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Abstract: Cytochrome P450 (CYP) gene mutations are a common predisposition associated with
glaucoma. Although the molecular mechanisms are largely unknown, omega-3 polyunsaturated
fatty acids (ω-3 PUFA) and their CYP-derived bioactive mediators play crucial roles in the ocular
system. Here, we elucidated the proteome and cell-signalling alterations attributed to the main
human CYP2C gene deficiency using a homologous murine model (Cyp2c44−/−), and unravelled the
effects of acuteω-3 PUFA supplementation in two ocular vascular beds comprising the retrobulbar
ophthalmic artery (OA) and retina (R). Male Cyp2c44−/− mice (KO) and their floxed littermates (WT)
were gavaged daily for 7 days with 0.01 mL/g ofω-3 PUFA composed of menhaden fish oil. Another
group in respective strains served as vehicle-treated controls. OA and R were isolated at day 8 post-
treatment (n = 9/group) and subjected to mass spectrometry (MS)-based proteomics and in silico
bioinformatics analyses. Cyp2c44−/− resulted in significant detrimental proteome changes associated
with compromised vascular integrity and degeneration in the OA and R, respectively. However,
notable changes in the OA afterω-3 PUFA intake were associated with the maintenance of intercellular
junctional and endothelial cell functions, as well as activation of the fatty acid metabolic pathway
in the KO mice. Conversely,ω-3 PUFA supplementation profoundly influenced the regulation of a
large majority of retinal proteins involved in the preservation of neuronal and phototransduction
activities in WT mice, namely synaptophysin, phosducin and guanylate cyclase-1, while significantly
abrogating degenerative processes in the KO mice via the regulation of, namely, synaptotagmin-1 and
beta-crystallin B2. In gist, this study demonstrated that dietary supplementation with ω-3 PUFA for
a short period of seven days regulated specific neuro-vasculoprotective mechanisms to preserve the
functionality of the OA and R in the absence of Cyp2c44. The potential adjunct use ofω-3 PUFA for
glaucoma therapy needs further investigation.
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1. Introduction

Dietary supplementation with exogenous metabolites and bioactive compounds of
botanical and marine origin has long been a subject of much interest, as well as contro-
versial debate, owing to their profound effects on various physiological mechanisms. In
light of these, the long-chain omega-3 polyunsaturated fatty acids (ω-3 PUFA) from natural
fish oil have emerged as an essential micronutrient supplement with a myriad of preven-
tative and palliative effects on different disease conditions, including various insidious
ocular pathologies, e.g., diabetic retinopathy, age-related macular degeneration (AMD)
and glaucoma [1–4]. The primary ω-3 PUFAs are composed of docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA). Intriguingly, the former lipid mediator accounts
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for approximately 20% of the weight of the retina, and unsurprisingly, it is also the main
ω-3 PUFA found in photoreceptor cells [5–7].

The pleiotropic beneficial effects in the eye exerted by the habitual intake ofω-3 PUFA
are reflected in the experimental animal models of ocular diseases, as well as in preclinical
studies in population-based cohorts. Although there are a limited number of studies on the
applicability of oral supplementation with ω-3 PUFA in glaucoma patients, the attempts to
delineate its beneficial effects against retinal dysfunction have been elegantly demonstrated
by several groups, showing that these fatty acids do indeed confer protective effects against
elevated intra-ocular pressure (IOP)-induced glaucomatous damage in the retina [4,8–11].
Similarly, other studies have provided compelling experimental evidence supporting the
therapeutic efficacy of ω-3 PUFA in ischemic optic neuropathy and AMD [2,12–16]. On the
other hand, population-based studies such as the Blue Mountains Eye Study conducted in
elderly Australians [17], the Rotterdam Study [18], the French Nutritional AMD Treatment,
phase 1 (NAT-1) [19] and the 6-year PREDIMED (Prevención con Dieta Mediterránea)
trial [20] have all demonstrated that these essentialω-3 fatty acids appear to be beneficial
and can be considered as a potential prophylactic therapeutic regimen for patients with
sight-threatening AMD and diabetic retinopathy.

Mechanistically, both DHA and EPA are substrates for the enzymes cyclooxygenase
(COX), lipoxygenase (LOX) and cytochrome P450 (CYP) [21–23]. However, the CYP iso-
forms, particularly of the CYP2C subfamily, possess the capacity to preferentially metabo-
lize these ω-3 PUFAs as relatively efficient substrates compared to the other two branches
in the cascade [21]. It is well-recognized that the CYP1B1 gene mutation is one of the driv-
ing factors that predisposes to the development of various types of glaucoma in humans,
and, although the lack of this gene expression in murine models demonstrated no overt
glaucomatous pathology, there was an increased vulnerability of the retinal axons to the
disease pathogenesis [24]. The role of the CYP isoforms as well as the lipid metabolites
of PUFAs generated by these enzymes in the retina has been studied extensively, with
particular focus on the primary human epoxygenases, CYP2C8 and CYP2C9 [25–27]. A
study by Shao et al. showed that the overexpression of human CYP2C8 in a mouse model
of oxygen-induced retinopathy promoted retinal angiogenesis in the group fed with a ω-3
PUFA-enriched diet [27]. The main murine isoform, Cyp2c44, shares a high homology with
the human CYP2C8/9, and hence, genetic manipulation of this isoform has been instrumen-
tal in unravelling many functional and mechanistic roles of this enzyme in the retina using
mouse models. An investigation by Hu and colleagues showed that Cyp2c44 is highly
expressed in the retinal Müller glial cells, and endothelial cell proliferation and vessel diam-
eter expansion were promoted in the gene knockout (Cyp2c44−/−) mice associated with the
accumulation of DHA-derived hydroxyl-docosahexaenoic acid (HDHA) in the retina [26].
In retrospect, in an endeavour to further explore the potential role and expression of this
CYP isoform in the ocular vasculature, a recent study of ours has provided the first and
novel insight that Cyp2c44 is expressed predominantly in the vascular smooth muscle
cells of the ophthalmic artery, and theω-6 arachidonic acid-derived secondary metabolites,
consisting of epoxyeicosatrienoic acids (EETs), mediate va-soconstriction [28].

Although many studies were undertaken to decipher the effects of ω-3 PUFAs in
various organs, either in animal models or in preclinical human trials, a proteome-wide
mapping of the precise changes attributed to the chronic lack of the PUFA-metabolizing
CYP enzyme in different ocular vascular beds remains largely unexplored. Therefore,
considering the pivotal (patho)physiological roles of the CYP-derived lipid mediators in
o-cular blood vessels based on our previous studies, the current study aimed to investigate
the molecular mechanisms underlying the beneficial action of oral supplementation with
ω-3 PUFAs, consisting mainly of EPA and DHA, in two different ocular vascular tissues
comprising the retrobulbar ophthalmic artery and neural retina. We hypothesized that
the effects of the Cyp2c44 gene knockout andω-3 PUFA are manifested more significantly
in the retina compared to the ophthalmic artery. The main aim of the present study
was two-fold; first, to explore the protein changes related to a short-term (7 days) oral
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supplementation withω-3 PUFA in Cyp2c44−/− mice compared to their floxed littermate
control, and second, to map the expression of differentially regulated proteins and decipher
the cell-signalling pathways in a non-targeted manner to compare the mo-dulations of the
retinal and ophthalmic arterial proteome following supplementation.

2. Materials and Methods
2.1. Animals

This study was approved by the Animal Care Committee of Rhineland-Palatinate (Lan-
desuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany; permission no: 23 177-07/G
20-1-091) and institutional animal care committee [Translational Animal Research Centre
(TARC)] of the University Medical Centre of the Johannes Gutenberg University Mainz.
Animal experiments were conducted in strict adherence to the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research and followed the recommendations in the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines. Animal care conformed to institutional
guidelines and the EU Directive 2010/63/EU. Animal use in this study was in accordance
with the 3R principle.

Floxed Cyp2c44 mice were generated by TaconicArtemis (Cologne, Germany) using
C57BL/6 embryonic stem cells for gene targeting, as described previously [28]. The mice
were crossed with Gt(ROSA)26Sortm16(Cre)Arte mice expressing Cre under the control
of the endogenous Gt(ROSA)26Sor promoter (TaconicArtemis) to generate mice globally
lacking Cyp2c44 (Cyp2c44−/−). Breeding pairs were provided by Prof. Ingrid Fleming from
the Institute for Vascular Signalling, Goethe University, Frankfurt. The mice were bred and
housed in standard autoclaved polypropylene cages with access to mouse chow and water
ad libitum under standardised conditions (12 h light/dark cycle, temperature 23 ± 2 ◦C
and relative humidity 55 ± 10%) at the TARC.

2.2. Experimental Design

The overview of the experimental workflow is represented as a scheme (Figure 1).
Briefly, male Cyp2c44−/− (KO) and Cyp2c44fl/fl mice (littermate control) aged 3 to 5 months
were used in this study. Mice in the treated group (n = 9/group) were orally gavaged once
daily for 7 days with 10 µL/g of body weightω-3 PUFA consisting of menhaden fish oil
(F8020, Sigma-Aldrich, St. Louis, MO, USA) and phosphate-buffered saline (PBS, serving as
control; n = 9/group). Theω-3 PUFA contains 20–31% octadecatrienoic, eicosapentaenoic
(EPA) and docosahexaenoic acids (DHA). Animals in the experiment were monitored
daily by the experimenters and animal caretakers to ensure their welfare. This included
monitoring their body weight and, water and food intake. Daily body weight checks were
performed starting from the day before the first oral gavage (day 0) until the day of sacrifice
and sampling (day 8).

2.3. Sample Preparation

Murine ocular vascular tissue sample preparation was carried out as described else-
where [29,30]. Briefly, the mice were euthanized with CO2 and their eyes were immediately
enucleated with optic nerve and extraocular tissues in ice-cold Krebs–Henseleit buffer. The
ophthalmic artery and neural retina were carefully isolated and cleaned of surrounding
orbital tissues and fat under a stereomicroscope using fine tip-precision tweezers and
Vannas capsulotomy scissors. The isolated samples were immediately snap-frozen in liquid
nitrogen and stored in −80 ◦C until use.
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Figure 1. Workflow overview. The schematic overview of the experimental design of this study.
Ophthalmic artery and retina were harvested from Cyp2c44−/− (KO) and Cyp2c44fl/f (floxed littermate
control) mice following oral gavaging with eitherω-3 PUFA-enriched fish oil or vehicle control for
7 days. Samples were subjected to in-solution trypsin digestion prior to subjecting to bottom-up
proteomics profiling employing the nano-LC-ESI-MS/MS. The emerging continuum MS datasets
were subjected to robust statistical and in silico bioinformatics analyses, which enabled in-depth
data mining to identify differentially expressed protein signatures and, subsequently, elucidate the
underlying mechanisms.

2.4. Tissue Protein Extraction

The protein-extraction procedure for both the ophthalmic artery and retinal samples
was carried out by employing our in-house protocol, which was established specifically
for ocular blood vessels [30,31]. Ophthalmic artery samples were pooled from both eyes
of three mice per replicate (n = 9 mice/group) to yield a sufficient amount of protein for
analysis, while the retinal tissues were analysed individually (n = 9/group). The samples
were homogenized in the T-PER Tissue Protein Extraction Reagent (Thermo Scientific Inc.,
Waltham, MA, USA) and stainless-steel beads using a Bullet Blender homogenizer (BBY24M
Bullet Blender Storm, Next Advance Inc., Averill Park, NY, USA). The supernatant of the
tissue homogenates was subjected to buffer exchange and sample cleaning using 3 kDa
centrifugal cut-off filters (Amicon Ultra 0.5 mL, Merck Millipore, Carrigtwohill, Ireland).
Protein concentration estimation was determined by employing the bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA).

2.5. Nano-Liquid Chromatography–Electrospray Ionization–MS/MS (nLC-ESI-MS/MS) Analysis

The nano-LC system employed consisted of an EASY-nLC 1200 system (Thermo Sci-
entific, Rockford, IL, USA) with an Acclaim PepMap RSLC, 75 µm × 50 cm, nanoViper
analytical column (Thermo Scientific, Rockford, IL, USA). Solvent A consisted of LC-MS
grade water with 0.1% (v/v) formic acid, and solvent B consisted of LC-MS grade acetoni-
trile with 20% (v/v) water and 0.1% (v/v) formic acid. The run of the resulting gradient
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per sample added up to a total time of 90 min (0–60 min: 5–30% B, 60–70 min: 30–100% B,
70–90 min: 100% B). The nano-LC system was directly coupled to the ESI-LTQ-Orbitrap-
XL-MS system (Thermo Scientific, Bremen, Germany) and continuum mass spectra data
were acquired on the ESI-LTQ-Orbitrap-XL MS. The general mass spectrometric conditions
were as follows: positive-ion electrospray ionization mode, spray voltage set to 2.15 kV,
heated capillary temperature set at 220 ◦C. The system was used in the data-dependent
mode of acquisition, enabling automatic switches between MS and MS/MS modes. In MS
mode, the lock mass option was enabled. Internal recalibration was acquired in real time via
polydimethylcyclosiloxane (PCM) ions (m/z 445.120025). The LTQ-Orbitrap was operated
in a data-dependent mode of acquisition to automatically switch between Orbitrap-MS and
LTQ-MS/MS acquisition. Survey full-scan MS spectra (from m/z 300 to 2000) were acquired
in the Orbitrap with a resolution of 60,000 at m/z 400 and a target automatic gain control
(AGC) setting of 1.0 × 106 ions. The seven most intense precursor ions were sequentially
isolated for fragmentation in the LTQ with a collision-induced dissociation (CID) fragmen-
tation; the normalized collision energy (NCE) was set to 35% with an activation time of
30 ms with a repeat count of 2 and dynamic exclusion duration of 210 s. The resulting
fragment ions were recorded in the LTQ.

2.6. Label-Free Quantification (LFQ) Analysis

The acquired continuum MS spectra were analysed by MaxQuant computational suite
(version 2.0.1.0) and its built-in Andromeda search engine for peptide and protein identifica-
tion [32–34]. Tandem MS spectra were searched against the SwissProt database, as follows:
Homo sapiens (9606), date: 21 May 2021, 20,395 annotated proteins; Mus musculus (10090),
date: 21 May 2021, 17,073 annotated proteins. Both human and mouse databases were used
to maximize protein identification due to the limited availability of annotated proteins
in the mouse-specific database [30]. Standard settings with a peptide mass tolerance of
±30 ppm and a fragment mass tolerance of ±0.5 Da, with ≥6 amino acid residues and
only “unique peptides” that belong to a protein were chosen [32,34]. Target-decoy-based
FDR for peptide and protein identification was set to 0.01 to limit a certain number of peak
matches by chance. Carbamidomethylation of cysteine was set as a fixed modification,
while protein N-terminal acetylation and oxidation of methionine were defined as vari-
able modifications; enzyme—trypsin and maximum number of missed cleavages—2. The
summary of MaxQuant parameters employed in the current analyses for both ophthalmic
artery and retina is as tabulated (Supplementary Table S1).

2.7. Statistical and Bioinformatics Analysis

The output of the generated “proteingroups.txt” data from the MaxQuant analysis
was used for the subsequent statistical analysis with the Perseus software (version1.6.14.0)
following data cleaning from reverse hits and contaminants. The statistical analysis in
Perseus was performed as follows: First, LFQ intensities were log2-transformed and the
results were filtered to include only peptides with 100 % valid measured values in at least
one of the study groups. Next, missing values were imputated from a normal distribution in
standard settings (width: 0.2, down shift: 1.8), enabling statistical analysis [34]. Significantly
differentially expressed proteins were identified by a Student’s two-sample t-test with
p < 0.05. An unsupervised hierarchical clustering analysis was performed according to
Euclidean distance (linkage = average; pre-process with k-means) to generate a heat map
of the differentially expressed proteins. The gene names of the significantly differentially
expressed proteins in each group were used for functional annotation and pathways
analyses employing the Ingenuity Pathway Analysis software (v01–04, IPA; Ingenuity
QIAGEN Redwood City, CA, USA) [35]. The IPA analysis unravelled the protein–protein
interaction (PPI) networks that were experimentally observed and had direct interactions,
as well as annotated the proteins according to their subcellular localization and identified
the significantly affected canonical pathways and top biological functions associated with
the differentially expressed ophthalmic arterial and retinal proteins. The top enriched
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canonical pathways and biological functions of the differentially expressed proteins were
presented with a p-value calculated using multiple testing correction, and the significance
threshold was set at −log (p-value) > 1.3. The IPA Upstream Regulator Analytic tool was
used to identify the gamut of molecules predicted to function as upstream regulators (i.e.,
transcription factors, ligand-dependent nuclear receptors, growth factors, kinases, etc.) and
elucidate the expected causal effects between upstream regulators and targeted protein
expression changes observed in experimental datasets. The overlap p-value measures
whether there is a statistically significant overlap between the dataset and the proteins that
are regulated by a regulator. It is calculated using Fisher’s Exact Test and the significance
threshold is attributed to p-values < 0.01. The activation z-score was used to infer the likely
activation states (activation or inhibition) of upstream regulators based on comparison with
a model that assigns random regulation directions.

3. Results
3.1. General Observation and ω-3 PUFA-Related Body Weight Changes

Oral gavaging with eitherω-3 PUFA or PBS for 7 days did not produce any demonstra-
ble changes or abnormalities in the general appearance and behaviour of the animals. There
was no treatment-related mortality or morbidity observed throughout the study period.
All mice survived until the day of scheduled sacrifice. The mice were weighed immediately
before euthanasia on day 8. Although a slight but non-significant (p > 0.05) decrement of
body weight was observed in all groups on day 8 compared to the day before the start of
oral gavage (day 0), the mean body weight did not differ between groups (KO-ω-3 PUFA:
33.15 ± 1.66 g cf. 31.03 ± 1.05 g; KO-PBS: 35.14 ± 2.22 g cf. 32.94 ± 1.93 g; floxed-ω-3 PUFA:
30.64 ± 1.29 g cf. 27.53 ± 1.43 g; and floxed-PBS: 32.54 ± 1.18 g cf. 31.71 ± 0.90 g at day 0
and day 8, respectively) (Supplementary Figure S1).

3.2. Label-Free Quantitative Proteomics Analysis

Bottom-up LC-MS/MS proteomics analysis assessed the proteome-wide changes attributed
to short-term supplementation withω-3 PUFA and identified a total of 652 and 1377 proteins
from the ophthalmic artery and retina, respectively, at less than 1% false discovery rate (FDR
< 1%) (complete protein list in Supplementary Tables S2 and S3, respectively). In this study,
we employed both mouse and human databases in UniProt for a tandem MS search to maxi-
mize protein identification, owing to a limited annotation of murine proteins (17,073 proteins)
compared to a higher number of annotated proteins in the human database (20,395 proteins)
(Supplementary Table S1). The use of a multiple database search has been demonstrated
to provide significantly more protein identification, which is not restricted to only those
sequences obtained from the organism of interest [30,36–39].

3.3. Influence of ω-3 PUFA Administration on the Ophthalmic Arterial Proteome

The vascular proteome changes in the murine ophthalmic artery following acute
oral supplementation with ω-3 PUFA were demonstrated by the differential expression
of a total of 60 proteins (complete protein list in Supplementary Table S4). As many as
23, 18 and 26 proteins were significantly differentially expressed in the KO PBS/fl PBS, KO
ω3/KO PBS and fl ω3/fl PBS group, respectively (Figure 2a). Among the 23 proteins
differentially regulated in the KO PBS/fl PBS group, an almost similar number of proteins
were up- (11 proteins) and down-regulated (12 proteins), while an equal number of nine
proteins were up- and down-regulated in the KOω3/KO PBS group. In the flω3/fl PBS
group, a higher number of proteins were down-regulated (16 proteins) compared to 10 up-
regulated proteins. The administration ofω-3 PUFA compared to vehicle control resulted
in the expression of 21 and 15 exclusive proteins in the floxed and KO mice, respectively,
while as many as 17 proteins were exclusively regulated in the vehicle-treated KO mice
compared to their floxed littermates fed the same (Supplementary Figure S2a).
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Figure 2. Differentially expressed protein profiles of the ophthalmic artery. (a) Hierarchical clus-
tering of the differentially expressed proteins represented in a heat map. The up-regulated proteins
are shown in red, and the down-regulated proteins are in green. The protein–protein interaction
depicts the networks of differentially expressed proteins in the ophthalmic artery of the KO mice
(b) before and (c) after 7-day intake of ω-3 PUFA. Colours red and green represent increment and
decrement of protein abundance, respectively, with different colour intensities that correspond to the
degree of differential expression. Proteins are annotated according to their localization in different
cellular compartments and are depicted as different shapes representing the functional classes of the
proteins (e.g., enzyme, transcription regulator, transporter, etc.). Blue dotted circles highlight the
distinct change in protein regulation profiles followingω-3 PUFA supplementation.

Next, the IPA analysis of differentially expressed protein clusters in the KO mice
administered with PBS (KO PBS/fl PBS) andω-3 PUFA (KOω3/KO PBS) revealed that the
majority of proteins comprised enzymes, which were localized in the cytoplasm (Figure 2b,c,
respectively). Similarly, the protein–protein interaction networks of the differentially
expressed proteins of floxed mice fed withω-3 PUFA (flω3/fl PBS group) demonstrated a
high number of cytoplasmic proteins composed of enzymes (Supplementary Figure S3a).
Interestingly, two proteins comprising atlastin-3 (Atl3) and hexokinase-1 (Hk1), which were
up-regulated in the KO group fed with only vehicle (KO PBS/fl PBS), were significantly
down-regulated following administration withω-3 PUFA in the KO mice (KOω3/KO PBS)
(highlighted with blue dotted circles, Figure 2b,c, respectively). However, only one similar
protein (14-3-3 protein beta/alpha, Ywhab) was found to be highly regulated following
ω-3 PUFA in both KO and floxed mice.

Further analysis to unravel the functional relevance of these differentially expressed
proteins in the ophthalmic artery demonstrated that the top significantly regulated canon-
ical pathways in the KO mice fed with only vehicle were involved mainly in oxidative
phosphorylation (p = 5.01 × 10−8), glucocorticoid receptor signalling (p = 1.58 × 10−4),
HIF-1α signalling (p = 8.91 × 10−4), sirtuin signalling pathway (p = 2.37 × 10−3) and TCA
cycle (p = 2.11 × 10−2). On the other hand, the top five canonical pathways that showed sig-
nificant alteration as a consequence of diet supplementation withω-3 PUFA to the KO mice
involved the remodelling and signalling of the epithelial adherens junctions (p = 1.20 × 10−3
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and 6.18 × 10−3, respectively), unfolded protein response (p = 2.08 × 10−3), SNARE sig-
nalling pathway (p = 4.67 × 10−3) and endothelial nitric oxide synthase (eNOS) signalling
(p = 6.33 × 10−3). Further analysis to identify the specifically affected canonical pathways
that were significantly (p < 0.05) altered following treatment withω-3 PUFA in the floxed
mice showed an interesting trend that closely mimicked the KO mice treated with PBS.
These comprised the significant involvement of proteins implicated in oxidative phospho-
rylation (p = 2.38 × 10−4), TCA cycle (p = 2.86 × 10−4) and the sirtuin signalling pathway
(p = 3.86 × 10−3). Two pathways that were only exclusively involved in the ω-3 PUFA-
treated floxed but not in the KO mice were composed of the regulation of actin-based
motility by Rho (p = 7.09 × 10−3) and prostanoid biosynthesis (p = 1.09 × 10−2) (Figure 3a).
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Figure 3. Top significantly enriched canonical pathways and diseases and biological functions
in the ophthalmic artery. (a) The significantly enriched canonical pathways implicated in the
ophthalmic artery, which were determined by p-value overlap between the proteins identified
in our datasets and the molecules in the respective pathways. The significance of enrichment
(−log10 (p-value), one-sided Fisher’s exact test)) is scaled by colour intensity; p < 0.05. The clustering
of the most significantly affected diseases and biological functions in the ophthalmic artery depicted
according to the (b) −log10 (p- value) and (c) activation z-score. Overall z-scores are represented by
the colour orange, which indicates activation, and blue indicates inhibition of the signalling pathways.

Correspondingly, the disease and biological functional analysis of the differentially
expressed proteins showed that most protein clusters in both PBS-treated KO and ω-3
PUFA-treated floxed mice were significantly associated with mitochondrial respiratory
chain deficiency (p = 3.77 × 10−8 and 2.02 × 10−4, respectively). On the other hand, the
treatment of ω-3 PUFA resulted in significant regulation proteins involved in adhesion of
the cell-associated matrix in both KO and floxed mice (p = 7.06 × 10−5 and 6.18 × 10−3,
respectively). Among the biological functions that were found to be only regulated by
the administration ofω-3 PUFA to the KO mice, the top functions were implicated in pe-
ripheral neuropathy (p = 3.02 × 10−6), integrity of intercellular junctions (p = 2.96 × 10−5),
degranulation of blood platelets (p = 1.22 × 10−4), organization of junctional complexes
(p = 7.57 × 10−4), remodelling of actin stress fibres (p = 1.51 × 10−3) and fatty acid
metabolism (p = 4.35 × 10−3) (Figure 3b). Noteworthy, necrosis was activated (z-score = 0.391)



Cells 2022, 11, 3494 9 of 24

and, molecular transportation and synthesis of reactive oxygen species (ROS) were inhibited
in the KO mice (z-score = −0.169 and −0.520, respectively). Remarkably, the administration
of ω-3 PUFA resulted in the reversal of the former two processes (necrosis and molecular
transportation) in the KO mice (z-score = −0.253 and z-score = 0.147, respectively). The oph-
thalmic arterial proteins of floxed mice treated withω-3 PUFA were shown to be involved in
the inhibition of several cellular processes, namely necrosis (z-score = −0.136), angiogenesis
(z-score = −0.577) and organismal death (z-score = −0.487), while consistently activating the
organismal survival (z-score = 0.068) (Figure 3c). The gene heatmap of these disease and
functional annotations showed that a myriad of different proteins were responsible for the
activation and inhibition of the same function in the different treatment groups. For exam-
ple, only a small proportion of the differentially expressed proteins (i.e. sorcin (SRI), Ywhab,
Hk1 and pleckstrin homology domain-interacting protein (PHIP)) were observed to be
similar between the groups in mediating the necrotic process (Supplementary Figure S4a),
and in the transport of molecules (Supplementary Figure S4d), while the large majority of
protein expression differed between the treatment groups and genotypes. However, distinct
clusters of protein were found only in several categories, such as in significant regulation of
the fatty acid metabolism and inhibition of organismal death in theω-3 PUFA-administered
KO and floxed mice, respectively (Supplementary Figure S4b,c, respectively).

3.4. Effects of ω-3 PUFA Supplementation on the Retinal Proteome

Expression profiling identified 144 retinal proteins as significantly differentially ex-
pressed (p < 0.05) between the different groups of mice supplemented withω-3 PUFA and
vehicle (full list in Supplementary Table S5). Among these, a higher number of proteins
(61 proteins) were significantly differentially expressed in theω-3 PUFA-administered floxed
mice compared to the ω-3 PUFA- and vehicle-administered KO mice (56 and 51 proteins,
respectively), as represented in the heat map (Figure 4a). An almost similar number of
proteins were exclusively differentially expressed in both theω-3 PUFA-treated floxed and
KO group (floxed: 47 proteins and KO: 45 proteins), whereas only 30 proteins were exclusive
to the PBS-administered KO mice (Supplementary Figure S2b). Unlike the ophthalmic
artery, which lacked any overlapping proteins in all three groups, two retinal proteins
were found to be differentially expressed in all groups that consisted of retinal guanylyl
cyclase 1 (Gucy2e) and adaptor-associated protein kinase 1 (Aak1). In the vehicle-treated
KO and ω-3 PUFA-administered floxed group, the number of down-regulated proteins
was higher (29 and 34 proteins, respectively) than the ω-3 PUFA-treated KO mice, with
15 down-regulated and 41 up-regulated proteins (Supplementary Table S5). According to
their functional and cellular compartment classification, the majority of these proteins were
enzymes localized in the cytoplasm, similar to the ophthalmic artery. However, compared
to the ophthalmic artery, a bigger proportion of these proteins (10 proteins), which were
significantly down-regulated in the KO mice, were up-regulated in the KO mice following
ω-3 PUFA administration. On the contrary, only one up-regulated protein in the former
group, kinesin-like protein KIF21A (Kif21a), was down-regulated in the latter (Figure 4b,c).
The PPI of the differentially expressed proteins in theω-3 PUFA-administered floxed group
showed that three proteins localized in the nucleus comprising the transcription regulators
catenin beta-1 (CTNNB1) and prohibitin (Phb), and an enzyme, the Parkinson disease
protein 7 homolog (Park7), have the highest number of interactions with other proteins
(Supplementary Figure S5).
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Figure 4. Profiles of differentially expressed retinal proteins. (a) Heat map depicts the hierarchical
clustering of the differentially expressed retinal proteins. Red and green shading indicate up- and
down-regulation of the proteins, respectively. The protein–protein interaction networks of differen-
tially expressed proteins in the retina of the KO mice (b) before and (c) after 7-days of ω-3 PUFA
intake. Nodes (proteins) depicted with different shapes represent functional classes of the proteins
(e.g., enzyme, transcription regulator, transporter, etc.) and are annotated according to their local-
ization in different cellular compartments. The intensity of the node colour indicates the degree of
differential regulation, with the colours red and green representing the increment and decrement
of protein abundance, respectively. Blue dotted circles highlight the distinct alteration in protein
regulation profiles followingω-3 PUFA supplementation.

To further decipher the key mechanisms by which dietary supplementation withω-3
PUFA alters the proteome of the retina, a functional clustering analysis highlights the
significant involvement of several key canonical pathways. The top canonical pathways
ranked by p-value in the KO mice are depicted by the significant regulation of proteins in
the phototransduction pathway (p = 6.00 × 10−3), clathrin-mediated endocytosis signalling
(p = 8.22 × 10−3) and oxidative phosphorylation (p = 2.37 × 10−2). It is noteworthy that
three pathways comprising glycolysis (p = 1.84 × 10−3), G-protein signalling mediated by
Tubby (p = 1.53 × 10−4) and GABA receptor signalling (p = 1.54 × 10−5) were significantly
affected only in the KO group, particularly following the administration of ω-3 PUFA
(Figure 5a). Remarkably, the involvement of a higher number of canonical pathways was
observed in the retina of mice administered with ω-3 PUFA, regardless of the genotype,
with an overall trend of activation, as evidenced by the positive z-scores of three major
pathways comprising the opioid signalling pathway (p = 5.09 × 10−4; z-score = 2.0) in the
KO group, and the sirtuin (p = 5.96 × 10−3; z-score = 2.0) and nitric oxide signalling path-
ways (p = 2.19 × 10−4; z-score = 1.0) in the floxed group. Only one canonical pathway was
shown to have a decreased activity in the ω-3 PUFA-fed floxed group, which wasoxidative
phosphorylation (p = 1.68 × 10−4; z-score = −1) (Figure 5b).
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Figure 5. Top significantly affected canonical pathways in the retina. Chart depicts the significantly
(p < 0.05) enriched canonical pathways implicated in the retina, which were determined by p-value
overlap between the proteins identified in our datasets and the molecules in the respective pathways,
according to (a) −log10 (p-value) and (b) activation z-score. Blue indicates negative and orange
indicates positive regulation based on the activation z-scores for canonical pathway comparison
between the different groups and treatment paradigms.

Subsequent analysis of the disease and biological functions associated the differen-
tially expressed proteins to visual functions and degeneration in the KO mice, namely
retinal degeneration (p = 1.82 × 10−2), cellular and organ degeneration (p = 9.05 × 10−4

and p = 5.63 × 10−4, respectively), early-stage glaucoma (p = 1.91 × 10−2), microtubule
dynamics (p = 9.46 × 10−3) and fatty acid metabolism (p = 1.33 × 10−2). On the contrary,
the significantly affected functions followingω-3 PUFA supplementation in the KO mice
were implicated in protein folding (p = 1.54 × 10−5), the assembly of respiratory chain
complex I (p = 3.13 × 10−4) and the fusion of phospholipid vesicles (p = 2.35 × 10−3).
The differentially expressed proteins in the floxed mice fed withω-3 PUFA exhibited an
interesting pattern of significantly affected functionalities involved in neurotransmission
(p = 1.95 × 10−5), synaptic transmission (p = 2.11 × 10−4), the organization of organelles
and actin (p = 2.17 × 10−5 and p = 3.81 × 10−3, respectively), autophagosome clearance
(p = 2.48 × 10−3) and the synthesis of nitric oxide (p = 3.25 × 10−3) (Figure 6a). A strik-
ing feature of these results is that the retinal proteins in the KO mice were involved in
the activation of retinal degeneration (z-score = 0.225) and inhibition of pivotal cellular
processes, such as organization of the cytoskeleton (z-score = −1.184) and microtubule
dynamics (z-score = −1.412). Conversely, the administration of ω-3 PUFA to KO mice
resulted in the activation of endocytosis (z-score = 1.287), which was also observed to be
highly activated in the floxed mice (z-score = 2.024), the activation of the transcription
activities in the retinal cells (z-score = 2.052), and the engulfment of cells (z-score = 1.406),
which was inhibited in the vehicle-treated KO mice (z-score = −0.243) (Figure 6b). The gene
heatmap depicting the proteins involved in key functions such as significant activation of
retinal degeneration in the KO group was attributed to two up-regulated (retinoschisin
(Rs1) and ubiquilin-1 (Ubqln1)) and two down-regulated (Gucy2e and GNB1) proteins
(Supplementary Figure S6a). The majority of proteins involved in the modulation of the
two most affected biological functions, specifically in the ω-3 PUFA-administered KO
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mice—which were the activation of transcription (Supplementary Figure S6b) and inhi-
bition of organismal death (Supplementary Figure S6c)—were shown to up-regulated.
Among these up-regulated proteins, one protein in the former (GNB1) and three in the
latter function (cathepsin B, Ctsb; acidic leucine-rich nuclear phosphoprotein 32 family
member A, Anp32a and GNB1) were shown to be down-regulated in the KO group, which
reflected the germane effects of theω-3 PUFA treatment in the KO mice. Intriguingly, the
protein expression profile of activated organismal survival function in the floxed mice fed
withω-3 PUFA showed that, apart from the exclusive expression of seven proteins, there
was also an up-regulation of two proteins common to the KO mice (Rho GDP-dissociation
inhibitor 1 (Arhgdia) and epsin-1 (Epn1)) (Supplementary Figure S6d).
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Figure 6. Top significantly affected diseases and biological functions in the retina. The clustering
of the most significantly affected diseases and biological functions in the retina depicted according to
the (a) −log10 (p-value) and (b) activation z-score. Overall z-scores are represented by the colour
orange, which indicates activation, and blue indicates inhibition of the signalling pathways.

3.5. The Role of Predicted Upstream Regulators in the Ophthalmic Artery

Finally, the role of upstream molecules, including transcription factors—which were
predicted to significantly modulate the downstream expression of specific clusters of
differentially expressed proteins—was investigated. In the ophthalmic artery, the common
upstream regulators found to be significant in all three groups were UQCC3, MECP2
and PAX3-FOXO1. Among these, the former was also the most significant regulator in
the KO group (p = 5.68 × 10−9), while PHIP was the highly significant and exclusive
regulator in the KO group fed with ω-3 PUFA (p = 1.26 × 10−5). In addition, KDM5A
(p = 9.43 × 10−6), FOXA1 (p = 2.31 × 10−5 and GATA5 (p = 6.54 × 10−5) all exclusively
governed downstream proteins in the KO group. On the other hand, RTN4 (p = 1.29 × 10−3),
PDGF-BB (p = 2.51 × 10−3) and IL-15 (p = 5.73 × 10−3) were all exclusively involved in the
regulation of proteins in theω-3 PUFA-administered KO group. Two upstream regulators
exerted exclusive control on the differentially proteins in theω-3 PUFA-administered floxed
group comprising a transcription regulator, Hif-1α (p = 2.94 × 10−3), and a peptidase,
NCSTN (p = 7.28 × 10−4). In both groups administered withω-3 PUFA, only one common
regulator was identified (CLPP, p = 2.79 × 10−5 and p = 7.74 × 10−5 in the KO and floxed
mice, respectively) (Figure 7a).
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Figure 7. Predicted upstream regulators in the ophthalmic artery. The predicted profiles of top
selected upstream regulators illustrated according to (a) −log10 (p-value), p < 0.05 and (b) activation
z-score. Exemplary profiles of significantly affected predicted upstream regulators for the various
clusters of differentially expressed proteins represented by (c) activated TGF-β1 in the KO group,
(d) ~3-fold activation of TGF-β1 in the ω-3 PUFA-fed KO group, (e) inhibited HIF-1α in the ω-3
PUFA-fed floxed mice and (f) significant regulation by PPARα. The colours red and green of the
nodes represent the up- and down-regulation of the differentially expressed proteins implicated in
the interaction networks, respectively. The predicted activity of the regulators is shown as orange
(activated) and blue (inhibited), and grey indicates indeterminable activity pattern.

In the KO group, the majority of upstream regulators were activated comprising TP53
or p53 (p = 1.23 × 10−2; z-score = 0.218), TNF (p = 4.72 × 10−2; z-score = 1.219), a growth
factor TGF-β1 (p = 4.63 × 10−2; z-score = 0.277), KDM5A (p = 9.43 × 10−6; z-score = 1.0),
AGT (p = 4.72 × 10−2; z-score = 0.651) and RICTOR (p = 9.20 × 10−6; z-score = 0.447), whereas
only two regulators comprising RB1 (p = 1.69 × 10−3; z-score = −1) and PAX3-FOXO1
(p = 1.81 × 10−4; z-score = -1) were inhibited. Both p53 (p = 5.24 × 10−4; z-score = 1.912) and
TGF-β1 (p = 5.37 × 10−4; z-score = 0.816) were also activated in the KO mice fed withω-3
PUFA. The former regulator was also found to be activated (p = 4.59 × 10−3; z-score = 0.378)
in the floxed mice fed with ω-3 PUFA, in addition to inhibited GABA (p = 1.19 × 10−3;
z-score = −1) and Hif-1α (p = 2.94 × 10−3; z-score = −0.254) (Figure 7b).

The exemplary profiles of the proteins governed by activated TGF-β1 in the KO
(Figure 7c) and ω-3 PUFA-administered KO group (Figure 7d) showed the downstream
regulation of a large cluster of enzymes and proteins with other molecular functions. On
the other hand, inhibited transcription regulator Hif-1αwas predicted to modulate a cluster
of four proteins in floxed mice fed withω-3 PUFA (Figure 7e), while PPARα was predicted
to regulate another four proteins in the ophthalmic artery ofω-3 PUFA-administered KO
mice (Figure 7f).

3.6. The Role of Predicted Upstream Regulators in the Retina

In comparison to the ophthalmic artery, the involvement of common predicted up-
stream regulators in all three groups was higher in the retina, as evidenced by the signif-
icant modulation by five regulators comprising UQCC3, APP, MAPT, a transcription
regulator, MYC and a peptidase, PSEN1. In the KO group, a kinase inhibitor, MEL
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S3 (p = 4.99 × 10−9), a growth factor, IGF2 (p = 6.37 × 10−3), a transcription regulator,
MLXIPL (p = 4.27 × 10−2) and Creb (p = 3.93 × 10−2) were shown to be exclusive to this
group. Likewise, in theω-3 PUFA-administered KO group, a cluster of cytokines composed
of IL-5 (p = 7.61 × 10−4) and IL-15 (p = 1.04 × 10−3), an enzyme, CYP1A1 (p = 1.98 × 10−3)
and a ligand-dependent nuclear receptor, PPARδ (p = 2.93 × 10−2) were predicted to be
exclusive in this group. On the contrary, only two regulators comprising a transcription
regulator, NOTCH1 (p = 7.46 × 10−4) and a ligand-dependent nuclear receptor, PPARα
(p = 3.79 × 10−2) were exclusively implicated in the regulation of proteins in the ω-3
PUFA-administered floxed mice (Figure 8a).
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Figure 8. Predicted upstream regulators in the retina. The profiles of top selected predicted up-
stream regulators according to (a) −log10 (p-value), p < 0.05 and (b) activation z-score. Exemplary
profiles of significantly affected predicted upstream regulators for the various clusters of differentially
expressed proteins represented by interaction networks of (c) inhibited TGF-β1 in the KO group,
(d) activated TGF-β1 regulation inω-3 PUFA-fed KO mice, (e) significant regulation by PPARα and
(f) PPARδ. Red and green colours of the proteins represented by functionality nodes indicate up- and
down-regulation of the differentially expressed proteins, respectively. The predicted activity of the
regulators is shown as orange (activated) and blue (inhibited), and grey indicates an indeterminable
activity pattern.

The striking effects of short-term ω-3 PUFA-administration in the KO mice were
reflected in the reversal of the activity of several upstream regulators. The most prominent
results were shown in the inhibition of GABA (z-score = −2.646) and activation of Mycn
(z-score = 1) and TGF-β1 (z-score = 0.711) following ω-3 PUFA supplementation. In the
floxed mice, the ramification ofω-3 PUFA-administration was reflected in the significant
regulation of several transcription factors, particularly the inhibition of PPARGC1A or
PGC-1α (p = 7.01 × 10−3; z-score = −0.742) and NF-κBIα (p = 7.60 × 10−3; z-score = −2.183),
and the activation of NOTCH1 (p = 7.46 × 10−4; z-score = 1.171) (Figure 8b).

It is intriguing that the proteins predicted to be regulated by the same upstream
regulator differed following ω-3 PUFA administration in the same genotype. This was
exemplified by the regulation profiles of TGF-β1 in the KO mice without (Figure 8c) and
with (Figure 8d) ω-3 PUFA supplementation. It is also noteworthy that two different
peroxisome proliferator-activated receptor isoforms were predicted to be involved in the
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regulation of several differentially expressed retinal proteins following the intake ofω-3
PUFA, exemplified by PPARα in the floxed group (Figure 8e) and PPARδ (Figure 8f) in
their KO counterparts.

4. Discussion

The current study explored the molecular repercussions and alterations in cell-signalling
pathways following a short-term dietary intake of ω-3 PUFA on two major ocular vascu-
lar systems comprising the retrobulbar ophthalmic artery and neural retina in an unbiased
manner. Additionally, the effects of supplementation in the chronic lack of the main hu-
man CYP2C gene were investigated using a homologous gene-knockout murine model
(Cyp2c44−/−). To the best of our knowledge, this is the foremost study that investigated
in-depth whether ω-3 PUFA supplement elicited acute changes at the proteome level in
two different neurovascular beds in the eye within a very short period of 7 days. Although
the short-term effects of the intake of ω-3 PUFA supplementation to improve various
pathologies, including several ocular diseases, have been a topic of much investigation in
the last few decades, these studies were all conducted for a longer period of time compared
to our timeline, ranging from a minimum of 2 weeks up to 3 months [2,3,40–45]. Since it has
been shown that the uptake of radiolabelled DHA into the photoreceptors already begins at
1 h post-ingestion [46], we hypothesized that the profound effects conferred by ω-3 PUFAs
in the ocular tissues can be elucidated after 1 week of administration. In the present study,
we opted for aω-3 PUFA source containing a mixture of both EPA and DHA, rather than
using EPA or DHA alone, because a combined intake of bothω-3 PUFAs has been shown
to be physiologically potent and has an immense beneficial impact, such as a pronounced
anti-inflammatory effect [40,41,47]. Combined EPA and DHA supplementation has been
demonstrated to protect against retinal damage in a Stargadt disease mouse model [40],
AMD [3], myopia [41], age-associated retinal degeneration [2], dry eye disease [45], as
well as being recommended for patients with coronary heart disease [48] and depressive
symptoms [43].

One of the overt effects of acute supplementation withω-3 PUFA in the ophthalmic
artery of KO mice was manifested in the significant regulation of two proteins, atlastin-3
(Atl3) and hexokinase-1 (Hk1), which were down-regulated followingω-3 PUFA intake.
The Atl3 protein belongs to a conserved family of large, dynamin-related GTPases involved
in the formation and maintenance of the endoplasmic reticulum (ER) [49,50]. Atlastins,
particularly Atl3, are predominantly enriched in the three-way junctions of the ER network
and are involved in the biogenesis and regulation of lipid droplets and sterols [49,51]. Lipid
droplets are the primary organelles for the storage of fat in cells to accommodate the excess
energy in the form of triglycerides and cholesterols within the membrane phospholipid
bilayer [52]. An important finding that the structural integrity of the ER is dependent on
nitric oxide (NO) in the pulmonary arterial endothelial cells was elucidated by Lee and
colleagues [50]. Similar to the source of ω-3 PUFA used in our study and the significant
regulation of proteins associated with the eNOS signalling pathway in the ophthalmic artery
of KO mice, the administration of menhaden fish oil to Sprague-Dawley rats for 8 weeks
demonstrated an up-regulation of the eNOS pathway in the aorta, which was attributed to
the maintenance of vascular homeostasis by improving endothelial functions [53]. Among
other functions, NO generated by eNOS is also known to increase glycolysis by increasing
the activity of glycolytic enzymes such as hexokinases [54]. Hexokinase-1 (HK1) plays an
indispensable function as the first rate-limiting housekeeping glycolytic enzyme, which
catalyses glucose [55,56]. A significant increment in HK expression was reported following
an ischemic episode in the heart, which was presumably attributed to enhanced biosynthetic
pathways for regeneration and growth [57]. Similarly, the expression of both HK1 gene and
protein were increased in a pulmonary hypertension model in rats [58]. The up-regulation
of HK1 promoted glucose metabolism and accelerated the synthesis and accumulation of
intracellular fat, which is stored as lipid droplets in the hepatocytes [59]. Another study by
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Flachsbart et al. reported that the overexpression of HK1 decreased the expression of one
of the CYP2C genes, which corroborated with our findings in the Cyp2c44−/− mice [60].

Further dissection of the biological functions of the ophthalmic artery yielded several
remarkable changes following administration of ω-3 PUFA, particularly the amelioration
of the necrotic process in both mouse genotypes (floxed littermates and KO), as well as the
significant activation of molecular transportation that was found to be impeded in the KO
mice. Additionally, considering the dynamic role of marineω-3 PUFA as natural ligands for
numerous transcription factors and nuclear receptors [61], we delved further to unravel the
roles of potential upstream regulators predicted to orchestrate the downstream regulation of
the differentially expressed proteins in the artery. Among the litany of regulators that were
exclusively connected to the proteins expressed as a result of ω-3 PUFA administration,
the peroxisome proliferator activated receptor-alpha (PPARα) was found to be one of the
key players in the KO mice. This is of interest in the current investigation because dietary
PUFAs are known to have a direct interaction with this ligand-activated transcription
factor, which has crucial metabolic repercussions on fatty acid oxidation [22,62,63] and
the regulation of lipid transporters [64]; both reciprocal findings are highlighted in our
study as a result of ω-3 PUFA administration in the KO mice. The ablation of PPARα often
exacerbated the impairment of fatty acid metabolism, which in turn is compensated by
increasing glycolytic products for oxidative phosphorylation (OXPHOS) [62,65]. In keeping
with previous studies, the highly significant regulation of OXPHOS in the absence of fatty
acid metabolism and PPARα can be attributed to the effects of the Cyp2c44 gene knockout
in the ophthalmic artery in our present study.

On the other hand, fatty acid oxidation is utilized by quiescent endothelial cells as
a vasculoprotective metabolic mechanism against oxidative stress [66], and it is also up-
regulated during vascular network formation [67]. It is well recognized that vascular
endothelial cells play pivotal roles in the maintenance of the vascular barrier and regula-
tion of vasoactive mediators in the ophthalmic artery [28,29,68]. Hence, endothelial cell
dysfunction is a major cause of numerous pathologies, including glaucoma [28–30,66].
The importance of ω-3 PUFA in the maintenance of endothelial cell function in the oph-
thalmic artery of KO mice is further demonstrated by the activation of a growth factor
with pleiotropic functions, transforming growth factor-beta 1 (TGF-β1). The primary target
cell for this multifunctional prototypic member of a highly conserved superfamily is the
endothelial cells, as it plays a crucial role in regulating the interplay between vascular
endothelial and smooth muscle cells [69,70]. Although TGF-β1 is also activated in Cyp2c44-
deficient mice, the magnitude of predicted activation was almost 3-fold in this genotype
following the intake ofω-3 PUFA. The complexity of TGF-β1 signalling is reflected in its
inherent capacity to elicit diverse context-dependent cellular functions to regulate normal
homeostasis [71]. TGF-β1 is also known to be involved in the regulation of endothelial
synthesis of vasoactive agents such as NO [72], which was shown to be another canonical
pathway significantly regulated in the ω-3 PUFA-fed KO group. As such, albeit the ab-
sence of a direct mechanistic link, it is plausible that the activation of TGF-β1 in the KO
artery may be one of the acute mechanisms to maintain vascular integrity [73], whileω-3
PUFA augmented its downstream regulation of protein repertoire to retain blood vessel
stability [74]. In the floxed mice, despite the nuanced inhibition of the upstream regulator
hypoxia-inducible factor-1α (HIF-1α) elicited byω-3 PUFA, this finding is supported by
the inhibition of angiogenesis, with the involvement of a common protein (prostacyclin
synthase (PTGIS)) in both signalling pathways. Our inferences were strengthened on the
basis of the role of HIF-1α in driving the activation of angiogenic genes [75], as well as the
coordinated regulation of PTGIS in endothelial cells, which has a noteworthy function in
the modulation of vascular tone [76,77].

Given the preponderance of evidence supporting the effectiveness of ω-3 PUFA in
the ophthalmic artery, we further explored its influence on the retinal proteome and found
that the effects ofω-3 PUFA supplementation were more profound in the latter than in the
former ocular blood vessel, as hypothesized. The first line of results that conservatively
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illustrated the beneficial effects ofω-3 PUFA in the retina was reflected in the higher number
of differentially expressed proteins. Among these, the regulation of several proteins in the
KO group noticeably changed after ω-3 PUFA intake, such as retina-specific guanylate
cyclase-1 protein (Gucy2e) and Kif21a, while the expression of others was exclusive only
upon the ingestion ofω-3 PUFA in both genotypes, namely, phosducin (Pdc), beta-crystallin
B2 (Crybb2), synaptophysin (Syp) and synaptotagmin-1 (SYT1). The retina-specific protein
Gucy2e, which was down-regulated in the KO group, significantly increased following
ω-3 PUFA intake. This gene product of the murine homolog of the human GUCY2D is
commonly expressed in the outer segment of photoreceptors and plays an indispensable
role in phototransduction by replenishing the levels of the secondary messenger, cyclic
guanosine monophosphate (cGMP), after light exposure [78–80]. Hence, mutations in this
gene result in photoreceptor degeneration [81,82]. Another photoreceptor-specific protein,
Pdc [83,84], was also found to be differentially expressed only in theω-3 PUFA-fed floxed
and KO groups. Correspondingly, both Gucy2e and Pdc were significantly connected to the
phototransduction canonical pathway, and the increment in Gucy2e protein expression was
also implicated in mediating the vision function together with Crybb2 in theω-3 PUFA-fed
KO mice, corroborating the findings of Georgiou and Prokopiou, where AMD patients
supplemented with EPA and DHA demonstrated a significant improvement of vision [85].

The Crybb2 protein isoform inherently possesses strong neuroprotective and regener-
ative potential and is usually expressed in regenerating retina [86,87]. Moreover, Crybb2
was found to be co-localized with a Ca2+-sensing synaptic vesicular protein, SYT1, in the
regenerating retinal RGC-5 cell line [87]. The perinatal dietary deficiency of ω-3 PUFA
was reported to lead to the down-regulation of the SYT1 and SYP proteins in hippocampal
synapses [88], and remarkably,ω-3 PUFA supplementation increased SYP protein expres-
sion in the hippocampus, resulting in increased synaptogenesis and neurogenesis [89,90].
In our current study, the potential neuroprotective effects conferred byω-3 PUFA on the
neuro-vascular retinal tissue were further substantiated by the significant up-regulation
of both proteins exclusively in both supplemented groups. Synaptophysin, which was
highly expressed in the ω-3 PUFA-administered floxed mice, is an integral presynaptic
membrane protein essential for visual signal transmission [91], and hence, is widely used
as a marker for synaptic plasticity in the brain [89]. On one hand, the differential expression
of Syp, amongst others, together with the significant regulation of canonical pathways
related to neurotransmission, synaptogenesis and synaptic functions in the floxed group
highly reflect the preservation of neuronal functions in the retina attributed toω-3 PUFA
in normal mice. On the other hand, the collective findings in the KO mice formulated an
intriguing connection between the retinal degenerative activities in Cyp2c44-deficient mice
and heightened regenerative processes at the proteome level to restore retinal functions
followingω-3 PUFA intake in this genotype.

The retina is a unique ocular tissue, which encompasses different neuronal and vascu-
lar networks. Therefore, any deleterious changes are often reflected in the regulation of
elaborate mechanisms that strive to preserve critical homeostasis between vascular supply
and the demands of neuronal energy requirements. It is a prevailing dogma that vascular
remodelling is intimately related to retinal bioenergetics, and hence, is an early reflection of
subjacent changes in the retinal neuronal metabolism [30,92]. In the present investigation,
the proteome vicissitudes hinted at retinal remodelling in the KO group, as demonstrated
by the expression of proteins implicated in retinal architecture maintenance, such as Rs1
and Kif21a, as well as by the inhibition of microtubule dynamics and cytoskeleton organi-
zational functions. The former protein was up-regulated in the KO retina, a phenomenon
that was also observed in a murine model of retinal detachment consistent with its role in
maintaining photoreceptor stability and participation in cytoskeleton organization [93,94].
Meanwhile, the microtubule-dependent molecular motor protein Kif21a was up-regulated
in the KO group but was significantly down-regulated followingω-3 PUFA intake. This
expression profile fits aptly to the correlation of increased Kif21a expression to axonal
guidance abnormalities and neurodegenerative diseases [95,96]. An up-regulation of this
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protein was also shown to have an inhibitory effect on the microtubule-associated protein
1b (Map 1b) [97], which was also identified in our study, albeit not differentially expressed.
The ‘microtubule hypothesis of glaucoma’ denotes that the disruption of microtubules
precedes the loss of retinal ganglion cell axons [98], which can be delineated in part to the
proteome changes in the KO retina observed in our study.

The ω-3 PUFAs are known to modify the physicochemical properties of the cell
membrane, thereby altering the membrane fluidity to facilitate various downstream signal
transduction functions via a myriad of transcription factors [53,99,100]. Two such upstream
regulators, which were also found to be involved in the regulation of ophthalmic arterial
proteins comprising TGF-β1 and PPARs, were significantly implicated in the regulation of
retinal proteins. However, unlike the artery in which the former was activated at different
magnitudes in both KO groups, it was inhibited in the KO group and activated in theω-3
PUFA-fed KO group in the retina. This paradoxical result can be traced back to the inherent
attribute of TGF-β1 that can act as both an inhibitory and promoting factor [69]. The loss of
TGF-β1 signalling components leads to compromised microvessel integrity and defective
vascular structure [69,74]. A study by Walshe et al. elegantly confirmed the existence of
a constitutive TGF-β signalling in murine retina that is essential for retinal vascular and
neural cell survival [74]. Two different PPAR isoforms were predicted to be significantly
involved in the regulation of proteins in both ω-3 PUFA-fed groups, in addition to the
predicted inhibition of NF-κB, a well-known transcription factor related to inflammatory
responses [22,101] in the supplemented floxed mice. These findings are not surprising, as
the protective effects of ω-3 PUFA and their metabolites are known to be largely mediated
via the activation of PPAR [102] and suppression of NF-κB [61,101,103,104].

It is important to note the main limitation of this study. We acknowledge that the
major findings were not validated by baroque orthogonal methods. However, the main aim
of this study was to first establish the feasibility of an acute ω-3 PUFA supplementation
by determining whether there were significant effects manifested at the proteome level
within a very short time compared to the existing studies, and second, to explore the
potential changes attributed to the Cyp2c44 gene knockout, because it is known that other
CYP isoforms readily compensate for the loss of activity of one subfamily [105]. It is
also noteworthy that the retinal samples were analysed individually to substantiate the
results in an unbiased manner, which further strengthens the validity of our findings.
Importantly, floxed littermates were used as controls in our study to ensure the rigor
and reproducibility of our data using multiparous animals [106,107]. Nevertheless, the
promising pilot outcomes obtained from this investigation have opened exciting avenues
for future work to elucidate the mechanistic underpinnings of ω-3 PUFA, in order to
harness its inherent therapeutic potential in the eye.

5. Conclusions

In conclusion, our study provides the first in-depth data supporting acute beneficial
proteome changes underlying dietary supplementation with ω-3 PUFA in two different
ocular vascular beds within a very short period of 7 days. Importantly, we elucidated the
mechanisms that govern the vascular and retinal functionalities in the absence of the main
CYP isoform using a specific Cyp2c44 gene-deleted mouse model. These results collectively
highlighted that the global Cyp2c44 gene-knockout resulted in more profound deleterious
alterations in the retina compared to the ophthalmic artery, which is reminiscent of our
retrospective study comparing both ocular tissues [30] and supported our current hypoth-
esis. Remarkably, ω-3 PUFA intake was shown to abrogate early signs of degenerative
mechanisms in the retina by restoring several key metabolic functions in the KO mice, while
enhancing the neuronal and synaptic transmission in the control floxed mice. Conversely,
although the effects of the gene KO were not as apparent in the ophthalmic artery, there
were distinct proteome changes that supported its role in the maintenance and preservation
of vascular integrity in both genotypes. Taken together, the findings emerging from our
investigation advance the mechanistic understanding of the vaso- and neuronal-protective
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effects conferred by ω-3 PUFA, which can be a promising basis for adjunct therapy for
ophthalmic pathologies owing to its fast action at the proteome level.
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(KO) and littermate floxed mice (fl) following daily oral gavage for 7 days with either omega 3 PUFA
(ω3) or PBS; Figure S3: Protein–protein interaction (PPI) network of the differentially expressed
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