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Abstract: Primary open-angle glaucoma (POAG) is a paramount cause of irreversible visual
disability worldwide. We focus on identifying clinical and molecular facts that may help
elucidating the pathogenic mechanisms of the disease. By using ophthalmological approaches
(biomicroscopy, ocular fundus, optical coherence tomography, and perimetry) and experimental
tests (enzyme-linked immunosorbent assay (ELISA), high performance liquid chromatography
(HPLC), and Western blot/immunoblotting) directed to evaluate the oxidative stress, inflammation,
apoptosis, and neurodegeneration processes, we gather information to build a network of data to
perform a computational bioinformatics analysis. Our results showed strong interaction of the above
players and its downstream effectors in POAG pathogenesis. In conclusion, specific risk factors
were identified, and molecules involved in multiple pathways were found in relation to anterior and
posterior eye segment glaucoma changes, pointing to new theranostic challenges for better managing
POAG progression.

Keywords: primary open-angle glaucoma; pathogenesis; oxidative stress; inflammation; apoptosis;
neurodegeneration; theranostics

1. Introduction

Primary open-angle glaucoma (POAG) is the most prevalent glaucoma type and the uppermost
cause of irreversible blindness worldwide [1,2]. Current medical, laser, and surgical treatments are
directed to lower intraocular pressure (IOP), but these are unable to cure the glaucomatous optic
nerve degeneration. New strategies for POAG management include: (1) innovation in multimodal
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imaging (detection of apoptosing retinal cells (DARC), fluorescence lifetime imaging ophthalmoscope
(FLIO), IOP telemetry, hydra optical coherence tomography (OCT), hyperspectral imaging, OCT
elastography, OCT angiography (OCTA), oximetry, etc.); (2) electrophysiological testing of the retina
and optic pathway (flash electroretinogram (ERG), electro-oculography (EOG), multifocal ERG
(mfERG), multifocal visual evoked potential (mfVEP), oculo pattern ERG (PERG), visual evoked
potential (VEP), etc.); and (3) emerging medical and surgical treatments (calcium channel blockers,
a wide variety of potential neuroprotective natural products/drugs, small guanosine triphosphatase
(GTPase) RHO-associated protein kinase inhibitors, new nano-based drug delivery approaches, contact
lenses drug reservoir prototypes, and the challenging minimally invasive glaucoma surgery (MIGS)
devices) [3–6].

Glaucoma biomarkers are directed to predict risk factors, to classify the stage of disease, to detail
pathogenic mechanisms, to evaluate the progression as well as to monitor the therapeutics [3,6–8].
However, a variety of questions are currently difficult to ascertain when managing the disease.
Clinical POAG hallmarks include anterior and posterior eye segment changes. Being the elevated
IOP the main risk factor for developing/progressing the disease, medical therapy is the main line of
POAG treatment. The major problem of hypotensive medical therapy is the poor adherence of the
POAG patients. Existing neuroprotective therapies are still considerably limited. Comprehensive
neuroprotection/neuroregeneration and other promising discoveries are the ultimate frontier in
glaucoma treatment. In addition, an important inconvenience of glaucoma surgery is the uncontrolled
wound healing process and related complications [3–8].

Biochemical and molecular biomarkers (BMB) for POAG have been widely reported, such as a
variety of indicators of immune response, oxidative stress (OS) and mitochondrial failure, extracellular
matrix alterations, vascular damage, and cell death [3,9–14]. Most of these markers strongly indicate
adaptive/protective/repairing failure responses from the cells and tissues, as well as those reflecting the
damage arising from OS [3,9–12]. In order to better diagnose and treat POAG, the differential signature
of biofluids has been largely utilized in humans and experimental glaucoma models [13,15–18].
Information about these markers has generated large amounts of data. However, managing these large
data sets requires accurate assessments by forecasting bioinformatics tools [19].

Theranostics is an innovative field in medical sciences, recently underscoring much attention [20].
It takes advantage of a combination of particular targeted diagnostic probes and specific targeted
therapy, by using pivotal biological pathways, to achieve early diagnosis and treatment of human
diseases [21–24]. In fact, theranostics is a newly proposed process of personalized diagnostic therapy
for patients, with great unquestionably repercussion in social healthcare cost.

Presumably, supra-molecular targeted theranostics may have a successful role to better manage
outstanding pathologies. Therefore, we deal with defining clinical and molecular-genetic facts that
enlighten the POAG risk factors and pathogenic mechanisms to better diagnosing and treating
glaucomatous eyes. By using ophthalmological imaging approaches (biomicroscopy (BMC), ocular
fundus (OF), optical coherence tomography (OCT), and visual field (VF)) and experimental probes
(enzyme-linked immunosorbent assay (ELISA), high performance liquid chromatography (HPLC),
Western blot/immunoblotting), we collected large amounts of information. We build a data network to
perform a computational analysis that may allow, for the first time, to reach new theranostic challenges
for POAG.

2. Materials and Methods

2.1. Study Design

This research study received the Institutional Board approval of the main study center
(Valencia, ref: 132/2018), as well as by the Ethics and Clinical Research Committees of the participating
hospitals and research centers. All procedures adhered to the principles outlined in the Declaration of
Helsinki for research involving human subjects, the European Commission rules for research, and the
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Association for Research in Vision and Ophthalmology (ARVO) guidelines regarding the ethical use
of human subjects in research. All experiments were performed under the informed consent of the
participants signed at any time.

We devised a large experimentation in order to compare a compendium of our own archive of
datasets from POAG patients and healthy individuals, meaning over different biological systems in
order to gather information on the major risk factors, pathological mechanisms, and current therapy
for improving knowledge on POAG early diagnosis and treatment. In subsequent sections, we depict
the participant characteristics, ophthalmological examination protocols, sampling procedures, and the
experimental approaches used along with the data analysis, correlation measures, and performance
metrics that we have carried out in this study.

2.2. Proceedings

The present work was a cohort study for analyzing the descriptive statistics and exploring the risk
factors, biochemical and molecular facts, and therapeutic characteristics that might help in predicting
glaucoma worsening in a Spanish population with POAG, using healthy individuals as a control
group (CG).

2.2.1. Study Population

A total of 632 Caucasian individuals of both sexes aged ≥ 40 years were considered for this study
and distributed into 442 POAG patients and 190 CG subjects. Cases and controls have been classified
according to the inclusion and exclusion criteria, as listed in Table 1.

Table 1. Inclusion and exclusion characteristics for the study subjects.

Inclusion Exclusion

Individuals aged 40 years or more Individuals under 40 years of age
Accurate POAG diagnosis (initial stage) for

the corresponding group of participants. Other glaucoma type than the POAG or glaucoma suspects.

Healthy individuals for the CG
of participants

Patients suffering other eye diseases than POAG, or systemic disorders.
Patients under treatment that may interfere with the results of the study.

Laser and/or eye surgery in the previous 12 months.

Complete and precise data at the
medical history.

Incomplete and/or confounding data. Other diagnosis or procedures
that do not fit with the study purpose. Impossibility to obtain a

complete and thorough clinical history

POAG: primary open-angle glaucoma; CG: control group.

POAG were identified by gonioscopy presenting 3–4 grades of Shaffer, an IOP≥ 21 mmHg (at least 3
different days), and signs of glaucomatous optic nerve damage (cupping, notching, and/or hemorrhages
in the optic nerve head) with typical glaucomatous defects in the standard automated perimetry (stage
1–4 in the Glaucoma Staging System [25] with mean deviation ≤−12 decibels according to the Hoddap,
Parrish, and Anderson classification [26]. Data were collected from both eyes (884 eyes) regardless of
the affectation, and finally, 736 glaucomatous eyes were considered for this study.

Control subjects presented IOP ≤ 21 mmHg, a normal standard automated perimetry, with no
signs of glaucomatous damage in the optic nerve. Both eyes of each participant were included in this
analysis (380 eyes).

Each ophthalmologist reported the corresponding participant data (anonymously) by means of a
self-design report form that was entered and processed by the Microsoft Excel spreadsheet program
for Windows.

2.2.2. Demographics and Participant Characteristics

Demographic data and participant characteristics were registered from each individual:
age, gender, as well as the family history of POAG. Nutrition facts were also investigated and
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the level of adherence to the Mediterranean diet (MedDiet) standards (nutritional and lifestyle pattern
based on the traditional dietary habits of Greece, Italy, and Spain) were registered. The latter were
addressed by means of the brief 14-item validated questionnaire [27]. The adherence to the MedDiet was
defined through scores determining the conformity of the dietary pattern of the studied population with
the traditional Mediterranean dietary pattern. Values of 0–1 were assigned to each dietary component
by using as cut offs the overall sex specific medians among the study participants. Specifically, people
whose consumption of components considered to be part of a Mediterranean diet (vegetables, fruits,
legumes, cereals, fish, and a moderate intake of red wine during meals) was above the median
consumption of the population were assigned a value of one, whereas a value of zero was given to
those with consumptions below the median. By contrast, people whose consumption of components
presumed not to form part of a Mediterranean diet (red and processed meats, dairy products) was
above the median consumption of the population had a value of zero assigned, and the others had a
value of one.

2.2.3. Clinical Variables

POAG duration was considered as the lead time between the diagnosis of the disease and the first
review of the medical history of the glaucoma patient, and the data were recorded.

Types of used hypotensive eye drops were categorized and recorded, according to the following
distinction: (a) prostaglandin analogues (PA); (b) beta-blockers (BB); (c) fixed combination of PA + BB;
(d) alpha-agonists (AA); (e) carbonic anhydrase inhibitors (CAI); (f) fixed combination of BB + CAI;
(g) fixed combination of BB + AA.

Previous history of glaucoma surgery and the type of surgical procedure were also recorded
from each glaucomatous patient, as follows: (a) trabeculectomy, (b) non-perforating deep sclerectomy
(NPDS), (c) MIGS, (d) combined phacoemulsification and glaucoma surgery.

Ophthalmological examination included: best corrected visual acuity (BCVA) in decimal scale,
IOP measurement, slit-lamp biomicroscopy of the anterior eye segment and media, gonioscopy, dilated
stereoscopic fundus examination, VF performance, using the 24–2 Swedish interactive threshold
algorithm (Humphrey field analyzer, Carl Zeiss Meditec, Inc., Madrid, Spain), and optic disc analysis
using the Cirrus Spectral domain OCT 5000 (Carl Zeiss Meditec, Inc., Madrid, Spain) with special
interest in detecting the retinal nerve fiber layer (RNFL) changes. The reference of the software of this
tool was 11.0.0.29946.

2.2.4. Sample Handling

Biological samples were collected according to their respective processing protocols. Blood,
aqueous humor, or tears were alternatively collected from the participants.

Blood was collected from venipuncture of the antecubital vein under fasting conditions (10−11 h).
Vacutainer® (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) blood collection tubes were used
and immediately labeled. Plasma was obtained by centrifugation of whole blood samples, aliquoted,
labeled, and stored at −80 ◦C until processing, as reported [28].

Aqueous humor samples were collected at the beginning of surgical maneuvers. The type of
surgery was directly related to the study group, as follows: for the POAG group, trabeculectomy
or combined glaucoma surgery/phacoemulsification proceedings; and for the comparative group,
phacoemulsification. An anterior chamber 27 G Rycroft cannula angled 45 degrees was introduced in
the anterior chamber through the corneal incision, under the operating microscope. Approximately
150µL were obtained from each eye through the 1 mL microsyringe attached to the cannula (for avoiding
anterior chamber collapse), immediately deposited in cryotubes, labeled and frozen at −80 ◦C until
processing, as previously published [10,29].

Reflex tears were collected from the inferior tear meniscus of each eye, by gently rubbing in the
inferior meniscus of both eyelids with a microglass pipette, as previously described [30]. Reflex tears
(20–30 µL) were deposited in a mini Eppendorf, labeled and stored at −80 ◦C until processing.
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2.2.5. Biochemical and Molecular Variables

Oxidative/Nitrosative Stress

Malondialdehyde (MDA) was determined by the MDA-thiobarbituric acid reactive substances
(TBARS) assay [29,31,32]. Briefly, aqueous humor and plasma samples from POAG patients, cataract
patients, or healthy controls were treated with HCl and SDS. The MDA present in samples reacts with
TBA and the fluorescent complex formed is measured in a Fluoroskan® Ascent FL (Thermo Electron
Corporation, Philadelphia, PA, USA).

MDA was also determined by HPLC in blood and aqueous humor of POAG and cataract patients,
using a Vydac 250 × 4.6 mm, 5 µm particle-size column with its own guard column (Eka Chemicals AB,
Bohus, Sweden), and a surveyor PDA detector (ThermoFinnigan Italia) with a wavelength range of
200–300 nm [33,34].

Superoxide dismutase was determined in aqueous humor of POAG patients and cataract patients
using the superoxide dismutase (Ransod) assay (Randox Labs, Barcelona, Spain). We followed the
manufacturer’s instructions for performing the assay, as in our previous work [35].

Glutathione peroxidase (GPx) was measured in plasma from POAG patients and healthy controls
using the glutathione peroxidase assay kit (Cayman Chemical Co.), following the manufacturer’s
instructions and our previous assays [36].

The total antioxidant capacity (TAC) was analyzed in aqueous humor from POAG and cataract
patients by means of the total antioxidant status kit (Randox Labs), following the manufacturer’s
instructions [29,35].

We also used the antioxidant assay kit (Cayman Chemical Co., Ann Arbor, MI, USA) to analyze
TAS in plasma samples from POAG patients and healthy controls [29,32,35,36].

In addition, we used the oxygen-radical absorbance capacity method (ORAC) to determine
the TAS in blood and aqueous humor from POAG and cataract patients [34]. This method
measures the antioxidant capacity of a substance according to its ability to inhibit or delay
β-phycoerythrin peroxidation.

The concentration of the antioxidant vit C was analyzed in plasma samples from POAG patients
and healthy controls by high performance liquid chromatography (HPLC) following the method
described by Li [37] using a Shimadzu HPLC system (Shimadzu Scientific Instruments, Columbia,
MD, USA) equipped with a 5 µM YMCPack ODS-AQ column (Waters Corp., Milford, MA, USA)
and a Coulochem III electrochemical detector (ESA, Chelmsford, MA, USA), under reversed phase
conditions. The volume of sample injection was 5 µL and compounds were eluted over an 18-min
runtime at a flow rate of 0.6 mL/min [36,38].

Nitric oxide (NO) concentration in aqueous humor from POAG and cataract patients was
determined by means of the total NO/nitrite/nitrate assay (R&D Systems, Inc., Minneapolis, MN, USA).
Most of the NO in the body is in the form of nitrite and nitrate. Therefore, this method indirectly
quantifies nitric oxide based on the enzymatic conversion of nitrate to nitrite by nitrate reductase,
followed by a by colorimetric detection of nitrite as an azo dye product of the Griess reaction [39].

Inflammation and Immune Response

Cytokines and chemokines were determined in tears of POAG patients and healthy controls by
the Luminex® R-200 multiplex system [30,40]. We analyzed the following molecules: interleukin
(IL)-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, and IL-12; tumor necrosis factor alpha (TNFα); vascular
endothelial growth factor (VEGF); granulocyte-macrophage colony-stimulating factor (GM-CSF);
and interferon gamma (IFγ). Concentrations were calculated automatically by the BioPlex Manager
software using a standard curve derived from a recombinant cytokine standard.

Interleukin 6 also was measured in aqueous humor and plasma samples from POAG and cataract
patients using the interleukin-6 (human) ELISA kit (Cayman Chemical Co. Ann Arbor, MI, USA),
following the manufacturer’s instructions [41]. This method is based on a double-antibody “sandwich”
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technique using a monoclonal antibody specific for IL-6 and an acetylcholinesterase: Fab’ conjugate,
and measuring the enzymatic activity of acetylcholinesterase at 412 nm. The concentration of the IL-6 is
calculated from the bound conjugate, since it is proportional to the acetylcholinesterase concentration.

Apoptosis Assays

Caspase-3 (CAS3) and poly (ADP-ribose) polymerase 1 (PARP1) levels were determined in aqueous
humor and plasma samples from POAG and cataract patients by Western blot and immunoblotting
procedures, as described by Chandra and Tang [42].

First, we analyzed the concentration of total proteins following a procedure similar to Lowry’s [43].
Then, 30 µg protein were loaded on a 4–12% Bis-Tris gel and proteins are separated by electrophoresis.
After, we carried out the transfer to the nitrocellulose membrane and finally CAS3 and PARP1 were
detected by immunoblotting using specific antibodies (PARP H-250, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA; Cleaved Caspase-3, Cell Signaling Technology, Danvers, MA, USA). The
band optical density was determined and analyzed by Scion Image Analysis (Scion Corp., Frederick,
MD, USA).

Neuroprotection Status

Brain-derived neurotrophic factor (BDNF) was determined in aqueous humor samples from
patients with POAG and patients with cataracts, using the human BDNF immunoassay Quantikine kit
(R&D Systems, Inc.), following the manufacturer’s instructions and previous reports [44].

Neurotransmitter Determinations

We analyzed the concentration of serotonin (5-hydroxytriptamine, 5 HT) as well as dopamine in
aqueous humor of POAG and cataract patients by HPLC with electrochemical detection, according to a
modified method of Ali et al. [45]. The assay was carried out using a Gilson Medical Electronics HPLC
system (Middleton, WI, USA) with a Supelcosil LC 7.5 × 4.6 cm, 3 mm column (Supelco; Sigma-Aldrich,
Bellefonte, PA, USA), and a LC142 electrochemical detector under reversed phase conditions.
Compounds were eluted isocratically over an 18 min runtime at a flow rate of 1 mL/min. Sample
injection was 20 mL, and the electrochemical detector was recorded with a glassy carbon working
electrode set at + 0.75 V.

2.2.6. Bioinformatics

Large-scale real clinical data were simultaneously collected from the archives of the study centers
in order to construct the dataset. Data from 442 POAG patients (736 eyes) and 190 CG individuals
(380 eyes) were collected in sheaths of the Microsoft Excel program. One important point to consider
is that statistical processing has been done for the two eyes of each participant, just considering that
only eyes with initial glaucoma stage, according to the Glaucoma Staging System [25] and the classical
classification by Hoddap, Parrish, and Anderson [26], were suitable for the purpose of the study,
and that the correlation between the RE and the LE data, in this sense, was expected to be high.
All the described experiments were performed in duplicate for each sample. Quantitative variables
where summarized using mean ± standard deviation (SD). Categorical variables were expressed as
percentages. The Shapiro–Wilk test was used to assess for normality in each variable. The Student t
test was used to compare normally distributed variables among controls and glaucoma patients, whilst
for non-normally distributed variables, the Mann–Whitney test was used. Differences in qualitative
variables between both groups where compared using Fisher’s test. The level of statistical significance
was set at p < 0.05. All statistical analyses were performed using R Statistics v4.0.0 (R Foundation for
Statistical Computing, Vienna, Austria).
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3. Results

Accurate information for the main purpose of this study, to raise POAG awareness, was obtained
from our recorded data sets from 632 participants that constituted our study cohort. Data collection
was organized into those pertaining to 442 POAG patients and 190 CG individuals, in order to integrate
multiple datasets by data-merging methods.

We devised a large experimentation in order to compare a compendium of demographics,
participant characteristics, risk factors, ophthalmologic and molecular datasets from POAG patients
and healthy controls, meaning over different biological systems (plasma, aqueous humor, tears)
in order to gather information on the major risk factors, pathological mechanisms, and current
therapy for improving knowledge on POAG early diagnosis and treatment. In subsequent sections,
we depict extensively the above collected data that were analyzed by bioinformatics, and the results
are exposed below.

3.1. Demographics and Participant Characteristics

Our study population was composed of 442 POAG patients (45% men and 55% women) and
190 healthy controls (40% men and 60% women). Mean age of our cohort was 67 ± 13 years for the
POAG patients and 52 (16) years for the CG individuals. Mean glaucoma duration was 9 ± 7 years.
Familial POAG history was present in 49% of the affected patients. In our study course, we have
detected that the mean of the 14-item MedDiet answers were noticeably lower in the POAG patients
than in the CG (7.1 ± 3 and 8.5 ± 2), respectively. Furthermore, more healthy individuals than
glaucomatous patients reached 10 points within the adherence to the MedDiet score.

3.2. Ophthalmologic Evaluation

Data from the anterior and posterior eye segments examination were analyzed. The BCVA was
significantly lower in both the RE (Figure 1A) and LE (Figure 1B) of the POAG patients as compared to
the vision from the CG (p = 2.2 × 10−16 for each eye). The BCVA values expressed as the logarithm
of the minimal angle of resolution (LogMAR) were: RE CG = 0.0; RE POAG = 0.0; LE CG = 0.0; LE
POAG = 0.0). The IOP was significantly higher for each eye in the POAG group than in the CG
(p = 2.6 × 10−9 and p = 9.2 × 10−8, respectively) (Figure 1C,D). Central corneal thickness (CCT) values
were significantly lower for each eye in the POAG than in their counterparts (p = 5.5 × 10−8 and
p = 5.8 × 10−9, respectively) (Figure 1E,F). Average cup/disc ratio was significantly higher for each eye
in the POAG patients than in the CG (p = 2.1 × 10−13 and p = 2.4 × 10−12, respectively) (Figure 1G,H).
The papillary OCT examination revealed that the average retinal nerve fiber layer (RNFL) thickness of
each eye was significantly lower in the POAG patients respect to the CG (p = 2.2 × 10−16 for both eyes)
(Figure 1I,J). The VF loss displays pathognomonic pattern in POAG (Bjerrum scotoma, paracentral
scotoma, nasal step, or arcuate defect) corresponding to the damaged RNF. Ophthalmologists had
to correlate findings from the visual field testing to better discriminate if the nerve fiber loss that
appears on the OCT examination is the result of POAG or glaucoma masquerader. Data of our study
population showed precise glaucoma changes in the ocular fundus, VF, and OCT examination of the
POAG patients, respect the CG. Regarding the VF performance with each eye, measurement of the
threshold values showed that the mean deviation (MD) was significantly lower in the POAG patients
respect to the CG (p = 2.2 × 10−16 for both eyes), with negative values representing reduced sensitivity
(Figure 1K,L).
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right and left eyes. (C,D) indicate the IOP values (mmHg) in both eyes. In the (E,F), the CCT (in µm) 

from each eye was reflected. (G,H) display the C/D ratio in the eyes of the study participants. (I,J) 

show the RNFL thickness observed in the OCT examination from the participants eyes. Finally the 

(K,L) reflect the MD values obtained from the VF performance in both eyes. CG: control group; 

POAG: primary open-angle glaucoma; RE: right eye, LE: left eye; BCVA: best corrected visual 

acuity, IOP: intraocular pressure; CCT: central corneal thickness; C/D ratio: cup to disc ratio; RNFL: 

retinal nerve fiber layer; OCT: optic coherence tomography; MD: mean deviation; VF: visual field. 

3.3. Molecular Biomarkers 

Data revealed a series of molecules presumptively involved in POAG pathogenesis. 

Characteristics and quantification of each molecule are enclosed below. 

Figure 1. Ophthalmological evaluation of the study participants. (A,B) show the best corrected visual
acuity (BCVA) (expressed in decimals; see the LogMAR correspondence in the text) in the right and left
eyes. (C,D) indicate the IOP values (mmHg) in both eyes. In the (E,F), the CCT (in µm) from each eye
was reflected. (G,H) display the C/D ratio in the eyes of the study participants. (I,J) show the RNFL
thickness observed in the OCT examination from the participants eyes. Finally the (K,L) reflect the MD
values obtained from the VF performance in both eyes. CG: control group; POAG: primary open-angle
glaucoma; RE: right eye, LE: left eye; BCVA: best corrected visual acuity, IOP: intraocular pressure;
CCT: central corneal thickness; C/D ratio: cup to disc ratio; RNFL: retinal nerve fiber layer; OCT: optic
coherence tomography; MD: mean deviation; VF: visual field.

Regarding the medical treatment, our data showed that the most frequent hypotensive eye drops
utilized by our POAG sample patients were the PA (31%), followed by the BB (26%) and the fixed
combination of PA + BB (21%). Therefore, in separate or as combination topical medication, the PA has
been the most popular POAG treatment.

Independent of the glaucoma stage, the most frequent type of surgical procedure that our POAG
patients underwent was the ab externo trabeculectomy (45%), followed by NPDS (32%) and the
combined glaucoma and cataract surgery (22%).
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3.3. Molecular Biomarkers

Data revealed a series of molecules presumptively involved in POAG pathogenesis. Characteristics
and quantification of each molecule are enclosed below.

3.3.1. Oxidative Stress

When comparing with the samples from the comparative subjects (constituted by those undergoing
surgery for non-complicated cataracts), MDA/TBARS (p = 2.2 × 10−16), SOD (p = 2.2 × 10−16), GPx
(2.2 × 10−16) and NO (6.5 × 10−10) displayed significantly higher values in the aqueous humor of POAG
patients (Figure 2A,C,D,F). In contrast, TAC was significantly lower in the glaucoma patients than in
the controls (p = 2.2 × 10−16) (Figure 2B). In addition, the potent antioxidant vit C showed significantly
lower plasma levels of the POAG group versus the control individuals (p = 1.2 × 10−7) (Figure 2E).
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Figure 2. Oxidative stress markers in aqueous humor and plasma samples from the study participants.
The OS overtime results in structural and functional eye damage. (A) Significantly higher MDA/TBARS
expression levels (mol/L) in the aqueous humor from the POAG vs. the CG. (B) Significantly lower
values of the TAC (nmol/L) in the aqueous humor from the POAG biosamples respect to those from
the CG. (C) SOD expression shows significantly higher levels (UL) in the POAG aqueous humor as
compared to the counterparts. (D) Significantly higher GPx levels were seen in the POAG aqueous
humor vs. the CG. (E) Plasma vit C concentration (µg/mL) was significantly lower in the POAG vs.
CG. (F) Aqueous humor NO levels (µmol/L) were significantly higher in the POAG patients respect to
the healthy control participants. CG: control group (cataract subjects for aqueous humor comparative
studies); POAG: primary open-angle glaucoma; MDA/TBARS: malondialdehyde/thiobarbituric acid
reactive substances; TAC: total antioxidant capacity; SOD: superoxide dismutase; GPx: Glutathione
peroxidase; NO: nitric oxide. p < 0.05 for all parameters in this figure.



J. Clin. Med. 2020, 9, 3032 10 of 22

3.3.2. Inflammation and Immune Response

In our study, noticeable changes in participants in the tear expression profile of the IL-1β, IL-2,
IL-4, IL-5, IL-6, IL-8, and IL-10, with a statistically significant elevation of the chemokine IL-8 in the
POAG patients respect to the CG (Figure 3A–G, respectively) were observed. Furthermore, an IL-6
significant elevation was detected in the aqueous humor of POAG patients respect to the CG.
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Figure 3. Cytokine expression in tears, aqueous humor, and plasma of glaucoma patients vs. the
healthy controls. Differential expression profile of the IL-1β (A), IL-2 (B), IL-4 (C), IL-5 (D), IL-6 (E),
IL-8 (F), and IL-10 (G) (as expressed in pg/mL). It is observed a statistically significant increase of the
chemokine IL-8 as it can be seen in the (G), between the POAG vs. the CG tear samples. CG: control
group; POAG: primary open-angle glaucoma; IL: interleukin.

Being an important mediator of both the acute and chronic inflammation, TNFα has shown
an important decrease in the tear expression patterns of the POAG patients as compared to the CG
(p = 0.080) (Figure 4A).
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Figure 4. Set of inflammatory mediators TNFα (A), INF-g (B), GM CSF (C) and VEGF (D) as determined
in biological samples of the study participants (expressed in pg/mL). Only the tear expression of
TNFα, as reflected in the (B) was significantly different between the two study groups (p < 0.05). CG:
control group; POAG: primary open-angle glaucoma; TNFα: tumor necrosis factorα; INFγ: interferonγ;
GM-CSF: granulocyte-macrophage colony stimulating factor; VEGF: vascular endothelial growth factor.
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We have found a notable decrease of the INFγ in tears from POAG patients respect to tears from
the CG (p = 0.872) (Figure 4B).

In our POAG patients, increased GM CSF tear expression, as compared to the CG (p = 0.410) was
observed (Figure 4C).

Despite that different signaling driven by VEGF in the pathogenesis of POAG remains unclear,
a decrease in VEGF tear expression in the POAG patients respect to the CG was detected (p = 0.475)
(Figure 4D) in our study participants.

3.3.3. Apoptosis

CASP 3 levels appeared to be significantly higher in the POAG group than in the CG (formed by
the comparative cataract subjects) (p = 2.2 × 10−16) (Figure 5A).
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Figure 5. Differential expression profile (relative densitometric units) in the aqueous humor from
the glaucoma vs. the control participants. The CASP3 (A) and PARP-1 (B) were significantly higher
in the POAG vs. the CG. Comparison of the expression profile of the PARP-1 85 kD and 24 kD
fragments between the aqueous humor from the POAG and the the CG are reflected in (C) and (D).
CASP3: caspase 3; CG: control group (cataract subjects forming the comparative group); POAG:
primary open-angle glaucoma; RDU: relative densitometric units (laser densitometry); PARP-1: poly
(ADP-ribose) polymerase.

Increased PARP1 expression was detected in the POAG patients respect to the CG ones (Figure 5B).
Specifically, both the 85 kDa and 24 kDa fragments displayed significantly higher expression in the
POAG group than in the CG (p = 2.2 × 10−16 for both fragments) (Figure 5C,D).
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3.3.4. Neurodegeneration/Neuroprotection

In the present cohort, significantly lower values of BDNF expression in the POAG patients than in
the CG (p = 1.2 × 10−12) were found (Figure 6C).J. Clin. Med. 2020, 9, x FOR PEER REVIEW 13 of 23 
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Figure 6. Neuroprotectants and neurotransmitters in the study participants. (A,B) Plasma serotonin and
dopamine expression (ng/mL) was significantly lower in samples of the POAG patients than in the CG.
(C) Brain Derived Neurotrophic Factor (BDNF) aqueous humor expression (pg/mL) was significantly
lower in the POAG vs. the CG. CG: control group (cataract subjects as comparative group); POAG:
primary open-angle glaucoma; BDNF: brain-derived neurotrophic factor. p < 0.05 for all parameters.

3.3.5. Neurotransmitters

Serotoninergic and dopaminergic catecholamines are essential neurotransmitter signaling players
to a wide variety of CNS functions, including IOP regulation. In our cohort, serotonin and dopamine
exhibited significantly lower plasma levels in the POAG patients than in the CG (p = 2.2 × 10−16 for
both neurotransmitters) (Figure 6A,B)

Therefore, our data analyses allowed bioinformatics, researchers, and ophthalmologists to identify
a set of potential POAG biomarkers. The term theranostics explains certain scientific developments
that may lead to designing new therapeutic strategies for diverse pathologies. In the present work,
we pinpoint specific aspects of the clinical and molecular POAG diagnosis that can be afforded
by emerging analyses in fluids (Figure 7). Performing these assays, a variety of antioxidants,
anti-inflammatory drugs, anti-apoptotic, and neuroprotectants may accurately be targeted to the
underlying process (Figure 7) and the possibility remains that these can be controlled and followed by
special tracers and imaging techniques.

Based on these approaches, we propose an open window to personalized potential biotherapeutic
applications, to better manage POAG patients.
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Figure 7. New diagnostic players and potential new therapies as primary-open-angle glaucoma
theranostics. Excessive ROS generation/accumulation (superoxide anion (O2-), hydrogen peroxide
(H2O2), and hydroxyl radical (OH)) selectively damage the lipids, proteins, and nucleic acids. MDA is
an important lipid peroxidation byproduct. Elevated levels of pro-oxidants and decreased antioxidant
activity spreads the oxidative injury. OS can induce activation of transcription factors, leading to gene
expression involved in inflammation. In fact, OS stress activates the iNOS, a pivotal element of the
transcription factor NF-kB pathway that controls the pro-inflammatory response by releasing among
others the TNFα and IL-8, both significantly augmented in POAG. Serotonin and dopamine are really
prone to autooxidation, and its toxic metabolites may contribute to increase neurodegeneration. Lower
plasma levels of these neurotransmitters have been found in POAG. Glaucoma neurodegeneration is
the result of the apoptotic death of the RGC. Lower levels of BDNF have also been identified in our
POAG biosamples. ROS: reactive oxygen species; MDA: malondialdehyde; OS: oxidative stress; iNOS:
inducible nitric oxide synthase; NF-κB: nuclear factor kappa B; TNFα: tumor necrosis factor alpha;
IL-8: interleukin 8; RGC: retinal ganglion cells; BDNF: brain-derived neurotrophic factor.

4. Discussion

To further analyze the link between the POAG risk factors and pathogenic mechanisms,
we constructed a data network to perform a computational analysis. We built enough evidence
that chronic IOP elevation is responsible of the RGC death and RNF loss, leading to optic nerve
degeneration, originating in its course striking changes of a set of reactive molecules found in diverse
body fluids (tears, aqueous humor, plasma), among them OS byproducts (MDA), inflammation (INF)
mediators (TNFα, IL-6, IL-8), apoptotic effectors (such as the CASP3 and PARP-1), and finally the
neurotrophic player BDNF. The characterization of the above molecules and their specific targeting
by classic and/or emerging diagnostic and therapeutic approaches, open up innovating paradigms
under the common name of theranostics with the main goal of improving eye and vision care in
glaucoma patients.

Significant risk factors for POAG were similar in our study population (aging, glaucoma family
history, elevated IOP, thinner CCT) than in other POAG-related population-based studies [7,46–48].
However, it is difficult to reach a powerful comparison of data from the epidemiologic studies, because
of variations in the study design, tools and diagnostic criteria are potential confounding elements.

Normal aging involves a general reduction of RNFs. Peripapillary RNFL thickness was examined
and quantified by OCT by Vianna et al. [49] and the data showed a clear age-related loss of neuroretinal
parameters that may help explain the impairment detected in apparently controlled glaucoma-treated
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patients. These authors confirmed that glaucoma patients had faster rates of RNFL deterioration as
compared to the controls [49]. In our glaucomatous participants, mean age was 67 ± 13 years, quite
similar to other studies [7,46–50] and the RNFL thickness, quantified by OCT, was significantly lower
than in its counterparts. The role of dietary components and dietary supplements in POAG has been
widely investigated [51,52]. An observational study was conducted in the Spanish Canary Islands by
Abreu et al. [53] to assess the adherence to the MedDiet in 100 patients affected by POAG. Overall, mean
percentages of adhesion to the MedDiet of POAG patients were moderate (71% of the cases). In our
study cohort, the cumulative analysis on the adherence to MedDiet scores were lower in the POAG
patients than in the CG (7.1 ± 3 and 8.5 ± 2, respectively). These data mean that less POAG patient vs.
the CG reached 10 points within the adherence to the MedDiet score. A meta-analysis of prospective
cohort studies was performed by Sofi et al. [54] to evaluate the mortality in relation to adherence to the
MedDiet. Interestingly, the authors found that a two point increase in the adherence score correlated
with a decreased mortality risk. Overall, the study stated the beneficial role for health status of greater
adherence to the MedDiet that was mainly reflected on significantly reduced cardiovascular or cancer
mortality, as well as in the incidence of Alzheimer’s or Parkinson’s diseases. In spite of these, MedDiet
did not reflect a homogeneous eating pattern, and subsequently, it has been taken into account that
potential heterogeneity of scores within the 14-item questionnaire may exist. However, for most POAG
patients, exhaustive recommendations on the modifiable risk factors may be done, although these lack
entire warranty because of the contradictory data in the literature.

POAG persists as the main cause of irreversible blindness worldwide [1,2,8]. Hallmarks of the
disease are the altered aqueous humor homeostasis that induces elevated IOP, which in turns lead to
apoptotic RGC death and axonal dysfunction/RNF loss, reflected in the optic disc changes than can be
observed in the ocular fundus examination (reaffirmed by OCT), and functional deficits (identified in
the VF) [3–6,46–50,55].

Hypotensive eye drops are the treatment of choice of POAG. These drugs exert its function by
decreasing the synthesis of the aqueous humor and/or increasing the aqueous humor elimination by
classical or alternative pathways. The mechanism of lowering IOP for the PA is through facilitating the
uveo-scleral aqueous humor outflow and for the BB by decreasing the aqueous humor production [3,6–8].
Both products are the most commonly used in POAG treatment. However, this is not effective at
all, to slow down and regenerate the damaged retina and optic nerve. Laser or surgery is also not
successful in this sense. Trabeculectomy is the most common surgery choice for reducing the IOP.
However, MIGS is less effective, but safer than trabeculectomy [3,4,6]. Therefore, no cure exists for
glaucoma neurodegeneration [56]. As in other clinical-based studies, in our POAG patients, the most
frequent hypotensive eye drops were the PA (31%), followed by the BB (26%) and the fixed combination
of PA + BB (21%), and the most frequent surgical procedure was the ab externo trabeculectomy (45%),
followed by NPDS (32%) and the combined surgery of glaucoma and cataract (22%) [3–6,48,50,57].

Since the RGCs are so powerfully attacked in the glaucoma course, strategies may be directed to
this issue.

Defined as the imbalance between pro-oxidants and antioxidants (with higher proportion of
oxidative sources), the OS damages the cells and tissues. There is growing interest regarding key
molecules that can be used as biomarkers of the onset or progression of OS and its downstream
effectors. Mitochondria generate ATP by the electron transport chain and oxidative phosphorylation,
thus producing (ROS). In normal conditions, mitochondria are well prepared to appropriately counteract
ROS generation by the endogenous antioxidant defenses. Under pathological situations, the system
fails, resulting in overdosing of pro-oxidants [3,9,10,12,30–36,58–62]. It has been reported that OS and
mitochondrial failure are important processes in POAG pathogenesis [3,9,10,12,30–36,60,63]. The OS
overtime induces structural and functional damage of the trabecular meshwork (TM), manifesting
itself as the increased 8-OH-dG levels, as reported by Saccá et al. [64]. In this work, we have found
significantly higher levels of MDA/TBARS in plasma and aqueous humor or POAG patients respect to
the CG. In the contrary, we have detected significantly lower levels of TAC (in plasma and aqueous
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humor) and plasmatic vit C in the glaucomatous participants as compared to the CG, indicative of a
marked oxidative stress situation leading pathology.

Another important player in POAG are the INF processes, as part of a biological response of
the immune system towards the damaging agents, by means of both the innate and adaptative
immunity [65]. Major players of the immune response are pro-inflammatory mediators, such as the
following cytokines and chemokines: TNFα (mainly produced by macrophages), GM CSF (a pivotal
regulator of granulocyte and macrophage populations, important constituents of the innate immunity),
or type 1 IFNs (INFγ is an essential cytokine for innate/adaptive immunity, as important activator
of macrophages and relevant inducer of the class II major histocompatibility complex molecule. Its
aberrant expression is associated with a wide variety of inflammatory and autoimmune disorders).
In fact, release of the above pro-inflammatory cytokines induces the activation of immune cells and
the apparition of other cytokines. In this context, significant increase of TNFα and IL-6 has been
detected in glaucomatous retinas, in response to oxidative overload [66]. VEGF is a promoter of
AG in chronic inflammation, healing, and tumors. VEGF is also involved in the pathogenesis of
a variety of diseases including blinding eye pathologies. In the present work, a decrease in VEGF
tear expression in the POAG patients respect to the controls was found as expected. OS also plays
a principal role in the activation of intracellular sensors, in order to defend the cells from damaging
agents, the inflammasomes [67,68]. For addressing the role of INF in the pathogenesis of POAG, tears,
aqueous humor, and blood samples were used to identify inflammatory biomarkers for glaucoma.
Significant increase on the tear levels of the chemokine IL-8 in the POAG patients respect to the CG.
Noticeable changes have also been detected in the differential tear expression profiles of a variety of
pro-inflammatory cytokines in the POAG patients as compared to the CG. Furthermore, a statistically
significant increased IL-6 concentration was significantly detected in the aqueous humor and plasma
samples of POAG patients respect to the CG, reinforcing the role of INF in glaucoma neurodegeneration.

The RGCs undergo apoptosis (AP) in the POAG course [69]. In fact, the AP of the RGCs has been
pointed out as an early marker of glaucoma neurodegeneration [70]. In the present work, we identified
apoptotic molecules in biological samples from POAG patients and healthy CG individuals. First,
we looked for CASP3, which is a cysteine-aspartyl protease encoded by the CASP3 gene that crucially
mediates the activation cascade of caspases that, in turns, is responsible for the programmed cell death.
At the onset of AP, CASP 3 proteolytically cleaves poly (ADP-ribose) polymerase (PARP) and initiates
the sequence of events leading to cell death. Under normal conditions, major PARP-1 function is DNA
repair in response to a variety of cellular stresses. Furthermore, in response to DNA damage, PARP-1
activation is a pivotal mechanism to keep cell homeostasis or to trigger AP. Cleavage of PARP-1 by
the above caspases results in the formation of two fragments: 85-kD catalytic fragment and 24-kD
DNA-binding domain. Regarding these two important apoptotic players, when comparing the POAG
group with their counterparts, elevated CASP3 and PARP-1 expression was detected in aqueous
humor by Western blot and immunoblotting assays. These findings were also analyzed in relation to
glaucoma risk factors and clinical parameters, which are essential to enhance our understanding of the
pathogenic mechanisms of POAG. The endpoint of POAG neuroprotection is to prevent apoptotic
RGCs death and irreversible loss of the ONFs. Trying to inhibit apoptosis, two approaches have been
proposed: (1) to promote the cell survival pathways by using the brimonidine, and (2) to block the
apoptotic cascade by using caspase inhibitors, such as the calpeptin [71].

Neurodegeneration is a hallmark in POAG. Some relevant pathways induce upregulation
of proapoptotic gene expression, and in turn, downregulation of neuroprotective factors [68].
Neurotrophins are involved in the survival of neurons and neuroglial cells. BDNF is a neurotrophin
involved in the synaptic function/plasticity of adult neurons by binding to the high-affinity receptor
tyrosine kinase B (TrkB). BDNF showed significantly lower values in our cohort of POAG patients than
in the CG. As BDNF may trigger a wide variety of neutroprotective mechanisms, we may hypothesize
that BDNF may benefit the glaucoma course by acting as anti-apoptotic, as well as anti-autophagic
molecule, to strengthen cell survival. In this context, the fatty acid amide hydrolase inhibitors
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and endocannabinoid system were investigated as glaucoma neuroprotectans [72]. An interesting
review [73] focused on endogenous neuroprotective factors involved in RGCs survival, covering new
therapeutic strategies, as the ones suggested herein. In a similar manner, recent reports discussed
promising neuroprotectant candidates for preventing glaucomatous RGC death [74,75]. It is obvious
that pharmacological glaucoma neuroprotection represents a stimulating field of knowledge in the
pursuit for brand-new therapies for POAG.

Pivotal neurotransmitters to a wide variety of CNS functions are the serotonin and dopamine.
In our cohort, both neurotransmitters were significantly reduced in plasma samples of the POAG
patients as compared to the CG. In a chronic glaucoma model in the rat, Zhou et al. [76] demonstrated
the protective effects of the serotonin receptor agonists on the RGCs through the regulation of the
release of γ-aminobutyric acid (GABA). Dopamine is a neurotransmitter of the catecholamine family
that exerts its functions by binding to 5 different types of receptors. Epidemiological and experimental
studies pointed to dopamine receptor agonists as having relevant roles on IOP homeostasis, with
unquestionable implications for POAG management [77]. However, the precise role of excitatory
amino acids in glaucoma is not yet fully investigated.

Overall, a major challenge in the clinical practice is to address a personalized medicine [78].
In ophthalmology, this issue is underpinned by a wider scientific knowledge of the cellular and
molecular basis of eye diseases. We deal with improving current information about the clinical and
molecular genetics of POAG. In the midst of it all, theranostics is a newly proposed terminology
evolving outstanding processes of customized diagnostic/therapy for patients, of unquestionably value
in health [79,80]. Therefore, personalized medicine in glaucoma patients may be strengthened by
theranostics technology that may enable the individual diagnosis and treatment strategies. In our
case, the clinical, molecular-genetic candidate biomarkers described herein may potentially lead to the
development of efficient imaging technologies and glaucoma therapies for better eye care.

Our study has a series of strengths. POAG diagnoses were done by ophthalmologists of the
glaucoma sections, which reinforces validity. Next, is the collecting data directly from the medical
history. Finally, glaucoma theranostics as a useful procedure for better eye and vision care is introduced
for the first time.

In contrast, some study limitations have also been assumed. Data aimed to document personal,
familial, medical, and molecular characteristics rather than disease progression. False-negative
diagnoses (resulting in underestimation of POAG cases) or false-positive diagnoses, escape our control.
False-positive POAG cases were noticeably reduced by the validation strategies. Classical risk factors,
such as smoking and drinking habits, and physical activity were not available. Some missing data
were unrecoverable from the clinical history. Statistical tests were performed for the two eyes of each
participant, taking into consideration that only the initial glaucoma stage is enclosed, and that the
correlation between the RE and the LE data is expected to be high. However, it has to be taken into
account that an overstatement of the statistical power can appear in certain data, and this should be
taken into account when interpreting the results.

Presumably, supra-molecular targeted theranostics, as suggested in the present work, may play
pivotal roles for better managing POAG patients.

5. Conclusions

Glaucoma is a challenging sigh threatening disease for which an incomplete knowledge remains
of the cellular and molecular pathologic mechanisms involving initiation and progression stages.
Glaucomatous visual disability and blindness are still irreversible. Advancing diagnostic and
therapeutic options, as proposed herein via the theranostic possibilities, will enable ophthalmologists
to personalize the earliest diagnosis and therapy based on outstanding specific molecules that each
patient may have, to better eye and vision care in POAG patients.
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Chronic IOP elevation, leading to optic nerve degeneration (coinciding with specific risk factors),
provoked in its course, important changes in a variety of reactive molecules that have been found in
diverse body fluids (tears, aqueous humor, plasma) during the present study.

We have successfully identified the following: MDA, IL6, IL-8, CASP3, PARP-1, and BDNF.
All these can be considered potential molecular biomarkers for POAG diagnosis, as well as for the
future design of new and more efficient POAG diagnostic tools and biotherapies.
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