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ARTICLE INFO ABSTRACT

Keywords: The purpose of this study was to evaluate the neuroprotective effects of omega-3 polyunsaturated fatty acid (w3-
DBA/2J PUFA) supplementation, alone or in combination with timolol eye drops, in a mouse model of hereditary
Glaucoma_ glaucoma. DBA/2J mice (8.5-month-old) were assigned to an w3-PUFAs + timolol, ®3-PUFAs only, timolol
I“ﬂammatlonv only, or an untreated group. Treated mice received a daily gavage administration of eicosapentaenoic acid (EPA)
gz:;z:temon and docosahexaenoic acid and/or topical instillation of timolol (0.5%) once a day for 3 months. Blood was

analysed regularly to determine w3-PUFA levels and retinas were histologically analysed. Real-time PCR and
Western blot were performed for retinal pro-inflammatory cytokines and macrophages. Blood arachidonic acid/
EPA ratio gradually decreased and reached the desired therapeutic range (1-1.5) after 4 weeks of daily gavage
with w3-PUFAs in the ®w3-PUFAs + timolol and w3-PUFAs only groups. Retinal ganglion cell densities were
significantly higher in the w3-PUFAs + timolol (1303.77 + 139.62/mm?), ®3-PUFAs only (768.40 + 52.44/
mm?) and timolol only (910.57 = 57.28/mm?) groups than in the untreated group (323.39 + 95.18/mm?).
®3-PUFA supplementation alone or timolol alone, significantly increased protein expression levels of M1
macrophage-secreted inducible nitric oxide synthase and M2 macrophage-secreted arginase-1 in the retina,
which led to significant decreases in the expression levels of tumour necrosis factor-a (TNF-a). w3-PUFA sup-
plementation alone also resulted in significantly reduced expression of interleukin-18 (IL-18). w3-
PUFA + timolol treatment had no effect on the expression level of any of the aforementioned mediators in the
retina. Supplementation with w3-PUFAs has neuroprotective effect in the retinas of DBA/2J mice that is en-
hanced when combined with timolol eye drops. The continued inflammation following w3-PUFAs + timolol
treatment suggests that downregulation of IL-18 and TNF-a may not be the only factors involved in w3-PUFA-
mediated neuroprotection in the retina.

Eicosapentaenoic acid
Retinal ganglion cell

1. Introduction

Glaucoma is a neurodegenerative disease characterized by the
progressive death of retinal ganglion cells (RGCs) and excavation of the
optic nerve head (ONH) (Quigley, 1993, 1999). Glaucoma is the second
leading cause of irreversible blindness, and affects 60 million people
worldwide. The number of patients with glaucoma is predicted to in-
crease to 79.6 million by the year 2020 (Quigley and Broman, 2006).
Pigmentary glaucoma is a common type of secondary glaucoma char-
acterized by the disruption of the posterior iris-pigment epithelium and
dispersion of the pigment throughout the anterior segment and the

trabecular meshwork, resulting in a decrease in aqueous outflow and a
subsequent increase in intraocular pressure (IOP) (Campbell and
Schertzer, 1995; Sowka, 2004). Several risk factors, especially age and
elevated IOP, play crucial roles in glaucoma development (Gordon
et al., 2002; Ahmed et al., 2004). However, the exact relationship be-
tween IOP and glaucoma remains unclear; not all people with elevated
IOP develop glaucoma, while even those with normal IOP can develop
the disease (Heijl et al., 2002).

Low-grade inflammation is involved in the pathogenesis, develop-
ment and progression of glaucoma, and is directly associated with RGC
degeneration (Yan et al., 2000; Yuan and Neufeld, 2000; Tezel et al.,
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2001; Zhou et al., 2005; Nakazawa et al., 2006; Vohra et al., 2013; Chi
et al., 2014). Numerous studies have indicated that the immune system
is involved even before the normal signs of glaucoma begin, and have
suggested that elevated IOP might act later as an additional factor that
aggravates disease progression (Zhou et al., 2005; Fan et al., 2010).
These findings suggest that pro-inflammatory tumour necrosis factor-a
(TNF-a)-, interleukin-18 (IL-18)- and interleukin-13-mediated cell
death is involved in the neurodegeneration process, and suppression of
inflammation may provide a novel therapeutic target for neuroprotec-
tion in glaucoma treatment.

To date, the only therapies that can improve or halt the deteriora-
tion of vision in patients with glaucoma are those that reduce IOP via
topical instillation of anti-glaucoma eye drops, laser therapy or invasive
surgery (Conlon et al., 2017). Currently, the most common anti-glau-
coma eye drops are topical prostaglandin analogues and beta-adre-
noreceptor antagonists such as timolol (Gupta et al., 2008). Therapies
that lower IOP, within normal limits, have been estimated to slow RGC
degeneration by 50-60% (Quigley, 2012). Neuroprotection of RGCs is
thought to be a promising therapeutic strategy directed at preventing
the pathophysiology contributing to RGC death (McKinnon, 1997;
Levin, 2003; Vasudevan et al., 2011; Tian et al., 2015; Levin et al.,
2016; Sena and Lindsley, 2017).

Omega-3 polyunsaturated fatty acids (w3-PUFAs) have been gaining
interest of researchers for the prevention of inflammation and are
considered anti-inflammatory molecules (Meydani et al., 1991; Wallace
et al., 2000; Calder, 2006; Schnebelen et al., 2009, 2011). The resolu-
tion of inflammation is an active process that is primarily driven by
anti-inflammatory and pro-resolving mediators derived from the w3-
PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(Serhan et al., 2004; Nowak, 2010). In contrast, the omega-6 PUFA
arachidonic acid (AA) functions in promoting inflammatory responses,
and is the source of pro-inflammatory prostaglandins and leukotrienes
that induce the production of inflammatory cytokines and leukocyte
chemotaxis. The balance between the pro- and anti-inflammatory
mediators plays a pivotal role in disease progression and the resolution
of inflammation, and can be assessed by looking at the ratio of AA to
EPA in the blood (Serhan et al., 2004; Nowak, 2010; Georgiou and
Prokopiou, 2015).

Several clinical and preclinical studies have shown the protective
effects of w3-PUFAs in a number of ocular diseases, including age-re-
lated macular degeneration (AMD) (Seddon et al., 2001, 2003; Ebert
et al., 2009; Tuo et al., 2009; Ramkumar et al., 2013; Georgiou and
Prokopiou, 2015), age-related maculopathy (Smith et al., 2000), re-
tinitis pigmentosa (Hodge et al., 2006) and optic nerve injury (Peng
et al., 2016), and their link to glaucoma has been a subject of particular
interest over the past decade (Kang et al., 2004; Nguyen et al., 2007;
Garcia-Medina et al., 2015; Tellez-Vazquez, 2016). Interestingly, a
number of studies have demonstrated an inverse association between
w3-PUFA intake and the occurrence of several eye diseases, including
glaucoma (Connor et al., 1992; Cellini et al., 1998; Ren et al., 2006;
Nguyen et al., 2007; Renard et al., 2013). Ren et al. (2006) showed that
levels of EPA and DHA fatty acids in the blood of patients with primary
open-angle glaucoma were lower than those in the blood of their
healthy siblings. Currently, the ratio of AA/EPA in the blood is con-
sidered to be a clinically relevant measurement. Previous studies have
demonstrated that assessing levels of systemic biomarkers such as EPA,
DHA, and AA, provide parameters for the stratification of risks asso-
ciated with inflammatory events, and the AA/EPA ratio is thus a good
index for disease progression and treatment efficacy (Rupp et al., 2004;
Gorusupudi et al., 2016).

Our previous studies investigated the therapeutic potential of ®w3-
PUFAs in rodent models of anterior ischaemic optic neuropathy
(rAION) (Georgiou et al., 2017), dry AMD (Prokopiou et al., 2017) and
Stargardt disease (Prokopiou et al., 2017; reviewed). We recognized the
importance of assessing the blood AA/EPA ratio (1-1.5) so that EPA
and DHA dosages could be adjusted as needed, providing the maximum
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therapeutic effect. The results demonstrated that the neuroprotective
effects of w3-PUFAs included blocking RGC apoptosis and reducing
inflammation, which was achieved via decreased inflammatory cell
infiltration and regulation of macrophage polarization, which in turn
decreased cytokine-induced injury of the optic nerve (Georgiou et al.,
2017). These findings provide important information for the treatment
of patients with the aforementioned ocular pathologies. However, fur-
ther work is needed to examine the therapeutic effects that the w3-
PUFAs have on additional animal models of ocular pathologies that
currently lack therapeutic approaches. Thus, we used the DBA/2J
mouse model of human pigmentary glaucoma to study the therapeutic
effects of 3-PUFA supplementation, used alone or in combination with
timolol, on RGC survival and inflammation.

2. Materials and methods
2.1. Animals

Male and female age-matched DBA/2J mice with hereditary glau-
coma and normal wild-type C57BL/6 mice were used in this study. Mice
were purchased from Charles River Laboratories (Italy) and raised at
the Transgenic Mouse facility at the Cyprus Institute of Neurology and
Genetics (Nicosia, Cyprus). Animal care and experimental procedures
were performed in accordance with the Protection and Welfare of
Animals Law of 1994-2013 and the Protection and Welfare of Animals
(protection of animals used for scientific purposes) regulations of 2013.
In addition, the Cyprus Veterinary Service of the Ministry of
Agriculture, Rural Development and Environment approved all animal
experiments. All manipulations performed on the animals were com-
pleted under general anaesthesia, which was achieved by in-
traperitoneal injection of tribromoethanol (20 ul/g bodyweight; Sigma-
Aldrich, St. Louis, MO, USA). Mice had free access to food and water
and were maintained in cages in an environmentally controlled room
with a temperature of 21 * 1 °C, humidity of 50% * 5%, and a 12-h
light/dark cycle.

2.2. Study design

The DBA/2J mice were assigned to the following treatment groups
(n = 10 males and 10 females per group): ®3-PUFAs + timolol, ®3-
PUFAs, timolol and untreated. All treatments were initiated at the age
of 8.5 months and continued until 11.5 months of age. The mice re-
ceived a daily gavage administration of fish oil (approximately 270 mg/
day, K-D pharma, Germany) and/or topical instillation of timolol
(Nyolol® 0.5% eye drops, Alcon Laboratories, UK) once a day until the
end of the treatment (Fig. 1). The fish oil consisted of purified ethyl
esters rich in EPA (400 mg) and DHA (200 mg) per gram for the liquid
formulation. Blood samples were collected and analysed using a gas
chromatography to determine the AA/EPA ratio. Disease progression
was monitored via IOP measurements and slit lamp biomicroscopy.
Mice were euthanized 1 day after the last treatment by cervical dis-
location. RGC density and microglial activation were evaluated by
immunohistochemistry in retinal whole mounts. mRNA levels of the
pro-inflammatory cytokines IL-18 and TNF-a were measured in retinal
samples by quantitative reverse transcription-polymerase chain reac-
tion (qQRT-PCR). Protein levels of IL-18, TNF-a and classically activated
macrophage (M1) inducible nitric oxide synthase (iNOS) and the al-
ternatively activated macrophage (M2) arginase-1 (Arg-1) were mea-
sured in the retinal samples by Western blot analysis.

2.3. IOP measurements

IOP measurements were performed using a rebound tonometer
(Icare” TonoLab, Helsinki, Finland) on both eyes. Measurements were
taken from all animals between 10:00 a.m. and 11:00 a.m. before
treatment (baseline) and one month later (1 h after the daily treatment
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Fig. 1. Schematic illustration of the study design. w3-PUFAs,
omega-3-polyunsaturated fatty acids; AA, arachidonic acid; EPA,
eicosapentaenoic acid; IOP, intraocular pressure; RGC, retinal
ganglion cell; IHC, immunohistochemistry; WB, western blot; qRT-
PCR, quantitative reverse transcription-polymerase chain reaction.

Q Slit lamp biomicroscopy
DBA/2J mouse | I | I
(8.5 month old) I | ! | month

A

Beginning of treatment

with w3-PUFAs and/or timolol). Briefly, animals were anaesthetized,
and their body temperature was maintained at 37 °C using a heating
pad. Three IOP readings (on average) were recorded for each of the two
eyes, immediately after anaesthesia was administered. Animals were
allowed to recover following completion of the process. The mean IOP
for each eye was averaged to give a single IOP value per animal.

2.4. (Clinical slit lamp biomicroscopy

The DBA/2J mouse is a model of pigmentary glaucoma that exhibits
iris atrophy, pigment dispersion, and transillumination (John et al.,
1998; Chang et al., 1999; Anderson et al., 2002, 2006; Mo et al., 2003).
Slit lamp biomicroscopy was performed at the beginning of the study to
confirm the disease and at the end of treatment to assess any changes.
Briefly, animals were anaesthetized, and their body temperature was
maintained at 37 °C using a heating pad. Both eyes were examined
using a Haag-Streit BQ 900° slit lamp/BQ900 with LED (USA) and
photographed using a 40 X objective lens. The photographs were
analysed by an investigator who was blinded to the treatment groups.

2.5. Fatty acid analysis

2.5.1. Sample preparation for analysis

To determine and maintain the optimum ®w3-PUFAs dosage, blood
samples from the DBA/2J mice who were given fish oil were collected
at baseline and at weeks 1, 2, 4, 8, and 11 (1 h before treatment),
processed for fatty acid separation, and analysed using gas chromato-
graphy (Masood et al., 2005). @3-PUFA dosage was adjusted as needed
so that the blood AA/EPA ratio was within the therapeutic range of
1-1.5. Blood samples were collected on Whatman filter paper and
stored at — 20 °C until the analysis. For each sample, NaOH/MeOH was
added and heated for 1 minat 85°C, and then 14% BF3/MeOH was
added and heated for 7 min at 85 °C. Once the samples reached room
temperature, 0.3 g NaCl was added to ensure complete migration of the
total fatty acid methyl-ester fraction to the organic phase, followed by
1 mL n-hexane. When the samples were separated into the organic and
the aqueous phases, the organic phase was collected, and this process
was repeated three times. To remove any impurities, 0.9 g Na2504 was
added to the samples, which were then centrifuged at 3300 rpm for
5min. The supernatants were collected and dried using an analytical
evaporator at approximately 45 °C under a nitrogen stream. Once dried,
the samples were redissolved in n-hexane and analysed using a gas
chromatography flame-ionization detector (GC-FID).
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2.5.2. GC-FID

GC-FID analysis was performed as previously described (Masood
et al., 2005; Georgiou et al., 2017), using an Agilent GC-6890 system
equipped with an FID. An H, flow rate of 35mL/min and an air flow
rate of 350 mL/min were used. The flow rate of the carrier gas (He) was
set at 2.5 mL/min. The temperatures of the injection port and detector
were set at 280 °C and 300 °C, respectively. The oven temperature was
programmed to initiate at 160 °C for 3 min, increase to 200 °C at a rate
of 20 °C/min, hold for 4 min, and, increase to 250 °C at a rate of 5°C/
min, and finally to be held at that temperature for 23 min. The injection
volume was 1L in the split-less injection mode. A capillary column
(DP-23 fused-silica capillary, 30m X 0.25mm LD. X 0.25pum film
thickness; Supelco, Bellefonte, PA, USA) was employed.

2.6. Immunostaining of retinal whole-mounts

Both eyeballs from each animal were harvested upon euthanasia,
fixed with 2% paraformaldehyde for 2 h at 4 °C, and rinsed three times
with phosphate buffered saline (PBS). The retinas were carefully dis-
sected (n = 16/group), permeabilized with PBS containing 1% Triton-
X-100, and blocked with donkey serum diluted 1:10 in PBS for 1 hat
room temperature. The retinas were then incubated with primary an-
tibodies against either brain-specific homeobox/POU domain protein-
3a (Brn-3a) or ionized calcium binding adaptor molecule-1 (Iba-1)
overnight at 4 °C (Table 1). After washing, the retinas were incubated
with either Alexa Fluor 488 donkey anti-goat IgG or Alexa Fluor 594
donkey anti-rabbit IgG secondary antibodies (1:2000; Invitrogen). After
rinsing in PBS, the retinas were flat mounted on a glass microscope slide
using Dako fluorescence-mounting medium (Dako, Denmark), and im-
aged using a Leica TCS SP5 confocal microscope (Leica, Germany). The
images spanned the nerve fiber layer (NFL)/ganglion cell layer (GCL).
Photographs of fluorescent-labeled cells were taken in 12 standardized
fields of each retinal whole-mount at 40 X magnification. These fields
were located, three (centre, middle, and periphery) in each retinal

Table 1
Primary antibodies used in this study.

Antigen  Host Working Dilution — Manufacturer

Brn-3a Goat 1:200 Santa Cruz Biotechnology, Inc., Germany
Iba-1 Rabbit  1:500 Biocare Medical, USA

1L-18 Rabbit  1:800 BioVision, Inc., USA

TNF-a Goat 1:400 Santa Cruz Biotechnology, Inc., Germany
Arg-1 Rabbit  1:500 Thermo Fisher Scientific, USA

B-Actin ~ Rabbit  1:2000 Cell Signaling Technology, USA
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Table 2
Specific sets of primers confirmed by qRT-PCR.

Gene names Primer Sequences

Tnf-a (F) GTCGTAGCAAACCACCAAGT (R) CTTTGAGATCCATGCCGTTG
II-18 (F) GCCGACTTCACTGTACAACC (R) TCTGGTCTGGGGTTCACTGG
B-actin (F) GCCTTCCTTCTTGGGTATGG (R) CGGATGTCAACGTCACACTT

F, forward primer; R, reverse primer.

quadrant, in both vertical and horizontal meridians. The number of Brn-
3a- or Iba-1-positive cells in each field was counted using ImageJ
software (https://imagej.nih.gov/ij/) by an investigator who was
blinded to the experimental treatment. The total number of Brn-3a- or
Iba-1-positive cells obtained in these fields was averaged to obtain a
mean cell density per retina.

2.7. qRT-PCR

After retinal dissection, total RNA was isolated using a NucleoSpin®
RNA/Protein kit (Macherey-Nagel, USA). The purity and quantity of
each RNA sample were determined by NanoDrop™ 2000
Spectrophotometer (Nanodrop Technologies, Montchanin, DE). The
total RNA sample from each animal (n = 4/group) was reversely
transcribed for 1 h at 42 °C with a ProtoScript(R) II First Strand cDNA
Synthesis Kit according to the manufacturer's standard protocol (New
England Biolabs, UK). qRT-PCR was performed on a ViiA™ 7 Real-Time
PCR System (Applied Biosystems, USA) using a Fast SYBR® Green
Master Mix (Thermo Fisher Scientific, USA). The gene-specific forward
and reverse primers used in this study are listed in Table 2. The ex-
pression levels of each target gene were normalized to those of the
housekeeping gene B-actin (bACTN). Data are reported in relation to
untreated controls.

2.8. Western blot analysis

The total protein was isolated from the dissected retinas using a
NucleoSpin” RNA/Protein kit (Macherey-Nagel, USA). The quantity of
each protein sample was determined by using the Qubit’ protein assay
kit (Thermo Fisher Scientific, USA). A 15-ug protein aliquot from each
animal (n = 4/group) was electrophoresed on 10% or 12% poly-
acrylamide gels and transferred to polyvinylidene-difluoride (PVDF)
membranes. The PVDF membranes were blocked with either milk or
bovine serum albumin (5%) in PBS/0.1% Tween-20 at room tempera-
ture for 1h, and then incubated overnight at 4 °C with primary anti-
bodies against IL-18, TNF-a, iNOS, ARG-1, and f-actin (Table 1). The
blots were then incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibodies-either goat anti-rabbit IgG-HRP antibody

IS
.

AA/EPA ratio

Week

Experimental Eye Research 167 (2018) 128-139

(1:2000; Cell Signaling Technology, USA) or donkey anti-goat IgG-HRP
antibody (1:2000; Santa Cruz Biotechnology, Inc., Germany) for 1 h at
room temperature. Protein signals were visualized with an Enhanced
Chemiluminescence Plus Blotting Detection system (Amersham Bios-
ciences, Buckinghamshire, UK) on a ChemiDoc XRS + imager (Bio-Rad,
USA). Immunoblots were re-probed with primary antibody against f-
actin to confirm that equal amounts of protein were loaded on the
membrane. Density of bands was defined using ImageJ analysis soft-
ware. Data are reported in relation to untreated controls.

2.9. Statistical analysis

All data in this study are expressed as the mean + standard error of
the mean (SEM). Statistical analyses were performed using GraphPad
Prism software (version 5.0; GraphPad Software Inc., La Jolla, CA,
USA). Comparisons between experimental groups were made using one-
way analysis of variance (ANOVA), followed by Tukey's multiple
comparisons test. Student's t-tests were used for comparisons between
two groups. Statistical significance was set atp < .05.

3. Results
3.1. The blood AA/EPA ratio decreased after treatment with w3-PUFAs

To confirm that the AA/EPA ratios stayed within the desired ther-
apeutic range, we analysed the blood using gas chromatography at set
intervals. The blood AA/EPA ratio gradually decreased and reached the
desired therapeutic range after 4 weeks of daily gavage with w3-PUFAs
in the ®3-PUFAs + timolol (4.83 + 0.26 — 1.33 = 0.04, p = .0001)
and ®3-PUFAs (4.27 = 0.17—1.21 = 0.02, p =.0001) groups
(Fig. 2). In contrast, the blood AA/EPA ratio was similar before and
throughout the treatment in the group that received timolol and the
untreated group (mean AA/EPA ratio: 5.08 = 0.14 and 5.13 + 0.13,
respectively).

3.2. Treatment with w3-PUFAs may not delay disease progression in the
anterior part of the eye

To monitor disease progression, we measured the IOP at the be-
ginning of treatment and one month later. We found that IOP decreased
in both groups that received timolol (w3-PUFAs + timolol:
27.03 + 0.69 mmHg — 23.75 * 0.57 mmHg, p < .001; timolol:
27.56 = 0.79 mmHg — 23.00 = 0.59 mmHg, p < .001). In contrast,
IOP was similar before treatment and at the one-month follow-up in the
group that received w3-PUFAs only and the untreated group (w3-
PUFAs: 26.53 = 0.73mmHg — 27.13 = 0.61 mmHg, p = .53; un-
treated: 27.11 * 0.81 mmHg — 27.47 + 0.65mmHg, p = .7354).
Additionally, we monitored mouse body weight once a week. Initially,

Fig. 2. Blood AA/EPA levels. Levels of AA and EPA were de-
termined by gas chromatographic analysis (mean + SEM).
N = 20 for each treatment. The AA/EPA ratio gradually de-
creased from Week 0 to Week 11 after daily gavage with w3-
PUFAs. AA, arachidonic acid; EPA, eicosapentaenoic acid; SEM,
standard error of the mean; w3-PUFAs, omega-3-polyunsaturated
fatty acids.

s+eeee ®3 + timolol

3
= timolol

untreated
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untreated

%

Fig. 3. Glaucomatous progression in the DBA/2J mice was not affected by w3-PUFAs + timolol, 3-PUFAs, or timolol treatment. Representative photographs of iris pigment disease and
transillumination defects on the iris surface of DBA/2J mice treated with w3-PUFAs + timolol, ®3-PUFAs, timolol and untreated. Defects became evident in all treatment groups. w3-

PUFAs, omega-3-polyunsaturated fatty acids.

body weight did not differ significantly between the four groups
(@ = .99). However, minor weight loss was observed in both groups
that received w3-PUFAs (w3-PUFAs + timolol: 28.2 + 0.79 g —
272 *= 0.72 g, p=.3541; w3-PUFAs only: 282 = 0.72g —
27.4 = 0.62g, p = .4063). Slit lamp biomicroscopy indicated that iris
morphology at the end of treatment did not differ across the four groups
(Fig. 3). All DBA/2J mice exhibited severe iris atrophy, pigment dis-
persion, and transillumination. Taken together, these results suggest
that 3-month treatment with w3-PUFAs may not delay disease pro-
gression in the anterior part of the eye.

3.3. All treatments promoted RGC survival

To investigate RGC survival in the DBA/2J mice after treatment
with w3-PUFAs + timolol, ®w3-PUFAs, or timolol, we evaluated the
presence of Brn-3a in whole retinal flatmounts (Fig. 4A). Densities of
Brn-3a-positive cells (RGCs) in the ®3-PUFAs + timolol
(1303.77 *= 139.62/mm?), »3-PUFAs (768.40 + 52.44/mm?), and
timolol (910.57 *+ 57.28/mm?) groups were significantly higher (4,
2.6, and 2.8 times, respectively; p < .01) than those in the untreated
group (323.39 = 95.18/mm?) (Fig. 4B). Subsequent analysis indicated
a significantly higher density of surviving RGCs in the ®3-PUFAs + ti-
molol group than in either of the other treatment groups (69% vs. w3-
PUFAs, p < .05;43% vs. timolol, p < .05). Further, age-matched wild-
type C57BL/6 mice (1500.99 + 156.75/mm?) showed a significantly
higher density of surviving RGCs than the untreated (p < .001), w3-
PUFAs (p < .01), or timolol (p < .05) DBA/2J mice. In contrast, RGC
density in the age-matched C57BL/6 mice did not differ from that in the
®3-PUFAs + timolol group (p = .38). Taken together, these results
suggest that treatment with w3-PUFAs and timolol, administered alone
or in combination, preserves RGC density. Interestingly, treatment with
®3-PUFAs + timolol restores RGC density to wild-type levels.

3.4. None of the treatments affected retinal microglial activation

To investigate the potential effect of the treatments on retinal mi-
croglial activation, we evaluated the presence of Iba-1 (a retinal mi-
croglia-specific calcium adaptor protein linked to activation) in NFL/
GCL of whole retinal flatmounts (Fig. 5A). Iba-1-labeled cells were
evenly distributed throughout the retina in a mosaic-like fashion
without overlap between neighboring cells. Iba-1-labeled microglia
showed diverse morphologic complexity from finely ramified to round
somata with sturdy and simplified processes. In addition to microglial
cells, components of the NFL, including hyalocytes, were labeled and
recognized as round cells without ramification. Quantitative analysis of
Iba-1-positive cells showed that the density of hyalocyte/microglial
cells did not differ across groups (p = .82) (Fig. 5B). These data suggest
that none of the treatments suppress retinal microglial activation;
however, we cannot argue for sure to whether there is activation based
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on cell morphology.

3.5. Treatment with either ©3-PUFAs or timolol reduced the expression of
pro-inflammatory cytokines in the retina

To determine how the treatments affected pro-inflammatory re-
sponses, mRNA and protein-expression levels of IL-18 and TNF-a were
evaluated in the retinal samples using qRT-PCR and Western blot
analysis, respectively. qRT-PCR indicated no significant differences in
mRNA levels for II-18 (p = .68) or Tnf-a (p = .11) across the four groups
(Fig. 6A). In contrast, Western blot analysis indicated that IL-18 pro-
tein-expression levels were significantly lower (1.7-times) in the w3-
PUFAs group than in the untreated group (p < .05) (Fig. 6B). Ad-
ditionally, TNF-a levels were significantly lower in the w3-PUFAs and
the timolol (2.3 and 2 times, respectively) groups than in the untreated
group (p < .001 and p < .001, respectively). Significant increases in
IL-18 and TNF-a protein-expression levels were observed in the w3-
PUFAs + timolol group compared with those in the ®3-PUFAs (IL-18:
p < .0001; TNF-a: p < .001) and timolol (IL-18: p < .01; TNF-a:
p < .001) groups. Taken together, these results indicate that treatment
with either w3-PUFAs or timolol suppresses the expression of pro-in-
flammatory cytokines in the retina. However, ®3-PUFA + timolol
treatment has no effect on the expression level of any of the afore-
mentioned cytokines in the retina.

3.6. Treatment with either w3-PUFAs or timolol reduced the expression of
M1 and M2 macrophages in the retina

The protein levels of the pro-inflammatory M1 and pro-resolving
M2 macrophage markers iNOS and ARG-1 in the retinal samples were
evaluated by Western blot (Fig. 7). Compared with the untreated group,
protein-expression levels of iNOS and ARG-1 were significantly greater
in the w3-PUFAs group (iNOS: 7.5 times, p < .01; ARG-1: 5.3 times,
p < .01) and in the timolol group (iNOS: 7 times, p < .05; ARG-1: 3.9
times, p < .05). However, protein-expression levels of iNOS and ARG-
1 were significantly lower in the w3-PUFAs + timolol group than in the
®3-PUFAs (iNOS: p < .01; ARG-1: p < .01) and timolol (iNOS:
p < .05; ARG-1: p < .05) groups. These data suggest that treatment
with either w3-PUFAs or timolol reduces the expression of M1 and M2
macrophages in the retina; although, w3-PUFA + timolol treatment has
no effect.

4. Discussion

Our present findings suggest that the administration of w3-PUFAs,
alone or in combination with anti-glaucoma timolol eye drops, has a
neuroprotective effect in the DBA/2J mouse model of hereditary
glaucoma (when the blood AA/EPA ratio is 1-1.5), as demonstrated by
the RGC density analysis. Administering w3-PUFAs with timolol, or
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Fig. 4. RGC survival in the DBA/2J mice after treatment with w3-PUFAs + timolol, w3-PUFAs, or timolol. (A) Representative photomicrographs that were analysed, indicate the
characteristics of Brn-3a-positive RGCs (red) in flat-mounted central, middle and peripheral retina from 11.5-month-old DBA/2J mice treated with ®3-PUFAs + timolol, w3-PUFAs,
timolol, and untreated. (B) Quantification of RGC density (no. cells/mm?, n = 8/group). *P < .05, **P < .01, ***P < .001. Scale bar: 190 pm. RGC, retinal ganglion cell; ®3-PUFAs,
omega-3-polyunsaturated fatty acids; Brn-3a, brain-specific homeobox/POU domain protein-3a.
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Fig. 5. Retinal microglia activation in the DBA/2J mice after treatment with w3-PUFAs + timolol, w3-PUFAs, or timolol. (A) Representative photomicrographs show Iba-1-positive cells
(red) in retinal NFL/GCL (hyalocytes and microglial cells) from 11.5-month-old DBA/2J mice treated with w3-PUFAs + timolol, w3-PUFAs, timolol, and untreated. (B) Quantitative
analysis of Iba-1-positive cells/mm? (n = 8/group) indicated no significant differences between the treatment groups. Scale bar: 190 um w3-PUFAs, omega-3-polyunsaturated fatty acids;
Iba-1, ionized calcium-binding adaptor molecule-1; NFL, nerve fiber layer; GCL, ganglion cell layer.

either treatment separately, promoted RGC survival.

Diet enriched with w3-PUFAs has beneficial effects across the retina,
with the greatest improvement occurring in RGC function (Nguyen
et al., 2008). For example, increased production of w3-PUFAs enhanced
RGC survival after optic nerve crush injury in mice (Peng et al., 2016).
Additionally, our previous study demonstrated that w3-PUFAs have
neuroprotective effects on a rAION model through the dual actions of
blocking RGC apoptosis and reducing inflammation in the optic nerve
(Georgiou et al., 2017). In another preclinical study, Nguyen et al.
(2013) investigated the effects of w3-PUFA deficiency and IOP stress on
retinal function and reported that these factors cause RGC dysfunction,
suggesting that a diet sufficient in w3-PUFAs will improve RGC function
and make them less susceptible to elevated IOP. In our study, combined
treatment with w3-PUFAs and timolol had a better neuroprotective
effect than either therapy alone. There was 69% and 43% more RGC
survival in the w3-PUFAs + timolol group compared to the w3-PUFAs
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and timolol groups, respectively. It does not escape our attention that
the retinal degeneration in DBA/2J mice has been reported to be dif-
fuse, sectorial and asymmetric (Danias et al., 2003; Jakobs et al., 2005;
Filippopoulos et al., 2006; Schlamp et al., 2006; Pérez de Lara et al.,
2014). Thus, a functional and morphological analysis using pattern
electroretinogram and an automatic quantification of the entire RGC
population per retina, respectively, would allow a more reliable and
accurate assessment of disease progression and treatment efficiency
(Salinas-Navarro et al., 2009; Vidal-Sanz et al., 2012; Galindo-Romero
et al., 2013).

Microglia become activated early in the glaucomatous process and
accumulate throughout the retina and the ONH, producing pro-in-
flammatory cytokines, reactive oxygen species, neurotoxic matrix me-
talloproteinases, and neurotrophic factors. A reduction in the level of
pro-inflammatory cytokines can prevent RGC degeneration in glaucoma
(Neufeld, 1999; Tezel et al., 2003; Wang et al., 2016). Our present
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Fig. 6. Changes in IL-18 and TNF-a expression levels in the re-
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results showed that either w3-PUFAs or timolol suppresses the pro-
duction of pro-inflammatory cytokines in the retinas of DBA/2J mice,
whereas there is no evidence of reduction of retinal microglial cell
densities; although, there might be a trend. Given that microglia be-
come less ramified and increase their soma size with activation, any
changes in cell morphology are indicative of changes in cell activation
state (Bosco et al., 2008). The fact that either w3-PUFAs or timolol has
not clear effect on microglial cell densities makes a future morpho-
metric cell analysis essential in order to investigate whether these
treatments induce any changes in retinal microglial cells.

The anti-inflammatory properties of w3-PUFA supplementation in
Parkinson's disease, stroke, prostate cancer, and depression are closely
related to the downregulation of the pro-inflammatory M1 macro-
phage-secreted factor iNOS (Liang et al., 2016; Nobre et al., 2016; Shen
et al., 2016; Mori et al., 2017; Dang et al., 2017). Additionally, w3-

PUFAs have been shown to promote the resolution of inflammation by
inducing the polarization of macrophages from the inflammatory M1 to
the pro-resolving M2 phenotype (Titos et al., 2011; Dalli and Serhan,
2012; Chang et al., 2015). However, our observations demonstrated
that treatment with w3-PUFAs, used alone, induces expression of iNOS
and the M2 macrophage-secreted factor ARG-1 with a subsequent de-
crease in the production of TNF-a and IL-18 in the retina. In contrast,
the combined treatment of w3-PUFAs and timolol had no effect on iNOS
and ARG-1 expression, leading to higher levels of retinal TNF-a and IL-
18. This contradictory effect is accepted with difficulty following the
robust protection that the same combined treatment had on RGC sur-
vival. Overall, these findings suggest that downregulation of IL-18 and
TNF-a may not be the only factor involved in ®w3-PUFA-mediated
neuroprotection in the retina. It is also evident that w3-PUFA supple-
mentation alone had no effect on IOP, indicating that reduced IOP
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cannot explain the w3-PUFA-mediated neuroprotection. Further re-
search is needed to investigate how w3-PUFAs might affect ocular blood
flow in the DBA/2J mice, which might contribute to the neuroprotec-
tion of their RGCs in DBA/2J mice.

Our results suggest that maintaining a low AA/EPA ratio in the
blood may help improve several retinopathies and optic neuropathies.
This hypothesis is supported by several recent studies (Georgiou and
Prokopiou, 2015; Georgiou et al., 2017). For instance, Georgiou and
Prokopiou (2015) conducted an observational study in which patients
with dry AMD exhibited significant improvement in vision after re-
ceiving w3-PUFAs (5-7.5 g/day) supplements for up to 6 months while
maintaining a blood AA/EPA ratio less than 2. In contrast, a two-year
follow-up study of oral antioxidant supplementation with w3-PUFAs
revealed that 3-PUFAs did not appear useful as an adjuvant treatment
for mild/moderate primary open-angle glaucoma (Garcia-Medina et al.,
2015). This negative result can be explained by the extremely low do-
sage of w3-PUFAs (181 mg/day), which was not likely sufficient to
reduce the blood AA/EPA ratio. In the current study, a key factor that
likely led to the positive results was the care we took to regularly assess
the blood AA/EPA ratio, and to adjust the w3-PUFAs dosage such that
the ratio remained between 1 and 1.5.

As demonstrated in this study, reducing IOP with timolol, increases
expression of iNOS and ARG-1 in macrophages, reduces expression of
TNF-a and subsequently prevents ganglion cell loss in the retina of
DBA/2J mice. This effect is consistent with previous studies in which
timolol not only enhanced the survival of RGCs but also restored visual
function in DBA/2J mice (Schuettauf et al., 2002; Wong and Brown,
2012). Previous studies have demonstrated that retinal and choroidal
blood flow are lower in DBA/2J mice than in wild-type C57BL/6 mice,
which suggests a possible ischaemic contribution to the optic neuro-
pathy and visual dysfunction that occur in older DBA/2J mice (Saleh
et al., 2007; Calkins et al., 2008). Timolol might protect RGCs as a
result of increased blood flow in the retina and choroid following IOP
reduction. However, further research is necessary to investigate the
detailed mechanisms of timolol-mediated neuroprotection in the retina.

In conclusion, our study showed that w3-PUFA supplementation,
either alone or in combination with timolol, prevents deterioration of
RGCs in the DBA/2J mouse model of hereditary glaucoma. The
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in the retinas of the w3-PUFAs + timolol group than in the w3-
PUFAs and timolol groups (n = 4/group). *P < .05, **P < .01.
iNOS, inducible nitric oxide synthase; ARG-1, arginase-1; w3-
PUFAs, omega-3-polyunsaturated fatty acids.

neuroprotection is enhanced when the w3-PUFAs are combined with
timolol than either therapy alone. These data provide insights into the
role of inflammation in the pathogenesis of glaucoma, and indicate that
®3-PUFA administration could be beneficial to some extent for con-
trolling inflammation in the retina. As inflammation was not blocked by
the combined treatment of w3-PUFAs and timolol, downregulation of
IL-18 and TNF-a might not be the only factor involved in w3-PUFA-
mediated neuroprotection in the retina. In resolution, all lipid-derived
specialized pro-resolving mediators (SPMs) are reported to halt poly-
morphonuclear neutrophil recruitment and to promote macrophage
phagocytosis and clearance of apoptotic cells (Serhan, 2014; Spite et al.,
2014). Notably, E-series resolvins, derived from EPA, and D-series re-
solvins/protectins/maresins, derived from DHA, are known as novel
autacoids that not only resolve inflammation, but also protect organs
and stimulate tissue regeneration (Serhan and Chiang, 2013; Serhan,
2014; Spite et al., 2014). The aforementioned SPMs might also protect
RGCs as a result of increased blood flow in the retina and choroid
through an unknown mechanism. It would be interesting to identify
further how SPMs, regulate discrete processes in tissue-specific resolu-
tion program(s) and tissue regeneration. Nevertheless, these novel data
might indicate a turning point in the current treatment approach for
patients with glaucoma. w3-PUFAs could be considered a potential
therapeutic regimen in combination with current anti-glaucoma med-
ical treatments that lower IOP. Potentially, early administration with
®3-PUFAs or even an optimal dosage of w3-PUFAs in the DBA/2J mice
might improve the neuroprotective effects on the RGCs. Undoubtedly,
further studies are needed to investigate the detailed mechanisms un-
derlying the neuroprotective effect that w3-PUFAs have on RGCs and to
determine the best AA/EPA blood ratio for the maximum therapeutic
effect.
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