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Background: Acute angle-closure glaucoma (AACG) is an ophthalmic emergency that occurs over the
course of hours or days and may cause irreversible blindness if not treated immediately. In most cases, optic
nerve damage is the cause of visual field (VF) loss in AACG. There has been no reliable biomarker found to
evaluate optic nerve damage to date. Aqueous humor (AH) proteome analysis might reveal the proteomic
alterations in AACG and provide helpful clues in the search for an AH biomarker of optic nerve damage and
VF loss.

Methods: In this study, we used the AH proteome to explore the functions of differentially expressed
proteins (DEPs) during disease progression. The AH proteins from the early-stage group and late-stage
group were extracted and analyzed by the data-independent acquisition (DIA) method. The DEPs functions
were annotated, and parallel reaction monitoring (PRM) was used to validate the key DEPs.

Results: A total of 87 DEPs were found. Gene Ontology analysis showed that most DEPs were enriched
in immunology, hemodynamics, and apoptosis. Ingenuity pathway analysis found that vascular endothelial
growth factor (VEGF) signaling, the production of reactive oxygen species (ROS) in macrophages, and the
nuclear factor erythroid 2-related factor 2 (NRF2)-mediated oxidative stress response were active pathways
in the late stage of AACG. The mechanism of retinal ganglion cell (RGC) death was hypothesized on the
basis of DEP functional analysis. A total of 20 DEPs were validated by using PRM, and prostaglandin-H2
D-isomerase was found to have the potential to evaluate optic nerve damage.

Conclusions: This study showed that AH proteomic analysis could reveal the proteomic alterations in
the pathogenesis of VF loss in AACG and help to provide objective protein biomarkers to evaluate VF loss.

These findings will benefit the application of the AH proteome to clinical research.
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Introduction

Glaucoma is a progressive optic neuropathy resulting in
retinal ganglion cell (RGC) loss, optic nerve atrophy, and
visual field (VF) loss (1). Acute angle-closure glaucoma
(AACG) is an ophthalmologic emergency characterized
by a rapid increase in intraocular pressure (IOP) due to an
impaired outflow of aqueous humor (AH) (2). The incidence
of AACG is usually higher among Asian populations (3).
Reduced drainage leads to raised IOP, which potentially
causes damage to the optic nerve (4). Despite adequate
treatment, 3—-12% of patients with acute angle closure
develop long-term severe visual impairment, mainly as a
result of glaucomatous optic neuropathy (4). Moreover, VF
loss is not obvious under high IOP during acute AACG,
and it progressively develops following acute AACG (3,5).
Glaucomatous optic nerve damage occurs due to RGC
death (6). To date, many studies have pointed out that ocular
hemodynamic changes and vascular pathological changes
tend to cause optic nerve ischemic reperfusion injury,
eventually resulting in RGC death (7,8). Some molecules
injure RGCs in various ways, one being nitric oxide (NO),
which induces apoptosis and aggravates retinal damage.
A high level of glutamate is also closely related to RGC
death (9-11); however, a deep understanding of the RGC
death mechanism in response to glaucoma is still lacking.
Glaucoma patients can progressively and slowly develop
optic nerve damage, even when IOP is well controlled (12).
Biomarkers reflecting optic nerve damage could be of high
clinical value. Optic nerve damage secondary to angle-
closure leads to vision loss, and it has been traditionally
determined by light microscopic evaluation of optic nerve
cross sections (12). Currently, no reliable biomarkers have
been found to evaluate optic nerve damage. Therefore,
an improved molecular investigation may illustrate the
relative changes in AACG and offer evidence for screening
biomarkers.

The AH is an integral component in many ocular health
functions, including nutrient and oxygen supply, removal
of metabolic waste, ocular immunity, and ocular shape and
refraction (13). The major constituents of AH are proteins
(including proteins derived from the protein exchanges
across the AH, vitreous fluid, retina, and optic nerve head),
water, and electrolytes (14,15). Although proteins in AH
are present in relatively low concentrations compared to
blood serum, they are vital for the maintenance of anterior
segment homeostasis (15). Proteins secreted from anterior
segment tissues play a role in various eye diseases, such
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as oedema, neovascularization, cataracts, and glaucoma
(16-19). In glaucoma, elevated IOP causes damage to the
optic nerve head (20), which may then release related
components to reflect vitreous fluid (21); these then might
be detected in AH via the vitreous—aqueous exchange.
In this way, it may be possible to locate optic nerve
damage biomarkers in the AH proteome. Technological
advancements have allowed for high-throughput proteomic
studies that examine biofluids such as AH, vitreous humor,
tears, and serum (15). A better understanding of the AH
proteomic changes that occur during the development
of eye diseases may provide clues in the search for AH
biomarkers.

Previous studies have suggested that the AH proteome
could reflect alterations in glaucomatous eyes. As early
as 2010, Izzotti er al. reported AH proteome alterations
in primary open-angle glaucoma (22). In 2016,
Kliuchnikova et al. investigated 29 human AH samples
from cataract and glaucoma patients with and without
pseudoexfoliation syndrome. They identified 215 proteins
in AH from glaucoma samples using high-resolution liquid
chromatography with tandem mass spectrometry (LC-MS/
MS) and found that AH proteins could reflect the neural
origin of the eye; decreased apolipoprotein D was also
defined as a marker of pseudoexfoliation syndrome (16).
Kaeslin et al. defined 87 proteins that were differentially
expressed between glaucomatous and control AH, and the
differentially expressed proteins (DEPs) were found to be
involved in cholesterol-related, inflammatory, metabolic,
antioxidant, and proteolysis-related processes (23). In 2019,
Wang et al. analyzed the differential expression of AH
proteins between acute primary angle-closure glaucoma
(APACG) combined with cataracts and cataracts alone and
found that the change in proteins in AH was related to the
APACG (24). Previous studies have shown that the AH
proteome could reflect proteomic changes in glaucoma
and provide potential AH biomarkers. To our knowledge,
AH proteome studies of VF loss in glaucoma are still
unavailable. Therefore, in this study, we investigated
the functions of AH proteins in VF loss in glaucoma by
applying a proteomic strategy, with the greater aim of
identifying biomarkers to assess optic nerve damage from
AH proteins.

We obtained AH samples from early- and late-stage
patients. The data-independent acquisition (DIA) method
was performed to define the DEPs. The functions of
the DEPs were annotated by Gene Ontology (GO) and
ingenuity pathway analysis (IPA). Furthermore, parallel
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Figure 1 The workflow of this study. Permission was obtained from Thermo Fisher Scientific to use the image of Orbitrap Fusion Lumos

Tribrid Mass Spectrometry. LC-MS/MS, liquid chromatography-tandem mass spectrometry; PRM, parallel reaction monitoring.

Table 1 The clinical information of the two cohorts

Experimental group Validation group

Characteristics
Late stage Early stage Late stage Early stage

Gender (F/M) 14/2 13/2 10/1 9N

Age (year) 68.88 66.2 69.36 61.20°
VFI 14.10 93.53° 5.27 91.60°
IOP (mmHg) 28.77 20.17 24.67 29.33

?, P<0.05 for 2 stages; ® P<0.001 for 2 stages. VFI, visual field
index; IOP, intraocular pressure.

reaction monitoring (PRM) was used to validate the key
AH proteins. The goal of this study was to investigate the
proteomic alterations in AACG and provide helpful clues
for finding potential VF loss biomarkers in AH proteins.
(Figure I).

We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-457).

Methods
Ethical approval

All volunteers were given a verbal explanation of the
study before enrolment, and each participant signed an
informed consent form. The consent procedure and the
research protocol for this study were approved by the
Ethics Committee for Human and Animal Research in
Peking Union Medical College (No. 047-2019). The study
methodologies conformed to the Declaration of Helsinki (as
revised in 2013).

Clinical information

In this study, a total of 52 individuals were included and
divided into 2 cohorts according to their visual field index
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(VFI). The late-stage (LS) cohort included 27 AACG
patients with a VFI lower than 50, and the early-stage (ES)
cohort included 25 AACG patients with a VFI higher than
80, according to the glaucoma staging system (25), where
VEFI >80 indicates early stage, and VFI <50 indicates severe
and end stage. The clinical information of the 2 cohorts
is shown in 7able 1 and Table S1. All AACG patients
were on anti-\glaucoma medication with the same drugs
(topical alpha receptor agonists, topical carbonic anhydrase
inhibitors, topical beta-blockers, and systemic carbonic
anhydrase inhibitors), and no patients had cataracts. The
IOP was measured before glaucoma surgery, and there was
no statistical difference between the 2 groups. The VFI data
were also collected before surgery. The mean ages of all
participants ranged from 60 to 70 years, and the age-related
difference was not remarkable.

Reagents and instruments

Ammonium bicarbonate, dithiothreitol (DTT), formic
acid, high-performance liquid chromatography (HPLC)-
grade acetonitrile (ACN), iodoacetamide (IAM), and
trifluoroacetic acid were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sequencing-grade trypsin was purchased
from Promega (Madison, WI, USA).

An Orbitrap Fusion Lumos Tribrid Mass Spectrometer
coupled with an EASY-nLC 1000 (Thermo Fisher
Scientific, Bremen, Germany) was employed in the
discovery phase.

A Triple TOF 5600 mass spectrometer (AB Sciex,
Framingham, MA, USA) coupled with an ACQUITY
UPLC system (Waters Corp., Milford, MA, USA) was used

in the validation phase.

Clinical materials

All participants underwent an ophthalmic evaluation,
including IOP measurement, VFI value measurement, best
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corrected visual acuity (BCVA) measurement, gonioscopy
testing, and fundus examination. The inclusion criteria
for AACG were as follows: most of the angle was closed,
IOP was increased, and fundus changes and VF defects
could be found in the glaucoma optic nerve injury. Patients
with autoimmune diseases, malignant tumors, severe liver
disease, and previous ocular surgery were excluded. The
AH samples were obtained from glaucoma patients during
surgery. Each sample was approximately 50-200 pL and
was aspirated from the anterior chamber using a 26-gauge
needle before the start of surgery. A total of 52 AH samples
were collected. These samples were randomly divided into
2 groups: the experimental group (31 samples: 15 from
early stage and 16 from late stage) and the validation group
(21 samples: 10 from the early stage and 11 from the late
stage). After collection, the AH samples were immediately
centrifuged at 2,500 xg for 10 minutes at 4 °C to remove the
cellular components (CC) and debris, and the supernatants
were stored at —80 °C until further analysis.

Protein extraction and digestion

From each AH sample, 5 pL. was taken for a pooled
sample. The pooled sample was used as quality control
(QC) sample, which was injected frequently to monitor
the reproducibility of the LC-MS/MS. The AH samples
and the pooled sample were precipitated overnight using
3 times the volume of ethanol at 4 °C. Then, the pellets were
centrifuged at 10,000 xg for 30 minutes and resuspended
in lysis buffer (7 M urea, 2 M thiourea, 0.1 M of DT'T, and
5 mM of Tris; pH =8). The protein concentrations of AH
samples were determined by spectrophotometry based on
the Bradford method.

The filter-aided sample preparation (FASP) method was
used for protein digestion with trypsin. The protein samples
(200 ng) were deoxidized with 20 mM DTT for 5 min
at 95 °C and carbamidomethylated with 50 mM IAM for
45 min at room temperature in the dark. Then, the samples
were digested with trypsin (4 pg) in 25 mM of NH,HCO,
buffer (pH =8) and incubated at 37 °C overnight. After
digestion, the peptides were desalted with a C18 solid-phase
extraction column (Waters Oasis, Dublin, Ireland), washed
with 500 uL of 0.1% formic acid, eluted with 500 pL
of 100% ACN, and then vacuum-dried.

Offline HPLC

The lyophilized peptide mixture was redissolved in
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0.1% formic acid, and a high-pH reversed-phase liquid
chromatography (RPLC) column from Waters (4.6 mm x
250 mm, Xbridge C18, 3 um) was used for fractionation.
The peptide mixture was loaded onto the column in buffer
A2 (H,O, pH =10). The elution gradient, 5-30% buffer B2
(90% ACN; pH =10; flow rate, 1 mL/min), was applied for
60 minutes. The eluted peptides were collected at 1 fraction
per minute, and a total of 60 fractions were collected from 1
to 60. The 60 fractions were then vacuum-dried, resuspended
in 0.1% formic acid, and pooled into 20 samples by
combining fractions 1, 21, and 41; 2, 22, and 42; and so on.

Liquid chromatography with tandem mass spectrometry

Orbitrap Fusion Lumos Tribrid (Thermo Scientific)
coupled with the EASY-nL.C 1000 was used for analysis in
the data-dependent acquisition-mass spectrometry (DDA-
MS) and DIA-MS modes. The digested peptides were
separated on an RP C18 self-packing capillary LC column
(75 pm x100 mm; particle size 3 pm). The eluted gradient
was 5-30% buffer B2 (0.1% formic acid, 99.9% ACN; flow
rate, 0.3 uL/min), and peptides were eluted for 60 minutes.

To generate a spectral library, the 20 HPLC samples
were analyzed in DDA mode. The parameters included the
use of positive-mode and data-dependent MS/MS scans
being performed per full scan with the top-speed mode (3 s).
Precursor spectra (350-1,500 m/z) were collected with a
resolution of 60,000, and the automatic gain control (AGC)
target was set to 1le6. Fragment spectra were collected at a
resolution of 15,000. The isolation width was set to 1.6 Da
with a collision energy of 32%. Only precursors charged
between +2 and +5 were acquired. Dynamic exclusion had a
duration of 30 s, and the maximum injection time was 50 ms.

For DIA analysis, a variable isolation window with
38 windows was employed for MS acquisition. The
specific window lists were constructed based on the
DDA experiment of the pooled sample. According to
the precursor m/z distribution of the pooled sample, the
precursor ion number was equalized in each isolation
window. The full scan range was set from 400 to 900 m/z
and screened at a resolution of 120,000, followed by DIA
scans with a resolution of 30,000 (higher-energy C-trap
dissociation [HCD] collision energy: 32%; AGC target:
le6; maximum injection time: 50 ms).

PRM analysis
A Triple TOF 5600 mass spectrometer (AB Sciex,
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Framingham, MA, USA) was used for PRM analysis. An RP
C18 self-packing capillary LC column (75 pm x100 mm,
3 um) was used to separate the peptides. The eluted
gradient was 5-30% buffer B1 (0.1% formic acid, 99.9%
ACN; flow rate, 0.3 plL/min), and peptides were eluted
for 60 minutes. A spray voltage of 2.10 kV and a capillary
temperature of 60 °C were used for ionization. The peptides
(Table S2) were monitored by PRM acquisition mode to
perform MS/MS scans of the precursor ions for all peptide
markers along the complete chromatographic run, and each
sample was run twice. The normalized collision energy was
fixed to 35%, and the accumulated time was 300 s.

Data processing

The DDA data were then processed and analyzed by
Proteome Discoverer (Thermo Scientific) software and
searched against the human SwissProt database appended
with the indexed retention time (iRT) fusion protein
sequence (Biognosys, Zurich, Switzerland). The search was
set as follows: up to 2 missed cleavage sites were included,
carbamidomethyl cysteine was set as a fixed modification,
and the precursor and fragment ion mass tolerances
were 10 ppm and 0.02 Da, respectively. The applied false
discovery rate (FDR) for protein identification was less than
1.0%. The results were imported to Spectronaut Pulsar
(Biognosys) software to generate a spectral library.

The raw DIA data were analyzed by Spectronaut Pulsar
(Biognosys) with default settings. In brief, the retention
time prediction type was set to dynamic iRT. Interference
correction on the MS2 level was enabled. Peptide intensity
was calculated by summing the peak areas of their
respective fragment ions for MS2, and the protein intensity
was calculated by summing the intensity of their respective
peptides. Cross-run normalization was enabled to correct
for systematic variance in the LC-MS/MS performance, and
a local normalization strategy was used. The normalization
was based on the assumption that on average, a similar
number of peptides was upregulated and downregulated,
and the majority of the peptides within the sample were
not regulated across runs or during the retention time (26).
Protein inference was performed with the ID picker
algorithm implemented in Spectronaut. All results were
filtered by a Q value cutoff of 0.01 (corresponding to an
FDR of 1%).

For the PRM mode, Skyline software (version 3.5.0.9319;
https://skyline.ms/project/home/begin.view) was used
for the selection of the suitable m/z precursor ion to m/z
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fragment ion transition for the selected candidate peptide
biomarkers. Peptide settings were as follows: trypsin
[KR/P] enzyme, up to 2 missed cleavage sites, a peptide
length range from 8 to 25, 2 variable modifications of
carbamidomethyl on Cys and oxidation on Met, and a
maximum number of variable modifications of 3. Transition
settings were as follows: the precursors were charged to 2
and 3; the ions were charged to 1 and 2; and the ion types
were set as b, y, and p. The product ions were set to range
from ion 3 to the last ion, and the ion match tolerance was
set as 0.02 Da.

Statistical analysis

For DIA results, DEPs were defined as upregulated when
abundance was >1.5-fold increase, or as downregulated
when abundance was <0.67-fold reduced relative to early-
stage group. For PRM results, the abundance change of
peptides was inspected. In addition to a cutoff value of
1.5-fold change relative to the early stage group, an adjusted
P value (Bonferroni method) <0.05 was applied to define
differential peptides.

Bioinformatics analysis

For the GO analysis, all of the DEPs were analyzed using R
software (package: ClusterProfiler; The R Foundation for
Statistical Computing; https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html).

For the IPA analysis, the SwissProt accession numbers
were uploaded to IPA software (Ingenuity Systems,
Mountain View, CA, USA). The proteins were mapped to
the disease and functional categories, canonical pathways
available in Ingenuity Knowledge Base, and other databases
that were ranked by the P value.

Results
Differential proteomic analysis

In total, 31 patients were included in the experimental
group, including 16 patients from the late stage and
15 patients from the early stage. The 31 AH samples
were analyzed using DIA methods, and overall, a total of
519 proteins (including 503 proteins with at least 2 unique
peptides) were identified, with an average of 402 proteins
being detected in each sample (available online: https://
cdn.amegroups.cn/static/public/atm-21-457-1.xlsx).
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Figure 2 AH proteome profile analysis. (A) 3D plot of the PCA result. The ellipse represents a 95% confidence interval using Hotelling’s

T2 statistic. Observations situated far outside the ellipse are outliers. (B) Heatmap of 87 DEPs between the 2 groups. AH, aqueous humor;

PCA, principal component analysis. DEPs, differentially expressed proteins.

The technical variation in the analysis was evaluated by
calculating the coefficient of variation (CV) of the protein
abundance among 4 QC replicates (R’=0.864). As a result,
393 proteins with CV <0.6 were used to identify the DEPs
(Figure S1).

To show the difference between the 2 groups, principal
component analysis (PCA) was used. The 3D plot showed
that the 2 groups had clear distinctions in their proteomics
profiles (Figure 2A).

To identify the DEPs, the cutoff value of a 1.5-fold
change (late stage/early stage) between the 2 groups was
used. A total of 87 proteins were found, among which 23
were downregulated and 64 were upregulated. A heatmap
based on the DEPs showed that the 2 groups expressed
different proteomic patterns (Figure 2B).

Biological function analysis of the DEPs

"To further investigate the biological function of the different
proteins, 87 DEPs were subjected to GO annotations and
IPA analysis.

The GO annotations for biological process (BP), CC, and
molecular function (MF) were determined (ClusterProfiler,
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R software; Figure 34-3C). In the BP category, GO terms
relating to immunology, hemodynamics, and apoptosis were
mostly enriched. In the CC category, collagen-containing
extracellular matrix (ECM; P=3.54E-18, ratio =0.29)
showed the highest percentage. Regarding the MF category,
cell adhesion was overrepresented. The upregulated cell
adhesion proteins in this study were related to cel-ECM
adhesions, including fibrillin-1, vitronectin, and cadherin.
According to a previous study, the RGC loss in glaucoma is
associated with the ECM in the optic nerve head prelaminar
region (27). In the prelaminar region of the optic nerve
head, the connective tissue sheaths around the capillaries
are thickened, which can influence the oxygen and nutrition
transport, and finally contribute to RGC loss (28).

The IPA analysis revealed further detailed functional
changes of the DEPs (Figure 44, available online: https://
cdn.amegroups.cn/static/public/atm-21-457-2 xls). In
accordance with the GO annotations for BP, many of the
proteins were relevant to vascular disease, cell death and
survival, and the inflammatory response. Additionally, a
few proteins were involved in neurological disease, which
suggests that neurodegenerative processes occurred during
the progression of symptoms (29). Notably, quantity of Ca’*
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Table 2 Validated proteins by parallel reaction monitoring

Accession  Protein name Peptides DIA fold PRM fold PRM AUC
change change P value
P41222 Prostaglandin-H2 D-isomerase AQGFTEDTIVFLPQTDK 1.65 5.36 0.003 1.000
P61916 NPC intracellular cholesterol EVNVSPCPTQPCQLSK 1.51 4.50 0.003 0.991
transporter 2
P35555 Fibrillin-1 CECFPGLAVGLDGR 1.63 2.33 0.002 0.989
ISPDLCGR
P36955 Pigment epithelium-derived factor ELLDTVTAPQK 1.55 3.08 0.001 0.988
TSLEDFYLDEER
LQSLFDSPDFSK
KTSLEDFYLDEER
Q86UD1 Out at first protein homolog ALILGELEK 1.81 2.67 0.003 0.982
075326 Semaphorin-7A VYLFDFPEGK 1.56 2.62 0.004 0.964
P36222 Chitinase-3-like protein 1 EGDGSCFPDALDR 1.61 8.29 0.005 0.964
P08603 Complement factor H CTSTGWIPAPR 0.65 0.29 0.005 0.927
P19022 Cadherin-2 ESAEVEEIVFPR 1.54 2.83 0.013 0.927
P07585 Decorin DFEPSLGPVCPFR 2.30 2.26 0.012 0.925
VVQCSDLGLDK
Q01469 Fatty acid-binding protein 5 TTQFSCTLGEK 2.09 3.62 0.001 0.909
Q13214 Semaphorin-3B TCCYQALLVDEER 1.51 2.89 0.002 0.891
Q15828 Cystatin-M VTGDHVDLTTCPLAAGAQQEK 1.84 2.49 0.015 0.891
P02765 Alpha-2-HS-glycoprotein TVVQPSVGAAAGPVVPPCPGR 0.58 0.38 0.010 0.882
P04004 Vitronectin DVWGIEGPIDAAFTR 0.64 0.52 0.007 0.864
P69905 Hemoglobin subunit alpha LRVDPVNFK 19.66 1.96 0.028 0.864
P03973 Antileukoproteinase CLDPVDTPNPTR 1.61 1.80 0.037 0.836
P02679 Fibrinogen gamma chain VGPEADKYR 0.35 0.59 0.027 0.809
Q16568 Cocaine- and amphetamine-regulated YGQVPMCDAGEQCAVR 1.91 1.92 0.046 0.800
transcript protein
P61769 Beta-2 microglobulin VNHVTLSQPK 1.89 2.52 0.046 0.755

DIA, data-independent acquisition; PRM, parallel reaction monitoring; AUC, area under curve.

function was annotated, which was associated with the death
of inner retinal cells in a previous report (30).

The IPA analysis of canonical pathways indicated those
pathways in which the DEPs were enriched (Figure 4B,
available online: https://cdn.amegroups.cn/static/public/
atm-21-457-2.xls). Pathways related to blood—aqueous
barrier (BAB) function, inflammation, and oxidative stress
were found, and Rho-related pathways were also observed.

© Annals of Translational Medicine. All rights reserved.

PRM validation

"To validate the results of the discovery phase, 21 samples
were recruited, including 11 samples from the early-stage
group and 10 from the late-stage group. Technical variation
in the PRM analysis was evaluated by calculating the CV of
the peptide abundance among 3 QC replicates (R’=0.975),
and the distribution of the CVs is shown in Figure S2. A
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Figure 5 The validated proteins by PRM method. Peptides form the same protein are shown in a plot. Detailed information is shown in
Table S2. The asterisks indicate the level of significance. *, P<0.05; **, P<0.01; ***, P<0.001. PRM, parallel reaction monitoring; PEDEF,
pigment epithelium-derived factor; FBN1, fibrillin-1; CART, cocaine- and amphetamine-regulated transcript; CDH2, cadherin-2; PTGDS,

prostaglandin-H2 D-isomerase.

total of 20 proteins (16 upregulated and 4 downregulated)
showed consistent results with the experimental group
results (Table 2, Table S2). The abundance change of
peptides was inspected (Figure S3). Among them, 4 peptides
from PEDE, 2 peptides from FBN1, and 2 peptides from
PGS2 were validated. The peptides of several key proteins
(CART, CDH2, and PTGDS) were also validated, and
peptides from the same protein showed a similar trend
(Figure 5).

The performance of these proteins in distinguishing
early-stage VF loss from late-stage VF loss was evaluated
by receiver operating characteristic (ROC) analysis, and the
results ranged from 0.755 to 1.000 (Zable 2). Among them,
prostaglandin-H2 D-isomerase (PTGDS) could achieve the
best results (ROC =1) and might be clinically useful as an

optic nerve damage biomarker.

Discussion

As previous studies have reported, the AH proteome
correlates with the mechanisms of many eye disorders
(31-33). In this study, we used the AH proteome to evaluate
the characteristics of VF loss in the AACG cohort. A total
of 87 DEPs were found. The DEPs functional analysis
helped further clarify the pathological changes involved.
In general, AACG-related processes were annotated in our
study, especially those induced by ischemia, such as ocular

© Annals of Translational Medicine. All rights reserved.

hemodynamic and vascular changes, immune response, and
apoptosis.

Regarding ocular hemodynamics, increased IOP can
lead to hemodynamic changes in the ocular blood vessels
that supply the optic nerve (7). Alterations may cause
ischemic death of RGCs by reducing the supply of oxygen
and nutrients (34,35). Additionally, blocked vessels and
abnormal vascular walls result in dysfunction of the eye
vessels, which may lead to poor perfusion in the eyes and
ischemic injury (3). This study found many of the DEPs
were involved in vascular pathological changes, such as
vaso-occlusion and thrombus. These phenomena tended
to cause ischemia in the eyes and then lead to injuries to
the local tissue. Moreover, ischemia- and hypoxia-induced
pathological ocular angiogenesis may lead to significant
visual impairment (36). A previous study observed the
development of tortuous and dilated retinal vessels
throughout the whole retina in an ocular hypertension
mouse model (5). These findings indicated the AACG
might be related to ocular neovascularization (5). The
role of ocular angiogenesis should be borne in mind when
investigating the progression of optic neuropathy. Once
angiogenesis occurs, the function of pigment epithelium-
derived factor (PEDF) has to be determined, which has
potent antiangiogenic actions and protective effects
against retinal cell death (37). It was reported that PEDF
overexpression ameliorated ischemia-induced retinal
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neovascularization contributed to a protective effect on
the blood-retinal barrier and attenuated pathological
neovascularization under pathogenic conditions (37).
In this study, we observed that the expression of PEDF
was significantly different between the 2 groups. The
upregulation of PEDF in the late-stage group might
have promoted the regression of neovascularization by
suppressing the angiogenic effects of hypoxia inducible
factor-1 (HIF-1), decreasing vascular endothelial growth
factor (VEGF) levels, and downregulating matrix
metalloproteinases (MMP)-2 and -9 expression and
activities (36).

Another protein-regulating vascular function that was
identified in our study was cocaine- and amphetamine-
regulated transcript (CART). A previous study revealed the
mechanism by which CART regulates vascular tone (38):
CART stimulates the de novo synthesis of bioactive
endothelin and newly synthesized endothelin and then
activates smooth muscle-bound ETA receptors, evoking
dramatic vasoconstriction (38). A previous study reported
that CART increased neuronal cell death in culture and was
associated with higher mortality after experimental stroke
in vivo (39). In the same study, researchers proposed that
the vasoconstriction effect of CART is amplified in the
ischemia-compromised cerebral circulation, exacerbating
injury and hindering recovery from stroke (39). The results
observed in this study showed an upregulation of CART in
the late-stage group and that a high level of CART might
constrict the blood vessels as mentioned above, reducing
the blood flow, and then causing ischemic injury.

In glaucoma, inflammatory responses have been identified
as common features, both in clinical and in experimental
settings (29). Under normal conditions, AH exhibits
anti-inflammatory potential, which inhibits neutrophil
activation, suppresses NO production by macrophages,
and interferes with complement activation (40).
In this study, many DEP functions were related to
inflammatory response, such as neutrophil-mediated
immunity and NO production by macrophages, which
may result in the death of RGCs and the loss of sight (41).
A previous study pointed out that ischemic events could
produce a large number of chemokines that attract
leukocytes (42). A mass of leukocytes blocks blood vessels
and breaks the blood-retina barrier (BRB), causing failed
filtration of the leukocytes (42). Other studies reported
that Rho GTPase/Rho kinase signaling contributes to
leukocyte extravasation (43-45). In our study, this pathway
was predicted as being more active in the late-stage group,
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indicating that leukocyte extravasation was more facilitative
in the late-stage group. As a result, these immune cells
would be distributed ubiquitously in the ischemic region
and produce an abundance of reactive oxygen species (ROS)
while performing their functions (46). It has been reported
that ROS are cytotoxic to RGCs and to lead to necrotic cell
death by direct oxidative damage to cellular constituents
and apoptotic death (47-50). In this study, we found the
NRF2 pathway in our pathway analysis and superoxide
radical degradation-related proteins (SOD1 and TYRP1)
were upregulated in the late-stage group, which may be
a response to excessive ROS. Our results and previous
studies (41,46) indicated that ocular ischemia might activate
inflammation pathways and produce massive amounts of
ROS, finally causing damage to RGCs.

The functional annotation by IPA showed that many
DEPs were related to the process of cell death, including
the death of nervous tissue cell lines, the death of astrocytes,
and the apoptosis of eye cell lines. Apoptosis is the main
pathogenesis after retinal ischemia-reperfusion (RIR) and
causes injury to RGCs (51). A previous study found that
excess Ca’* and ROS can cause the activation of BH3-only
proteins and then activate Bax, resulting in apoptosis (52).
The IPA function analysis results showed quantity of Ca’™,
superoxide radicals degradation, and the death receptor
signaling pathway were upregulated in the late group.
Another apoptosis-related pathway, BEX2 was also found in
the IPA analysis, and a previous study reported that BEX2
pathway downregulation promoted cell apoptosis (53);
therefore, it might be a protective mechanism in glaucoma.
In the BEX2 pathway, cadherin-2 (CDH2) has been
previously demonstrated to decrease the apoptosis of mouse
endothelial cells in culture (54). In this study, CDH2 was
upregulated in the late-stage group, and thus might have a
protective effect on RGCs and reduce apoptosis.

Taken together, we integrated the results of functional
analysis and attempted to infer the connection between
them. Other studies have reported that elevated IOP
during AACG altered the function of blood vessels in
the eye, causing ischemia, while other activities, such as
neovascularization and vasoconstriction, also contributed
to ischemia (3,7,34,35). Focal ischemia might induce an
inflammatory response, and then immune cells might
produce harmful ROS. Eventually, excessive ROS results in
apoptosis by activating the apoptotic pathway and causing
oxidative damage to the cells (Figure 6).

We also sought to use AH protein biomarkers to
provide an objective evaluation of VF loss. Among the 20
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Figure 6 The potential mechanism of VF loss in AACG. The major functions and pathways are shown. VE, visual field; AACG, acute angle-

closure glaucoma; IOP, intraocular pressure.

validated proteins, PTGDS showed the best results, with
100% sensitivity and specificity. A previous study reported
that it could catalyze the conversion of PGH2 to PGD2.
Previously, PGD2 was found to maintain normal cerebral
blood flow and contribute to recovery from hypoxia from
hypoxic—ischemic injury in the mouse brain (55), and it was
also found to modulate immune and inflammatory responses
and induce apoptosis and neuroprotection (56). Another
study found that PTGDS protects against oxidative stress-
mediated neurodegenerative diseases (57). In this study, the
IPA functional analysis indicated that ocular hemodynamic
changes and oxidative damage-related pathways, such
as occlusion in blood vessels, vasoconstriction, and
production of NO and ROS, were upregulated. Therefore,
the upregulation of PTGDS in the late stage might play
a protective role during AACG to improve ocular blood
perfusion and promote ROS scavenging. Therefore, it has
potential for use as an objective biomarker of VF loss, but
this needs to be confirmed by large-scale clonal validation.

Conclusions

In this study, we used a proteomic method to investigate
the process of VF loss during AACG. Our study reported
the proteomic difference between 2 stages of pathogenesis.
Functional analysis showed that the inflammatory response,

© Annals of Translational Medicine. All rights reserved.

ocular hemodynamics, and cell apoptosis were closely
related to the observed pathological changes. Although the
cross-talk between AH proteins and optic nerve behavior
is still unclear, our findings may be helpful in further
proteomic research of VF loss in AACG. The results of our
study indicated that AH could reflect changes in different
stages of VF loss and that PTGDS has potential as an
objective biomarker of VF loss.

For future work, the following issues should be
addressed. First, the samples in this study were from a single
center, and thus a large-scale analysis including different
glaucoma and control groups (cataracts) from multiple
centers should be used to validate the conclusions. Second,
the present study did not evaluate the impact factors of
AH proteome; therefore, related factors, including age,
gender, BAB, and others should be comprehensively
analyzed. Third, for examining the role of proteins in VF
loss, molecular biology and related animal models should be
used, which may help clarify the possible mechanism of VF
loss and improve our understanding of it.
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