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Abstract: Polyphenols, with anti-oxidant properties, counteract oxidative stress effects. Increasing
evidence has found oxidative stressto be the main risk factor for trabecular meshwork (TM) damage,
leading to high-tension glaucoma. Topical anti-oxidants could represent a new target for glaucoma
treatment. Our aim is to investigate the protective mechanisms on a human TM culture of a patented
polyphenol and fatty acid (iTRAB®)formulation in response to oxidative stress using an advanced
invitromodel consisting of 3D-human TM cells, embedded in a natural hydrogel, and a milli-scaled
multi-organ device model for constantdynamic conditions. The 3D-human TM cells(3D-HTMCs)
were treated daily with 500 µM H2O2or 500 µM H2O2and 0.15% iTRAB®(m/v) for 72 h, and molecular
differences in the intracellular reactive oxygen species (iROS), state of the cells, activation of the
apoptosis pathway and NF-kB and the expression ofinflammatory and fibrotic markers wereanalyzed
at different time-points.Concomitant exposure significantly reduced iROS and restored TM viability,
iTRAB® having a significant inhibitory effect on the apoptotic pathway, activation of NF-κB, induction
of pro-inflammatory (IL-1α, IL-1ß and TNFα) and pro-fibrotic (TGFβ) cytokines and the matrix
metalloproteinase expressions. It is clear that this specific anti-oxidant provides a valid TM protection,
suggesting iTRAB® could be an adjuvant therapy in primary open-angle glaucoma (POAG).

Keywords: iTRAB®; 3D-advanced culture model; dynamic culture conditions; trabecular meshwork;
oxidative stress; glaucoma; polyphenols; milli-fluidic technology

1. Introduction

Polyphenols are the secondary metabolites of plants with natural antioxidants and neuro-protective
properties. They belong to a family of about 5000 organic molecules present in plants, fruit,
legumes, olive oil and nuts. Their application has been proven to be useful both for preventing
the oxidation of biological molecules and for eliminating free radicals [1]. Indeed, recent research
reported that polyphenols are involved in biochemical, cellular, and epigenetic modifications and
are capable of modulating several cellular processes (e.g., redox homeostasis), as well as gene
expression [2]. In particular, polyphenols contribute to mitochondrial restoration, improving the redox
state homeostasis and inhibiting the trigger of the apoptosis pathway [3]. Moreover, they modulate the
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immune response due to their anti-inflammatory properties which down-regulate pro-inflammatory
cytokines, such as IL1, TNFα and IL6 [4,5].

It has been reported that polyphenol mixtures result in greater level of protection againstoxidative
damage in comparison to a single typology of anti-oxidant molecules, probably due to the synergistic
action of anti-oxidant properties exerted by different molecules [6–8].

As is known, the drawback of an organism being aerobic is the forced reactive oxygen species
(ROS) production. Indeed, even though physiological levels of ROS play a central role in redox
signaling, including cell proliferation, differentiation, migration and angiogenesis, as well as the
activation of enzymatic defense systems controlled either by NRF2 or NF-kB [9,10], elevated ROS
formation leads to lipid, protein, nucleic acid and organelle damage. The regulation of local sub-cellular
ROS concentration depends on the efficiency of generator and removal systems. Unfortunately, natural
aging is characterized by the presence of senescent cells in organs, which in causing alterations in ROS
homeostasis, promote tissue dysfunction. Therefore, the failure of ROS control systems results in an
increased presence of pro-inflammatory cytokines, degradative proteases and growth factors which
predispose to various diseases including glaucoma [11,12].

The trabecular meshwork (TM) is the most sensitive tissue of the ocular anterior chamber to
oxidative stress-derived damage [13]. Therefore, it is not surprising that, once damaged, the TM is
no longer able to regulate the intraocular pressure (IOP) in a conventional outflow pathway [14,15].
Thereby, the damage of TM acts as a starting point of high-tension glaucoma onset. Glaucoma is a
multi-factorial neurodegenerative disease which leads to irreversible blindness. Scientific evidence
supports the view that oxidative stress controls and modulates many stages of glaucoma, from its
onset to its progression [3,16,17]. Either an increase in ROS production or a decrease in scavenging
antioxidants promotes cellular damage which is responsible for the non-specific immune response
activation.This activation increases the initiating pro-inflammatory cytokines (i.e., IL1 and TNF),
triggers NF-kB signaling, thus resulting in a condition of chronic inflammation in such a way as to
promote further glaucoma-related degeneration [18].

Among TM dysfunctions, the reduction of its cellularity [19], the accumulation of pro-inflammatory
cytokines [20] and the loss of extracellular matrix (ECM) turnover [21], are amongst the main
reasons for the alteration of its barrier function and consequently, for the increase of IOP [22–24].
However, the clinical trend is to lower the IOP, either by anti-hypertensive drugs or surgical practices
for slowing down or stopping the glaucoma progression, real therapeutic success in the protection of
the patient’s sight has not yet been reached [25,26].

Moreover, both progressive functional and gene expression alterations of TM cells lead to profound
changes in the aqueous humor proteome [14]. Therefore, it is conceivable that pro-apoptotic signals,
which lead to ganglion cell death, may derive from damaged TM cells. The TM-derived protein
products, on reaching the posterior segment, could be crucial for the beginning of the glaucomatous
cascade. In particular, these altered proteins could act both as a trigger for inner retinal layer apoptosis,
of which retinal ganglion cells (RGCs) are a part, and as an activator of glia [27].

Therefore, in light of the role of oxidative stress in glaucoma, a therapeutic strategy for glaucoma
treatment could be represented by the use of anti-oxidant compounds, which are able to restore
or prevent the oxidative stress damage, in combination with canonical therapies. In this regard,
several previous studies have shown that phyto-nutrients with a high level of biological power,
e.g., polyphenols, are able to reduce the incidence of oxidative stress-associated diseases including
neurodegeneration [28–31]. For a while now, polyphenols are considered asunconventional glaucoma
treatment in order to suppress the neuro-inflammation process responsible for neuro-degeneration
and RGC loss [3]. Therefore, the TM could represent a new promising therapeutic target in which the
oxidative damage is contrasted by the local enrichment of compounds with antioxidant properties so as
to provide its protection. Unfortunately, the anti-oxidant potential of dietary polyphenols, as possible
sources for TM restoration, is restricted by their poor bio-availability [6]. In order to overcome this
limitation, the use of the right amount of polyphenols may be given by way of eye drops.
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Recently, our research group has set-up an innovative invitro model inclusive of 3D-human TM
cells (HTMC) and millifluidic technology suitable for improving both cell growth and cell-to-cell contact
compared to static culture models [32,33]. In this present work, we have analyzed the anti-oxidant
potential of a registered trademarksolution containing high concentrations of polyphenols and fatty
acids (iTRAB®) in counter-acting oxidative stress damage, using our 3D-advanced invitro model.

2. Material and Methods

2.1. Cell Culture

HTMC and Trabecular Meshwork Growth Medium (TMGM) were acquired from Cell
APPLICATION INC. (San Diego, CA, USA). The proof of the presence of the HTMC phenotype,
also after Dexamethasone treatment, was officially given by the Cell APPLICATION laboratory [34].

HTMCs were grown in TMGM and were maintained at 37 ◦C in a humidified atmosphere
containing 5% CO2. However, before performing experimental treatments, in order to reduce any
Fetal Bovine Serum (FBS) interference on cellular proliferation, HTMCs were cultured in low and
high glucose DMEM (1:1 mix), 2mM L-glutamine, 0.5% gentamicin and 100 µg/mL streptomycin,
w/o FBS—according to Keller et al. [35].

All cell cultures were found to be mycoplasma-free during regular checks with the Reagent Set
Mycoplasma Euroclone (Euroclone®, Milan, Italy).

3D-HTMCs were obtained by suspending 5 × 105 cells in 200 µL Corning®Matrigel® Matrix
(Corning Life Sciences, Tewksbury, MA, USA), and quickly seeded in bioreactor LiveBox1 (LB1)
(IVTechS.r.l.,Massarosa, Italy) culture chambers [32]. After polymerization at 37 ◦C, 1 mL of culture
media was added and then replaced with fresh medium 24 h later. The cells were then maintained
under dynamic conditions for 72 h.

The dynamic culture conditions were obtained from a sophisticated model of milli-scaled
multi-organ devices (IVTech, srl) in a single flow configuration (LB1, IVTechsrl) [36]. This device is
described elsewhere [33].

After 24 h following seeding, the 3D-HTMCs were connected to the complete circuit (see Figure 1
in Saccà et al. 2020 [33] for the complete circuit diagram). The cell medium within the LB1 was replaced
daily, while the amount of cell medium in the mixing bottle was adequately filled to avoid any nutrient
depletion during the 72 h of experimental conditions. Moreover, the medium flow was maintained at
the constant rate of 70 µL/mL to promote both cell survival and uniform cell distribution, as well as to
overcome Matrigel® degradation over time.

2.2. Experimental Conditions

The effects of iTRAB®, a concentrated mixture of polyphenols (≥2.5%) from Perilla frutescens [37]
(Figure S1), on the 3D-HTMCs were investigated after prolonged oxidative stress conditions.

iTRAB®, which is the active principle of commercial DRAIN drops®,was dissolved directly into
the growth medium w/o FBS and 1% DMSO (v/v) at the same concentration (0.15% m/v) as that in
DRAIN drops®.

The 3D-HTMCs were exposed in static conditions, once a day for 2 h to 500 µM H2O2 and parallel
cultures were treated with 0.15% iTRAB®(m/v) for another 2 h. Next, the HTMCs were cultured under
dynamic conditions for 20 h to promote cell recovery [38,39]. These experimental conditions were
repeatedfor 72 h.

At each end point, the 3D HTMCs were freed from the Matrigel® by Corning Cell Recovery
(Corning Life Sciences, NY, USA, USA), according to the manufacturer’s instructions.

2.3. DCF Assay

The anti-oxidant efficacy of iTRAB® was evaluated on 3D HTMCs treated, as above mentioned,
by dichlorofluorescein (DCF) assay in terms of ROS production.
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Briefly, the 3D HTMCs were exposed to non-fluorescent 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA, Thermo Fisher Scientific Inc., Monza, Italy, Italy), which is able to permeate the plasma
membrane and is reduced to the highly fluorescent 2′,7′-dichlorofluorescein [40]. The experiments
were performed as described elsewhere [32] and each condition was analyzed 6 times. DCF emission
was recorded at 2hours on a fluorescent plate reader at excitation and emission wavelengths of 485 and
520 nm, respectively. The fluorescence intensity was extrapolated after subtracting the blank (Matrigel
plus medium plus DCF) and the data wereexpressed as percentages of relative fluorescence units of
treated vs. untreated HTMC cultures.

2.4. Alamar Blue Assay

During the experimental procedures, the healthy state of the 3D-HTMCs was monitored daily
by AlamarBlue (AB) assay (InvitrogenTM, Thermo Fisher Scientific Inc., Monza, Italy) within the last
4 hour of incubation of the 20 hour of recovery time, according to the manufacturer’s instructions.
Specifically, 10% AB solution (v/v) was added to the 3D-culture after 4 hours of incubation and
then the resazurin reduction was quantified spectrophotometrically at wavelengths of 570 and
630 nm. The results were expressed as a number-fold of viability index changes of treated vs.
untreated 3D-HTMCs.

2.5. Western Blotting

Cell lysates were collected using RIPA buffer (Sigma Aldrich S.r.l., Milan, Italy) adding a protease
inhibitor cocktail (Complete Tablets, Roche Diagnostic GmbH, Mannheim, Germany) and sonicated until
solubilized. Samples were mixed with 4x Laemmli loading buffer (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and loaded onto 4–20% Tris-Glycine Gels (Bio-rad), and electrophoresis was performed for
50 min at 200 V. The protein was then transferred to a polyvinylidenedifluoride membrane (Thermo
Scientific, Rockford, IL, USA) and probed overnight with the primary anti-bodies phospho-NF-kB p65,
Ser 536 (Cell Signaling Technology, Danvers, MA, USA) and GAPDH (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), followed by incubation with HRP-conjugated secondary antibodies (NA9340V and
NA931V, against rabbit and mouse primary antibodies, respectively, Amersham Life Science, Milan,
Italy).The proteins were detected by Western BrightTM ECL (Advansta, CA, USA), exposed to film
and analyzed using a BIORAD Geldoc 2000. The presented data werecalculated after normalization
with GAPDH. Densitometrical data obtained from Quantity One software (Bio-Rad) wereapplied for
statistical analysis and normalized against the housekeeping GAPDH. The results were expressed as a
number-fold vs. untreated cultures, respectively.

2.6. qPCR

Primers and probes for human IL1α, IL1β, IL6, TNFα, TGFβ, SPARC, MMP1, MMP3 and HPRT-1
were designed using the Beacon Designer 7.0 software (Premier Biosoft International, Palo Alto, CA,
USA) and obtained from TibMolBiol (Genova, Italy). The sequences of PCR primers are listed in
Table 1.

Table 1. Primer sequences used for real-time quantitative polymerase chain reaction analysis.

Gene GenBank F R

IL1α NM_000575.4 CAATCTgTgTCTCTgAgTATC TCAACCgTCTCTTCTTCA
IL1β NM_000576.2 TgATggCTTATTACAgTggCAATg gTAgTggTggTCggAgATTCg
IL6 NM_001318095.1 CAgATTTgAgAgTAgTgAggAAC CgCAgAATgAgATgAgTTgTC

TNFα NM_000594.4 GTGAGGAGGACGAACATC GAGCCAGAAGAGGTTGAG
TGFβ2 NM_001135599.3 AACCTCTAACCATTCTCTACTACA CgTCgTCATCATCATTATCATCA
SPARC NM_003118.4 ATggTTCCTgTAAgCACTAA TgAATgAATgAATgAATgAATgAC
MMP1 NM_001145938.1 ggTgATgAAgCAgCCCAgATg CAgAggTgTgACATTACTCCAgAg
MMP3 NM_002422.5 TAATAATTCTTCACCTAAgTCTCT AgATTCACgCTCAAgTTC
HPRT-1 NM_000194.3 GGTCAGGCAGTATAATCCAAAG TTCATTATAGTCAAGGGCATATCC
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The total RNA was extracted using the RNeasyMicro Kit (Qiagen, Milan, Italy), according to the
manufacturer’s instructions. A NanoDrop spectrophotometer (Nanodrop Technologies, Wilmington,
DE, USA) was used to quantify the RNA. Then, 150 ng per sample of cDNA was synthesized by using
the SuperScriptTM III First Strand Synthesis System (Thermo Fisher Scientific, Monza, Italy, Italy).
Each PCR reaction was performed as described elsewhere [32].

Data analyses were obtained using the DNA Engine Opticon® 3 Real-Time Detection System
Software program (3.03 version) (Bio-Rad, Milano, Italy, Italy) and, in order to calculate the relative
gene expression, compared to an untreated (control) calibrator sample, the comparative threshold Ct
method [41], relative to that of the HPRT1 (the internal control), was used within the Gene Expression
Analysis for iCycleriQ Real Time Detection System software (Bio-Rad, Milano, Italy, Italy) [42].

2.7. Apoptosis Array

The apoptosis pathway analysis was performed, as reported earlier [32], by the Human Apoptosis
Antibody Array C1 (RayBio®; Norcross, GA, USA) in order to detect the difference between the
43-human protein expression patterns in tested cells (Table 2).

Table 2. The mini map of the Human Apoptosis Array C1 (according to RayBio® manufacturer’s
manual).

A B C D E F G H I J K L M N

1
POS POS NEG NEG Blank Blank bad bax Bcl2 Bcl2-w BID BIM Caspase3 Caspase8

2

3
CD40 CD40L cIAP2 CytoC DR6 Fas FasL Blank Hsp27 Hsp60 Hsp70 HTRA2 IGF1 IGF24

5
IGFBP1 IGFBP2 IGFBP3 IGFBP4 IGFBP5 IGFBP6 IGF-1R Livin P21 P27 P53 SMAC Survivn TNF RI6

7
TNF RII TNFα TNFβ TRAIL R1 TRAIL R2 TRAIL R3 TRAIL R4 XIAP Blank Blank NEG NEG POS POS8

The intensity of the protein array signals was analyzed using a BIORAD Geldoc 2000 and each
protein spot was normalized against Positive Control Spots printed on each membrane.

The data analysis was conducted according to the Protocol instructions of the Human Apoptosis
Array C1, and the relative protein expression on different arrays was extrapolated by using the
algorithm according to Human Apoptosis Array C1 protocol.

2.8. Statistical Analysis

Data are means ± standard deviation (SD) of the mean of at least three independent experiments.
The results were analyzed using a two-way analysis of ANOVA for a single comparison or a two-way
analysis of ANOVA variance followed by Bonferroni post-test for multiple comparisons. The GraphPad
Prism for Windows-version 5.03 and GraphPad Software, Inc. (La Jolla, CA, USA) was used.
Statistically significant differences were set at p < 0.05; p < 0.01; p < 0.001.

3. Results

3.1. ROS Production (Fluorimetric DCF Assay)

The amount of ROS from 3D-HTMCs treated with 500 µM H2O2has only been observed to be
higher by about 300% compared to either untreated 3D-HTMCs (p < 0.001) or those treated with
500 µM H2O2 and iTRAB® (p < 0.001). (Figure 1A).
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Figure 1. Reactive oxygen species (ROS) Production and Viability. (A) ROS production. Dichlorofluorescein
(DCF) assays were performed after 2 h of experimental procedures. (B) Viability index. Viability indices
were performed by Alamar blue assay. Data areexpressed as % vs. untreated (U.T) 3D-human trabecular
meshwork cells (3D-HTMCs) and represent the mean ± standard deviation (SD) of 3 independent
experiments. ***,** treated 3D HTMCs vs. UT; @ H2O2-treated vs. H2O2+iTRAB-treated 3D HTMC.
***/@ p < 0.001;** p < 0.01 (Two-way ANOVA followed by Bonferroni’s test).

3.2. Viability Index (Alamar Blue Assay)

The viability of H2O2-treated 3D-HTMCs was significantly decreased (p < 0.001), starting with
the 2nd exposure to the stressor. Conversely, the co-treated (H2O2 plus iTRAB®) 3D-HTMCs showed a
time-dependent cell viability restoration at the same time points (Figure 1B).

3.3. Apoptosis Pathway (Human Apoptosis Antibody Array C1)

In order to corroborate the data from the viability assay, the expression of both pro-apoptotic and
anti-apoptotic proteins were analyzed after the 2nd day of experimental exposures.

As shown in Figure 2A, a significant increase in the pro-apoptotic protein levels (Figure 2A) was
found to a greater extent in H2O2-treated 3D HTMCs compared to the co-treated (H2O2 plus iTRAB®)
3D-HTMCs. However, whereas H2O2-treated 3D-HTMCs did not show changes in their anti-apoptotic
protein levels (Figure 2B), in co-treated 3D-HTMCs, a significant increase in xIAP, survivin, IGFR, IGF 1
and cIAP levels wasobserved.

3.4. Western Blot

In our previous work, we proved that, in this in-vitro model, a stable activation of the NF-kB
protein occurs after the 3rd exposure to chronic oxidative stress [32,33]. Therefore, based on such
timing, we investigated the effects of iTRAB® on the phospho-NF-kB p65 sub-unit modulation.

As reported in Figure 3, the levels of NF-kB significantly decreased (p < 0.05) in the 3D-HTMCs to
which iTRAB®was added, demonstrating its anti-inflammatory effect.



J. Clin. Med. 2020, 9, 3584 7 of 14

J. Clin. Med. 2020, 9, x FOR PEER REVIEW 8 of 15 

 

 

Figure 2. Apoptosis Array.Analysis of pro- and anti- apoptotic protein levels (A,B, respectively) in 

3D-HTMCs, cultured under dynamic conditions, were performed both after the 2nd exposure of only 

500 µM H2O2and co-treatment with iTRAB and 500 µM H2O2,by Human Antibody Array C1 

(RayBio C-series). The black dotted line represents the protein level of untreated (U.T.) 3D human 

trabecular meshwork cells (HTMCs) for each protein examined. The anti-apoptotic pattern represents 

only the data related to those proteins that showed significant different levels compared to U.T. and 

H2O2-treated. Three separate conditions were arrayed and for each experiment, the intensity of 

Positive Control Spot was used to normalize signal responses for a comparison of results across 

multiple arrays. a, b, c, treated 3D HTMCs vs. UT; @, + H2O2-treated vs. H2O2+iTRAB-treated 3D 

HTMC. a/+ p < 0.001; b p < 0.01; c/@ p < 0.05 (Two-way ANOVA followed by Bonferroni’s test).  

3.4. Western Blot  

In our previous work, we proved that, in this in-vitro model, a stable activation of the NF-kB 

protein occurs after the 3rd exposure to chronic oxidative stress [32,33]. Therefore, based on such 

timing, we investigated the effects of iTRAB on the phospho-NF-kB p65 sub-unit modulation.  

As reported in Figure 3, the levels of NF-kB significantly decreased (p < 0.05) in the 3D-HTMCs 

to which iTRAB® was added, demonstrating its anti-inflammatory effect.  

 

Figure 3. Western Blot Analysis. (A) The figures depicted are representative of at least three similar 

immunoblot analysis of NF-kB (p65), p-NF-kB (p65) protein levels in untreated 3Dhuman trabecular 

meshwork cells (HTMCs) and treated 3D HTMCs (H2O2/H2O2+ iTRAB® ). GAPDH was used as an 

Figure 2. Apoptosis Array.Analysis of pro- and anti- apoptotic protein levels (A,B, respectively) in
3D-HTMCs, cultured under dynamic conditions, were performed both after the 2nd exposure of
only 500 µM H2O2and co-treatment with iTRAB® and 500 µM H2O2,by Human Antibody Array C1
(RayBio® C-series). The black dotted line represents the protein level of untreated (U.T.) 3D human
trabecular meshwork cells (HTMCs) for each protein examined. The anti-apoptotic pattern represents
only the data related to those proteins that showed significant different levels compared to U.T. and
H2O2-treated. Three separate conditions were arrayed and for each experiment, the intensity of Positive
Control Spot was used to normalize signal responses for a comparison of results across multiple arrays.
a, b, c, treated 3D HTMCs vs. UT; @, + H2O2-treated vs. H2O2+iTRAB-treated 3D HTMC. a/+ p < 0.001;
b p < 0.01; c/@ p < 0.05 (Two-way ANOVA followed by Bonferroni’s test).
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Figure 3. Western Blot Analysis. (A) The figures depicted are representative of at least three similar
immunoblot analysis of NF-kB (p65), p-NF-kB (p65) protein levels in untreated 3Dhuman trabecular
meshwork cells (HTMCs) and treated 3D HTMCs (H2O2/H2O2+ iTRAB®). GAPDH was used as
an internal control for equal protein loading on the gel. (B) NF-kBp65 activation was evaluated
in 3D-HTMCs after the 3rd exposure of 500 µM H2O2 only and co-treatment with iTRAB® and
500 µM H2O2. The analysis was performed by immunoblotting and the bars represent the ratio of
phosfoNF-kBp65/NF-kBp65, and are expressed as % vs. untreated HTMC cultures. Data represent
the mean ± standard deviation (SD) of 3 independent experiments. The black dotted line represents
the protein level of the untreated HTMC. *** treated 3D HTMCs vs. untreated (U.T.); @H2O2-treated
vs. H2O2+iTRAB-treated 3D HTMC. *** p < 0.001; @ p < 0.05 (Two-way ANOVA followed by
Bonferroni’s test).
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3.5. Gene Expression Analysis

The last analysis concerned the ability of iTRAB® to modulate the gene expression of 3D-HTMCs
simultaneously when subjected to an oxidative stress condition. Thus, the differences in gene
expression of pro-inflammatory and pro-fibrotic markers, as well as metalloproteases (MMP1 and 3),
were analyzed.

As shown in Figure 4A–C, only the 500 µM H2O2 effect triggered the inflammation pathway,
according to the NF-kB analysis. Indeed, a significant up-regulation of pro-inflammatory IL1β
(p < 0.001), pro-fibrotic TGFβ (p < 0.05), as well as MMP1 and MMP3 (p < 0.001), was already detected
after the 2nd H2O2 exposure. However, after the 3rd H2O2 exposure, an increase in the other
pro-inflammatory cytokines evaluated (IL1α, IL6 and TNFα) was observed, compared both to the
untreated (p < 0.001) and co-treated cultures (p < 0.05). In spite of the increase in TGFβ, the SPARC
expression did not show any significant modulation by the H2O2-treatment.
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Figure 4. qPCR Analysis.Gene expression analysis was performed on 3D-human trabecular meshwork
cells (HTMCs)HTMCs after the 2nd and 3rdexposure of 500 µM H2O2 only and co-treatment with
iTRAB® and 500 µM H2O2. (A) IL1α, IL1β, IL6, TNFα; (B) TGFβ and SPARC; (C) MMP1 and MMP3.
Data are expressed as fold-increases relative to untreated cultures at the same end-point and normalized
to HPRT1 housekeeping gene expression. The black dotted line represents the gene level of untreated
3D HTMCs for each gene examined. Each bar represents the mean ± standard deviation (SD) of three
independent experiments performed in triplicate. ***, **, * treated 3D HTMCs vs. untreated (U.T.);
+, @ H2O2-treated vs. H2O2+iTRAB-treated 3D HTMC. ***/+ p < 0.001; ** p < 0.01; */@ p < 0.05 (Two-way
ANOVA followed by Bonferroni’stest).

Conversely, the experimental conditions, in which iTRAB® was administered to counteract any
oxidative stress damage, showed a significant down-regulation of the above-mentioned markers,
starting from the 2nd3D-HTMC exposure.

4. Discussion

The pathogenesis of high-tension glaucoma is characterized by oxidative stress, an elevated IOP,
inflammation, an increase in ECM deposition in the outflow pathway, TM senescence, and the loss of
RGCs [14,15,22,43]. In particular, a lack of an adequate anti-oxidant response, capable of counteracting
the ROS production, seems to be the first issue related to typical TM dysfunction found in this form of
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glaucoma. Moreover, the World Health Organization (WHO) estimates that oxidative stress represents
the basis for 60% of all cases of age-related blindness, including cataracts and glaucoma [44].

Currently, the only glaucoma therapeutic intervention aims to lower IOP, which does not provide a
complete protection from blindness, without taking into account other possible targets [26]. In addition,
the IOP-reduction with medication, except for Timolol and Dorzolamide which have antioxidant
properties [45], neither restricts nor improves the oxidative stress rate [46]. Therefore, there is a need
for identifying new compounds which are able to act in a therapeutic way on the several mechanisms
involved in this disease.

As is known, the low anti-oxidant levels found in glaucoma patients promote an oxidative
stress condition which is actually involved in glaucoma pathogenesis [22]. In fact, oxidative stress is
responsible for the inflammatory condition which leads to TM damage and consequently to an outflow
dysfunction [47]. In this regard, previous studies have evaluated the effect of several anti-oxidant
compounds (i.e., polyphenols, carotenoids, resveratrol, vitamin E and N-acetylcysteine) in order to
prevent or to counteract glaucoma [20,26,37,48,49]. In particular, the protective role of polyphenols
towards the free radical attacks that affect TM has emerged, providing a greater chance of long-term
visual function maintenance [1]. Indeed, these novel glaucoma approaches aim to protect the TM
functionalityfrom oxidative damage for as long as possible. However, polyphenols (i.e., flavonoids),
acquired from our diet, in addition to having a poor bio-availability, exert their protective effects
mainly in the gastrointestinal tract [50]. Therefore, in the ophthalmology field, for instance, the topical
application of polyphenolsis strongly recommended in order to increase their therapeutic efficacy.

Saccà et al. (2019) have already demonstrated the effectiveness of the anti-oxidant iTRAB®, that is
the active principle of DRAIN drops®, in two-dimensional TM cells subjected to chronic oxidative
stress [37].

In this present work, we have evaluated the anti-oxidant and anti-inflammatory properties of
iTRAB®in counteracting prolonged oxidative stress with an innovative invitro model of HTMC, which
combines the three-dimensional culture model (3D) with bioreactor technology [33] in order to better
mimic the physiological cell behavior.

3D-HTMCs, which, in addition to 500 µM H2O2, were treated with iTRAB® showed both a
significant decrease of ROS production (Figure 1A) and an increase in the viability index (Figure 1B)
compared to the 3D-HTMCs exposed to only 500 µM H2O2 [20,37,48]. These results highlight
the anti-oxidant activity of iTRAB®. Moreover, the protective effects of iTRAB®also extend to an
anti-apoptotic role: in fact, the levels of the pro-apoptotic proteins in 3D-HTMCs, exposed to both
500 µM H2O2 and iTRAB®, were significantly decreased, whereas the anti-apoptotic proteins were
increased (Figure 2). The anti-inflammatory properties of iTRAB® were investigated in 3D-HTMCs
through its ability to modulate the increase in pro-inflammatory (i.e., IL-1α, IL-1β, IL-6, and TNF-α)
and pro-fibrotic cytokines, as well as MMPs which are known to be associated with glaucoma [51,52].

In our 3D-Model, the exposure of TM cells to only oxidative stress led to an increase in
pro-inflammatory and pro-fibrotic cytokines and MMP gene expression [51–54] (Figure 4A–C).

Although the presence of pro-inflammatory cytokines, relating to the eyes, is considered a
glaucoma risk factor, in some cases (e.g., laser trabeculoplasty), pro-inflammatory cytokines can
be involved in the outflow regulation, acting in synergism to increase the ECM turnover via
MMPs [55]. After these preliminary considerations, it can be concluded that the chronic induction
of pro-inflammatory cytokines, due to oxidative stress, contributes to glaucoma progression [56].
Indeed, TNFα up-regulation, for instance, is responsible for RGC death [57], whereas chronic IL6
activation contributes to worsening the trabecular tissue motility [58].

In our model, IL-1β mRNA expression was just significantly increased (p < 0.001) after the 2nd
exposure to oxidative stress. However, the expressions of the other pro-inflammatory cytokines became
significant only after the 3rd H2O2 exposure, maybe due to the triggering of an adaptive mechanism
similar to those found in-vivo to counteract early oxidative-related damage [22,52].
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This assumption was also supported by the increase in phospho-NF-kB p65 sub-unit levels
(Figure 3) after the 3rd exposure to H2O2, according to our previously reported data [7,22].

In contrast, 3D-HTMCs, co-treated also with iTRAB® showed significant reductions in
both the phospho-NF-kB p65 sub-unit levels and the pro-inflammatory cytokine expression
(p < 0.05). Therefore, it is reasonable to assume that iTRAB®anti-oxidant activity is reflected in
an anti-inflammatory activity, since a decrease in the inflammatory mediators wasobserved.

Furthermore, TGFβ and metalloproteinase (MMP) gene expressions were investigated since they
are involved in the characteristic TM malfunctioning, that is an impairment of the ECM metabolism
and in increase in the aqueous outflow resistance [54,59,60].

As is known, the increase in the outflow resistance, found in primary open-angle glaucoma
(POAG), is mainly driven by TGF-β because it is involved in both the alterations of the TM extracellular
matrix homeostasis and TM cell contractility [61]. Moreover, in order to obtain further and more
complete information, also the levels of SPARC, a matricellular protein which controls, and, in turn,
is controlled by TGF-β, were analysed.

However, during H2O2 exposure, we observed a more marked increase of the TGF-β gene,
and no significant change inSPARC expression was detected. However, the experimental conditions,
which also included iTRAB®, was able to reduce the TGF-β levels (p < 0.01).

Therefore, we can speculate that, in our experimental conditions, TGF-β exerts a role as a key
regulator of the cell–matrix interactions [62]. In our platform, chronic activation of IL6, due to oxidative
stress, did not repress the TGF-signaling [53] but, on the contrary, its effect resulted in an increase in
outflow resistance with a 3D-HTMC-contractility alteration [61].

In addition, as a result of oxidative stress-induced tissue alteration, an increase in MMP1 and
MMP3 wasfound [63]. These two MMPs, which are, respectively, a collagenase [64] and a proteolytic
enzyme [65], are important for ECM synthesis and its degradation.

Therefore, as a result of oxidative stress, the TM suffered, leading both to ECM alterationand its
motility reduction, as observed in glaucoma.

Thus, the significant down-regulation of TGFβ and MMPs found in 3D-HTMCs, treated with both
oxidative stress and iTRAB®, suggests that iTRAB® also has a prospective role in modulating several
gene expressions of genes involved in OS-induced TM damage.

In conclusion, our invitro 3D-advanced human model of TM, in providing a precise control of
experimental conditions to better simulate the cell invivo micro-environment, enables the study of
early oxidative stress-induced TM-alterations. Indeed, we have already demonstrated that prolonged
oxidative stress-conditions induce the 3D-HTMCs to activate the inflammatory pathway rather than
apoptosis [33]. Thus, in this present work, we proposed the same invitro platform as a useful tool in
evaluating the anti-inflammatory and anti-oxidant effects of iTRAB® as an important formulation
to counteract OS-induced TM damage. In fact, the resulting data haveshown that the protection
provided by the TM could represent a possible therapeutic target. Finally, iTRAB®, since being able
to restore the TM that is the main outflow tract, could be used in combination with conventional
IOP-lowering therapy.

We firmly believe that further developments of this model will lead to a better characterization of
initial glaucomatous damage.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/11/3584/s1,
Figure S1: The iTRAB® characterization using LC/MS as an analytical methodology.
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