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The supplementation of a high
dose of fish oil during pregnancy
and lactation led to an elevation
in Mfsd2a expression without any
changes in docosahexaenoic acid
levels in the retina of healthy
2-month-old mouse offspring
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Introduction: During fetal development, the proper development of neural
and visual systems relies on the maternal supplementation of omega-3 fatty
acids through placental transfer. Pregnant women are strongly advised to
augment their diet with additional sources of omega-3, such as fish oil (FO). This
supplementation has been linked to areduced risk of preterm birth, pre-eclampsia,
and perinatal depression. Recently, higher doses of omega-3 supplementation
have been recommended for pregnant women. Considering that omega-3 fatty
acids, particularly docosahexaenoic acid (DHA), play a crucial role in maintaining
the delicate homeostasis required for the proper functioning of the retina and
photoreceptors the effects of high-dose fish oil (FO) supplementation during
pregnancy and lactation on the retina and retinal pigmented epithelium (RPE) in
healthy offspring warrant better understanding.

Methods: The fatty acid content and the changes in the expression of the genes
regulating cholesterol homeostasis and DHA transport in the retina and RPE
were evaluated following the high-dose FO supplementation.

Results: Our study demonstrated that despite the high-dose FO treatment during
pregnancy and lactation, the rigorous DHA homeostasis in the retina and RPE of
the two-month-old offspring remained balanced. Another significant finding of this
study is the increase in the expression levels of major facilitator superfamily domain-
containing protein (Mfsd2a), a primary DHA transporter. Mfsd2a also serves as a
major regulator of transcytosis during development, and a reduction in Mfsd2a levels
poses a major risk for the development of leaky blood vessels.

Conclusion: Impairment of the blood-retinal barrier (BRB) is associated with the
development of numerous ocular diseases, and a better understanding of how to
manipulate transcytosis in the BRB during development can enhance drug delivery
through the BRB or contribute to the repair of central nervous system (CNS) barriers.
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1 Introduction

The proper development and function of the retina depend on the
adequate supply of omega-6 (n-6) and omega-3 (n-3) long-chain
polyunsaturated fatty acids (LC-PUFAs) (1, 2). Docosahexaenoic acid
(DHA, C22:6n-3), an omega-3 fatty acid, is one of the main retinal
structural lipids, comprising up to 50% of the total photoreceptor rod
outer segment lipid content (3). The change in the optimal amount of
DHA levels can affect the fluidity of the membrane (4) and,
consequently, the activity and regeneration of rhodopsin, ultimately
affecting phototransduction (2, 4-6). In addition, the proper DHA
supply prenatally and early in life is necessary for the proper visual and
cognitive functions in the offspring (7-9). Furthermore, the optimal
supply of n-3 LC-PUFAs during pregnancy and lactation is associated
with a decreased rate of preterm birth (10), reduced risk of
pre-eclampsia (11), post-partum depression (12), and the development
of allergies (13). In addition, this perinatal and early postnatal period
of life is considered particularly susceptible to the effects of
environmental factors such as nutrition on beneficial epigenetic
changes (14). It was shown that PUFA supplementation can alter
epigenetic patterns related to allergic manifestation, and FO
consumption was associated with altered histone acetylation in
placentas (15). For example, the levels of cord blood T-cell PKCE could
be altered by FO supplementation in an epigenetic manner, affecting
the development of allergic inflammation in children (16).

DHA deficiency during pregnancy and lactation affects human
retinal development (17, 18), and supplementation with PUFAs
throughout pregnancy is recommended as beneficial (19). Mammalian
cells lack the ability to synthesize n-6 and n-3 PUFAs de novo.
Consequently, the fetus relies on maternal transfer through the
placenta and subsequent intake through milk and dietary supplements
post-birth to accumulate these essential fatty acids. Therefore, it is
crucial for the mother to maintain sufficient PUFAs in her diet or
through dietary supplements (20). Research has validated a correlation
between the concentration of 22:6n-3 in maternal plasma and its
placental transfer (21).

Breast milk serves as the main source of PUFAs for newborns, and
its PUFA composition is influenced by maternal dietary habits (22).
However, several reports have highlighted insufficient n-3 LC-PUFA
intake among a significant number of pregnant women in Europe
(23-25). Additionally, pregnancy is linked to a notable decline in
maternal DHA levels (26-28). Given these current dietary patterns,
mothers may struggle to fulfill the heightened fetal DHA requirements.
Consequently, prevailing guidelines suggest that pregnant women
should aim for a daily intake of 250-500 mg of eicosapentaenoic acid
(EPA) and DHA, with at least 200 mg specifically from DHA (29-31).
The European Food Safety Authority recommends an extra
100-200 mg of DHA daily (32).

Fish oil (FO) serves as a natural source of n-3 fatty acids (33).
Studies have demonstrated the safety and pivotal role of high-dose FO
supplementation (up to 5g/day for 16weeks) in preventing and
managing various diseases in the human population (32). Clinical
trials in Denmark, Norway, and Australia involving pregnant women
who consumed 2.2-2.7g of omega-3 fatty acids through fish oil
supplements (containing 920mg, 1,183mg, and 2.2g DHA,
respectively) revealed positive effects of high-dose FO supplementation
(20, 34-36). The extended gestational period observed in the
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supplemented group was correlated with the DHA concentration ratio
in neonatal cord blood. Notably, at 2.5 years of age, children in the fish
oil-supplemented group exhibited superior eye and hand coordination
scores compared to the control group, which were also in correlation
with EPA and DHA in cord blood (20). Similarly, an assessment of the
Norwegian infant cohort found that children born to mothers
supplemented with FO demonstrated higher mental processing scores
at the age of four (37). Additionally, the Australian government has
revised its recommendations and, currently, advises pregnant women
with low n-3 status to supplement with the augmented dose of n-3
LC-PUFA—specifically, 800 mg DHA and 100mg EPA per day—
primarily to mitigate the risk of preterm birth (38).

However, the impact of high-dose fish oil (FO) supplementation
during pregnancy and lactation on the fatty acid composition in the
retina and retinal pigmented epithelium (RPE) of offspring in early
adulthood remains unclear. Despite the close association between the
retinas and RPE (39), they diverge in their requirements for cholesterol
and n-3 PUFA homeostasis, potentially responding disparately to FO
supplementation during pregnancy and lactation. Moreover, fish oil
supplementation has been reported to possess cholesterol-lowering
properties in various systems (40-42). Cholesterol is yet another
retinal lipid whose changes can affect the activity of rhodopsin,
enhancing light activation (43). Given that the retina acquires
cholesterol both from blood-borne uptake and local biosynthesis,
there is a pressing need to gain a deeper understanding of how dietary
treatments impact the transcriptional network of cholesterol-related
gene expression.

The retina’s absorption of DHA involves receptors for
lipoproteins and adiponectin (1, 44), along with multiple
transporters for fatty acids (45). Nevertheless, the primary route
for DHA uptake into the retina is likely through the pathway
mediated by the major facilitator superfamily domain-containing
protein 2a (Mfsd2a) (46-48). Mfsd2a has been identified as a key
regulator of blood-organ barrier permeability, encompassing both
the blood-brain barrier (BBB) and the blood-retinal barrier
(BRB) (49, 50). Mfsd2a-mediated lipid transport is crucial for
inhibiting transcytosis (51), and a decrease in Mfsd2a expression
is linked to impairments in vascular permeability. However, this
reduction in Mfsd2a expression leads to a subsequent increase in
vesicle trafficking (enhanced transcytosis) and compromised
barriers, all occurring without alterations in endothelial junctions
(47, 52). Conversely, studies have demonstrated that heightened
Mfsd2a expression can reduce transcytosis (53).

In a previous study, we demonstrated that high-dose fish oil
(FO) supplementation during adulthood led to significant
alterations in lipid content and the increased expression of genes
governing DHA transport (Mfsd2a) and cholesterol homeostasis
in the retina and retinal pigmented epithelium (RPE) (54).
However, the enduring effects on the retinas and RPE in the
offspring resulting from high-dose FO supplementation during
pregnancy and lactation remain unknown. To address this,
we investigated the phospholipid content in the retinas and RPE,
as well as changes in the expression levels of genes involved in
DHA transport and cholesterol homeostasis in the retinas and
RPE of 2-month-old B6/SJL female mice born to mothers who
received high-dose FO supplementation during pregnancy
and lactation.
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2 Materials and methods

2.1 Animals

For this study, female B6/SJL mice were utilized. All procedures
involving animals adhered to the EU Directive (2010/63/EU)
concerning the protection of animals used for experimental and
scientific purposes. Approval was obtained from the Ethical
Committee for the Use of Laboratory Animals (resolution No.
01-06/13) at the Institute for Biological Research, University of
Belgrade. The animal procedures also conformed to the EEC Directive
(86/609/EEC) on animal protection, with diligent efforts made to
minimize any potential suffering. The mice were housed in standard
conditions (23+2°C, relative humidity 60-70%, 12-h light/dark
cycle), with regular health check-ups. They had unrestricted access to
pelleted commercial rodent chow (see Table 1), available ad
libitum (AL).

2.2 Treatment

For the fish oil (FO) treatment, pregnant B6/SJL mice were
separated into two groups: the treated group (n=7) received
supplementation with commercial fish oil (DietPharm, FidaFarm
Croatia), a rich source of omega-3 fatty acids, whereas the control
group (n=7) was given the same volume of water as a vehicle. The
treated group received 100 pL of fish oil (fatty acid composition in
Table 2) daily through oral gavage. The FO treatment spanned 6 weeks,
covering both gestation and the lactating period (Figure 1).

The chosen dose for this study constituted a high-dose treatment
of either DHA or EPA. A daily human dose of 3,000mg of DHA
equates to 50mg/kg of body weight. The animal equivalent dose
(AED) was calculated according to FDA guidelines for species
conversion, where AED (mg/kg) =human dose (mg/kg) multiplied by
the correction factor for mice (Km). For the human dose of 50 mg/kg,
the AED dose amounted to 615mg/kg. Consequently, with 12mg
DHA and 18 mg EPA per 100 puL, animals were treated with 545.5 mg/
kg of DHA and 818.2 mg/kg of EPA daily.

The control group received an equivalent amount of water
(100pL) administered daily through oral gavage during the same
period. To maintain experimental purity, we refrained from using
other oils as a control due to the potential biological effects of
additional components in dietary fish oil, such as omega-3 and
omega-6 fatty acids, iodine, furan fatty acids, and antioxidant vitamin

TABLE 1 Pelletized commercial diet content.

Protein 17.2
Carbohydrate 60.9
Fat 3.7
PUFA/SFA 13
n-3/n-6 PUFA 0.05
Fiber 5.6
Ash 7.6

Adequate amount of vitamins and minerals SFA, saturated fatty acids; PUFA,
polyunsaturated fatty acids; n-3, omega-3; n-6, omega-6.
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E. In order to prevent DHA degradation, one capsule containing 1 mL
of FO was used for every 3-4 animals (100 pL per animal) and was
administered through oral gavage in under 45s. Any remaining FO
was discarded, and a new capsule was utilized for the subsequent set
of animals. After the lactation period, the pups were weaned and
provided with regular chow.

Five weeks post-termination of FO supplementation, mice were
euthanized at the age of 2months (Figure 1). Anesthesia was induced
(100 mg/kg Ketamidor, Richter Pharma, Wells, Austria, and 16 mg/kg
Xulased, Bioveta, a.s. intraperitoneally), followed by perfusion with
50mL 0.1 M phosphate buffer (PBS) over 30 min before decapitation.
Eyes were promptly enucleated, and from the seven eyes, retinas and
RPE were isolated and processed for RNA isolation and qPCR. Another
set of seven eyes had their retinas and RPE isolated and processed for
fatty acid isolation.

2.3 Tissue collection

At the time of euthanization, the animals were 2 months old
(Figure 1). Mice underwent anesthesia (100 mg/kg Ketamidor,
Richter Pharma, Wels, Austria, and 16 mg/kg Xulased, Bioveta, a.s.
intraperitoneally). Each animal underwent perfusion with 50 mL
0.1 M phosphate buffer (PBS) for 30 min and was subsequently
decapitated. The eyes were enucleated, the optic nerve was severed,
and the cornea, lens, and vitreal body were extracted. The retina
was carefully peeled off for further analysis. The eyecup,
encompassing the RPE, choroid, and sclera (referred to as RPE
henceforth), was isolated and utilized for subsequent analysis. All
tissue samples were stored at —80°C until RNA and fatty acid
isolation. In seven eyes, retinas and RPE were individually isolated
and processed for RNA isolation and qPCR. Another set of seven
eyes had their retinas and RPE individually isolated and processed
for fatty acid isolation. The same animals were used for blood
collection to facilitate biochemical analyses.

2.4 Retina and RPE fatty acid methyl ester
preparation

Retina and RPE total lipids were extracted using chloroform/
methanol, following the method outlined by Folch and modified
by Kates et al. (55). The conversion of the extracted lipids into fatty
acid methyl esters (FAME) was accomplished using 3M HCl in
methanol, as detailed in previous reports (56). The lipids were
placed in a glass cuvette, and 1.5 mL of 3 M HCI was added. After
mixing, the mixture was heated in a water bath at 85°C for 45 min
and then cooled. Hexane (Sigma Aldrich) was introduced for
FAME extraction. Following centrifugation for 15min at
4,000 rpm, the hexane (upper layer) containing the fatty acid
methyl esters was transferred into vials using Pasteur pipettes and
promptly subjected to analysis.

2.4.1 Gas chromatographic condition

Gas chromatography using Agilent Technologies AGILENT
6890/7890 GC and ChemStation Operation with an FID detector was
employed to analyze fatty acid methyl esters (FAMESs). The separation
of FAMEs took place on a CP-Sil88 capillary column (a 100-m fused
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silica capillary column with 0.25 mm internal diameter, coated with
0.2 pm cyano-propyl-polysiloxane as the stationary phase) provided
by Supelco (Bellefonte, PA, USA). Chromatographic conditions
involved 1 pL injections of the FAME mixture at a split ratio of 20:1.
The split inlet conditions included an injector temperature of 250°C,
an injector split flow of 20 mL/min, a pressure of 31,623 psi, and a total
flow of 24 mL/min. The oven temperature program was initiated at
80°C, increased by 4°C/min up to 220°C (held for 5min), then
increased by 4°C/min up to 240°C, and held at 240°C for 10 min.
Helium served as the carrier gas (constant flow of 1.0 mL/min), and
nitrogen acted as the makeup gas with a flow of 25 mL/min. The FID
detector operated at a temperature of 270°C, and the run time was
55min. ChemStations was utilized for data collection and analysis,
the
Chromatographic peak identification was achieved by comparing

including identification and quantification of peaks.
retention times with an appropriate standard of FAMEs (Supelco
FAME Mix, Bellefonte, PA). Quantification relied on the ratio between

all peak areas and the corresponding peak, with results expressed as a

TABLE 2 Fatty acid composition of fish oil (% w/w of total fatty acids).

SFA 16:0n Palmitic 22.90
18:0n Stearic 2.23
MUFA 16:1n-7 Palmitoleic 11.90
18:1n-7 Vaccenic 4.54
n-6 18:2n-6 Linoleic 1.67
Dihomo-gama-
20:3n-6 linolenic 0.29
20:4n-6 Arachidonic 1.62
22:4n-6 Adrenic 1.78
n-3 20:5n-3 EPA 25.51
22:5n-3 DPA 1.82
22:6n-3 DHA 15.49

SFA, saturated fatty acids; MUFA, mono-unsaturated fatty acids; n-6, omega-6
polyunsaturated fatty acids (PUFA); n-3, omega-3 polyunsaturated fatty acids; EPA,
eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.

10.3389/fnut.2023.1330414

percentage of individual fatty acids in total fatty acids. The column’s
efficiency, expressed as the number of theoretical plates of three
standard fatty acids (palmitic, stearic, and oleic), ranged from 362,870
to 510,262. The reproducibility of the response, determined as a
percentage of the relative standard deviation (RSD%) for successive
measurements of the same reference solution, ranged from 2.3 to 4.6
for the same standard fatty acids.

2.5 Real-time time quantitative polymerase
chain reaction (QRT-PCR)

2.5.1 RNA isolation and reverse transcription

Total RNA was extracted from the eyes of both control and
FO-treated animals (N=5-7 per group) using the TRIzol isolation
system, following the manufacturer’s guidelines (Invitrogen Life
Technologies, USA). The RNA pellet was dissolved in 20 mL of DEPC
water, and the RNA concentration was determined using
spectrophotometry. Additionally, RNA integrity was confirmed
through 1% agarose gel electrophoresis. Subsequently, 6 mg of total
RNA underwent treatment with RNase-free DNase I (Thermo Fisher
Scientific, Waltham, MA, USA) and was reverse transcribed in the
same tube using a High-Capacity cDNA Archive Kit (Applied
Biosystems, USA), following the manufacturer’s protocol. The
resulting cDNA was stored at —20°C for future use.

2.5.2 Quantitative real-time RT-PCR (qRT-PCR)

PCR analysis utilized 20ng of the resultant cDNA in a final
volume of 10 pL with RT2SYBR Green qPCR Mastermix (Applied
Biosystems). RT-PCR amplifications were conducted in an ABI 7500
thermal cycler (Applied Biosystems) following the default cycling
mode (500°C for 30 min, 950°C for 15min, followed by 40 cycles of
940°C for 605, 570°C for 60s, 720°C for 60s, and then incubation at
700°C for 10min). The qRT-PCR results were analyzed using RQ
Study add-on software for the 7,000 v 1.1 SDS instrument, with a
confidence level of 95% (p<0.05). Quantification was performed
using the 2-DDCt method (57), and the change in mRNA levels was
expressed relative to the control value. Primer sequences (Vivogen,
Serbia) can be found in Table 3.

| FO SUPPLEMENTATION |
3 _ 6 9 (Wks)
F1FEMALES |  Gestation | |
| | |
MATING BIRTH WEANING Molecular analysis
RETINA, RPE
F2 FEMALES } } {
3 8 (Wks)
| NO FO SUPPLEMENTATION |
FIGURE 1
Schematic depiction of the study design.
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TABLE 3 Primer sequences for expression studies.

Gene Orientation Sequence

Hmger F TTG GTC CTT GTT CAC GCT CAT
R TTC GCC AGA CCC AAG GAA AC
Srebfl F ACG GAG CCA TGG ATT GCA
R AAG TCA CTG TCT TGG TTG TTGATGA
Nr1h2 F AGC GTC CAT TCA GAG CAA GTG
(LXRB)
R CAC TCG TGG ACA TCC CAG ATC T
Abcal F AGG CCG CAC CAT TAT TTT GTC
R GGC AAT TCT GTC CCC AAG GAT
Apoe F GGC CCA GGA GGA GAA TCA ATGA G
R CCT GGC TGG ATA TGG ATG TTG
Mfsd2a F AGA AGC AGC AAC TGT CCA TTT.
R CTC GGC CCA CAA AAA GGATAAT
Adiporl F AAG CCA AGT CCC AGG AAC AC
R CAG TGG GAC CGG TT GC
Cypd6al F TGC AGT ATC TGT CGC AGG TC
R TAG GTG CTG AAC AGG AGA GG
Cyp27al F CGC TAG TCT CCC TAT GTC ACT ATG C
R AGC CGA AGG GAA GAG ATG C
Hprtl F CTC ATG GAC TGA TTA TGG ACA GGA C
R GCA GGT CAG CAA AGA ACT TAT AGC C

F, forward primer; R, reverse primer.

2.6 Statistical analysis

The Prism program (GraphPad Software) was employed for data
analysis. The non-parametric Mann-Whitney U test was utilized to
compare two experimental groups, given that the data did not adhere
to the normal distribution criteria. Statistical significance was
established at p <0.05.

3 Results

3.1 The high-dose FO treatment during
pregnancy and lactation altered the fatty
acid content in the retinas and RPE of the
2-month-old offspring

We evaluated the alterations in the lipid composition, specifically
n-6 and n-3 fatty acids, resulting from high-dose fish oil (FO)
supplementation in the retinas and retinal pigmented epithelia (RPE)
of the 2-month-old offspring (Figures 2A-E). In the offspring’s retinas,
there was a significant reduction in EPA levels (3.1-fold decrease,
Figure 2A). Conversely, the levels of DHA and DPA remained
unchanged (Figure 1A). However, in the RPE, all analyzed n-3 fatty
acids, including EPA (2.95-fold decrease), DPA (2.18-fold decrease),
and DHA (1.38-fold decrease), exhibited a reduction (Figure 2B).
Regarding n-6 fatty acids, there was a decrease in dihomo-gamma-
linoleic acid (DHGLA) levels (55%) in the FO-supplemented retinas
(Figure 2C). In the RPE, along with a decrease in DHGLA levels
(53%), there was a significant reduction in adrenic acid levels (32%
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decrease) (Figure 2D). While the n-6/n-3 ratio in the retina remained
unchanged in FO-treated and control offspring, a significant decrease
was observed in the RPE (65% decrease, Figure 2F).

3.2 The impact of fish oil treatment on the
overall polyunsaturated fatty acids,
mono-unsaturated fatty acids, and
saturated fatty acids in both the retina and
retinal pigmented epithelium

Given that the analysis of fish oil (FO) content revealed the
presence of fatty acids other than essential PUFAs, particularly
palmitic, palmitoleic, and oleic (Table 2), we investigated whether FO
intake alters the levels of saturated fatty acids (SFAs) and mono-
unsaturated fatty acids (MUFASs) in both the retinas and RPE. In the
retinas of the FO-supplemented offspring, the sole observed change
was a decrease in oleic acid levels (34%) (Table 4). However, in the
FO-supplemented RPE, there was an increase in the levels of palmitic
(12%), palmitoleic (91%), and oleic acid (41.5%) (Table 4). Despite
this, total SFA and PUFA remained unchanged after FO treatment in
both the retinas and RPE. Notably, n-3 levels were significantly
reduced in the RPE (28%), whereas total MUFA showed an increase
in the RPE exclusively (42%).

3.3 The high-dose FO supplementation
during pregnancy and lactation resulted in
an elevation of Mfsd2a expression in both
the retinas and RPE of the 2-month-old
offspring

Two specific proteins, Mfsd2a (48) and the adiponectin receptor 1
(Adiporl) (58), have been proposed as facilitators in the transport of
DHA. Mfsd2a is a transporter highly specific for DHA, with lower
specificity for palmitic and oleic acids. Adiporl has recently been
identified as a novel DHA transporter crucial for the proper functioning
and maintenance of photoreceptors. The expression levels of Adipor] were
unaffected by the FO treatment in both the retinas and RPE (Figure 3A).
In contrast, the expression levels of Mfsd2a significantly increased in both
the retina (Figure 2B, 84% increase) and the RPE (Figure 3B 3.5-fold
increase) following FO supplementation.

Sterol regulatory element-binding protein 1-c (Srebp1-c) is among
the suggested targets of Mfsd2a expression (59). Another function of
Srebpl-c is to enhance the transcription of genes regulating fatty acid
synthesis (60). However, contrary to the reported decrease in Srebfl
in adult animals supplemented with FO associated with the increase
in Mfsd2a (54), the expression levels of Srebf] remained unchanged in
the retinas (Figure 3C) and increased in the RPE of FO-supplemented
offspring (6.5-fold increase, Figure 3C).

3.4 The high-dose FO supplementation
during pregnancy and lactation had
opposite effects on the expression levels of
Hmagcr in the retinas and RPE

Fish oil (FO) supplementation is known for its ability to lower
cholesterol, yet the biochemical analyses of serum from 2-month-old
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The impact of high-dose fish oil (FO) supplementation on the levels of n-3 and n-6 PUA in the retina and retinal pigmented epithelium (RPE) of both
control and FO-supplemented offspring. (A) Displays the relative content of n-3 LC-PUFA in the retina, whereas panel (B) represents the same in the
RPE of 2-month-old control and FO-treated offspring (FO). (C) Showcases the relative content of n-6 LC-PUFA in the retina, and (D) presents the
equivalent in the RPE for both control and FO-treated offspring. The n-6/n-3 LC-PUFA ratio in the retinas and RPE for both groups is depicted in panel
(E). The abbreviations denote linoleic acid (LA, 18:2n-6), dihomo-gamma-linoleic acid (DHGLA, 20:3n-6), arachidonic acid (AA, 20:4n-6), adrenic acid
(22:4n-6), eicosapentanoic acid (EPA, 20:5n-3), docosapentaenoic acid (DPA, 22:5n-3), and docosahexaenoic acid (DHA, 22:6n-3). The data are
presented as mean + SEM. *p < 0.05, **p <0.01.
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TABLE 4 SFA, MUFA, and PUFA in the retinas and RPE of control and FO-supplemented mice.

Fatty acid % Retina Retina RPE RPE
FO FO
Palmitic acid (16:0) 19.93+£0.22 20.9+0.28 18.58+£0.29 20.95+0.724°
Stearic acid (18:0) 26.13+1.84 25.74+1.52 22.65+0.56 19.57+0.89
SFA 46.5£1.97 47+1.61 41.7+0.71 41.2+0.75
Palmitoleic acid (16:1n-7) 0.45+0.06 0.34+0.05 1.17+0.26 2.25+0.25"
Oleic acid (18:1n-9) 9.87+0.54 6.48+0.37¢ 10+0.72 14.15£0.65¢
Vaccenic acid (18:1n-7) 1.53+0.21 1.58+0.18 2.03+£0.18 2.45+0.07
MUFA 10.7+1.23 8.46+0.56 13.2+0.81 18.95+0.90°
n-6 122+1.12 10+0.02 22.5+1.83 18.9+£0.08
n-3 24.8+3.76 27.1+£2.79 20.2+1.66 14.6+£0.59°
PUFA 32.7+3.29 355+2.39 34+2.19 29.6+0.935

SFA, saturated fatty acids; MUFA, mono-unsaturated fatty acids; n-6, omega-6 polyunsaturated fatty acids (PUFA); n-3, omega-3 PUFA. Values are presented as mean + SEM. Significantly

different from the control retina.
*p<0.05. Significantly different from the control RPE: °p <0.05, p<0.001.

FO-supplemented offspring revealed no differences in the levels of
cholesterol, HDL, LDL, and triglyceride (Figure 4A). Considering that

analyses of retinas from Mfsd2a™~

animals showed altered expression
of genes regulating cholesterol and fatty acid synthesis (59, 61),
we investigated whether FO supplementation affected the expression
levels of genes regulating cholesterol synthesis. Specifically,
we examined liver X receptor beta Nrlh2 (LXRB) (62) and
endoplasmic  reticulum-bound  3-hydroxy-3-methylglutaryl-
coenzyme-A reductase (Hmgcr) expression levels (63). The gRT-PCR
analysis revealed that FO supplementation had no effect on the
expression levels of Nr1h2 (LXRB) in the retinas but induced a 2.48-
fold increase in its expression in the RPE (Figure 4B). Simultaneously,
the expression levels of Hmgcr decreased in the retinas (65% decrease)
but increased in the RPE (2.65-fold increase) following FO treatment

(Figure 4C).

3.5 The high-dose FO supplementation
during pregnancy and lactation modified
the expression levels of genes involved in
regulating cholesterol transport

We investigated the impact of FO supplementation on cholesterol
Cells
apolipoprotein-dependent cascade, with apolipoprotein E (ApoE)

turnover. efficiently recycle cholesterol through an
being the most abundant member (64). The lipidation process is
facilitated by the ATP-binding cassette transporter Al (ABCAL),
located in plasma membranes, which expels cholesterol and
phospholipids from the cells (64). QRT-PCR analyses indicated that
FO supplementation had no effect on Apoe and Abcal expression
levels in the retinas (Figures 5A,B). However, in the RPE of
FO-supplemented offspring, the expression levels of Abcal and Apoe
transporters were significantly higher compared to the controls (8-fold
and 2.85-fold, respectively) (Figures 5A,B).

Excess cholesterol is primarily eliminated by converting it into
24(S)-hydroxycholesterol (24S-OHC) through the enzyme cholesterol
24-hydroxylase (CYP46A1), predominantly found in the brain (65),
and into 27-hydroxycholesterol through the enzyme cholesterol

27-hydroxylase (CYP27A1), a ubiquitous cholesterol 27-hydroxylase
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(66). Additionally, cytochrome (CYP27A1 and CYP46A1) levels
regulate LXR. The qRT-PCR analysis revealed that FO supplementation
during pregnancy and lactation had no impact on the expression
levels of cholesterol degradation genes Cyp27al and Cyp46al in both
retinas or RPE in the offspring (Figures 5C,D).

4 Discussion

Scientists and clinicians recommend supplementing with FO, rich
in DHA and EPA, during pregnancy and lactation to support the
proper development of neural and visual systems. High-dose omega-3
supplementation for pregnant women is strongly advocated (20, 34-
36, 39). In this study, we examined the long-term effects of high-dose
FO supplementation in healthy pregnant and lactating WT mice on
the retinas and RPE of 2-month-old offspring (early adulthood). The
key findings include a significant increase in Mfsd2a expression, a
primary DHA transporter, in both the retinas and RPE, as well as
notable changes in lipid profiles and expression levels of cholesterol
metabolism-related genes in both tissues.

FO supplementation during pregnancy and lactation led to
persistent changes in fatty acid content, even 5weeks after
supplementation cessation. In the retinas, there was a significant
decrease in EPA levels (3.1-fold decrease) among n-3 LC-PUFAs,
whereas DHA levels remained unchanged, ensuring proper
photoreceptor function. On the other hand, in the RPE, all n-3
LC-PUFAs—EPA, DPA, and DHA—experienced significant
decreases (2.95-fold, 2.18-fold, and 1.38-fold, respectively). These
results can be explained by the significant lag between the end of
the supplementation and the time of analysis (5 weeks). The retinas
and RPE of the offspring were exposed to high levels of PUFA
supplementation throughout the development, followed by the
abrupt termination of the supplementation 3 weeks after birth,
coinciding with the termination of lactation and subsequent
weaning. The offspring were then switched to commercial chow
with a substantially lower content of n-3 PUFAs. It is possible that
the offspring that were exposed to the FO supplementation
developed a different baseline for the n-3PUFA content and that
the period between the end of the FO supplementation and analysis
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FIGURE 3
The expression levels of Mfsd2a were influenced by high-dose fish oil (FO) supplementation, whereas Adiporl levels remained unaffected in the retina
and retinal pigmented epithelium (RPE) of 2-month-old offspring. (A) Real-time polymerase chain reaction (RT-PCR) was utilized to analyze the
alterations in Adiporl expression in the retina (yellow) and RPE (blue). (B) RT-PCR was employed to assess changes in Mfsd2a expression in the retina
(yellow) and RPE (blue). (C) RT-PCR was used to examine changes in Srebfl expression in the retina (yellow) and RPE (blue). The data are presented as
mean + SEM. *p < 0.05.

can be perceived as n-3 deprivation. The results suggest a potential
period of n-3 deprivation in the offspring. Similarly, in the brains
of the offspring that were FO-supplemented pre- and post-natally
(67), a continual gradual decline in the levels of DHA was observed
over the 8 weeks after the termination of the FO supplementation.
The decline in the levels of DHA was similar to our findings in the
RPE, while the DHA homeostasis in the retina was not disrupted.
At the same time, the increased levels of DPA in the brain were not
in correlation with the observed decrease in the levels of DPA in
the RPE. These findings suggest a more plastic nature of the RPE
considering its physiological role as a “gate-keeper” (68).

Recent studies suggest that EPA could serve as a readily available
precursor for DHA synthesis in neuronal tissues, especially in diets
enriched with ALA but deficient in DHA (69). The protective benefits
of EPA supplementation, however, depend on its conversion to DHA
through elongation and desaturation processes in neuronal cultures
(70). Typically, elongase and desaturase activities are lower in the brain
compared to the liver, where the primary source of brain and retinal
DHA is synthesized from circulating ALA (71-73). While it is
improbable for neuronal enzymatic activities to be solely responsible
for high DHA levels in the retina, they might play a role in maintaining
DHA levels in photoreceptors during transient decreases in plasma
DHA. These enzymes could also be involved in responding to minor
local changes in DHA levels in photoreceptor phospholipids. As DHA
is released from these lipids, it activates the retinoid X receptor (RXR)
and the ERK/MAPK pathway for photoreceptor protection (74, 75).
Neuronal fatty acid elongase and desaturase enzymes may be activated
to synthesize and replenish DHA in phospholipids, possibly from
EPA, accounting for its decrease.
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The impact of FO treatment on n-3 PUFAs in the RPE was more
pronounced than in the retinas, leading to a significant decrease in all
analyzed n-3 fatty acids—EPA, DPA, and DHA (2.95, 2.18, and 1.38-fold
decrease, respectively). The protective role of RPE in maintaining retinal
homeostasis could be one of the reasons for these changes, although other
mechanisms cannot be ruled out. In a previous study, we demonstrated
that high-dose fish oil (FO) supplementation maintained for 3 weeks in
3-month-old mice (adulthood) significantly altered n-3 PUFAs in the
retinas and RPE but that the levels of DHA were also unaltered (54). These
results confirm that the rigorous regulation of DHA homeostasis in the
retina is necessary for the proper functioning of photoreceptors, regardless
of the age of the supplementation.

FO supplementation also influenced n-6 PUFA levels, resulting in
decreased DHGLA in the retinas and DHGLA and adrenic acid in the
RPE. A similar decrease in DHGLA in the RPE was observed in adult
animals that were supplemented with FO for a short period of time
(3 weeks) (54). Although the n-6 PUFA changes were relatively small,
they contributed to an increased n-6/n-3 ratio in the RPE of
2-month-old offspring, while the n-6/n-3 ratio in the retinas remained
unaltered. These results strongly suggest that it would be beneficial to
maintain the levels of FO supplementation in the late postnatal stages
and in adolescence.

Notably, high-dose FO supplementation during pregnancy and
lactation elevated Mfsd2a expression 5weeks post-treatment (Figure 2).
Increased Mfsd2a levels in the retina may contribute to DHA
homeostasis, maintaining lipid saturation and cell membrane fluidity
(48). In addition, the increase in the expression of the DHA transporter,
Mfsd2a, was observed both in the adult supplementation and in the
offspring that was supplemented during development (54) suggesting
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FIGURE 4

Examination of cholesterol levels in serum and the expression of genes regulating cholesterol synthesis in the retina and retinal pigmented epithelium

(RPE) in control and fish oil (FO) supplemented mice. (A) Biochemical analyses of cholesterol, HDL, LDL, and triglyceride levels (mmol/l) in the plasma

of control and FO-treated mice. Expression levels of Nr1h2 (LXRB) (B) and Hmgcr (C) were assessed in the retina (yellow) and RPE (blue) of control and
FO-supplemented offspring using real-time polymerase chain reaction (RT-PCR). The data are presented as mean + SEM. *p <0.05.

that FO supplementation is responsible for this increase, although itis  the formation and functioning of the BBB (43, 44). Studies in mice have
possible that the mechanisms involved in the upregulation of Mfsd2a  shown that Mfsd2a expression begins at embryonic day 13.5 (E 13.5) in
differ depending on the time of the supplementation. the BBB, which becomes functional by E15.5 (47). In Mfsd2a knockout

Mfsd2a is specifically expressed in microvessels of the CNS that ~ (KO) animals, the absence of Mfsd2a resulted in a leaky BBB during
constitute the blood-brain barrier (BBB), playing crucial roles in both ~ embryogenesis, neonatal development, and adulthood without
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significance is denoted by * when p < 0.05.
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in blue). Real-time polymerase chain reaction (RT-PCR) was employed for this assessment. The data are presented as mean + SEM, and statistical

structural vascular abnormalities. Similarly, recent findings highlighted
that during the formation of the blood-retinal barrier (BRB), functional
tight junctions are present early in vessel ingression, but transcytosis is
not yet suppressed (50). This contributes to the leakiness of the retinal
vasculature during development, and the gradual suppression of
transcytosis in BRB endothelial cells is required for the functional BRB
to be established (50). Notably, Mfsd2a expression levels correlate with
the functional formation of the BRB by regulating transcytosis. In
addition, Mfsd2a deficiency leads to increased transcytosis and
incomplete formation of a functional BRB, while premature suppression
of transcytosis accelerates BRB development, indicating a time shift in
impermeability during development (50).

Regulation of Mfsd2a expression may involve the Srebp pathway,
a signaling pathway highly increased in the eyes of Mfsd2a knockout
mice (76). Previous research has shown that the expression of SrebfI
is upregulated concurrently with the decrease in Mfsd2a expression in
4-month-old 5xFAD retinas (77), and similarly, it is downregulated in
parallel with the increase in Mfsd2a expression (54). However, in
2-month-old FO-supplemented offspring, where Mfsd2a expression
levels were increased, Srebp-1-c levels were also elevated (Figure 2).
Srebfl expression is regulated by LXR, and Srebfl promoter contains
two LXR-responsive elements (LXREs). Interestingly, EPA and DHA
have been shown to inhibit the LXR/RXR heterodimer binding to the
LXREs in the Srebp-1-c promoter, decreasing Srebp-1-c mRNA levels
(78). Therefore, the simultaneous upregulation of Nr1h2 (LXRB) and
the downregulation of n-3 PUFAs may contribute to the increased
expression levels of SrebfI in the RPE.

There have been reports of a close interaction between proteins
regulating cholesterol homeostasis and Mfsd2a. Our findings
demonstrated increased Lxrf} expression in the RPE of 2-month-old
offspring, suggesting an additional mechanism for regulating Mfsd2a
expression. For example, treatment with the Lxr agonist T0901317 was
shown to increase Mfsd2a expression in mice (76), and chromatin
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immunoprecipitation sequencing (ChIPseq) and gene array studies
revealed Lxrp binding sites in the mouse Mfsd2a intron (79). The
upregulation of Nr1h2 (LXRB) could, in turn, enhance the expression
of Hmgcr, a key factor in cholesterol synthesis, as was observed in the
RPE of 2-month-old FO-supplemented offspring (Figure 3).

As the lipid composition of CNS endothelial cells, particularly
cholesterol content, plays a crucial role in regulating transcytosis and
barrier permeability (51) the role of Mfsd2a as a lipid transporter
delivering docosahexaenoic acid (DHA) into the brain (46) is
highlighted. The proposed mechanism suggests that the inhibition of
caveolae formation and subsequent suppression of transcytosis is
maintained through the displacement of cholesterol with DHA and
Cav-1 in the membrane (80). Consequently, the upregulation of genes
involved in cholesterol synthesis in the RPE may act as a compensatory
mechanism to maintain cholesterol homeostasis in the retina.
However, the analysis of cholesterol content in the retinal endothelial
cells of FO-supplemented offspring is currently lacking. Additionally,
unraveling the exact role of proteins responsible for cholesterol
synthesis in the regulation of Mfsd2a expression and transcytosis
requires further studies.

There is a possibility that omega-3 regulates the expression of
Mfsd2a through the activation of the Wnt signaling pathway. Disrupted
Wht signaling, as observed in mice lacking LRP5 or Norrin, led to an
increase in retinal vascular leakage and, notably, demonstrated
heightened transcytosis (81). The Wnt signaling pathway was shown to
directly govern the transcription of Mfsd2a in a p-catenin-dependent
manner (81), and recent research revealed that DHA supplementation
is able to enhance Wnt signaling in a Wnt3a-dependent manner in
human-induced pluripotent stem cell-derived neural progenitor cells
(NPCs) (82). However, a more in-depth understanding of the interplay
between Wnt signaling and omega-3 fatty acids is crucial for
comprehending the mechanisms through which FO supplementation
can regulate Mfsd2a expression during development.
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5 Conclusion

The understanding of numerous diseases has been significantly
advanced through the analysis of gene expression. While per-gene
protein-to-mRNA ratios provide rough estimates of absolute
protein abundances across genes, their ability to gauge changes in
protein abundance for the same gene across samples is limited and
relies on the extent of post-transcriptional, translational, and post-
translational regulatory events during tissue development and
homeostasis (83). Importantly, the integration of transcriptomic
and proteomic data offers additional insights into the principles of
gene expression control that cannot be gleaned from either type of
data alone. Confirming the importance of transcriptomic analysis,
nine databases have been identified that offer ocular transcriptome
data from various developmental stages and diverse healthy and
diseased ocular tissues. As a result, these databases contribute to
the deepening of our knowledge about the molecular mediators
involved, facilitate the formation of hypotheses, and assist in
identifying novel diagnostic and therapeutic targets for a range of
ocular diseases (84).

BRB dysfunction is a pathological characteristic observed in
(85-89). Thus,
understanding of ways to modulate transcytosis in BRB/BBB

various ocular diseases enhancing our
during development has the potential to enhance central nervous
system (CNS) and retinal drug delivery by facilitating the transport
of cargos of different sizes, ranging from compounds less than
1kDa to large macromolecules. Moreover, targeting genes that
regulate transcytosis could be a strategy for repairing CNS barriers
in neurodegenerative diseases.

In conclusion, in the case of normal development, the
recommended high-dose omega-3 (FO) supplementation may have
enduring effects on lipid content and gene expression in the retina and
retinal pigment epithelium (RPE) of the offspring. The findings from
this study indicate that FO supplementation should be continued or

gradually tapered after the lactation period.
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