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A B S T R A C T   

The purpose of this study was to evaluate the neuroprotective effects of omega-3 polyunsaturated fatty acid (ω3- 
PUFA) supplementation in a mouse model of OPA1-associated autosomal dominant optic atrophy (ADOA). The 
blood level of arachidonic acid (AA) and eicosapentaenoic acid (EPA) served to adjust the treatment dosage (AA/ 
EPA = 1.0–1.5). Eight-month-old mice were allocated to four groups (n = 20/group): the ω3-PUFA-treated 
Opa1enu/+, untreated Opa1enu/+, ω3-PUFA-treated wild-type and untreated wild-type groups. Treated mice 
received the ω3-PUFAs, EPA and docosahexaenoic acid (DHA; 5:1 ratio) by daily gavage for 4 months based on 
the measured AA/EPA ratio. Blood, retina and optic nerve (ON) fatty acid levels were determined by gas 
chromatography, and the retina and ON were histologically examined. Western blotting and/or immunohisto-
chemistry was performed to analyse retinal mediators involved in Opa1-mutation-mediated apoptosis, inflam-
mation and oxidative stress. Increased EPA and reduced AA levels were primarily observed predominantly in the 
blood and retinal tissues, and a similarly high EPA level tended to be observed in the ONs of ω3-PUFA-treated 
mice. Retinal ganglion cell and ON axonal densities were higher in both mouse strains upon ω3-PUFA treatment 
than in the corresponding untreated groups. Caspase-3 expression analysis showed fewer apoptotic retinal cells 
in both groups of treated mice. Decreases in inflammatory microglia and astrocytes activation and proapoptotic 
Bcl-2-associated X protein (Bax) expression were noted in the treated groups, with no difference in the antiox-
idant superoxide dismutase-2 expression. ω3-PUFA supplementation had neuroprotective effects on the retinas of 
Opa1enu/+ and wild-type mice via blockade of microglia and astrocytes activation and suppression of Bax and 
caspase-3. Our findings indicated that inhibition of oxidative stress may not be involved in ω3-PUFA-mediated 
neuroprotection. These novel findings support the use of ω3-PUFAs as a beneficial therapy in the occurrence of 
ADOA, posing the basis for future clinical trials to confirm these observations.   

1. Introduction 

Autosomal dominant optic atrophy (ADOA), the most common 
mitochondrial inherited optic neuropathy, is characterized by the 

degeneration of retinal ganglion cells (RGCs), which leads to ascending 
atrophy of the optic nerve (ON) and subsequent disturbances in colour 
vision and a reduction in visual acuity (Johnston et al., 1979; Kjer et al., 
1983). ADOA is the leading cause of irreversible blindness in early 
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childhood, with a prevalence of 1 in 25,000. Its phenotypic spectrum is 
highly variable among families and even among individuals within the 
same family, ranging from functionally asymptomatic carriers to legally 
blind patients (Carelli et al., 2002, 2004; Lenaers et al., 2012; Newman 
and Biousse, 2004; Yu-Wai-Man et al., 2011). 

Notably, 60–70% of ADOA cases are associated with mutations in 
OPA1, a nuclear gene on chromosome 3q28-q29 that encodes a ubiq-
uitously expressed 960-amino acid transmembrane dynamin-related 
guanosine triphosphatase protein involved in mitochondrial inner 
membrane fusion and the maintenance of mitochondrial cristae archi-
tecture (Alavi and Fuhrmann, 2013; Alexander et al., 2000; Carelli et al., 
2004; Chen et al., 2005; Davies and Votruba, 2006; Delettre et al., 2000; 
Lenaers et al., 2012; Lenaers et al., 2009; Newman and Biousse, 2004; 
Song et al., 2007; Yu-Wai-Man et al., 2011). Moreover, the OPA1 in-
teracts with oxidative phosphorylation complexes, maintains the respi-
ratory chain and mitochondrial membrane potential, and controls 
apoptosis through cristae remodeling and proapoptotic cytochrome c 
release (Alavi and Fuhrmann, 2013; Frezza et al., 2006; Lodi et al., 2004; 
Olichon et al., 2003; Zanna et al., 2008). Abundant OPA1 has been 
detected in the inner ear and brain, with the highest levels in the RGC 
layer of rodent models and humans (Akepati et al., 2008; Bette et al., 
2005; Pesch et al., 2004). Mutations within OPA1 result in fragmenta-
tion of the mitochondrial network, loss of mitochondrial membrane 
potential, drastic disorganization of the cristae and impaired mito-
chondrial fusion (Alexander et al., 2000; Arnoult et al., 2005; Carelli 
et al., 2004; Cipolat et al., 2004; Delettre et al., 2000; Griparic et al., 
2004; Lee et al., 2004; Olichon et al., 2003). These events are followed 
by uncontrolled release of cytochrome c and proapoptotic cofactors, and 
caspase-dependent activation of the apoptotic cascade, which ultimately 
trigger irreversible cell death (Frezza et al., 2006). The specific vulner-
ability of RGCs to mitochondrial dysfunction is most likely related to the 
exceedingly long segment of the retinal nerve fibre that is unmyeali-
nated as it runs in the inner retina, and turns and enters the ON through 
the lamina cribrosa (Carelli et al., 2013; Carelli et al., 2009; Carelli et al., 
2002; Yu-Wai-Man et al., 2011). Therefore, the anatomical character-
istics of these smaller and less myelinated axons indicate an uneven 
energy requirement and a non-homogeneous distribution of mitochon-
dria that make them more vulnerable to mitochondrial disease (Carelli 
et al., 2013; Carelli et al., 2009; Carelli et al., 2002; Yu-Wai-Man et al., 
2011). 

Despite growing knowledge of the functions of OPA1 and cellular 
pathways related to OPA1, effective treatments for ADOA are still 
lacking. Preclinical and clinical research has clearly shown the prom-
ising therapeutic effects of omega-3 polyunsaturated fatty acids (ω3- 
PUFAs) in a number of ophthalmic pathologies, including age-related 
macular degeneration (AMD), retinitis pigmentosa, optic neuritis, 
optic nerve injury, Stargardt disease and dry eye (Epitropoulos et al., 
2016; Georgiou and Prokopiou, 2015; Hodge et al., 2006; Locri et al., 
2018; Peng et al., 2016; Prokopiou et al., 2017, 2018; Ramkumar et al., 
2013; Smith et al., 2000; Tuo et al., 2009). Moreover, our research team 
has demonstrated the neuroprotective effects of ω3-PUFAs in several 
rodent models of ON diseases, including nonarteritic anterior ischaemic 
optic neuropathy (NAION) and glaucoma (Georgiou et al., 2017; Kalo-
gerou et al., 2018). 

ω3-PUFAs have been known to demonstrate anti-inflammatory ac-
tions, primarily through specialized pro-resolving mediators derived 
from eicosapentaenoic acid (EPA; E-series resolvins) and docosahexae-
noic acid (DHA; D-series resolvins/protectins/maresins) (Calder, 2006, 
2010). High EPA and DHA levels are found to be essential for reducing 
the levels of the omega-6 (ω6)-PUFA derived proinflammatory eicosa-
noids and cytokines (Rupp et al., 2004). Notably, low EPA levels and 
high ω6-PUFA arachidonic acid (AA) levels in either the bloodstream or 
the retina have been shown to be associated with the incidence of certain 
pathologies in the retina (Gorusupudi et al., 2016; Okada et al., 2014; 
Sawada et al., 2016). Eyes from AMD donors had significantly decreased 
levels of very long-chain PUFAs and high AA/EPA ratios (Gorusupudi 

et al., 2016). According to Gorusupudi et al. (2016), examining systemic 
lipid biomarkers, including EPA and AA, when undertaking therapeutic 
trials of lipid supplements could be a good index for prevention and 
treatment of eye diseases. In all studies performed by our research team, 
the levels of PUFAs, especially EPA and AA, were monitored in the blood 
throughout treatment, allowing the treatment dosage to be adjusted so 
as to achieve and maintain an AA/EPA ratio level between 1.0 and 1.5 
(Georgiou et al., 2017; Kalogerou et al., 2018; Prokopiou et al., 2017, 
2018, 2019). It is hypothesized that maintaining the AA/EPA ratio at a 
low level may provide potential benefits on animal models of 
ophthalmic diseases that currently lack medical treatment (Gorusupudi 
et al., 2016; Rupp et al., 2004). 

To date, the effect of ω3-PUFAs in ADOA has never been assessed. In 
2007, an ADOA mouse model was generated, the Opa1enu/+ mice which 
have been shown to display reduced visual function, gradual RGC loss 
and ON degeneration, as evidenced by demyelination, axonal degener-
ation and mitochondrial ultrastructural abnormalities, consistent with 
the phenotype of ADOA patients with a similar mutation in OPA1 (Alavi 
et al., 2007; Heiduschka et al., 2010). The deficiency of OPA1 was 
shown by Nguyen et al. (2011) to increase the inflammatory activation 
of astrocytes and microglia, downregulate the antioxidant enzyme su-
peroxide dismutase-2 (SOD-2) and activate the apoptosis pathway by 
increasing the level of the proapoptotic Bcl-2-associated X protein (Bax) 
in the retinas of Opa1enu/+ mice. Using this model, we evaluated the 
therapeutic efficiency of ω3-PUFA (EPA:DHA, 5:1) supplementation 
(when the AA/EPA ratio was maintained at 1.0–1.5) in blocking the 
Opa1-mutation-mediated inflammation, oxidative stress and apoptosis 
as a novel neuroprotective strategy for rescuing RGCs from irreversible 
cell death. 

2. Materials and methods 

2.1. Animals and genotyping 

Male and female age-matched C57BL/6;C3H-Opa1329− 355del mice 
with ADOA (herein referred to as Opa1enu/+ mice) and normal wild-type 
littermates were used in this study. The Opa1enu/+ mouse strain, car-
rying a heterozygous single-point mutation (c.1065+5G→A) in intron 
10 of the Opa1 gene (Alavi et al., 2007, 2009; Heiduschka et al., 2010; 
Nguyen et al., 2011), was obtained from Prof. B. Wissinger (Molecular 
Genetics Laboratory, Institute for Ophthalmic Research, Centre for 
Ophthalmology, University of Tübingen, Tübingen, Germany) and 
raised at the Transgenic Mouse Facility at the Cyprus Institute of 
Neurology and Genetics (Nicosia, Cyprus). Mouse breeding and geno-
typing were done as described in detail previously (Alavi et al., 2007, 
2009; Heiduschka et al., 2010; Nguyen et al., 2011). Animal care and 
experimental procedures were carried out in accordance with the EU 
Directive 2010/63/EU and the Cyprus Veterinary Service of the Ministry 
of Agriculture, Rural Development and Environment approved all ani-
mal experiments. The animals were maintained in cages (n = 4–5 
mice/cage) in an environmentally controlled room with a temperature 
of 21 ± 1 ◦C and humidity of 50% ± 5% on a 12-h light/dark cycle, and 
with food and water provided ad libitum. Light levels at the cage level 
ranged between 130 and 250 lux. Standard diet was provided (Muce-
dola, Italy). 

2.2. Study design 

The animals were randomly allocated to the following treatment 
groups (n = 22 per group): the ω3-PUFA-treated Opa1enu/+, untreated 
Opa1enu/+, ω3-PUFA-treated wild-type and untreated wild-type groups. 
All treatments were initiated at the age of 8 months and continued until 
12 months of age with a ~9% mortality rate across mouse groups over 
the period of the experiment. Final analysis included 20 mice per 
treatment group. The animals received daily a fish oil formulation 
containing 172 mg of EPA, 34 mg of DHA and 1.7 mg Vitamin E 
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(antioxidant α-Tocopherol) by gavage administration (referred to as ω3- 
PUFAs herein; Eyetas, TAS Ophthalmos L.C., Cyprus) until the end of the 
treatment period. The total oral volume did not exceed 10 ml/kg. The 
general health and appearance of the animals were assessed daily (ac-
tivity, observable abnormalities and fur condition), and body weight 
was recorded weekly. The mice were euthanized 1 day after the last 
treatment by cervical dislocation. 

2.3. Fatty acid analysis 

To determine the AA/EPA ratio, blood samples from ω3-PUFA- 
treated and untreated mice were collected at baseline and at week 1 
(W1), W2, W4, W8, W12 and W16 (1-h before ω3-PUFA treatment; n =
20 per group per time point) and processed accordingly for fatty acid 
analysis (Masood et al., 2005). The fatty acid analysis performed on the 
same day as blood collection and the ω3-PUFA dosage was adjusted on 
the next day as needed so that the blood AA/EPA ratio was between 1.0 
and 1.5. Additionally, after study completion (W16), both the retinas 
and ON tissues from three animals per group were collected for fatty 
acid analysis. To prepare the samples, blood, homogenized retinas and 
homogenized ON samples were collected separately on Whatman filter 
paper (GE Healthcare, Life Sciences, UK) and stored at − 20 ◦C until 
analysis. Samples were processed and analysed using a gas chromatog-
raphy flame ionisation detector, as previously described (Georgiou et al., 
2017; Kalogerou et al., 2018; Prokopiou et al., 2017, 2018, 2019). 

2.4. Immunostaining of retinal whole-mounts 

Both eyeballs from each animal (n = 6 mice/group) were harvested 
upon euthanasia and dissected retinas were incubated with primary 
antibody against brain-specific homeobox/POU domain protein-3a 
(Brn-3a) (Table 1) and processed as previously described in full detail 
(Kalogerou et al., 2018). 

2.5. Transmission electron microscopy (TEM) 

ON tissues from four animals per group were dissected, fixed with 
2.5% glutaraldehyde (pH 7.2) for 24-h at 4 ◦C and washed with PBS. The 
tissues were postfixed with 1% osmium tetroxide, dehydrated in a 
graded ethanol series, cleared in propylene oxide, and embedded in an 
epon and araldite resin mixture (Agar Scientific, UK). Ultrathin (80 nm) 
sections were prepared using a Reichert Jung ultramicrotome (Leica, 
Germany). Sections with a silver-gold interference colour were mounted 
on 200-mesh copper grids (Agar Scientific, UK) and stained with uranyl 
acetate and lead citrate. Eight random regions equidistant from the 
centre and periphery of the ON and two regions in the centre of the ON 
at ~1 mm distance from the lamina cribrosa, were imaged at 3000×
magnification and captured with a Mega View III digital camera 
(Olympus, Germany). No adjustments in position were made with 
respect to the tissues, including blood vessels and glial cells. The identity 

of these regions was masked, and the myelinated axons in all ten regions 
were manually counted according to standard unbiased counting rules 
by a single investigator with assistance from ImageJ software (Mabuchi 
et al., 2003). The total number of axons identified in these fields was 
averaged to obtain the mean cell density per ON. 

2.6. Western blot analysis 

Western blot analysis was performed essentially as described in 
detail previously (Kalogerou et al., 2018). Briefly, a 15-μg protein 
aliquot was extracted from the dissected retinas of each animal (n = 4 
mice/group), electrophoresed on 10% or 12% polyacrylamide gels and 
transferred to polyvinylidene-difluoride (PVDF) membranes. The PVDF 
membranes were incubated with primary antibodies against glial 
fibrillary acidic protein (GFAP), Bax and SOD-2 (Table 1). 

2.7. Immunostaining of retinal cryosections 

Eyes from seven mice per group were enucleated at the end of the 
treatment period and then processed. Briefly, the eyes were fixed with 
2% paraformaldehyde for 2-h, transferred to a 10% sucrose solution 
overnight and then to a 30% sucrose solution in PBS for 24-h at 4 ◦C and 
finally embedded in optimum cutting temperature medium (Sakura 
Finetek, USA). Twelve-micrometre-thick cryosections of the retinas 
(from 3 mice/group) cut through the optic nerve head (ONH) were 
blocked with 10% donkey serum in 1% Triton X-100/PBS for 1-h and 
then incubated with primary antibodies against GFAP, ionized calcium- 
binding adaptor molecule-1 (Iba-1), Bax, SOD-2 and caspase-3 (Table 1) 
overnight at 4 ◦C. The sections were washed three times before incu-
bation with Alexa Fluor 488-conjugated donkey anti-mouse IgG sec-
ondary antibody (1:2000, Invitrogen, USA) for 2-h. After washing with 
PBS, the nuclei were counterstained with Fluoroshield containing 4′,6- 
diamidino-2-phenylindole (DAPI; Sigma-Aldrich, UK) and examined 
with a Zeiss Axio Imager 2 (Carl Zeiss Inc., New York). 

Caspase-3-positive cells in the RGC layer of each sample were 
manually quantified in four fields (40× magnification) in the central and 
mid-peripheral regions flanking the ONH. The regions that were 1–1000 
μm and 1000–2000 μm from the ONH on each section were defined as 
central and mid-peripheral, respectively. The caspase-3-positive cells 
per field were quantified using the ImageJ software by an investigator 
who was blinded to the experimental treatment. The counts from 3-4 
sections from each mouse (n = 4 mice/group) were averaged to 
obtain a group average and are presented as cells/100 μm. 

2.8. Statistical analyses 

Statistical analyses were performed using GraphPad Prism software 
(version 8.0.1; GraphPad Software Inc., CA, USA). Data are expressed as 
the mean ± standard error of the mean (SEM). One-way ANOVA fol-
lowed by Tukey’s multiple comparisons test or Student’s t-test was used 
for comparisons between experimental groups. Statistical significance 
was set at p ˂ 0.05. 

3. Results 

3.1. General observations 

No phenotypic abnormalities in the general appearance and activity 
of the mice were observed. From W1 to W15, there were no significant 
differences in body weight among the four groups. However, a small but 
significant decrease in weight was observed at W16 in the ω3-PUFA- 
treated wild-type mice compared to the untreated wild-type mice (34.9 
± 1.27 g → 30.9 ± 0.86 g, p < 0.05); this weight loss can be possibly 
explained by the high vulnerability of C57BL/6 strain to stress which 
may affect the feeding behaviour (Keum et al., 2016; van Bogaert et al., 
2006). Herein, ω3-PUFA supplementation has not been associated with 

Table 1 
Primary antibodies utilised in the current study.  

Antigen Host Working 
Dilution 

Manufacturer and Location 

Brn-3a Goat 1:200 Santa Cruz Biotechnology, Inc., 
Germany 

GFAP Mouse 1:200–1:1000 Sigma-Aldrich, Germany 
Bax Mouse 1:200–1:500 Santa Cruz Biotechnology, Inc., 

Germany 
SOD-2 Mouse 1:200–1:1000 Santa Cruz Biotechnology, Inc., 

Germany 
Iba-1 Rabbit 1:200 Biocare Medical, USA 
Caspase- 

3 
Mouse 1:200 Santa Cruz Biotechnology, Inc., 

Germany 
β-Actin Mouse 1:500 Santa Cruz Biotechnology, Inc., 

Germany  
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serious adverse health effects in wild-type and Opa1enu/+ mice. 

3.2. ω3-PUFAs decreased the AA/EPA ratio in the blood 

To determine the percentages of anti-inflammatory ω3-PUFAs (EPA 
and DHA) and proinflammatory ω6-PUFAs (AA and dihomo-γ-linolenic 
acid; DGLA) among the total fatty acids and, most importantly, to ensure 
that the AA/EPA ratio ranged between 1.0 and 1.5, we examined blood 
collected at the beginning (W0) and at set intervals along the 16-week 
treatment protocol using gas chromatography. The percentages of EPA 
were seven and six times higher in the ω3-PUFA-treated Opa1enu/+ (7.35 
± 0.40) and ω3-PUFA-treated wild-type (6.13 ± 0.48) groups, respec-
tively, than in the corresponding untreated Opa1enu/+ (1.00 ± 0.00, p <
0.0001) and untreated wild-type (1.16 ± 0.05, p < 0.0001) groups on 
W4; this significant difference was maintained until W16 (Fig. 1A). At 
W4, the percentage of DHA was significantly higher in the ω3-PUFA- 
treated Opa1enu/+ (3.94 ± 0.13) and ω3-PUFA-treated wild-type (3.85 ±
0.10) mice than in the untreated littermates (untreated Opa1enu/+: 2.52 
± 0.20, p < 0.0001 and untreated wild-type: 2.21 ± 0.16, p < 0.0001); 
this change in the DHA levels was maintained until the end of the 
treatment period (Fig. 1B). At W4, the percentages of AA and DGLA were 
significantly lower in the ω3-PUFA-treated Opa1enu/+ (6.59 ± 0.38 and 
0.74 ± 0.02, respectively) and ω3-PUFA-treated wild-type (7.04 ± 0.33 
and 0.76 ± 0.04, respectively) groups than in the corresponding un-
treated Opa1enu/+ (for AA: 10.24 ± 0.17, p < 0.0001; for DGLA: 1.16 ±
0.03, p < 0.0001) and untreated wild-type (for AA: 12.95 ± 0.79, p <
0.0001; for DGLA: 1.26 ± 0.08, p < 0.0001) groups; these differences 
were also maintained until W16 (Fig. 1C and D). As expected, the AA/ 
EPA ratio in the blood reduced and reached the appropriate therapeutic 
range after 4 weeks of daily gavage in the ω3-PUFA-treated Opa1enu/+

(13.08 ± 0.37 → 1.02 ± 0.02, p < 0.0001) and ω3-PUFA-treated wild- 
type groups (8.58 ± 0.41 → 1.19 ± 0.08, p < 0.0001; Fig. 1E). The 
blood AA/EPA ratios before and throughout the experimental timeline 
in the untreated Opa1enu/+ and untreated wild-type groups were similar 
(mean AA/EPA ratios: 10.60 ± 0.45 and 11.11 ± 0.19, respectively; 
Fig. 1E). Thus, mice treated with ω3-PUFAs demonstrated higher DHA 
and lower DGLA levels, but most importantly, higher EPA and lower AA 
levels in the blood, favourable of the desired AA/EPA ratio. 

3.3. ω3-PUFAs increased retinal and ON EPA levels and decreased retinal 
AA levels 

To further monitor the fatty acids in the retina and ON, retinal and 
ON tissues were collected at the end of the study and the percentages of 
the aforementioned ω3- and ω6-PUFAs were determined using gas 
chromatography. The percentages of retinal EPA in the ω3-PUFA-treated 
Opa1enu/+ (1.54 ± 0.16) and ω3-PUFA-treated wild-type (1.27 ± 0.04) 
groups were significantly higher than those in the corresponding un-
treated groups (untreated Opa1enu/+: 0.6 ± 0.05, p < 0.01 and untreated 
wild-type: 0.66 ± 0.08, p < 0.01; Fig. 1F). In the ON tissue, the EPA level 
was significantly higher in the ω3-PUFA-treated Opa1enu/+group (1.21 
± 0.09) than in the untreated Opa1enu/+group (0.86 ± 0.02, p < 0.05); 
similarly, a trend towards higher EPA levels in the ω3-PUFA-treated 
wild-type group (1.85 ± 0.23) compared to the untreated wild-type 
group was observed (1.24 ± 0.07, p = 0.06; Fig. 1G). Conversely, the 
percentages of retinal AA in the ω3-PUFA-treated groups (ω3-PUFA- 
treated Opa1enu/+: 5.93 ± 0.27 and ω3-PUFA-treated wild-type: 5.77 ±
0.11) were significantly lower than those in the corresponding untreated 
groups (untreated Opa1enu/+: 7.93 ± 0.25, p < 0.01 and untreated wild- 
type: 7.42 ± 0.27, p < 0.01; Fig. 1F). DHA was the most abundant PUFA 
in the retina, with a level much higher than that of any other PUFA 
tested (mean DHA level: 29.49 ± 1.28; Fig. 1F). These evidences show 
that EPA successfully incorporated into the retina and ON, since its 
percentage was notably increased in both tissues of ω3-PUFA-treated 
mice. 

3.4. ω3-PUFAs promoted RGC and ON axon survival 

The Opa1enu/+ mice have been found to suffer from a slow and 
progressive RGC loss (Alavi et al., 2007; Heiduschka et al., 2010; 
Nguyen et al., 2011). To examine the survival of RGC in the Opa1enu/+

and wild-type mice after treatment with ω3-PUFAs, we assessed the 
existence of Brn-3a in retinal whole-mounts. Brn-3a serves as a reliable, 
efficient ex vivo marker to identify and quantify RGCs in control and 
ON-injured retinas (Nadal-Nicolás et al., 2009). The densities of 
Brn-3a-positive cells in the ω3-PUFA-treated Opa1enu/+ (5190.07 ±
129.89/mm2) and ω3-PUFA-treated wild-type (5769.24 ± 403.41/mm2) 
groups were significantly higher than those in the untreated Opa1enu/+

and untreated wild-type groups (3366.32 ± 389.87/mm2, p < 0.01 and 
4662.45 ± 171.26/mm2, p < 0.05; Fig. 2A and B). Furthermore, TEM 
was used to assess differences in the morphology and myelination of 
axons among groups and quantify surviving axons in the ONs. Myelin 
sheath loss, axonal swelling, axon shape distortion and membranous 
whorl formation were more prominent in ω3-PUFA-treated and un-
treated Opa1enu/+ mice than in ω3-PUFA-treated and untreated 
wild-type mice (Fig. 2A). As expected, ON axons in the ω3-PUFA-treated 
or untreated wild-type mice were densely packed and covered by an 
intact myelin sheath (Fig. 2A). We also counted the number of surviving 
ON axons, as evidenced by an intact myelin sheath and abundant 
prominent microtubules. Consistent with the results of RGC analysis, ON 
axon analysis revealed a significantly higher density of surviving axons 
in the ω3-PUFA-treated Opa1enu/+ mice (0.51 ± 0.01/μm2) than in the 
untreated littermates (0.32 ± 0.01/μm2, p < 0.01; Fig. 2C). Axonal 
density was also higher in the ω3-PUFA-treated wild-type group (0.49 ±
0.02/μm2) than in the corresponding untreated group (0.41 ±

0.04/μm2), although this increase was determined to be nonsignificant 
(p = 0.16; Fig. 2C). Taken together, these results indicate that supple-
mentation with ω3-PUFAs preserved RGC and ON axonal density in the 
Opa1enu/+ and wild-type mice. 

3.5. ω3-PUFAs suppressed astroglial and microglial activation in the 
retina 

RGC loss has been previously shown to be accompanied by activation 
of astroglia and microglia in the retinas of Opa1enu/+ mice (Heiduschka 
et al., 2010; Nguyen et al., 2011). To investigate the potential effect of 
the ω3-PUFAs on retinal glial cell activation, relative changes in GFAP 
and Iba-1 (markers of astroglial and microglial activation, respectively) 
expression upon ω3-PUFA treatment were measured by western blot 
analysis and/or immunohistochemistry. GFAP protein expression was 
reduced in retinal extracts derived from the ω3-PUFA-treated Opa1enu/+

mice compared to those derived from the untreated Opa1enu/+ mice, 
according to quantitative western blot analysis; although this reduction 
was determined to be nonsignificant (p = 0.21; Fig. 3A). GFAP protein 
expression was significantly decreased in the retinas of ω3-PUFA-treated 
wild-type mice compared with untreated wild-type mice (p < 0.05; 
Fig. 3A). GFAP immunoreactivity was present in the outer plexiform 
layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL) and 
GCL of all wild-type and Opa1enu/+ mice examined, and it was reduced 
in these four cell layers in ω3-PUFA-treated Opa1enu/+ and ω3-PUFA--
treated wild-type mice compared to their untreated littermates, 
respectively (Fig. 3B). Similarly, Iba-1 immunoreactivity was detected in 
the OPL, IPL and GCL of all wild-type and Opa1enu/+ mice, and it was 
shown to be decreased in the corresponding cell layers of ω3-PUFA--
treated mice compared to those of untreated mice (Fig. 3B). Considering 
that microglial cells turn into less ramified and show extended soma 
with activation, any alterations in cell morphology indicate changes in 
cell activation state (Nguyen et al., 2011). Iba-1-labelled microglia 
showed a ramified and quiescent morphology in ω3-PUFA-treated mice 
and shortened and thickened processes in untreated mice (Fig. 3B). 
Taken together, these results show that ω3-PUFA supplementation may 
suppressed the activation of both astroglia and microglia, which is likely 
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Fig. 1. Fatty acid analysis of blood, retinal and ON samples taken from Opa1enu/+ and wild-type mice treated with or without ω3-PUFAs. The percentages of (A) EPA, 
(B) DHA, (C) AA, and (D) DGLA among total fatty acids in blood samples collected in W0, W4, W8, W12 and W16. (E) The AA/EPA ratio in the blood of each group in 
W0, W4, W8, W12 and W16 (n = 20 per group per time point). (F)–(G) The percentages of AA, EPA, DHA and DGLA among total fatty acids in retinal and ON samples 
collected in W16 (n = 3 per group). Data represents the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with post hoc. AA, arachidonic acid; 
DGLA, dihomo-γ-linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; ON, optic nerve; ω3-PUFAs, omega-3-polyunsaturated fatty acids. 
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Fig. 2. Assessment of the effects of ω3-PUFA treatment on RGC and ON axon survival in Opa1enu/+ and wild-type mice. (A) Representative photomicrographs 
included in the analysis showing the presence of Brn-3a-positive RGCs (red) in the retinas of 12-month-old ω3-PUFA-treated Opa1enu/+, untreated Opa1enu/+, ω3- 
PUFA-treated wild-type and untreated wild-type mice (top). Scale bar: 190 μm. Representative electron photomicrographs of axial sections through the ONs of the 
corresponding mice are also shown (bottom). Electron photomicrographs revealed reduced myelin sheaths (blue arrows) and distorted axon shapes (red arrows) in 
ω3-PUFA-treated and untreated Opa1enu/+ mice, and membranous whorls (yellow arrows) were also observed in both groups, but these features were more prominent 
in untreated Opa1enu/+mice. Scale bar: 10 μm (B)–(C) Quantification of RGC density (No. of cells/mm2, n = 6 mice/group) and ON axon density (No. of cells/μm2, n 
= 4 mice/group). Data represent the mean ± SEM. *p < 0.05, **p < 0.01. One-way ANOVA with post hoc and Student’s t-test. ω3-PUFAs, omega-3-polyunsaturated 
fatty acids; RGC, retinal ganglion cell; Brn-3a, brain-specific homeobox/POU domain protein-3a; ON, optic nerve. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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to contribute to RGC loss in the retinas of Opa1enu/+ mice. 

3.6. ω3-PUFAs downregulated the apoptosis pathway in the retina 

Previous research indicated that the apoptotic pathway is activated 
in the retinas of the Opa1enu/+ mice (Nguyen et al., 2011). To assess how 
ω3-PUFA treatment affects retinal cell death, the expression levels of 
known key factors in the apoptosis cascade, Bax and caspase-3, were 

examined in the retinas of ω3-PUFA-treated and untreated Opa1enu/+

and wild-type mice. Quantitative western blot analysis demonstrated 
significantly reduced Bax protein expression in the retinas of 
ω3-PUFA-treated Opa1enu/+ and ω3-PUFA-treated wild-type mice 
compared with those in the untreated littermates (both p < 0.05; 
Fig. 4A). Bax immunoreactivity was present in the GCL, IPL, OPL and 
INL of the retinas of Opa1enu/+ and wild-type mice and was decreased in 
these cell layers in the retinas of ω3-PUFA-treated Opa1enu/+ and 

Fig. 3. Effect of ω3-PUFAs on the expression of GFAP and Iba-1 in the retinas of Opa1enu/+ and wild-type mice. (A) Western blot analysis indicated a reduction in 
GFAP protein expression levels in the retinas of ω3-PUFA-treated Opa1enu/+ and wild-type mice compared to those of untreated littermates. β-actin was used as a 
loading control. Values are the mean ± SEM (n = 4 mice/group). *p < 0.05. One-way ANOVA with post hoc and Student’s t-test. (В) GFAP immunohistochemistry 
(GFAP: red, DAPI: blue). Compared with the untreated littermates, ω3-PUFA-treated Opa1enu/+ and wild-type mice showed reduced GFAP immunoreactivity in the 
OPL, INL, IPL and GCL. Iba-1 immunohistochemistry (Iba-1: red, DAPI: blue). ω3-PUFA-treated Opa1enu/+ and wild-type mice showed Iba1-positive microglial cells 
with a ramified and quiescent phenotype in the OPL, IPL and GCL. In contrast, untreated Opa1enu/+ and wild-type mice showed Iba-1-positive microglial cells with 
shortened and thickened processes in the corresponding cell layers. Scale bar, 50 μm. GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adaptor 
molecule-1; ω3-PUFAs, omega-3-polyunsaturated fatty acids; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer; DAPI, 4′,6-diamidino-2-phenylindole. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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wild-type mice compared to those of untreated littermates (Fig. 4B). 
Similarly, caspase-3 immunoreactivity was detected in the GCL, IPL, 
OPL and INL of the retinas of Opa1enu/+ and wild-type mice (Fig. 4B). 
Specifically, the numbers of caspase-3-positive cells per 100 μm retinal 
length were 4.52 ± 0.20, 7.41 ± 0.38, 4.49 ± 0.55 and 6.86 ± 0.49 in the 
ω3-PUFA-treated Opa1enu/+, untreated Opa1enu/+, ω3-PUFA-treated 
wild-type and untreated wild-type groups, respectively (Fig. 4C). These 
results indicate that ω3-PUFA treatment suppressed caspase-3 expres-
sion in the retinas of Opa1enu/+ and wild-type mice compared with those 
in the untreated Opa1enu/+ (p < 0.01) and wild-type mice (p < 0.05), 
respectively. Overall, these observations suggest that ω3-PUFA supple-
mentation may have deactivated the apoptosis pathway in the retinas of 
Opa1enu/+ and wild-type mice. 

3.7. ω3-PUFAs had no effect on SOD-2 protein expression 

As ADOA has been previously linked to increased oxidative stress 
(Nguyen et al., 2011), we examined protein expression of the antioxi-
dant enzyme SOD-2 in the retinas of Opa1enu/+ mice and wild-type mice 
with or without ω3-PUFA treatment using western blot and immuno-
histochemistry analyses. Quantitative western blot analysis of retinal 

extracts indicated no significant difference in the protein expression 
level of SOD-2 among the four groups (one-way analysis of variance, p =
0.1316), although, subsequent t-test analysis indicated significant dif-
ference between the ω3-PUFA-treated Opa1enu/+ and untreated 
wild-type groups (p < 0.05; Fig. 5A). Immunohistochemical analysis 
showed SOD-2 immunoreactivity in the OPL, INL, IPL and GCL and no 
difference in SOD-2 immunoreactivity between the ω3-PUFA-treated 
and untreated groups (Fig. 5B). These results demonstrate that treat-
ment with ω3-PUFAs may have not affected oxidative stress in the retina. 

4. Discussion 

To date, no treatments that effectively ameliorate or stop the pro-
gressive loss of vision in patients with ADOA have been described (Smith 
et al., 2016); nevertheless, a number of pharmaceutical agents, 
including antioxidants, antiapoptotic drugs and mitochondrial biogen-
esis activators are currently under investigation (Amore et al., 2021; 
Barboni et al., 2013; Carelli et al., 2013; Del Dotto et al., 2018; 
Romagnoli et al., 2020; Smith et al., 2016). Recent research suggests the 
potential for novel treatments of hereditary optic neuropathies, partic-
ularly through the use of neuroprotective agents directed at treating the 

Fig. 4. Effect of ω3-PUFAs on the expression of Bax and caspase-3 in the retinas of Opa1enu/+ and wild-type mice. (A) Western blot analysis revealed significantly 
reduced SOD-2 protein expression levels in the retinas of ω3-PUFA-treated Opa1enu/+ and wild-type mice compared to those of untreated littermates. β-actin was used 
as a loading control. Values are the mean ± SEM (n = 4 mice/group). *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with post hoc and Student’s t-test. (B) 
Bax immunohistochemistry (Bax: red, DAPI: blue). Compared with the untreated littermates, ω3-PUFA-treated Opa1enu/+ and wild-type mice showed reduced Bax 
immunoreactivity in the OPL, INL, IPL and GCL. Caspase-3 immunohistochemistry (Caspase-3: red, DAPI: blue). Caspase-3 immunoreactivity was lower in the OPL, 
INL, IPL and GCL of ω3-PUFA-treated Opa1enu/+ and wild-type mice than in the corresponding cell layers of untreated littermates. Scale bar, 50 μm. (C) Quanti-
fication of cells showing caspase-3 activation (per 100-μm retinal length) in the aforementioned cell layers of ω3-PUFA-treated and untreated Opa1enu/+ and wild- 
type mice. Values are the mean ± SEM (n = 4 mice/group) *p < 0.05, **p < 0.01. One-way ANOVA with post hoc and Student’s t-test. Bax, Bcl-2-associated X protein; 
ω3-PUFAs, omega-3-polyunsaturated fatty acids; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 
ganglion cell layer; DAPI, 4′,6-diamidino-2-phenylindole. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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pathophysiology that contributes to the demise of RGCs (Georgiou et al., 
2017; Kalogerou et al., 2018; Levin, 2018; Lopez Sanchez et al., 2016; 
Sena and Lindsley, 2017; Yu-Wai-Man et al., 2014). The hope is that 
vision can be maintained at the retinal level if RGCs can be preserved 
(Levin, 2018). Our findings analysed herein confirm the neuroprotective 
effects of ω3-PUFA treatment in the retinas of Opa1enu/+ mouse model of 
ADOA. 

According to Nguyen et al. (2008, 2013), increased dietary ω3-PUFA 
consumption has beneficial effects across the retina by improving the 
function of photoreceptors and bipolar cells with the greatest effects on 
RGC function. Additional studies have indicated that dietary ω3-PUFA 
supplementation protects against cerebral and retinal injury (Bas et al., 
2007; Miyauchi et al., 2001; Murayama et al., 2002). In this study, the 
oral administration of ω3-PUFAs to Opa1enu/+ mice restored both RGC 
and ON axon densities to untreated wild-type levels. Age-related RGC 
loss in C57BL/6 mice has been previously reported to start at 12 months 
of age (Danias et al., 2003). Our results clearly suggest a tendency for 
RGC axonal preservation following ω3-PUFA treatment in 12-month-old 
Opa1enu/+ and C57BL/6 mice. However, it does not escape our attention 
that a more comprehensive analysis combining pattern 

electroretinography and automatic quantification of the total number of 
RGC and ON axon population would permit a more detailed evaluation 
of the progress of the disease and therapeutic efficacy. 

Emerging evidences in animal models demonstrated that sustained 
inflammatory responses involving activated glial cells contribute to the 
progression of a wide range of neurodegenerative diseases including 
retinal and ON neuropathies (Block and Hong, 2005; Chang et al., 2006; 
Davies et al., 2006; Ebneter et al., 2010; Garcia-Valenzuela et al., 2005; 
Harada et al., 2002; Hu et al., 1998; Penfold et al., 1997; Rao et al., 
2003; Sasahara et al., 2008; Thanos, 1992; Thanos and Richter, 1993; 
Zeng et al., 2000; Zhang et al., 2005, 2009). RGC loss has been previ-
ously shown to be accompanied by activation of astrocytes and micro-
glia in the retinas of Opa1enu/+ mice (Heiduschka et al., 2010; Nguyen 
et al., 2011). Based on our observations, treatment with ω3-PUFAs 
suppressed the activation of astrocytes in the retinas of wild-type mice. 
Although ω3-PUFA treatment was not found to significantly suppress the 
activation of astrocytes in the retinas of Opa1enu/+ mice in our study, a 
non-significant decrease was observed. The microglia in mice treated 
with ω3-PUFAs showed a ramified and quiescent morphology with 
longer and thinner processes than those in the untreated mice, which 

Fig. 5. SOD-2 expression levels in the retinas of Opa1enu/+ and wild-type mice treated with or without ω3-PUFAs. (A) Western blot analysis showed no significant 
differences in SOD-2 protein expression levels among the groups. β-actin was used as a loading control. Values are the mean ± SEM (n = 4 mice/group). *p < 0.05. 
One-way ANOVA with post hoc and Student’s t-test. (B) SOD-2 immunoreactivity (SOD-2: red, DAPI: blue). Compared with the corresponding untreated littermates, 
ω3-PUFA-treated Opa1enu/+ and wild-type mice showed no difference in SOD-2 immunoreactivity in the OPL, INL, IPL or GCL. Scale bar, 50 μm. SOD-2, superoxide 
dismutase 2; ω3-PUFAs, omega-3-polyunsaturated fatty acids; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer; DAPI, 4′,6-diamidino-2-phenylindole. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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were shorter and thicker. Yee et al. showed that a diet balanced in ω6- 
and ω3-PUFAs does not prevent the diabetes-induced glial change in the 
Müller cell processes (Yee et al., 2010). Nonetheless, two recent clinical 
trials demonstrated the benefit of oral ω3-PUFA supplements for 
reducing tear levels of proinflammatory cytokines in contact lens 
discomfort and dry eye disease (Deinema et al., 2017; Downie et al., 
2018). The present data establish that ω3-PUFAs may block the activa-
tion of astrocytes and microglia in the retinas of Opa1enu/+ animals; 
however, the molecular and cellular mechanism behind this inhibitory 
effect needs further experimentation. 

Enhancement of SOD-2 expression or inhibition of the downstream 
apoptotic cascade has been suggested as a new strategy to protect neu-
rons in neurodegenerative diseases, particularly RGCs in optic neurop-
athies (Nguyen et al., 2011). Likewise, Fukui and Zhu demonstrated that 
overexpression of SOD-2 in HT22 mouse hippocampal neuronal cells 
reduced the mitochondrial superoxide level, protected mitochondrial 
morphology and function, and conferred resistance to 
glutamate-induced oxidative cytotoxicity, implying that SOD-2 plays a 
critical role in protecting neuronal cells from glutamate-induced 
oxidative stress and death (Fukui and Zhu, 2010). In the current 
study, ω3-PUFA treatment did not clearly affect the expression of SOD-2 
in the retinas of Opa1enu/+ and wild-type mice, indicating that 
ω3-PUFA-mediated neuroprotection in the retina may not involve the 
upregulation of SOD-2. Nevertheless, our observations demonstrated 
that ω3-PUFA treatment decreased the production of Bax and caspase-3 
in the retina of Opa1enu/+ and wild-type mice, suggesting deactivation of 
the apoptosis pathway. Similar to our findings, Georgiou et al. (2017) 
indicated that ω3-PUFA administration has neuroprotective effects on a 
rat model of NAION via the dual actions of the anti-apoptosis of RGCs 
and the anti-inflammation of the ON. 

In line with previous studies by our research team (Georgiou and 
Prokopiou, 2015; Georgiou et al., 2017; Kalogerou et al., 2018; Proko-
piou et al., 2017, 2018, 2019), the results of the current study clearly 
indicate that retaining an AA/EPA ratio at a low level in the circulating 
blood following ω3-PUFA administration may positively halt the pro-
gression of ADOA and age-related degenerative changes in the eye. The 
decrease in the ratio was a result of the increased EPA (from the fish oil 
formulation) and reduced AA levels in the blood. Notably, the high 
levels of EPA in the retinal and ON tissues prove the successful incor-
poration and critical role of EPA in protecting the aforementioned tis-
sues. EPA was shown to compete with AA and inhibit AA oxygenation in 
vitro, thus inhibiting the inflammatory pathway which involves prosta-
glandin (PG)-D, PGE, and PGF (McCappin et al., 1987; Wada et al., 
2007). 

There is no doubt that further research is needed to examine the 
detailed mechanism underlying this neuroprotective effect; for instance, 
tissue regeneration might contribute to the ω3-PUFA-mediated neuro-
protection of RGCs observed in the Opa1enu/+ and wild-type mice. 
Recently, particular emphasis has been placed on the ability of ω3- 
PUFAs to induce regeneration of neuronal cells through the stimulation 
of proteins essential for myelination in the retina (Di Biase and Salvati, 
1997; Prokopiou et al., 2019; Salvati et al., 2008). That different dosages 
and administration durations were not examined to determine the best 
therapeutic dosage of ω3-PUFAs in Opa1enu/+ mice represents a limita-
tion of this study. Furthermore, the early ω3-PUFA administration may 
better protect the retinas of the corresponding animal model. 

In conclusion, our findings in the Opa1enu/+ mouse model of ADOA 
suggest that 4 months of ω3-PUFA supplementation (EPA:DHA, 5:1) had 
dual neuroprotective effects on RGCs, when the blood AA/EPA ratio was 
maintained at 1.0–1.5, via blockade of inflammatory astrocytes and 
microglia activation and suppression of the proapoptotic Bax and 
caspase-3 in the retina. The combined use of ω3-PUFAs with an anti-
oxidant agent may have synergistic and complementary therapeutic 
effects; idebenone, for example, is thought to mitigate oxidative stress 
(Barboni et al., 2013; Romagnoli et al., 2020). Nevertheless, these novel 
data are encouraging and support the use of ω3-PUFAs as a beneficial 

therapy in the occurrence of ADOA, supporting the need for future 
clinical trials to confirm these observations. 
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