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Abstract Spatial changes of FAs in the retina in response to
different dietary n-3 formulations have never been explored,
although a diet rich in EPA and DHA is recommended to
protect the retina against the effects of aging. In this study,
Wistar rats were fed for 8 weeks with balanced diet including
either EPA-containing phospholipids (PLs), EPA-containing
TGs, DHA-containing PLs, or DHA-containing TGs. Qualita-
tive changes in FA composition of plasma, erythrocytes,
and retina were evaluated by gas chromatography-flame ion-
ization detector. Following the different dietary intakes,
changes to the quantity and spatial organization of PC and
PE species in retina were determined by LC coupled to MS/
MS and MALDI coupled to MS imaging. The omega-3 con-
tent in the lipids of plasma and erythrocytes suggests that
PLs as well as TGs are good omega-3 carriers for retina.
However, a significant increase in DHA content in retina was
observed, especially molecular species as di-DHA-containing
PC and PE, as well as an increase in very long chain PUFAs
(more than 28 carbons) following PL-EPA and TG-DHA di-
ets only. All supplemented diets triggered spatial organiza-
tion changes of DHA in the photoreceptor layer around the
optic nerve ll Taken together, these findings suggest that
dietary omega-3 supplementation can modify the content of
FAs in the rat retina.
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glycerides ® very long chain polyunsaturated fatty acids

Age-related macular degeneration (AMD) is the most
common cause of blindness after the age of 55 years in
Western populations and the third most common cause of
severe visual impairment worldwide (1, 2). High dietary in-
take of omega-3 (n-3) long chain (LC)-PUFAs (C18-22) is
associated with a lower risk of developing AMD (3). In the
Blue Mountains Eye Study population, participants in the
highest quantile of n-3 polyunsaturated fat intake had a
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lower risk of incident early age-related maculopathy com-
pared with those in the lowest quantile (odds ratio: 0.41).
Consumption of fish at least three times a week was associ-
ated with a reduced incidence of late age-related maculop-
athy (odds ratio: 0.25). Moreover, a higher intake of EPA
(20:5, n-3) and DHA (22:6, n-3) was protective against the
progression of AMD (4). A study revealed that during early
and intermediate AMD, the DHA content of the retina was
reduced (5). DHA is the major retinal n-3 long chain PUFA
(LC-PUFA). In the human retina, its concentration is
greater than 15% of the total FAs (6, 7). This FA plays a key
role in vision and constitutes up to 50% of the fatty acids in
the discs of photoreceptor outer segments, where it pro-
vides fluidity by favoring conformational changes of rho-
dopsin during phototransduction (8-12). Photoreceptor
cells express the elongase enzyme, elongation of very long
chain FAs (ELOVL)4, which catalyzes the biosynthesis of
very long chain PUFAs (=C28) including n-3 (VLC-PUFAs,
n-3) from 26:6 FAs derived from DHA or EPA; EPA is the
preferred substrate. Even though the levels of EPA are
quite low in the retina compared with DHA, retroconver-
sion of DHA to EPA in peroxisomes takes place, and it is
possible that EPA produced by this reaction will generate
the 26:6 substrate for ELOVL4 (13, 14). LC-PUFAs and
VLC-PUFAs are able to produce lipid mediators named re-
solvins (15), protectins (16) from LC-PUFAs, or elovanoids
from VLC-PUFAs (17) that show protective effects against
inflammation and oxidative stress (18). In general, despite
the endogenous capacity of human cells to synthesize EPA
and DHA from their parent FA a-linolenic acid (ALA, 18:3,
n-3), the extent to which it is converted to EPA and DHA is
very weak, i.e., around 8% into EPA and 1% into DHA (19-
22). Some Western countries have raised dietary recom-
mendations for EPA and DHA intake to 500 mg/day to
reduce the risk of developing AMD (23). EPA and DHA
can either be provided by increasing consumption of sea-
food or via supplements. Many dietary supplements are
composed of variable marine sources of n-3 LC-PUFA
oils. In natural fish oil, EPA and DHA are mainly present as
TGs and as phospholipids (PLs) in Antarctic krill oil. The

J. Lipid Res. (2020) 61(12) 1733-1746 1733
DOIT 10.1194/j1r.RA120001057


https://doi.org/10.1194/jlr.RA120001057
https://crossmark.crossref.org/dialog/?doi=10.1194/jlr.ra120001057&domain=pdf&date_stamp=2020-11-25
http://www.jlr.org/cgi/content/full/ra120001057/DC1

recommendations are not precise for supplementation
chemical forms of EPA and DHA and often assume that
different chemical forms have similar bioavailability. Bio-
availability determines the extent to which an active sub-
stance is absorbed and transported through the systemic
circulation. A greater bioavailability does not mean a
greater distribution to the biological site, such as the ret-
ina. A greater distribution would be represented by a
greater incorporation of EPA and DHA in the retina and
would result in a greater functional benefit for the target.

The bioavailability of PUFAs depends on numerous fac-
tors including a matrix effect, i.e., whether the composi-
tion of food in macronutrients modifies the bioavailability
of FAs (24). Among the factors affecting n-3 LC-PUFA in-
corporation is the dietary intake of linoleic acid (LA; 18:2,
n-6) from the n-6 series because the incorporation of n-3
LC-PUFA is inversely associated with the intake of LA, par-
ticularly in the retina (25). Also, note that the protective
effect of n-3 LC-PUFA intake against AMD was found pri-
marily in patients with low dietary intake of LA (26). DHA
bioavailability also depends on the chemical form of in-
take: free FAs, esters, TGs, or PLs (27). Moreover, the effi-
cacy of EPA compared with DHA intake to increase the
incorporation of DHA in the retina has not been studied.
The present study aims to define the efficacy of different
dietary formulations of TGs and/or PLs with EPA and DHA
for their incorporation in plasma, erythrocytes, retinal pig-
ment epithelial (RPE) cells, and retina in the rat. Our aim
was to determine, using MALDI-imaging MS (MALDI-IMS),
whether dietary supplementation with omega-3 FAs altered
the cellular spatial distribution of FAs in the rat retina be-
tween photoreceptors and RPE cells.

MATERIALS AND METHODS

Standards and chemicals

Chloroform (CHCI;) and methanol (CH,;OH) were purchased
from Carlo Erba Reactifs SDS (Peypin, France). Ammonium ace-
tate, acetonitrile (ACN), CH;OH, and water of LC-MS grade were
obtained from Fisher Scientific (Illkirch, France). Commercially
available PL. and TG standards were obtained from Avanti Polar
Lipids Inc. (Alabaster, AL) and Matreya LLC (State College, PA).
Other chemical reagents were purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France).

Experimental diets

Commercial high-oleic sunflower oil, sunflower oil, palm oil,
rapeseed oil, linseed oil, fish oil (Polaris, Quimper, France), her-
ring roe oil (Novastell, Etrépagny, France), krill oil (AkerBioma-
rine), and egg powder (Novastell, Etrépagny, France) were mixed
in various proportions to prepare the five following blends: EPA-
rich PLs (PL-EPA), DHA-rich PLs (PL-DHA), EPA-rich TGs (TG-
EPA), DHA-rich TGs (TG-DHA), and no DHA and EPA (Control).
The lipid blends were used to prepare rodent diets (SAFE diets,
Augy, France). The five experimental diets had the same compo-
sition: casein 18%, corn starch 38.25%, dextrose 18%, sucrose
6%, oil 10%, cellulose 5%, minerals + vitamins 4.5%, and bitar-
trate choline 0.25%. As reported in Table 1, the four n-3 rich diets
contained 7% of EPA + DHA, whereas the control diet contained
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no EPA and DHA. The five diets were designed to contain a ratio
between 4 and 5 of LA to ALA. The distribution of lipid classes
(Table 2) was determined using a combination of thin-layer chro-
matography on silica gel-coated quartz rods and flame ionization
detection (Iatroscan system, Iatron, Tokyo, Japan) according to
Ackman’s technique (28) and as published by our group (7).

Animals

The ethics committee of our institution (Comité d’Ethique de
I’Expérimentation Animale 105, Dijon, France) approved all in-
terventions and animal care procedures. Male Wistar rats (4 weeks
of age, n = 55) were purchased from Janvier Labs (Le Genest-
Saint-Isle, France). They were housed in a controlled environ-
ment at 23 + 1°C, 55-60% humidity, under a 12 h light/12 h dark
cycle, 780 lux in light phase, and had free access to food and tap
water. The rats were acclimatized for 2 weeks and fed on a stan-
dard rodent chow (Rat No.1 Maintenance, Special Diets Services,
UK) before they were fed on a chow described in the “Experimen-
tal diets” section for 8 weeks. The rats were then randomly divided
into five groups of 11 rats each (four cages of two rats and one
cage of three rats per group). The rats’ food and water were
weighed once a week.

Collection of samples

At the end of the 8 week feeding period, animals were fasted
overnight; they were weighed and then euthanized by an intra-
peritoneal injection of pentobarbital (Ceva, Santé animale, Li-
bourne, France) at a lethal dose (150 mg/kg body weight) and
exsanguinated by intracardiac puncture. Plasma was separated
from red blood cells (RBCs) by centrifugation (1,811 g during
20 min, 4°C), and both were kept at —80°C until further FA analy-
ses. Retinas were collected from eight rats per group and frozen
in liquid nitrogen and stored at —80°C for FA analyses. Rat eye-
balls from three rats per group were fast frozen in liquid nitrogen
and stored at —80°C for MALDI-IMS analyses (see below) and
RPE/choroid layer analyses.

Lipid extraction and distribution

Total lipids were extracted from the retinas and experimental
diets following the Folch method (29), whereas they were iso-
lated from erythrocytes and plasma according to the method of
Moilanen and Nikkari (30). Total lipids from each diet were sub-
mitted to a thin-layer chromatography separation on precoated
silica gel plates (Merck, Darmstadt, Germany) using a solvent
mixture of hexane/diethyl ether/acetic acid (80:20:1, v/v/v).
The silica gel plates were visualized under UV light (360 nm) af-
ter spraying with 2’,7’-dichlorofluorescein. The spots correspond-
ing to PLs and TGs were scraped off the plate, and the samples
were transesterified following the FA analysis procedure (see
below).

Analysis of FAs in plasma, RBC, and retina samples by gas
chromatography

FAs were converted into methyl esters according to Morrison
and Smith (31) and analyzed as previously described (7). FA
methyl esters were extracted with hexane and analyzed by gas
chromatography on a Hewlett Packard Model 5890 gas chro-
matograph (Palo Alto, CA) using a CPSIL-88 column (100 m x
0.25 mm i.d., film thickness 0.20 wm; Varian, Les Ulis, France)
equipped with a flame ionization detector. Hydrogen was used as
the carrier gas (inlet pressure, 210 kPa). The injection volume was
1 pl. The oven temperature was held at 60°C for 5 min, increased
to 165°C at 15°C/min and held for 1 min, and then to 225°C at
2°C/min and finally held at 225°C for 17 min. The injector and
the detector were maintained at 250°C. The data were processed
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TABLE 1.

FA composition of the diets

Percent of Total FAs Control PL EPA PL DHA TG EPA TG DHA
Saturated fatty acids 26.81 27.53 29.97 2751 27.13
12:0 0.13 0.14 0.04 0.09 0.11
14:0 0.62 1.86 0.82 0.60 0.57
15:0 0.05 0.11 0.16 0.06 0.04
16:0 21.35 21.16 20.64 22.00 21.85
17:0 0.08 0.09 0.22 0.07 0.07
18:0 3.82 3.44 7.47 3.84 3.72
20:0 0.32 0.27 0.15 0.33 0.30
22:0 0.31 0.24 0.30 0.29 0.30
24:0 0.13 0.22 0.14 0.20 0.18
dmal6:0 — — 0.13 — —
dmal8:0 — — 0.15 — —
MUFAs 60.01 49.92 46.79 49.60 49.70
16:1n-9 0.04 0.05 0.08 — —
16:1n-7 0.18 1.20 1.01 0.16 0.18
18:1n-9 56.49 44.68 42.54 46.65 47.03
18:1n-7 1.88 3.02 2.31 1.69 1.67
18:1t 1.20 0.51 0.65 0.60 0.42
20:1n-9 0.19 0.26 0.15 0.43 0.30
22:1n-9 — 0.14 0.05 — —
24:1n-9 0.01 0.07 — 0.07 0.10
dmal8:1n-9 — — 0.12 — —
PUFAs 13.20 22.54 22.87 22.92 23.16
18:2n-6 (LA) 10.67 12.61 10.96 11.74 12.37
18:2 tc 0.15 0.14 0.08 0.15 0.15
18:2 ct 0.14 0.12 0.06 0.13 0.13
18:3n-6 — — 0.07 0.10 0.10
20:2n-6 0.05 0.05 0.09 0.07 0.07
20:3n-6 — — 0.10 0.06 0.03
20:4n-6 (AA) — 0.15 1.03 0.35 0.21
22:4n-6 — — 0.06 — 0.04
22:5n-6 (DPA n-6) — — 0.13 0.14 0.25
18:3n-3 (ALA) 2.19 2.60 2.36 2.46 2.58
20:5n-3 (EPA) — 4.48 2.18 5.44 2.70
22:5n-3 (DPA n-3) — 0.11 0.20 0.14 0.26
22:6n-3 (DHA) — 2.28 5.55 2.14 4.27
LA/ALA ratio 4.87 4.85 4.64 4.77 4.79

using the EZChrom Elite software (Agilent Technologies, Massy,
France). FA results were expressed in percent of all identified FAs.

Chromatographic separation of PLs

PL classes were separated by LC under hydrophilic interaction
LC (HILIC) conditions using an Accucore™ HILIC LC column
(150 x 2.1 mm, 2.6 pm; Thermo). HPLC separation was per-
formed using an UltiMate™ 3000 LC pump equipped with a dual-
gradient pump and an UltiMate™ 3000 autosampler from
Thermo Scientific. The mobile phase consisted of (A) ACN/wa-
ter (95:5, v/v) containing 5 mM ammonium acetate and (B)
ACN/water (50:50, v/v) containing 10 mM ammonium acetate.
The solvent-gradient system of the analytical pump was as follows:
0 min 100% A, 1 min 95% A, 20 min 80% A, 23 min 65% A, 24
min 100% A, and 24-39 min 100% A. The flow rate was 800
pl-min~". The flow from LC was split using an analytical fixed flow

splitter (split ratio = 1:1, postcolumn) from Analytical Scientific
Instruments (El Sobrante, CA). The injection volume was 10 pl.
The column was maintained at 40°C. The LC system was con-
trolled by Standard Instrument Integration (SII) software based
on Dionex Chromeleon™ 7.

Characterization of PL species (Orbitrap FUSION™)

Samples of the same groups were pooled to characterize
PL species. The Orbitrap Fusion™ Tribrid mass spectrometer
(Thermo Scientific) was used for high-resolution analyses. This
instrument was equipped with an EASY-MAX NG™ jon source
[heated ESI (H-ESI)] and was controlled by Xcalibur™ 4.1 soft-
ware. Positive and negative ions were monitored alternatively by
switching polarity with a spray voltage set to 3,500 V in positive
and negative ion modes. The Orbitrap mass analyzer was employed
to obtain all mass spectra in full scan mode with the normal mass

TABLE 2. EPA and DHA containing TGs and PLs in diets

Lipid Classes Content (%) Control PL EPA PL DHA TG EPA TG DHA

TG 90.5 73.3 48.4 89.6 87.7
DHA — 0 0 0.6 1.6
EPA — 0.1 0 2.3 1

PL 0 21.4 49.7 0 0
DHA — 11.8 9.8 — —
EPA — 23.3 3.9 — —

Cholesterol 0 0.5 0.4 0 0

DAG 6.8 4.8 1.5 6.2 5.8

MAG 2.7 0 0 4.2 6.5
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range and a target resolution of 240,000 (FWHM at m/z 200).
A dynamic exclusion filter was applied with an exclusion duration
of 15 s and a mass tolerance of 5 ppm. For MS/MS analyses, data-
dependent mode was used for the characterization of PL species.
Precursor isolation was performed in the quadrupole analyzer
with an isolation width of m/z 1.6. Higher-energy collisional dis-
sociation was employed for the fragmentation of PLs with an opti-
mized stepped collision energy of 30% (+5%). The linear ion trap
was used to acquire spectra for fragment ions in data-dependent
mode. The automatic gain control target was set to 2 x 10" with a
maximum injection time of 50 ms. The identification of PL spe-
cies was performed with the help of LipidSearch™ software based
on the data of high accuracy and on MS/MS experiments.

Quantification of PL species

The phosphorus content of the total lipid extract was deter-
mined according to the method developed by Bartlett and Lewis
(32). The PL samples were then diluted to the appropriate con-
centration of 25 p,g~m171 of PLs in CHCl3/CH3OH (1:1, v/v). In-
ternal PL standards composed of 1,2-dimyristoyl-sn-glycerol-3-PE
(PE 14:0/14:0 at 0.2 ug~ml_l), 1,2-dimyristoyl-sn-glycerol-3-PC
(PC 14:0/14:0 at 0.4 pgg-mlfl) and 1,2-dilignoceroyl-sn-glycero-
3-phosphocholine (PC 24:0/24:0 at 0.4 p,g-ml*l) were added to
the samples for quantification purposes.

The HPLC system under the previously described HILIC con-
ditions was coupled to a triple quadrupole mass spectrometer
(QqQ, Thermo Finnigan TSQ Quantum) equipped with a stan-
dard electrospray ionization source. The electrospray ionization
spray voltages were —3 kV and 4.5 kV in the negative and positive
ion modes, respectively; the vaporizer temperature was 150°C; the
sheath gas N, pressure was 45 au; the auxiliary gas pressure was 45
au; the ion sweep gas pressure was b; the ion transfer capillary
temperature was 300°C; the skimmer offset was 5 V; and the mul-
tiplier gain was 300,000.

PL species were analyzed in specific acquisition modes using
this QqQ instrument. PC species were quantified in positive ion
mode by precursor ion scanning of m/z 184 amu, which corre-
sponds to the choline head group. PE species lose their ethanol-
aminephosphate head group as a neutral fragment of 141 Da.
Therefore, neutral loss scanning of 141 Da in positive ion mode
was used for the selective detection and quantification of PE. The
data were processed using Xcalibur software. In addition, the ex-
traction of the selected masses was carried out using the Igor Pro
software (Igor Pro 7.0, WaveMetrics Inc., Portland, OR), and cor-
rections were applied to the data for isotopic overlap.

More details about the electrospray source parameters and
mass spectrometer methods are available in (33).

Preparation of retinas for MALDI-IMS

As recently published by Kautzmann et al. (34), the eyeballs
were embedded in 20% gelatin (DIFCO, Sparks, MD) before they
were cryosectioned using a cryostat (Thermo Fisher/Shandon,
Pittsburg, PA) to obtain 15 pm-thick transverse sections showing
all layers of the retina, choroid, optic nerve, and sclera. Sections
were attached to glass coverslips and stored in a desiccator until
needed for MALDI imaging. Alternate sections were kept on
slides and stained with H&E for orientation purposes. For this
study, in total, more than 10 individual sections per group were
analyzed in positive ion mode by MALDI-IMS.

Matrix application for MALDI-IMS

The glass coverslips containing the retina sections were placed
on the MALDI plate inserts using thermally conductive dual
tape, and the 2,5-dihydroxybenzoic acid (DHB; Fisher Scientific,
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Pittsburg, PA) matrix was deposited by sublimation (35). The con-
ditions during sublimation of the DHB matrix were a pressure of
0.05 Torr, condenser temperature of 15°C, and 300 mg DHB in
the sublimator. The heat was applied progressively until 130°C in
11 min.

MALDI-MS imaging analysis

A quadrupole-TOF tandem mass spectrometer with an orthog-
onal MALDI source (MALDI Synapt G2-Si; Waters; Mildford, MA)
was used to acquire mass spectral data from which images were
constructed. MALDI mass spectra were obtained using a solid
state laser (355 nm) at an energy of 7.4 J and a pulse rate of 2,000
Hz for positive ion MALDI imaging. The energy and pulse rate of
the laser were selected to maximize the lipid signal from the tissue
slice. The positive ion MALDI imaging experiments had an accu-
mulation time of 243 ms per image spot. The MALDI plate was
moved at a rate of 12.75 mm-min ', and after each horizontal line
was completed, the plate was moved vertically 30 wm. The lateral
resolution of this MALDI-IMS technique has been estimated to be
approximately 30 wm. The mass spectrometric data were pro-
cessed using a specialized script for Analyst software (Waters) at a
mass resolution of 0.1 amu. The lipids observed in positive ion
mode (PC, SM, and TG) were identified to the lipid species level
by ion mobility separation with helium gas (DriftScope, Waters)
used in conjunction with ToF. Data were processed with HDImag-
ing, and MALDI images were visualized using Biomap software
(Novartis), with the same intensity between samples per ion.

Statistical analysis

Data were analyzed using the Kruskal Wallis test, followed by
Dunn’s post hoc test when appropriate. The level of significance
was set at P < 0.05. All results were analyzed using GraphPad
Prism version 7.00 for Windows (GraphPad Software, San Diego,
CA). Data are presented as mean + SD.

RESULTS

General observations

No abnormalities were noted in the general appearance
of the rats; body weight and food intake did not differ over
the 8 weeks of the experimental period in any of the groups
(supplemental Table S1).

n-3 PUFA supplementation increases EPA and DHA in
plasma

The plasma DHA level was significantly higher in both
DHA-supplemented groups compared with animals from
the control group (P < 0.001) with no difference between
PL-DHA and TG-DHA groups (P > 0.05). There was no
statistically significant difference in plasma DHA levels
between EPA-supplemented groups and controls. Plasma
levels of EPA and docosapentaenoic acid (DPA) n-3 were
significantly increased by PL-EPA and TG-EPA diets com-
pared with the control-diet: x20 for EPA, x3 for DPA n-3
(P<0.001). Among n-6 FAs, plasma LA (18:2 n-6) was signifi-
cantly higher for all formulations with the exception of the
PL-DHA diet compared with the control diet group (+34%
in PL-EPA vs. control, P< 0.001; +24% in TG-EPA vs. con-
trol, P< 0.05; +34% in TG-DHA vs. control, P< 0.001). The
level of AA (20:4 n-6) in plasma was reduced by half in the
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PL-EPA group (P < 0.001) and by 40% in the TG-DHA
group (P< 0.01) compared with control group. There was
no difference in plasma FA composition between the PL-
EPA and TG-EPA groups on the one hand, and between
PL-DHA and TG-DHA diet groups on the other hand (Fig.
1A, supplemental Table S2).

n-3 PUFA supplementation increases n-3 index

In RBCs, the DHA level was increased by a factor of two
in both PL-DHA and TG-DHA groups (P< 0.001) and to a
lesser extent in the PL-EPA diet group (+73%, P < 0.05)
compared with the control diet group. The DPA n-3 (22:5,
n-3) level was significantly increased in erythrocytes by all
the four formulations compared with control diet (P <
0.001, +61-180%). Meanwhile, the EPA level in erythro-
cytes was tremendously increased in the PL-EPA and TG-
EPA groups (x16-18, P < 0.001). The n-3 index was
tremendously increased in all groups (not statistically sig-
nificant for the PL-DHA group) compared with the control
diet group. Among n-6 FAs, the LA (18:2, n-6) level was
higher in the PL-EPA and TG-DHA groups compared with
the control diet group (£<0.001). The AA (20:4, n-6) level
was significantly lower in all groups (P < 0.01), except in
PL-DHA, compared with control-diet group. There was no
difference for any FA between the PL-EPA and TG-EPA
groups on the one hand and between the PL-DHA and TG-
DHA groups on the other hand (Fig. 1B, supplemental
Table S3).

PL-EPA and TG-DHA diets have similarities in changing
the n-3 FA profile in the retina

The heatmap in Fig. 2 revealed two main clusters in ret-
ina, with red and green indicating increased and decreased
relative abundance in a same row, respectively. In this anal-
ysis, PL-EPA and TG-DHA have a similar profile with a de-
crease in the abundance of saturated, monounsaturated,
and n-6 FAs, and an increase in the abundance of n-3
PUFAs. As shown in Table 3, with the exception of the PL-
DHA group, which showed a nonstatistically significant
increase compared with the control diet group, the EPA
level in the retina was higher in all supplemented groups
versus control: x6 in PL-EPA (P < 0.001), x5 in TG-EPA
(P<0.01), and x4.7 in TG-DHA (P< 0.05). The DHA level
was significantly increased in the retina by +23% in PL-EPA
(P<0.001), +19% in PL-DHA (P< 0.05), and +24% in TG-
DHA (P< 0.001), compared with control diet. The 8% in-
crease of retinal DHA in animals fed with TG-EPA remained
statistically not significant compared with the control (P>
0.05). The increase of DHA and total n-3 PUFAs in retina is
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independent of PL and TG content of diets (no difference
between PL-EPA and TG-EPA and PL-DHA and TG-DHA).
The DPA n-3 (22:5 n-3) level was increased by 2.6-fold in
EPA-rich diet groups compared with control (P < 0.001).
Among n-6 FAs, AA was less abundant in the retina of ani-
mals fed with TG diets (P< 0.01). DPA n-6 (22:5 n-6) was
tremendously reduced by a factor of three to six in the ret-
ina of the animals fed with the four supplemented diets
(not statistically significant for TG-DHA).

PL-EPA and TG-DHA diets increase DHA in retinal PC
and PE as well as VLC-PUFAs

Retinal PCs contain a significant amount of di-saturated
FAs (15% of PC32:0, 16:0/16:0), saturated/monounsatu-
rated FAs (17% of PC34:1, 16:0/18:1), and saturated/poly-
unsaturated FAs (20%, PC40:6, 18:0/22:6). PC is the only
class that contained detectable levels of VLC-PUFAs with
more than 24 carbons in length. Our results showed that
the sum of VLC-PUFAs in the retina was significantly
higher in PL-EPA and TG-DHA diet groups compared with
the control group. This increase concerned particularly
PCH54:12 (32:6/22:6) and PCH4:11 (32:5/22:6). There was a
statistically significant increase in PC44:12 (22:6/22:6) in
the retina of PL-EPA, PL-DHA, and TG-DHA diet groups,
and a significant increase of PC40:6 (18:0/22:6) in the TG-
DHA diet group compared with the control (Fig. 3A, sup-
plemental Table S4). PC54:11 and 54:12, containing 32
and 34 carbon VLC-PUFAs, were also increased compared
with controls. Retinal PE showed a large proportion of
PL rich in saturated/polyunsaturated FAs: 50% of PE40:6
(18:0/22:6), 10% of PE38:6 (16:0/22:6), and 15% of
PE44:12 (22:6/22:6). Our results revealed that feeding
rats with PL-EPA and TG-DHA triggered a significant in-
crease in PE44:12 (22:6/22:6) and decrease in PE42:10
(20:4/22:6) (Fig. 3B, supplemental Table S5). Within the
RPE/choroid, our preliminary results indicate that these
PCs also supplied similar or significantly less EPA or DHA,
with the exception of PC38:6 (16:0/22:6). This was in-
creased with all diets by about 90% (Fig. 4). Importantly,
the PL-DHA diet maintained concentrations similar to that
supplied by the control diet.

DHA uptake takes place in the photoreceptor layer
around the optic nerve

Figure 5 illustrates a typical eye section stained with H&E.
It shows connective tissue, sclera, optic nerve, RPE, choroid,
and retinal layers. The spatial localization of the lipid mo-
lecular species was determined using MALDI-IMS in coro-
nal sections of the ocular globes. Ion mobility separation

@B Control

= PLEPA Fig. 1. The omega-3 (n-3) index is increased in all
=8 PL-DHA supplemented groups. Relative percent of relevant

TG-EPA FAs from FA in plasma (A) and erythrocytes (B) per-
= TG-DHA

formed by gas chromatography followed by flame
ionization detection. Bars represent the mean + SD.
P values were determined by Kruskal Wallis test. *P <
0.05, ¥*¥P< 0.01, #*P< 0.001, ¥#*P < (.0001.
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Fig. 2. Heat map showing the hierarchical clustering of signifi-
cant differences occurring in FA species (relative to total FAs, de-
fined as 100%) in PL-EPA, PL-DHA, TG-EPA, and TG-DHA retinas
compared with the control group. PL-EPA and TG-DHA groups
present similar profiles compared with other groups. The heat map
was created with XLSTAT (by Addinsoft). Filtering was performed
by interquartile range under the threshold of 0.25.

Relative

coupled with ToF was used to determine the composition
in lipid/PC molecular species (supplemental Table S6).
The positive ion mass spectra were obtained in the mass
range of m/z 450-1,100 amu. The spectra illustrated the
distribution of the lipid molecular species within the differ-
ent regions of the eye tissue: inner retina, outer retina, and
orbital fat. Positive ion data obtained for the MALDI-IMS
experiments revealed the distribution of PC and TG lipids
in the ocular section.

In the region of interest of the inner retina, the positive
ion MALDI mass spectrum indicated a peculiar molecular
species profile with the most intense ion at m/z 782.6 amu
corresponding to PC34:1 (16:0/18:1) (Fig. 6A, D). The
positive ion MALDI image at m/z 782.6 amu suggested that
this ion was present within the inner retina composed of
ganglion cells, nerve fiber layer, optic nerve, and a thin re-
gion beneath the outer retina (Fig. 6G) previously identi-
fied as the blood vessels in the choriocapillaris (36). The
positive ion MALDI mass spectrum revealed the presence
of less intense lipids in this region at m/z 756.6 amu that
were not unique to this location. This molecular species at
m/z 756.6 amu corresponds to a PC32:0 (most likely
16:0/16:0), which was intense in all retinal layers, includ-
ing the outer retina, as shown by MALDI-IMS.

The MALDI mass spectrum of the outer retina, includ-
ing the outer segments of the photoreceptor cells, identi-
fied the most intense ion at m/z 756.6 amu (PC32:0,
16:0/16:0). As presented above, this ion was present in
the entire retina and was not specific to the outer retina
(Fig. 6B, E). The spectrum of the outer retina also re-
vealed two molecular species at m/z 856.6 and 900.6 amu,
which may correspond to sodiated PC40:6 (18:0/22:6)
and PC44:12 (22:6/22:6), respectively. The positive ion
MALDI image at m/z 856.6 and 900.6 amu indicated that
these lipids were exclusively localized in the photorecep-
tor layer (Fig. 6H).
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The area corresponding to orbital fat revealed a MALDI
mass spectrum with the most intense ion at m/z 881.8 amu
(Fig. 6C, F). The positive ion MALDI image at m/z 881.8
amu suggested that the ion was present within the tissue
surrounding the optic nerve and likely corresponds to the
orbital fat (Fig. 6I). The black areas within this structure
could correspond to cross-sectioned blood vessels. The mo-
lecular species m/z 881.8 amu has been previously identi-
fied as TG[M+Na]" denoted as TG52:2 (16:0/18:1/18:1 or
16:0/18:0/18:2). Additionally, the nonidentified molecu-
lar species at m/z 853.8 amu was found with similar regional
distribution to m/z 881.8 amu.

The merged images of the ions at m/z782.6 [PC34:1+Na],
856.6 [PC40:6+Na], and 881.8 amu [TGbH2:2+Na] illus-
trate the spatial organization of these molecular lipids
within the eye (Fig. 6]). The merged images of the ions at
m/z 856.6 [PC40:6, 18:0/22:6+Na] (Fig. 7A) and 900.6
amu [PC44:12, 22:6/22:6+Na] (Fig. 7B) suggested that
both species partially colocalized in the outer part of the
photoreceptor layer. Meanwhile, the ion at m/z 856.6 amu
[PC40:6+Na] extended more inward (Fig. 7C), meaning
that each LC-PUFA-containing PC presents their own spa-
tial distribution.

The retina is characterized by its content in VLC-PUFA-
containing PC having 24 to 36 carbons and up to four dou-
ble bonds in the mass range of m/z 900-1,100 amu. Within
the photoreceptor layer, we identified in the positive ion
MALDI spectrum molecular species at m/z1,018.7, 1,040.7,
and 1,068.7 amu with a lower signal than other species pre-
viously identified (Fig. 8A). These molecular species were
previously identified as VLC-PUFAs-containing PC as
[PCH2:9, 30:3/22:6+Na], [PCH4:12, 32:6/22:6+Na], and
[PC56:12, 34:6/22:6+Na], respectively (36), and we have
confirmed this using ion mobility.

The merge of MALDI images at both m/z900.6 [PC44:12,
22:6/22:6+Na] (Fig. 8B) and 1018.7 amu [PC52:9,
30:3/22:6+Na] (Fig. 8C) showed that these two species
did not completely colocalize, but both were located in
the photoreceptor layer (merge with H&E image, data
not shown). PC44:12 is localized in an inner part of
the photoreceptor layer compared with the location of
PC52:9 (Fig. 8D).

The aim of this study was to localize the changes in FA
location within the retina, especially DHA, following 8
weeks of PUFA-rich diet. The MALDI image at m/z 900.6
amu (PC44:12+Na) indicated the presence of this species
with varied abundance throughout the retina in all supple-
mented groups compared with control group (Fig. 9). The
more abundant signal for m/z 900.6 amu in the retina was
observed in the photoreceptor layer surrounding the optic
nerve. The distribution of m/z 900.6 amu outside this area
was similar between groups. Moreover, the ion m/z 881.8
amu, corresponding to (TGb52:2+Na), was more abundant
in the supplemented-diet group compared with the retina
of control diet.

The merged images of the lipid molecular ions at m/z
782.6 (PC34:1+Na), 900.6 (PC44:12+Na), and 881.8 amu
(TGb2:2+Na) nicely mapped the spatial organization of
the eye (Fig. 9).
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TABLE 3. FA composition of total lipids from rat retina tissue following supplemented diets

Percent of Total FAs Control PL-EPA PL-DHA TG-EPA TG-DHA
14:0 0.16 +0.03 0.07 +0.01° 0.10+ 0.05 0.16  0.05 0.07 £ 0.02"
15:0 0.08 + 0.02 0.05 + 0.01° 0.07 + 0.02 0.08  0.02 0.05 + 0.01"
dma 16:0 0.88 + 0.08 0.85 + 0.08 0.86 + 0.09 0.86 + 0.1 0.83 £ 0.04
16:0 20.18 + 0.58 16.47 + 0.53" 17.78 + 2.01" 18.65 = 2.02 16.86 = 0.86"
16:1n-9 0.21 +0.02 0.15 0.01” 0.17 + 0.03 0.19 £ 0.03 0.15+0.01"
16:1n-7 0.37 + 0.06 0.30 = 0.05 0.36 + 0.07 0.40 £ 0.12 0.26 + 0.02"/
17:0 0.15 +0.01 0.14+0.01 0.17 £ 0.02 0.15+ 0.01 0.13 +0.01%¢
dma 18:0 2.75 + 0.08 2.83+0.12 2.72 +0.11 2.76 + 0.14 2.83+0.11
dma 18:1n-9 0.41 +0.04 0.37 + 0.04 0.37 £ 0.03 0.38 £ 0.03 0.36 £ 0.02
dma 18:1n-7 0.21 +0.03 0.22 + 0.05 0.21 + 0.04 0.19 = 0.03 0.17 + 0.02*"
18:0 95.35 + 0.56 24.80 + 0.45° 94.94 + 0.91 26.06 + 0.86 95.46 + 0.65
18:1t 0.05 + 0.01 0.04 + 0.01 0.06 + 0.01 0.05 + 0.01 0.04 + 0.0
18:1n-9 9.16 £ 0.29 8.55 + (.46 8.48 £ 0.44" 9.05+ 0.47 8.43 £ 0.35"
18:1n-7 2.48+0.16 2.97+0.18 2.93+0.17 221 +£0.15 1.90 +0.12%"
18:2n-6 0.76 £ 0.11 0.87 + 0.09 0.74+0.1 0.92+012 0.8 = 0.06
20:0 0.11 +0.02 0.09 = 0.02 0.09 + 0.02 0.14  0.02°" 0.09 +0.01°
20:1n-9 0.17 +0.01 0.13+0.0° 0.14 £ 0.02" 0.16 + 0.03 0.17 + 0.02
20:1n-7 0.04 + 0.0 0.03 + 0.01/ 0.04 + 0.02 0.06 = 0.02 0.05 + 0.02
20:2n-6 0.09 + 0.01 0.09 + 0.01 0.09 + 0.01 0.09 + 0.01 0.09 + 0.01
20:3n-9 0.05 + 0.01 0.05 = 0.03 0.06 + 0.04 0.08  0.04 0.04 + 0.01
20:3n-6 0.13 +0.01 0.17 + 0.0™¢ 0.13+0.01 0.15 = 0.02 0.15 £ 0.01
20:4n-6 8.72 +0.31 8.10+0.49 8.33+0.23 7.86 + 0.52" 7.85+0.31"
20:5n-3 0.07 £0.02 0.42 + 0.05" 0.27 + 0.04 0.35 + 0.04 0.33 +0.05"
24:0 0.04 + 0.01 0.05 = 0.02 0.06 + 0.01 0.09 + 0.02"* 0.04 +0.01
29:4n-6 1.24 £ 0.06 0.91 £ 0.06" 1.01 £ 0.08 0.90 + 0.08" 0.90 £ 0.05"
29:5n-6 0.59 0.1 0.10+0.01% 0.14 +0.01" 0.13+0.02 0.15 +0.02
22:5n-3 0.34 +0.03 0.89 £ 0.06™ 0.62 = 0.05 0.88 £ 0.04" 0.67 £0.07
29:6n-3 25.09 + 0.5 30.87 + 1.28¢ 29.77 + 1.65" 27.02 +1.61 31.15 +1.18%
Total of n-3 PUFAs 9551 +0.5 32.19 + 1.32¢ 30.67 + 1.64" 98.95 + 1.58 32.15+ 1.11°
Total n-6 PUFAs 11.55 + 0.39 10.27 = 0.63" 10.44 + 0.35 10.05 + 0.60” 9.95 + 0.40"
Total PUFAs 37.12 £ 0.60 42.51 + 0.90*" 41.17 + 1.53" 38.38 £ 1.72 42.15 + 0.89"
Total SFAs 46.11 + 0.61 41.71 +0.11% 43.21 +1.43" 45.33 £ 1.30 49.70 + 0.58"
Total MUFAs 12.51 + 0.44 11.50 + 0.68 11.47 £ 0.62 12.11 + 0.67 10.97 + 0.45"
n-6/n-3 PUFAs 0.45 + 0.01 0.32 + 0.03" 0.34+0.03 0.36 = 0.03 0.31 +0.02"

Values are mean + SD (n = 8 rats per group). Probabilities were determined by Kruskal Wallis test followed by the Dunn’s post hoc test. DMA,
dimethyl acetal; SFA, saturated FA.
“P<0.05 when the supplemented groups were compared with the control group.
’P<0.01 when the supplemented groups were compared with the control group.
‘P< 0.05 when the supplemented groups were compared with the TG-EPA group.
’P<0.001 when the supplemented groups were compared with the control group.
‘P<0.05 when the supplemented groups were compared with the PL-DHA group.
/P<0.01 when the supplemented groups were compared with the TG-EPA group.
¢P<0.001 when the supplemented groups were compared with the PL-DHA group.
"P<0.05 when the supplemented groups were compared with the PL-EPA group.
'P<0.01 when the supplemented groups were compared with the PL-DHA group.
’P<0.001 when the supplemented groups were compared with the TG-DHA group.
*P<0.01 when the supplemented groups were compared with the TG-DHA group.
'P<0.05 when the supplemented groups were compared with the TG-DHA group.

DISCUSSION similar mechanical features with humans. The consump-
) tion of foods rich in n-3 LC-PUFAs was associated with a
Rodents are devoid of macula and cannot therefore be lower risk of developing vascular and degenerative retinal

used to recapitulate the process of AMD. But they have diseases in humans (26, 43, 44). Nevertheless, data in hu-
been of interest as preclinical models of lipid absorption mans suggested that the extent to which dietary LC-PUFAs

(37-40) or retinal diseases (41, 42) because they share contribute to their retinal levels remains controversial and
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Fig. 4. In RPE, PC36:4 and PC38:4 show significant decreases in

PL-EPA and TG-EPA, but not in PL-DHA. PC38:6, however, shows a
significant increase in PL-EPA and PL-DHA groups compared with
the control group. Bars represent the mean + SD, n = 3. P values
were determined by Kruskal Wallis test, compared with the control
group. ¥*P<0.05.

partial (7, 45, 46). The bioavailability of n-3 FAs from the
diet depends on their chemical form (24). Only a few stud-
ies suggested that FAs provided as PLs are better absorbed
than as TGs (47-49). Yet, these studies did not match simi-
lar doses as either PL and TG or as EPA and DHA (27),
except one that revealed no difference in plasma n-3 pro-
vided either as TG or PL forms (50). Moreover, studying
plasma leads to a high degree of uncertainty about the ex-
tent of incorporation of n-3 into the retina.

The goal of this study was to provide a novel molecular
characterization of the retina of rats fed with different n-
3-rich diets. Moreover, we wanted to provide qualitative
and quantitative information about changes in the FA com-
position in plasma, RBCs, and FA-containing PC and PE in
the retina.

__— GC/NFL
. INL
ONL

I5/0S
far RPE/CC

Sclera

Optic disc

Fig. 5. H&E staining of ocular tissue section. GC/NFL, ganglion
cell/nerve fiber layer; INL, inner nuclear layer; ONL, outer nuclear
layer; IS/OS, inner segments/outer segments; RPE/CC, retinal pig-
ment epithelium/choriocapillaris. Scale: 500 pm

1740 J- Lipid Res. (2020) 61(12) 1733-1746

The strength of our work is that LC n-3 EPA and DHA
were provided in similar quantities either as PL or TG.
Moreover, the formulations were balanced in FAs that
could influence the incorporation of EPA or DHA into the
retina, i.e., LA, ALA, and palmitic acid. Indeed, palmitic
acid, as LA and ALA, is the substrate of FA desaturase 2
(FADS2), which mediates A6 desaturation of FA. Thus, pal-
mitic acid, LA, and ALA can compete for the synthesis of
desaturated metabolites and modify the efficiency of
FADS2 to produce PUFAs (51). Despite limited variations
in FAs, the five diets showed the same ratio of LA/ALA of
5 and the same amount of EPA+DHA provided either as
PL or TG. The international society for the study of FAs
and lipids (ISSFAL), international experts in nutrition
and governmental agencies (French Agency for Food, En-
vironmental and Occupational Health and Safety) recom-
mend a LA/ALA ratio of 5 to fulfill the physiological
requirements and prevent metabolic diseases, cardiovascu-
lar diseases, and AMD. In this study, we followed this rec-
ommendation for all diets. Meanwhile, Western countries
are characterized by a dietary intake 20 times more rich
in n-6 than in n-3 (52). The rationale for considering a
fixed ratio between n-6 and n-3 FAs was based on the
incorporation of DHA in the retina that depends on the
LA/ALA ratio. Indeed, studies have shown that the de-
crease of LA intake benefits the n-3 incorporation into
the retina in the rat (25), and to other tissues and hu-
man plasma (53, 54).

No clear evidence identifies whether PLs or TGs are the
better dietary sources of n-3 PUFAs to improve their distri-
bution into the retina (27, 50).

In plasma, our gas chromatographic analyses showed that
EPA and DPA from the n-3 series were increased in rats fed
with EPA-rich diets compared with control diet. Meanwhile,
DHA was increased in DHA-rich diets compared with con-
trol, without significant differences between PL and TG
forms. This result is consistent with the study in humans
showing no difference in the increase of DHA levels in
plasma when it was provided at the same dose, esterified in
PL or TG (50). For EPA-rich diets, there was only a trend
toward an increase in plasma DHA, confirming either the
low conversion of EPA into DHA (22) or a rate of DHA uti-
lization that equals DHA synthesis (55).

In RBCs, EPA was increased in all groups compared
with control group, but particularly in EPA-rich diet
groups. For all n-3 supplemented groups, there was an
increase in n-3 DPA, the immediate DHA precursor,
compared with the control group. DHA in RBCs was in-
creased in groups fed with PL-EPA, PL-DHA, and TG-DHA
diets, and to a lesser and insignificant extent in TG-EPA
group. Similar results were obtained in the retina. This
finding is consistent with previous data reporting that
erythrocytes were better-circulating biomarkers of n-3
FAs in the retina than plasma (45) because they are less
prone to dietary influence due to a life span of 120 days
(56).

Interestingly, even if there was a similar increase in
n-3 DPA in the retinas of TG-EPA and PL-EPA groups
(160% and 162%, respectively, compared with control group),
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Fig. 6. Positive ion MALDI-IMS in rat ocular tissue. Regions of interest were selected as inner retina (A),
outer retina (B), and orbital fat (C), corresponding to total positive ion MALDI mass spectra of inner retina
(D), outer retina (E), and orbital fat (F). Extracted positive ion MALDI images of the [M+Na]" ions of PC34:1
(m/2782.6 amu) (G), PC40:6 (m/z 856.6 amu) (H), and TG52:2 (m/z881.8 amu) (I). J: Merged positive ion
MALDI images of PC34:1 (red), PC40:6 (green), and TG52:2 (blue).

only a PL-EPA-rich diet triggered an increase of DHA in the retina compared with TG-EPA diet (as measured by
the retina (23% compared with control). Yet, both diets the increase in DHA per increase in DPA). Moreover,
contained similar concentrations of DHA, meaning that ~ RBGs in the PL-EPA group contained more DHA than the
the PL-EPA diet favored the incorporation of DHA in TG-EPA group. Besides, TG feeding may result in feedback
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inhibition of n-3 DPA metabolism resulting in an accu-
mulation of EPA and DPA in the retina. Our results are
consistent with earlier findings showing that krill oil
(PL-rich containing mostly EPA) favors B-oxidation and
tissue deposition compared with fish oil (TG-rich diet)
(57). Moreover, we may extrapolate a recent theory that is
valid for the brain indicating that the absorption of EPA
through the blood-brain barrier requires EPA as lysophos-
phatidylcholine, and to a lesser extent, as TG (58).

Concerning the DHA-rich diets, our results showed that
the form under which DHA is esterified did not influence
its bioavailability for the retina. Although the literature on
this subject is controversial, it seems that most of the recent
studies indicate that the incorporation of DHA in neural
tissues is increased when DHA is provided as PLs compared
with TGs (59, 60), especially in the presence of dietary
DAGs and monoacylglycerols (MAGs) that facilitate micel-
lar formation and thus enhance the LC n-3 FA uptake into
enterocytes (61). However, the discrepancy with our results
may be explained by the lower content in DAG and MAG
in the PL-DHA diet than in the TG-DHA diet that may have
mitigated the greater efficacy of PL-DHA diet to increase
retinal DHA.

Our quantitative LC/MS analyses revealed an increase in
DHA, especially DHA/DHA-containing PC (PC44:12) and
PE (PE44:12), into the retina for all groups compared with
control except TG-EPA. The effect that diet has on the EPA
and DHA content is markedly different with little change
observed in the retina. Large changes occurring in the
RPE/choroid suggest that decisions concerning uptake
and distribution of specific PCs to the retina are deter-
mined by the RPE/choroid.

1742 J- Lipid Res. (2020) 61(12) 1733-1746
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Fig. 7. Extracted positive ion MALDI images of the
[M+Na]" of PC40:6 (m/z856.7 amu) (A) and PC44:12
(m/z900.6 amu) (B). Merged positive ion MALDI im-
ages of PC40:6 (red, total photoreceptor layer) and
PC44:12 (green, photoreceptor outer segments) (C).

Moreover, PL-EPA and TG-DHA diets increased VLC-
PUFA-containing PC content into the retina. VLC-PUFA-
containing glycerophospholipids are present at consistent
levels in the retina compared with other tissues or organs
(62) and give rise to lipid mediators called elovanoids, nec-
essary for neuroprotective signaling for photoreceptor cell
integrity (17, 63). ELOVL4 has been identified as a FA
elongase protein that is involved in the synthesis of VLC-
PUFAs (64). Its mutation leads to Stargardt disease, the
most common hereditary form of macular dystrophy (65,
66). VLC-PUFAs are mainly esterified on PC species found
in the retina in the sn-1 position of PCs that contain DHA
in sn-2 position (67, 68).

Itis of interest to note that dietary TG-EPA, as well as TG-
DHA, increased VLC-PUFAs in the retina. This result is
consistent with a previous study demonstrating that AA and
EPA are preferred over DHA for the synthesis of VLC-PU-
FAs in the retina (69).

The lipid composition of the retina is remarkable be-
cause a molecular blueprint characterizes each particular
layer. MALDI-IMS revealed the localization of DHA-con-
taining PC into the photoreceptor layer of the retina. More
precisely, PC44:12 (22:6/22:6) colocalized with PC40:6
(18:0/22:6), but the latter extends more into the inner
part of the photoreceptor layer. Moreover, our study pro-
vides details on the localization of VLC-PUFAs relative
to LC-PUFA-containing PC, and particularly PC44:12
(22:6/22:6) in the retina. Our MALDI images suggested
that VLC-PUFAs would be localized in the external part of
the retina similarly to PC44:12 (22:6/22:6). This localiza-
tion seems to be crucial. Indeed, in Stargardt disease, mis-
localization of the mutant protein may be at the origin of
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Fig. 8. Outer retina was selected as the region of interest, corresponding to total positive ion MALDI mass spectra (A). Extracted positive
ion MALDI images of the [M+Na]+ of PC44:12 (m/z 900.6 amu, total photoreceptor layer) (B), and of the [M+H]+ of PC54:12 (m/z1018.7
amu, photoreceptor outer segments) (C). D: Merged positive ion MALDI images of PC54:12 (red) and PC44:12 (green).

retinal degeneration, and the deletion of ELOVLA4 leads to
lipid and protein accumulation into the RPE (69).

VLC-PUFAs contribute to synaptic vesicle size, and
thus synaptic transmission (70), and could be important
for rod but not cone function (70, 71). Gaining details on
VLC-PUFA location is essential for a better understand-
ing of their function, because VLC-PUFAs are thought
to be essential for the maintenance of the highly curved
membrane disks of the photoreceptor outer segments (72).
Rhodopsin is contained in outer segments, and the
highest rhodopsin content is found in the retina of rats
fed with diets containing DHA. Small manipulations of
the dietary levels of AA and DHA are important deter-
minants of FA composition of membrane lipid and vi-
sual pigment content (72).

MALDI-IMS confirmed results obtained with gas chro-
matography and LC-MS: enriched diets, particularly
PL-EPA and TG-DHA, and to a lesser extent PL-DHA, fa-
vored the incorporation of DHA into the retina. Our re-
sults depicted in Fig. 9 indicate that this incorporation
takes place in the photoreceptor layer, particularly in an
area around the optic nerve. MALDI images do not pro-
vide quantitative information but highlight changes in

SASBMB

localization and intensity of signal associated with PLs.
Thus, there was an area near the optic nerve where the
abundance of PC44:12 (22:6/22:6) was extremely high in
all supplemented diet groups compared with the control
group. This area was previously described in a study of
Cortina as the area that is the most sensitive to oxidative
stress induced by bright light treatment in rats (73). In
this study, light-induced oxidative stress compromised
photoreceptor integrity, particularly in an area next to
the optic nerve, in the superior and nasal quadrant, sug-
gesting that photoreceptors are most sensitive in this
area. This particular response could mean that, because
the outer segments contain a greater number of discs
and, thus, higher PUFA levels, a greater sensitivity to oxi-
dative stress may occur. Because this area contains more
discs, it would be more prone to incorporate DHA from
dietary intake than other regions. As well, the high incor-
poration of the DHA and the other PUFAs in the retina
may result in more plastic membranes, allowing more ef-
ficient phototransduction and synaptic function (10-12,
74). Further experiments should be necessary to explore
whether the uptake capacity or the VLC-PUFA synthesis
is increased in that zone in these conditions.
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To our knowledge, for the first time, our study pro-
vides quantitative data on VLC-PUFA changes following
different n-3 rich diets. Our data provides a high level
of qualitative and quantitative details on molecular spe-
cies and FA in the plasma, RBCs, and retina. The main
findings in this study were that both EPA and DHA
enhanced DHA increase in the retina and that FAs
provided by diet can trigger changes in spatial lipid
organization of the retina, mainly RPE/choroid. Espe-
cially, EPA esterified on PLs is as efficient as DHA-rich
diets to increase DHA level in retina, as well as VLC-
PUFAs. Further research is needed to better understand
the mechanisms regulating how FAs containing PLs or
TGs travel from oral uptake through the digestive tract
to the retina and RPE.
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Fig. 9. PC(DHA/DHA) intensity is increased next to
the optic nerve in n-3 supplemented groups (arrows).
Merged positive ion MALDI images of PC34:1 (red,
inner retina), PC44:12 (green, photoreceptor outer
segments) and TG52:2 (blue, orbital fat) for the group
control (a), PL-EPA (b), PL-DHA (c), TG-EPA (d),
TG-DHA (e). PC44:12).

Data availability

The data that support the findings of this study are avail-
able from the corresponding author and online (https://
data.inrae.fr).
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