96 h; NS (control) was administered contralaterally. IOP was measured in a masked fashion using a
TonoVet™ rebound tonometer immediately before each dosing, as well as 4 h and 8 h after dosing. The results were expressed asmeans±SD (n = 3).
*, p<0.05, **, p<0.01, ***, p<0.001, compared with control by two-tailed paired Student’s t-test.

doi:10.1371/journal.pone.0151644.g005
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NF-κB, one of the major transcription factors that play a critical role in the gene regulation
of multiple cellular processes [34, 35], is also involved in MMP release [36, 37]. It was reported
that down-regulation of IκBα, an inhibitor of NF-κB, resulted in decrease in TIMP-2 and
increase in MMP-2 [37]. MMP-2 significantly increased outflow facility in a human eye

Fig 6. Effects of PGAs on AQP1 level in rabbit ciliary epithelium. Thirty μl of Lumigan (Bima, A) or
Xalatan (Latan, B) was administered unilaterally to rabbit eyes (qd) continuously for 5 days; NS (control) was
administered contralaterally. Rabbits were then sacrificed 8 h after the last dosing, and the eyes were
enucleated, then ciliary body sections were prepared and immunostained with antibody against AQP1 and
IgG conjugated with FITC. Arrows indicate the ciliary epithelium. Scale bar, 100 μm. (C) Quantification of
fluorescence intensity. Fluorescence intensity was measured using IPP 6.0 System to determine the means
integrated option density to express the relative protein level. The results were expressed asmeans±SD
(n = 3). *, p<0.05, compared with control.

doi:10.1371/journal.pone.0151644.g006
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outflow model [32]; furthermore, mechanical stress increased MMP-2 expression in cultured
porcine TM cells [38]. Interestingly, latanoprost has been suggested to exert its effects on the
remodeling of the ECM in the TM via MMP-2 and MMP-3 [39]. In this study, both latanoprost
and bimatoprost were found to increase NF-кB and decrease IκBα. These results may suggest
the potential involvement of NF-кB pathway in the IOP-lowering effect of PGAs. Yet, we must
note that the changes of NF-кB and IκBα at the mRNA level should be confirmed at the pro-
tein level in the future.

Fibronectin expression and breakdown would induce ECM turnover in the TM and inner
wall of Schlemm’s canal and change the resistance to aqueous humor outflow correspondingly
[22–24]. In the present study, we found that fibronectin mRNA expression was up-regulated
by latanoprost but down-regulated by bimatoprost. These divergent effects may suggest differ-
ing regulation of conventional TM aqueous flow resistance by bimatoprost and latanoprost.
Besides the ECM (fibronectin) degradation by activated MMPs, the concurrently reduced
fibronectin expression would help bimatoprost to reduce aqueous flow resistance. On the other
hand, although the ECM (fibronectin) degradation was activated, the concurrently enhanced
fibronectin expression might be a drag on latanoprost in reducing TM outflow resistance.

Yu et al investigated the effects of PGA drugs with benzalkonium chloride (BAC) as a pre-
servative at 1:100 diluted commercial solutions, i.e. 0.00005% BAC in the final bimatoprost
solution, and 0.0002% BAC in the final latanoprost solution, on fibronectin expression in
HTM cells [40]. They found that fibronectin mRNA in the latanoprost-treated cells was 1.2
±0.1 fold relative to control and in bimatoprost-treated cells was 0.7±0.2 fold. Since BAC at
1:100 diluted commercial solutions induced no effects on fibronectin expression [41], the
changes were presumably induced by the PGAs. Although the changes were not statistically
significant, possibly due to the short treatment duration (15 min), the directions of these
changes are consistent with our current findings in MOLT-3 cells continuously treated for 5
days.

A similar result was also achieved by immunofluorescence in iHTM cells: intracellular fibro-
nectin was significantly increased by latanoprost but decreased by bimatoprost. The extracellu-
lar fibronectin of bimatoprost-treated cultures was visualized as significantly less dense with a
discontinuous fibrous network relative to that of latanoprost-treated cultures. The putatively
greater effect of bimatoprost on the fibronectin network is likely due to its down-regulating the
expression of fibronectin and up-regulating the expression of degradation enzymes such as
MMPs. These results suggested that bimatoprost may be more effective than latanoprost in
enhancing trabecular outflow. The IOP-lowering effects of bimatoprost might reflect a dual
mechanism of action on aqueous humor outflow that involves both trabecular and uveoscleral
pathways [42–44], even though its major effect is on the latter.

AQP water channels are small transmembrane proteins that function as passive conduits
for osmotically or hydrostatically-driven water transport. AQP1 is expressed in the eye at sites
of aqueous humor inflow and outflow, ciliary nonpigmented epithelium, inner (uveal and cor-
neoscleral) and outer (juxtacanalicular) trabecular meshwork, plus Schlemm’s canal inner wall
[45, 46]. The presence of AQP1 may provide these cells with high water permeability and allow
water to be transported across these barriers efficiently [17]. In AQP1–knockout mice, IOP
was decreased when compared to normal animals [26]. Thus, the action of PGAs in reducing
expression of this gene may also help in decreasing IOP. Zhao et al reported that PGAs caused
a decrease of AQP1 mRNA in HCM cells [17], which should cause less transmembrane trans-
port of water across HCM cells. However, AQP1 deletion did not significantly affect aqueous
outflow [26], suggesting that the transcellular pathway, mediated by AQP1, does not contribute
significantly to the aqueous bulk outflow of human eyes [26, 47]. Additionally, uveoscleral
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outflow involves aqueous humor draining through the ECM between muscle bundles, not a
pathway likely to dependent upon AQP1 unless it affects muscle contractility / relaxation.

Consistent with Zhao et al, our results showed that AQP1 expression was decreased in the
ciliary epithelium in bimatoprost treated eyes. These studies suggested that AQP1 may play a
role in IOP regulation and in the basis for IOP lowering effects of PGA, especially bimatoprost.
However, the physiological significance of AQP1 regulation by PGAs is not well understood,
and awaits further studies.

The IOP in any given eye is determined by the rate of aqueous production and the drainage
of aqueous humor. In order to decrease IOP, most of the anti-glaucoma medications act either
by decreasing the rate of aqueous humor production or by enhancing the aqueous outflow. The
fact that the lower level of water permeability resulting from the reduced AQP1 expression can
decrease IOP suggested a potential involvement of AQP1 in aqueous secretion across the ciliary
epithelium [26]. However, a number of previous studies showed that PGAs were not able to
decrease aqueous humor formation, and indeed might increase it slightly [15, 48]. We hypothe-
sized that PGAs might also regulate other aqueous humor formation related proteins such as
cystic fibrosis transmembrane conductance regulator [49, 50] or connexin43 [51, 52], which
could counteract the effect of a reduction in AQP1.

Conclusions
Latanoprost and bimatoprost both have been found in some studies to increase both uveoscl-
eral outflow and conventional trabecular outflow facility [17, 31, 53, 54], but it is clear that for
both drugs, the IOP reduction derives primarily from increasing unconventional (uveoscleral)
outflow [15]. Based on our findings and other reports, both PGAs might produce similar effects
on ECM turnover to enhance uveoscleral outflow. One potential reason for the small differ-
ences in IOP-lowering effect among the various PGAs could be their differing stimulating
effects on trabecular outflow facility. Bimatoprost was thought to be more effective in lowering
IOP than latanoprost because it enhanced conventional outflow facility by reducing ECM
(fibronectin) expression. AQP1 may also play a role in the differential IOP regulation with var-
ious PGAs, possibly with aqueous humor formation affected.
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