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PURPOSE. This study aimed to investigate the role and pathophysiological mechanism of
ATP binding cassette transporter A1 (ABCA1) in regulating the IOP and aqueous humor
outflow.

METHODS. ABCA1 expression was measured in trabecular meshwork samples obtained
from patients with POAG and human donor eyes by Western blot. To further evaluate the
functional significance of ABCA1, porcine angular aqueous plexus (AAP) cells, which are
equivalent to human Schlemm’s canal endothelial cells, were either treated with ABCA1
agonist GW3965 or transduced with lentivirus expressing ABCA1-shRNA. Transendothe-
lial electrical resistance, protein expression, and nitric oxide (NO) concentration were
measured. GW3965 was administered by intracameral injection. IOP and aqueous humor
outflow facility were also measured.

RESULTS. ABCA1 expression was significantly higher in the trabecular meshwork tissue
of patients with POAG compared with controls. ABCA1 upregulation in angular aqueous
plexus cells decreased the transendothelial electrical resistance in the angular aqueous
plexus monolayers accompanied by a 0.56-fold decrease in caveolin-1 expression and a
2.85-fold and 1.17-fold increase in endothelial NO synthase expression and NO concen-
tration, respectively (n = 3, P < 0.05). Conversely, ABCA1 downregulation increased
transendothelial electrical resistance and caveolin-1 expression and decreased endothe-
lial NO synthase expression and NO production (n = 3, P < 0.05). GW3965 decreased
IOP and significantly increased conventional outflow facility (P < 0.05).

CONCLUSIONS. Regulation of aqueous humor outflow via the caveolin-1/endothelial NO
synthase/NO pathway is a newly defined function of ABCA1 that is different from its
traditional role in mediating cholesterol efflux. ABCA1 is a compelling, novel therapeutic
candidate for the treatment of glaucoma and ocular hypertension.

Keywords: ATP binding cassette transporter A1, primary open-angle glaucoma, intraoc-
ular pressure

Glaucoma is one of the leading causes of blindness
worldwide. It is a neurodegenerative optic neuropathy

that leads to irreversible visual field loss.1 POAG is the most
common form of glaucoma and is predominantly inherited
as a complex trait. Elevated IOP is the most significant risk
factor for POAG.2

Recent genome-wide association studies identified ATP
binding cassette transporter A1 (ABCA1) as a candidate gene
within a POAG susceptibility locus.3–5 ABCA1 belongs to a
large superfamily of ABC transmembrane transporters that
mediate cholesterol efflux to lipid-free apolipoprotein A–I
and apolipoprotein E.6 ABCA1 is expressed in the trabecular
meshwork (TM) Schlemm’s canal (SC) endothelial cells, optic
nerve, and retina.5,7 Previous studies found that ABCA1 was
related to retinal ganglion cell death in mouse models of

glaucoma.8,9 However, it remains unknown whether ABCA1
plays a role in regulating IOP and aqueous humor outflow.

Based on previous studies, ABCA1 is known to co-localize
and interact with caveolin-1 (Cav1) through its scaffolding
domain, and this interaction induces the oligomerization of
Cav1 and its exit from the Golgi network.10–12 Cav1 is a struc-
tural component of caveolae, which is involved in diverse
cellular functions, including vesicular transport, choles-
terol homeostasis, and signal transduction.13 The scaffolding
domain of Cav1 is implicated in cellular mechanoprotection
and mechanotransduction. Cav1 transduces flow-mediated
vasodilation by endothelial nitric oxide synthase (eNOS),
which is also a pressure-dependent regulator of IOP.14,15

Studies have also demonstrated the association of polymor-
phisms in the NOS3 gene, which encodes eNOS, with the
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development of glaucoma.16–18 Moreover, our previous study
and others have confirmed that eNOS is an important protein
in IOP regulation through the conventional outflow path-
way.14,15

Therefore, in this study, we aimed to investigate the role
and mechanism of ABCA1 in regulating IOP and aque-
ous humor outflow. We first examined the expression of
ABCA1 in TM tissue obtained from human eyes and then
explored the functional significance and molecular mecha-
nism of ABCA1 involvement in IOP regulation through aque-
ous humor outflow.

METHODS

TM Tissue Collection

TM tissue was collected from patients with POAG and cadav-
eric eyes. All procedures were performed in accordance with
the Declaration of Helsinki and were approved by the Ethics
Committee of the Eye & ENT Hospital of Fudan University.
Informed consent for the use of donated human eyes for
research was provided by the Shanghai Red Cross Eye Bank.
All donors were Han Chinese. Control human TM tissues
were provided by the Eye Bank of the Eye & ENT Hospi-
tal of Fudan University. Patients with POAG had TM tissues
collected from trabeculectomy surgery. Control TM tissues
were obtained from cadaveric eyes within 12 hours of death.
The tissues obtained from surgery included TM, SC endothe-
lium, and cornea.

Isolation and Culture of Angular Aqueous Plexus
(AAP) Cells

Porcine AAP endothelial cells, the equivalent of human SC
endothelial cells, were isolated according to an established
method developed by our group.19 AAP cells were main-
tained in Dulbecco’s modified Eagle’s medium (HyClone,
Logan, UT) supplemented with 10% fetal bovine serum
(Gibco, Thermal Fisher, Waltham, MA), 100 U/mL penicillin
(Invitrogen, Carlsbad, CA), and 100 μg/mL streptomycin
(Invitrogen) at 37°C in an incubator equilibrated with 5%
CO2. Experimental cells were treated with 1 μM ABCA1
agonist GW3965 (Sigma, St Louis, MO), and control cells
were treated with 0.002% dimethylsulfoxide vehicle control
(Sigma).

Lentivirus Transduction

ABCA1 was knocked down in AAP cells by introducing short
hairpin RNAs (shRNA) against ABCA1 into cells using lentivi-
ral vector transduction. Scrambled shRNA was used as a
negative control. ABCA1–shRNA lentiviral vector construc-
tion and subsequent lentivirus syntheses were conducted
by Ruijiata Co, Ltd (Shanghai, China). The ABCA1-shRNA or
scrambled-shRNA lentiviral vectors were diluted in complete
medium containing polybrene (8 μg/mL) at a final multi-
plicity of infection of 10. Quantitative real-time PCR was
performed to measure ABCA1 mRNA expression.

Quantitative RT-PCR (qRT-PCR)

ABCA1 mRNA expression was measured using SYBR
Green quantitative real-time PCR kit (qRT-PCR, Takara,
Osaka, Japan) according to the manufacturer’s instructions.

qRT-PCR was performed using viiA 7 Real-Time PCR System
(Life Technologies, Pleasanton, CA). Relative mRNA expres-
sion was normalized with the endogenous mRNA control
transcript of β-actin. Results were calculated by the compar-
ative cycle threshold method (2−��CT) of relative quantifica-
tion with viiA 7 Software (Life Technologies). Three inde-
pendent experiments were carried out for statistical anal-
ysis. The primer sequences used for amplification were as
follows:

ABCA1 primer F: 5′GGTGTTGAAAGTCTCGAACATG3′,
ABCA1 primer R: 5′GGGAAAACCCACCATACCTAA3′,
β-actin primer F: 5′CCCAGAGCAAAAGAGGTATCC3′, and
β-actin primer R: 5′ GGTGTTGAAAGTCTCGAACATG 3′.

Western Blot

Human TM tissue (n = 30) samples and AAP cell (n = 3 cell
lines) lysates were prepared using RIPA solution (Beyotime,
Shanghai, China), and protein concentration was estimated
using the Bradford method. Equal amounts of protein (20 μg
protein/lane for human TM tissue, AAP cells, and mouse
outflow tissue each) were separated by 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis. The resolved
proteins were electrophoretically transferred to nitrocellu-
lose membranes. The membranes were blocked using 5%
nonfat dry milk in Tris-buffered saline with 0.05% Tween-
20 (Sigma-Aldrich, Shanghai, China) at 37°C for 2 hours.
Membranes were then probed using primary antibodies that
specifically recognized ABCA1 (1:1000; Abcam, ab151685,
ab18180, Boston, MA), Cav1 (1:1000; Cell Signaling Tech-
nology #3238, Danvers, MA), or eNOS (1:1000; Abcam,
ab66127). Blots were then incubated with peroxidase-linked
secondary antibodies. Glyceraldehyde 3-phosphate dehy-
drogenase (1:2500; Abcam) was used as a loading control.
Signals in the linear range of detection by x-ray film
were captured digitally, and densitometry was performed
using Kodak Molecular Imaging Software (Kodak, Shinkawa,
Japan).

NO Measurements

After AAP cells were treated with GW3965 or infected with
ABCA1-shRNA, the NO concentration was measured using
the Griess assay kit (Promega Corporation, Madison, WI)
according to the manufacturer’s instructions. Absorbance
was measured using a SpectraMax L Microplate Reader
(Molecular Devices, LLC, Sunnyvale, CA) at 540 nm.

Transendothelial Electrical Resistance (TEER)

TEER was measured in AAP cells treated with 1 μΜ ABCA1
agonist GW3965 (Sigma) or vehicle control for 24 hours
and in AAP cells transduced with ABCA1–shRNA or scram-
bled shRNA. TEER across confluent AAP cell monolayers
grown on trans-well chambers (COSTAR, Corning, NY) was
measured at room temperature with STX-2 Ag/AgCl elec-
trodes (Word Precision Instruments, Sarasota, FL) and an
EVOM2 Volt ohm Meter (Word Precision Instruments). All
measurements of TEER were corrected for the resistance of
the filter membrane.

Animals

All experiments complied with the ARVO statement for
the Use of Animals in Ophthalmic and Vision Research.
C57BL/6J mice were bred and housed in clear cages covered
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loosely with air filters and containing white pine shavings for
bedding. Mice aged 8 to 10 weeks were used.

IOP Measurements in Mice

Animals were deeply anesthetized with ketamine
(100 mg/kg) and xylazine (15 mg/kg). Two microliters
of 100 μM GW3965 were slowly injected into the anterior
chamber of the eye with a custom-made 33-G needle.
The contralateral eye was injected with 0.2% dimethyl-
sulfoxide in PBS as a vehicle control. IOP was measured
using rebound tonometry (TonoLab, ICare, Espoo, Finland)
immediately after injection and at 6 and 12 hours after
anterior chamber injection in live animals. The IOP of
both eyes were measured three times at each time point,
and the mean was calculated. IOP was compared between
experimental and contralateral control eyes at each time
point. Expression of ABCA1, Cav1, and eNOS in the outflow
tissue of the mice were collected after IOP measurement
for Western blot analysis.

Eye Perfusion

Outflow facility was measured by perfusing enucleated mice
eyes according to an established method.14 Mice were euth-
anized by cervical dislocation, and the eyes were enucle-
ated for perfusion. To test the effect of GW3965, eyes were
perfused with 100 μM drug solution for 60 minutes to
exchange the aqueous humor and ensure that the drug
concentration was uniform throughout the experiment. Eyes
were then perfused at four different IOPs (8, 12, 16, and 20
mm Hg). Contralateral control eyes were treated in the same
way but perfused with 0.2% dimethylsulfoxide in PBS vehi-
cle control.

Total outflow facility (Ctotal) was calculated as:

Ctotal = F

IOP
(1)

where F is the total inflow rate. We assumed that at equi-
librium, the total inflow rate was equal to the total outflow
rate. Conventional outflow facility (Ccon) and unconventional
flow rate were calculated according Goldman’s equation:

F = (IOP − EV P) Ccon + Fu (2)

where Fu is the pressure-independent (unconventional)
outflow rate, EVP is the episcleral venous pressure, and
Ccon is the conventional outflow facility. The EVP was zero
because the eyes were enucleated at the time of the experi-
ment.

To characterize the effect of IOP elevation on the expres-
sion of ABCA1, eyes were perfused with Dulbecco’s PBS
at constant pressures of 6 and 15 mm Hg for 30 minutes.
At the end of the experiment, conventional outflow tissue
was dissected using an established method.20 The outflow
tissue may have contained the iris, TM, SC, and possibly
some iris root. Expression of ABCA1 in the outflow tissue
was measured by Western blot.

Statistical Analysis

One-way ANOVA was used for analysis of TEER, Western
blot, qRT-PCR, and NO concentration if data were normally
distributed. Mann-Whitney U test was used for analysis on

FIGURE 1. ABCA1 expression in surgical trabecular meshwork spec-
imens from patients with POAG and human donor eyes as measured
by Western blot. ABCA1 protein expression is significantly higher
in patients with POAG compared with controls (n = 30, **P < 0.01,
one-way ANOVA). GADPH, glyceraldehyde 3-phosphate dehydroge-
nase.

SPSS 22.0 for Windows (IBM-SPSS, Chicago, IL) if data
were not normally distributed. IOP and outflow facility data
generated from experiments with GW3965 treatment were
analyzed by the paired-sample t-test if data were normally
distributed. The Mann-Whitney U test was used for analy-
sis if data were not normally distributed. In all cases, differ-
ences were considered significant when P < 0.05. Values are
presented as mean ± standard deviation.

RESULTS

ABCA1 Is Upregulated in Patients With POAG

We compared ABCA1 expression in the TM tissue of patients
with POAG and human donor eyes without glaucoma by
Western blot analysis. ABCA1 expression in patients with
POAG was 7.78-fold greater than that in the control subjects
(n = 30, P < 0.01) (Fig. 1). Although the trabeculectomy
surgical samples may have contained cornea tissue in addi-
tion to TM tissue, this factor is unlikely to have confounded
our robust detection of the difference in ABCA1 expres-
sion between TM tissue and donor eyes because it was not
expressed in the human cornea.21

ABCA1 Agonist Encourages NO Production
Through Cav1 Inhibition

Next, we investigated the functional significance and mech-
anism of elevated ABCA1 expression in patients with POAG.
Owing to the large size of the protein (150 kb), we were
not able to construct ABCA1 into a lentiviral overexpres-
sion vector. Thus, we used the ABCA1 agonist GW3965 to
increase the expression of ABCA1. Twenty-four hours after
GW3965 treatment, ABCA1 expression was upregulated by
2.11-fold (n = 3 cell lines, P < 0.001) (Fig. 2A), Cav1 expres-
sion was downregulated by 0.56-fold (n = 3 cell lines, P <
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FIGURE 2. Protein expression and TEER of AAP cells treated with ABCA1 agonist GW3965 for 24 hours. (A) Western blot shows that ABCA1
protein expression was upregulated in the GW3965-treated group compared with the blank and vehicle treated groups (n = 3 cell lines). (B,
C) Western blot detected reduced Cav1 and increased eNOS after GW3965 treatment (n = 3 cell lines). (D) Griess assay showed significantly
higher NO concentration in the GW3965-treated group than vehicle group control (n = 3 cell lines). (E) TEER of the AAP monolayer declined
notably in the GW3965-treated group compared with the vehicle group (n = 4 cell lines). C1, blank; C2, vehicle; C3, GW3965. ***P < 0.001,
**P < 0.01, compared with vehicle group, one-way ANOVA. Results are expressed as mean ± standard deviation. GADPH, glyceraldehyde
3-phosphate dehydrogenase.

0.01) (Fig. 2B), and eNOS expression was upregulated by
2.85-fold (n = 3 cell lines, P < 0.01) (Fig. 2C). The concen-
tration of NO in GW3965-treated AAP cells was 148.55 ±
0.97 μM, which was 1.17-fold higher than that of vehicle
control-treated AAP cells (126.61 ± 1.84 μM, n = 3 cell lines,
P < 0.001) (Fig. 2D). GW3965 treatment for 24 hours down-
regulated TEER from 32.75 ± 2.33 Ω*cm2 to 18.67 ± 1.15
Ω*cm2 (n = 4 cell lines, P < 0.001) (Fig. 2E).

Lentiviral ABCA1 shRNA Relieves the Inhibitory
Effect of Cav1 on eNOS

Having demonstrated that upregulation of ABCA1 can
increase AAP cell permeability by inhibiting Cav1 and acti-
vating eNOS, we downregulated ABCA1 to further confirm
this mechanism. Approximately 72.65 ± 0.79% of AAP cells
were transduced with lentivirus (Figs. 3A, 3B). ABCA1 mRNA
expression was downregulated by 0.56-fold in AAP cells
transduced with ABCA1–shRNA than in AAP cells trans-
duced with scrambled shRNA control (n = 3 cell lines, P
< 0.05) (Fig. 3C). Cav1 expression was 2.09-fold higher in
AAP cells with ABCA1 knockdown than in control cells (n
= 3 cell lines, P = 0.01) (Fig. 4A). Expression of eNOS
and NO concentration were 0.44-fold (n = 3 cell lines, P
< 0.01) and 0.82-fold (n = 3 cell lines, P < 0.05) lower in
ABCA1 downregulated cells than in scrambled shRNA cells
(Figs. 4B and 4C). The concentration of NO in AAP cells
was 58.06 ± 3.36 μM and 70.53 ± 3.25 μM in the ABCA1–
shRNA and scrambled shRNA-transduced groups, respec-
tively. TEER in ABCA1–shRNA transduced cells (20.67 ±
3.21 Ω*cm2) was higher than that in scrambled shRNA trans-
duced cells (14.78 ± 2.22 Ω*cm2, n = 3 cell lines, P < 0.05)
(Fig. 4D).

ABCA1 Agonist Lowers IOP by Facilitating
Conventional Outflow

We further investigated the IOP response to ABCA1 agonist
GW3965 in mice. IOP was lowered at 6 and 12 hours after
anterior chamber injection of GW3965 into mice eyes when
compared with vehicle control injection into mice eyes. The
magnitude of IOP reduction was 2.9 and 2.3 mm Hg at 6
and 12 hours after injection, respectively (P < 0.01 and P <

0.05, respectively, n = 5) (Fig. 5A; Supplementary Table S1).
The LogP of GW3965 is 5.9,22,23 which is much higher than
the maximum optimal LogP for cornea permeation, that is,
between 1 and 3. Topical application of 100 μM GW3965 did
not change the IOP (n = 4, P > 0.05) (Supplementary Fig.
S1). After IOP measurements, outflow tissue was collected
for Western blot analysis. GW3965 anterior chamber injec-
tion caused downregulation of Cav1 expression and upreg-
ulation of eNOS expression through activation of ABCA1 in
outflow tissue (Fig. 5B).

We further investigated the effects of GW3965 on aque-
ous humor outflow by anterior chamber perfusion in mice.
The outflow rates are listed in the Table. The flow rate had
a linear relationship with IOP in GW3965-treated eyes. The
Ccon in GW3965-treated and vehicle-treated eyes was 0.0256
± 0.0032 and 0.0177 ± 0.0010 μL/min/mm Hg, respectively.
The Ccon was 1.45-fold higher with GW3965 treatment than
with vehicle treatment (n = 5 mice in each group; P < 0.01)
(Figs. 5C, 5D).

To characterize ABCA1 expression under elevated IOP,
we perfused enucleated mouse eyes at constant pressures.
After eye perfusion, outflow tissue was collected for West-
ern blot analysis. After perfusion, expression of ABCA1 was
36.01% lower at 15 mm Hg than at 6 mm Hg (n = 3, P <

0.05) (Supplementary Fig. S2).
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FIGURE 3. AAP cells transduced with ABCA1–shRNA encoding lentivirus. Bright-field (A) and fluorescence (B) micrographs of AAP cells
transduced with shRNA sequences specifically targeting ABCA1 transcript (ABCA1–shRNA). Green fluorescence indicates successful trans-
duction in the cell. (C) ABCA1 transcript accumulation was 0.56-fold lower in response to ABCA1–shRNA than in response to scrambled
shRNA transduced controls. **P < 0.05. Data were analyzed by one-way ANOVA. Scale bar = 100 μm.

DISCUSSION

The current work demonstrates that ABCA1 expression in
the TM tissue was higher in patients with POAG compared
with control subjects. Subsequent cell and animal experi-
ments demonstrated that ABCA1 modulated Cav1 expres-
sion and reduced the inhibitory influence of endogenous
Cav1 toward eNOS, therefore increasing eNOS-derived NO
production, which reduced IOP.

This work follows from our previous genome-wide asso-
ciation studies where we observed significant genome-wide
association studies of multiple single nucleotide polymor-
phisms near ABCA1 on 9q31.1 in 1007 patients with POAG
and 1009 controls.5 Hysi et al.3 and Gharahkhani et al.4 also
discovered that rs2472493, located near ABCA1, was associ-
ated with elevated IOP and POAG in 18 population cohorts.
It is possible that increased ABCA1 function in patients with
POAG may be a result of malfunctioning or mutant protein
arising from single nucleotide polymorphism-linked variants
or other kinds of variations in ABCA1. However, no muta-
tions have been found in patients with POAG after extensive
sequencing of the entire ABCA1 gene and its neighboring
regions (unpublished data).

Upregulation of ABCA1 is consistent with the current
literature regarding patients with glaucoma.24 Consistent
with our study, ABCA1 was shown to be involved in outflow
regulation because inhibition of ABCA1 reduced outflow by
40% (ARVO annual meeting abstract, Investigative Ophthal-
mology & Visual Science, 2015, Vol. 56, 3282). However,
ABCA1 expression was lower in glaucomatous SC cells
than in control cells.25 This discrepancy may be due to a
difference in experimental models. ABCA1 activity has also
been found to influence neuroinflammation and neurode-
generation in neurons and glial cells.26 The alteration of
ABCA1 expression in glaucomatous mice and ischemia–
reperfusion mice can lead to retinal ganglion cell death.8,9

ABCA1 expression in leukocytes was higher in patients with
glaucoma than in controls (who did not have glaucoma). In
leukocytes, ABCA1 controls the recruitment of inflammatory
cells. Upregulation may indicate the involvement of ABCA1
in glaucomatous vascular pathology.24,27

Using the ABCA1 agonist GW3965 and lentiviral ABCA1–
shRNA, we showed that ABCA1 negatively regulates IOP
by increasing SC permeability and conventional outflow.
Multiple population and basic studies have indicated that
the ABCA1 gene plays a crucial role in the development
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FIGURE 4. Cav1 and eNOS expression in AAP cells transduced with ABCA1–shRNA lentivirus. (A, B) Western blot showed upregulated Cav1
and downregulated eNOS in ABCA1–shRNA transduced AAP cells (n = 3 cell lines). (C) Griess assay showed that NO concentration was
significantly lower in the ABCA1–shRNA transduced AAP cells compared with scrambled control transduced AAP cells (n = 3 cell lines).
(D) TEER of AAP monolayer was notably higher in the ABCA1–shRNA transduced cells compared with scrambled shRNA transduced cells
(n = 3 cell lines). A1, blank; A2, scrambled shRNA; A3, ABCA1–shRNA. *P < 0.05, ** P < 0.01 compared with scrambled shRNA groups. A,
B, and C were analyzed using one-way ANOVA. D was analyzed using the Mann-Whitney U test.

of POAG, but the mechanism was previously unknown.
In the current study, the ABCA1 agonist GW3965 inhib-
ited Cav1 expression, which in turn led to eNOS activation,
decreased TEER, and increased NO production. Conversely,
the downregulation of ABCA1 by lentiviral transduction
of ABCA1-shRNA increased Cav1 expression and reduced
eNOS expression.

Together, our data suggest that the ABCA1 upregula-
tion in patients with POAG modulates IOP in patients with
POAG via the regulation of the Cav1/eNOS/NO pathway.
ABCA1, Cav1, and NOS3 are important contributing genes in
the pathogenesis of POAG.3–5,28 Recent studies showed that
Cav1 co-localizes and inters with ABCA1 and that this inter-
action is crucial for Cav1 regulation of cholesterol efflux.10,12

Moreover, ABCA1 was found to induce the oligomerization
of Cav1 and its exit from the Golgi network. The dele-
tion of the Cav1 oligomerization domain abolishes the co-
localization and interaction of Cav1 and ABCA1.12 An earlier
study showed that ABCG1 and/or ABCA1 played key roles
in preserving eNOS activity in animals fed a high choles-
terol diet by promoting efflux of sterols and oxysterols from
endothelial cells.29 Cav1 is a scaffolding protein that interacts
with many signaling molecules. One of the most important
signaling molecules is eNOS, which binds to Cav1 leading to

its inactivation.30,31 Our previous studies demonstrated that
the interaction of Cav1 and eNOS plays an important role in
regulating aqueous outflow resistance.14,15,32

In our study, patients with POAG have elevated ABCA1
expression in TM tissue, which is consistent with a previ-
ous report of increased ABCA1 expression in the circulating
leucocytes of hypertensive patients with glaucoma.24 Thus,
both vascular and local evidence support ABCA1 activation
in hypertensive patients with glaucoma. It is interesting that
the author showed increased ABCA1 in patients with normal
tension glaucoma. Our laboratory is unable to confirm this
finding because TM tissue from patients with normal tension
glaucoma is hard to obtain.

Ex vivo mouse eye perfusion with elevated pressure
led to the downregulation of ABCA1 expression. Together
with increased ABCA1 expression in patients with POAG,
it suggests that a more complex mechanism may exist in
the pathogenesis of ocular hypertension in patients with
POAG. Further studies are needed to confirm the relation-
ship between IOP and ABCA1 expression in animal models
of ocular hypertension.

In this study, we identified the role of ABCA1 in regu-
lating aqueous humor outflow and IOP, which are impor-
tant factors in POAG pathogenesis. This finding is differ-
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FIGURE 5. Functional consequences and mechanism of ABCA1 agonist GW3965 treatment. (A) IOP was reduced by anterior chamber
injection of GW3965 (100 μM, n = 5 mice in each group). (B) Western blot of ABCA1 signaling protein in outflow tissue (n = 4 eyes). (C)
The relationship between outflow rate and IOP of GW3965 perfused mouse eyes. (D) A comparison of the Ccon indicates markedly increased
in GW3965 treated eyes compared with the vehicle treated eyes. *P < 0.05, **P < 0.01, ***P < 0.001, compared with vehicle-treated eyes.
C1, blank; C2, vehicle control; C3, GW3965. A and C were analyzed using the paired-sample t-test. B (a-c) and D were analyzed using the
Mann-Whitney U test.

TABLE. The Relationship of Outflow Rate and IOP of GW3965
Perfused Mouse Eyes

Pressure (mm Hg)/
Outflow rate (μL/min) GW3965 Vehicle

Fold
Change

8 mm Hg 0.14 ± 0.02 0.09 ± 0.01 1.56
12 mm Hg 0.22 ± 0.02 0.17 ± 0.03 1.29
16 mm Hg 0.33 ± 0.03 0.23 ± 0.03 1.43
20 mm Hg 0.44 ± 0.02 0.31 ± 0.02 1.42

ent from the conventional role of ABCA1, which is medi-
ating cholesterol efflux. ABCA1 plays a major role in high-
density lipoprotein transport and is associated with several
human inherited diseases, including Tangier disease, severe
premature coronary heart disease, and familial high-density
lipoprotein deficiency.33–35 Previous studies identified that a
vast majority of cholesterol and glycosphingolipid species
were similar between normal and POAG donors. Only a
few of these species were found to be different in aque-
ous humor and TM between those with POAG and controls,
which may have been because of the use of multiple drugs
in patients with POAG.36

One shortcoming of our study is that the expression of
ABCA1 in the control group could be affected by the fresh-
ness of the tissue. Cadaveric TM tissue was collected within
12 hours after death from our eye bank. This lag time is
longer than for TM samples from patients with POAG, which
were collected immediately after trabeculectomy surgery. In
addition, potential leakage problems and effects of aneathe-
sia37 may be confounding factors associated with GW3965
anterior chamber injection. However, to minimize the impact
of these factors, we used injection of the contralateral eye
with the drug vehicle as a control.

Collectively, our data provide evidence of a novel role
for ABCA1 in IOP modulation via the regulation of the
Cav1/eNOS/NO signaling, which is likely to be an important
mechanism of pathogenesis in patients with POAG. There-
fore, enhancing the ABCA1 signaling pathway could be of
therapeutic value in the treatment of glaucoma and ocular
hypertension.
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