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Abstract 35 

 36 

The great variety of n-3 long chain polyunsaturated fatty acid sources raises the question of 37 

the most adequate for using as a docosahexaenoic acid (DHA) supplement during pregnancy. 38 

Placental and fetal availability of different DHA sources remains unclear. We investigated 39 

DHA availability in maternal lipoproteins, placenta and fetal tissues in pregnant sows fed 40 

DHA as phospholipid (PL) or triglyceride (TG) to identify the best DHA source during this 41 

period. Pregnant Iberian sows were fed with diets containing 0.8% DHA of total fatty acids as 42 

PL from egg yolk or TG from algae oil during the last third of gestation (40 days). Maternal 43 

tissues, placentas and fetal tissues were obtained at delivery and DHA quantified by gas-44 

chromatography. MFSD2a carrier expression was analysed in both placenta and fetal brain by 45 

western blotting. Sows fed DHA-PL diet showed higher DHA incorporation in plasma LDL 46 

but not in plasma total lipids. No differences were found in DHA content between groups in 47 

maternal liver, adipose tissue or brain. Placental tissue incorporated more DHA in both total 48 

lipids and PL fraction in sows fed DHA-PL. However, this did not lead to an enhanced DHA 49 

accretion either in fetal plasma, fetal liver or fetal brain. MFSD2a expression was similar 50 

between both experimental groups. Maternal DHA supplementation during pregnancy in sow 51 

either as PL or TG produces similar DHA accretion in fetal tissues but not in placenta. Both 52 

fat sources are equally available for fetal brain. 53 

 54 

Abbreviations: AA, arachidonic acid; DHA, docosahexanoic acid; FA, fatty acid; LC-PUFA, 55 

long-chain polyunsaturated fatty acid; Lyso-PC, lysophosphatidylcholine; Lyso-PL, lyso-56 

phospholipid; PL, phospholipid; PUFA, polyunsaturated fatty acid; TG, triglyceride. 57 
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Introduction 58 

 59 

Fatty acid (FA) concentration in maternal plasma increases during pregnancy as a 60 

consequence of physiological hyperlipidemia
(1)

. Phospholipids (PLs) are the major source of 61 

polyunsaturated FAs (PUFAs) in serum
(2)

. The increase in docosahexaenoic acid (DHA, 22:6 62 

n-3) concentration in both maternal plasma PLs
(1, 3)

 and erythrocyte PLs
(4)

 is higher than for 63 

others PUFAs. However, despite the increase in absolute concentrations, there is a steady 64 

decline from the first trimester until delivery in the percentage of DHA in plasma PLs and 65 

erythrocytes PLs
(1, 5)

, as well as in total plasma
(5-6)

, with respect to the total FA content. The 66 

high prenatal accumulation of DHA in brain during the third trimester of pregnancy
(7-8)

, the 67 

selective and preferential maternal-fetal transfer of long-chain PUFAs (LC-PUFAs) respect to 68 

other fatty acids across the placenta
(9-11)

 and the low desaturase activity in both placenta
(12)

 69 

and fetal liver
(13)

 could explain this decline of LC-PUFAs percentage in the maternal 70 

compartment. In recent years, great attention has turned to consider whether low DHA intakes 71 

in pregnant women may achieve an optimal central nervous system and visual development of 72 

the fetus
(14)

. Moreover, DHA supplementation might slightly reduce the risk of preterm birth, 73 

especially before 34 weeks of gestation
(15-16)

, which highlights the potential role of DHA 74 

supplementation during pregnancy. 75 

Several health organizations recommend an average dietary intake of at least 200mg 76 

DHA/d for pregnant women; intakes of up to 1g/day DHA or 2.7g/day n-3 LC-PUFA have 77 

been used in randomized clinical trials without significant adverse effects
(17-18)

. Several fat 78 

sources are currently available in the market for DHA supplements such as egg yolk extracts, 79 

single-cell microalgae oils, krill oils and fish oils. These sources contain DHA under different 80 

chemical forms, mainly PLs or triglycerides (TGs), resulting in different gut digestion and 81 

absorption
(19-20)

. Moreover, the intake of DHA as PL or TG may influence their distribution in 82 

plasma lipoproteins, as reported in piglets fed artificial formulas enriched with the same 83 

amount of DHA but from different fat sources (PL vs. TG)
(21)

. Valenzuela et al. compared the 84 

bioavailability of natural PL or TG DHA sources in pregnant rats but data from placentas and 85 

fetal tissues were not reported
(22)

. Pigs are the animal model more suitable to study lipid 86 

metabolism respect to humans
(23)

, but no studies are available on the effects of DHA 87 

supplementation in the form of PL or TG during gestation on lipoprotein metabolism, even 88 

when they are crucial for placental FAs uptake and transfer. 89 

In the present study, we examined the effects of DHA supplementation, from egg yolk 90 

(PL) or algae oil (TG) during the last period of gestation in sows, on DHA availability in 91 
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maternal plasma lipoproteins, placental distribution and accretion in fetal tissues, especially 92 

regarding to fetal brain incorporation. 93 

 94 

Methods 95 

 96 

Animals and diets 97 

The protocol of this study was approved by the Animal Care Committee of the Murcia 98 

University (Murcia, Spain) and conforms to the ARRIVE guidelines for animal research. 99 

Animals received humane treatment in accordance with the European Union guidelines for 100 

the care and use of laboratory animals. In the present study pigs were used as they are 101 

considered one of the best models to study nutrition issues in human
(23)

. Iberian sows of 102 

twelve months of age were supplied by Escamez S.L. (Murcia, Spain). Sows were randomly 103 

assigned to two groups of six animals per group. Experimental groups were blinded for the 104 

staff responsible for the care of animals. Animals consumed water and their assigned 105 

experimental diet ad libitum during the last third of gestation (40 days), from day 65 to day 106 

105 of gestation. In the present study, we tested two different fat sources of preformed DHA: 107 

egg yolk extract as DHA-PL source (OVOLIFE, Belovo, Belgium) and algae oil as DHA-TG 108 

source (DHASCO, Martek, MD, EEUU). OVOLIFE contained 88.1% of PL (64-79% 109 

phosphatidylcholine, 12-18% phosphatidylethanolamine and <3% lyso-phospholipids, 110 

analyzed by the manufacturer using 31
P
-NMR phospholipid analysis); 43.1% saturated FAs, 111 

23.3% monounsaturated FAs, 33.5% PUFA, 2.2% AA and 18.1% DHA (99.2% in PL form). 112 

DHASCO only contained TG and was composed by 22.7% saturated FAs, 15.6% 113 

monounsaturated FAs, 61.6% PUFAs, 0.5% AA and 59.0% DHA (97.9% in TG form). 114 

Concentrated fungal oil (ARASCO, Martek, MD, EEUU) was used as source of AA in DHA-115 

TG diet in order to equilibrate AA content with respect to DHA-PL diet. 116 

Standard diet for pregnant sows did not contain DHA (Alimer S.Coop., Murcia, 117 

Spain). The standard diet was enriched with a fat blend (10g/kg) to obtain diets with 0.8% 118 

DHA of total FAs either as PL or TG. In the DHA-PL diet, the total PL content was 3.68% of 119 

total fat while virtually 0% in the DHA-TG diet. Diets were finally composed (w/w) by 13.4% 120 

protein, 3.4% fat, 6.1% ashes and 88.4% dry matter. The total DHA intake for pregnant pigs 121 

was around 330mg DHA/day. Ingredients and FA composition of experimental diets are 122 

summarized in Table 1 and 2 respectively. 123 

 124 

 125 
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Collection of samples 126 

 On day 105 of gestation, animals were stunned through high CO2 atmosphere 127 

exposition. The maternal and fetal blood was extracted by jugular vein puncture in 128 

heparinised tubes and centrifuged at 1400g 10min 4ºC to obtain plasma. Maternal liver, 129 

adipose tissue, brain, placentas, fetal liver and fetal brains (2 fetus and placentas were pooled 130 

per pig) were frozen in liquid nitrogen and stored at –80ºC until analysis. 131 

 132 

Isolation of plasma lipoproteins 133 

Lipoproteins were isolated from 1mL of fresh maternal plasma by ultracentrifugation 134 

using a discontinuous NaCl/KBr density-gradient
(24)

 in an Optima L-100 XP ultracentifuge 135 

equipped with 100Ti rotor (Beckman Coulter, CA, EEUU). The rest of plasma was frozen in 136 

liquid nitrogen and stored at –80ºC until analysis. 137 

 138 

Fatty acids analyses 139 

 Total lipids were extracted from experimental diets (500mg), 250μL plasma, the whole 140 

band of lipoproteins isolated from 1mL plasma, and tissues (30-50mg liver, 15-20mg adipose 141 

tissue, 30-50mg brain and 100mg placenta) according to Folch et al. method
(25)

. Previous to 142 

the extraction, an internal standard was added to the samples: 0.05mg pentadecanoic acid for 143 

total FA analyses, and 0.01mg FA each of pentadecanoic acid, tripentadecanoin, 144 

phosphatidylcholine dipentadecanoyl, and cholesteryl pentadecanoate for lipid fraction 145 

analyses. Samples with internal standard were extracted into chloroform:methanol (2:1 v/v). 146 

The lipid extract was evaporated to dryness under nitrogen flux. The residue was taken up in 147 

400µL chloroform:methanol (1:1 v/v) for analysis of lipid fractions. It was applied on silica 148 

gel plates (Merck, Darmstadt, Germany), and the PL, TG, cholesterol esters and non-esterified 149 

FA were isolated by development of the plates in n-heptane/diisopropylether/glacial acetic 150 

acid (60:40:3 v/v) 
(26)

. Bands from different lipid fractions were detected with 0.2% 2′,7′-151 

dichlorofluorescein in ethanol (w/v) under UV light and scrapped. The bands of the thin layer 152 

chromatography as well as the dried residue for total FA analyses were both methylated 153 

according to Stoffel et al.
(27)

 by adding 1mL of 3N methanolic HCl (Supelco, Sigma-Aldrich, 154 

MO, EEUU) and heating at 90°C for 1 hour. The derivatives were extracted into hexane and 155 

stored at -20ºC until gas chromatographic analysis. 156 

  FA methyl esters were analyzed by gas chromatography using a SP-2560 capillary 157 

column (100m x 0.25mm x 20µm) (Supelco, Sigma-Aldrich, MO, EEUU) in a Hewlett-158 

Packard 6890 gas chromatograph (Agilent Technologies, CA, EEUU) equipped with a flame 159 
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ionization detector
(28)

. The temperature of the detector and the injector was 240ºC. The oven 160 

temperature was programmed at 175ºC 30min and increased at 5ºC/min to 230ºC and held at 161 

this temperature for 17min. Helium was used as the carrier gas at a pressure of 45psi. Peaks 162 

were identified by comparison of their retention times with appropriate FA methyl esters 163 

standards (Sigma-Aldrich, MO, EEUU) and FA concentrations determined in relation to peak 164 

area of internal standard. 165 

 166 

Protein extracts for western blotting 167 

 30mg of placental tissue and fetal brain were homogenized in 0.3mL ice-cold lysis 168 

buffer (20mM Tris-HCl pH 7.5, 150mM NaCl, 5mM Na2EDTA, 1mM EGTA, 1% Triton, 169 

2.5mM sodium pyrophosphate, 1mM beta-glycerophosphate, 1mM Na3VO4, 1μg/mL 170 

leupeptin) from Cell Signaling Technology (MA, EEUU). Phenylmethanesulfonyl fluoride 171 

solution 1mM was added to lysis buffer before homogenization
(29)

. Samples were 172 

homogenized using a Tissue Lyser LT device (Qiagen Iberia SL, Madrid, Spain). Protein 173 

lysates were obtained from the supernatant after 15min centrifugation at 10.000g 4ºC. Protein 174 

was quantified by Bradford assay
(30)

 and samples stored at -80ºC until Western blot analysis. 175 

 176 

Western blot analysis 177 

The primary antibodies used were rabbit polyclonal antibody against the orphan 178 

transporter called “Major Facilitator Superfamily Domain Containing 2A” (MFSD2a, Abcam, 179 

Cambridge, United Kingdom) and mouse monoclonal anti-beta-actin (Sigma-Aldrich, MO, 180 

EEUU). Anti-mouse and anti-rabbit secondary antibodies conjugated with horseradish 181 

peroxidase were obtained from Santa Cruz Biotechnology (TX, EEUU). Protein extracts 182 

(15μg protein) diluted in sample buffer were resolved on 10% polyacrylamide gels, and 183 

transferred onto polyvinylidene difluoride membranes (Merck Millipore, Darmstadt, 184 

Germany). Membranes were then blocked in phosphate saline buffer with 0.05% Tween-20 185 

(PBS-T) containing 2% bovine serum albumin for 1h at room temperature. Thereafter, 186 

membranes were incubated with primary antibodies overnight at 4ºC. Blots were then washed 187 

with PBS-T and probed for 1h at room temperature with the correspondent secondary 188 

antibodies conjugated with horseradish peroxidase. Finally, membranes were stripped with 189 

Tris/HCl buffer pH 2.3 containing beta-mercaptoethanol 0.1M and re-probed with anti-beta-190 

actin to perform loading controls. Proteins were detected using a chemioluminescence kit 191 

according to the manufacture's instruction (Pierce ECL 2 Western Blotting Substrate; Thermo 192 

Fisher Scientific, MA, EEUU)
(31)

. Density of all bands was determined by densitometry using 193 
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Image Quant LAS 500 software (GE Healthcare, CA, EEUU). Relative protein expression 194 

data were normalized for beta-actin expression. 195 

 196 

Statistical analysis 197 

Sample size was estimated based on DHA percentages in plasma PLs of piglets 198 

published by Alessandri et al.
(32)

. Type I error was set at α=0.05 and type II error β=0.2 199 

(power 80%), obtaining a minimum sample size of 3 animals per group. The software used for 200 

this estimation was nQuery 7.0 (Statsols HQ, Cork, Ireland). 201 

The SPSS 15.0 software (SPSS, Inc., IL, EEUU) was used for statistical analyses of 202 

data obtained. To evaluate the effects of DHA supplementation as PL vs. TG on FA profiles 203 

of maternal and fetal tissues, a t-test was performed. Differences between plasma lipoproteins 204 

composition were assessed by one way ANOVA followed by post hoc of Bonferroni. 205 

Statistical significant differences were establish at P<0.05. Data are expressed as means ± 206 

SEM. 207 

 208 

Results 209 

 210 

 DHA supplementation as PL or TG during the last third of gestation did not affect 211 

DHA percentage in total lipids of maternal plasma (Fig 1A). In both experimental groups, 212 

DHA was preferentially incorporated in PL-rich lipoproteins (HDL and LDL), being DHA 213 

percentage significantly higher in LDL of animals fed DHA-PL with respect to DHA-TG diet 214 

(Fig 1B). In fact, when we analyzed plasma lipid fractions, maternal plasma showed a slight 215 

trend towards higher DHA percentage in PL fraction (P=0.13) of animals fed the DHA-PL 216 

diet compared to those fed DHA-TG diet (Table 3). No differences were observed for the rest 217 

of plasma lipid fractions. Total DHA concentration in plasma was also similar between 218 

groups (DHA-PL group: 4.00 ± 0.99 mg/dL vs. DHA-TG group: 3.44 ± 0.79 mg/dL, P=0.64). 219 

Therefore, the administration of 0.8% DHA in the form of PL or TG produced different 220 

lipoprotein incorporation in the mother although the enrichment in maternal serum PL was 221 

moderated. 222 

 Concerning the others maternal tissues, we found statistically significant differences in 223 

DHA composition in total lipids between both experimental groups neither in liver, adipose 224 

tissue nor maternal brain (Fig 1A). However, placental tissue showed significantly higher 225 

DHA percentage (Fig 2A) and also higher DHA concentration in total lipids of the DHA-PL 226 

group (DHA-PL group: 0.07 ± 0.01 mg/g vs. DHA-TG group: 0.05 ± 0.01 mg/g, P=0.03). 227 
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This DHA increase in placenta was exclusively due to the incorporation of DHA in PL 228 

fraction (Table 3). Placenta is a tissue with a high amount of PL in its structure, and this could 229 

be related with the fact that only placenta, and not other maternal tissues, was comparatively 230 

more enriched in DHA after feeding the animals with DHA-PL diet compared to DHA-TG 231 

fed group. Despite enhanced DHA accumulation in placentas of DHA-PL fed animals, 232 

MFSD2a protein expression, which carries up lyso-phospholipids (lyso-PLs), was not higher 233 

in placenta of this group (DHA-PL: 1.54 ± 0.53 vs. DHA-TG: 1.75 ± 0.27 arbitrary units, 234 

p=0.72). Concerning AA percentage, no differences were found in lipid fractions of maternal 235 

plasma. However, DHA-TG group presented lower AA percentage in total lipids of placenta 236 

(DHA-PL: 10.75 ± 0.67% vs. DHA-TG: 8.28 ± 0.78%, p=0.025) and also in PL fraction 237 

(Table 3). 238 

Despite the higher incorporation of DHA in placenta, maternal DHA-PL 239 

supplementation did not enhance DHA accretion in fetal structures, either in fetal plasma, 240 

liver or brain respect to fetus from mothers fed DHA-TG diet (Fig 2B). Fetus re-distributes 241 

again DHA in plasma lipids and no differences were found in PL fraction between groups 242 

(Table 4). In fact, only DHA percentage in plasma cholesterol esters was higher in the 243 

offspring of DHA-PL group (Table 4), which could be due to the link between PL and 244 

cholesterol esters formation. More importantly, no differences were found in DHA percentage 245 

either in total lipids or PL fraction of fetal brain (Fig 2, Table 4) or DHA content in the whole 246 

brain (DHA-PL group: 2.23 ± 0.30 mg/g vs. DHA-TG group: 2.41 ± 0.19 mg/g, P=0.59). 247 

Fetus from DHA-TG group presented higher values of AA in total lipids of plasma than in the 248 

DHA-PL fed group (DHA-PL: 12.55 ± 0.75% vs. DHA-TG: 15.32 ± 0.62%, p=0.011), and 249 

this was also observed in fetal plasma PL fraction (Table 4), in contrast to placental tissue of 250 

these animals. The DHA-PL group tended to higher MFSD2a expression in fetal brain (DHA-251 

PL: 1.38 ± 0.15 vs. DHA-TG: 0.96 ± 0.25 arbitrary units, p=0.14). MFSD2a bands pattern in 252 

fetal brain was completely different to that observed in placenta, which only a predominant 253 

band of ~100kDa detected (Fig 3), that corresponded to the expected size of such protein. 254 

  Therefore, maternal lipid supplementation with DHA in the form of PL during the 255 

last third of gestation positively affected DHA accumulation in placenta, but it did not 256 

enhance fetal DHA accretion compared to the administration of DHA in TG form. Fetal brain 257 

DHA accretion seems to be strongly regulated. 258 

 259 

 260 

 261 
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Discussion 262 

 263 

It is uncertain whether DHA consumption during pregnancy in PL form could be a 264 

source with higher placental bioavailability and fetal brain accretion than DHA in the form of 265 

TG. In the present study, sows fed a diet supplemented with 0.8% DHA in the form of PL or 266 

TG during the last third of gestation (40 days) showed similar DHA accumulation in total 267 

lipids of maternal plasma. However, there was a slight trend towards higher DHA 268 

incorporation in maternal plasma PL which indicates that maternal metabolism modulates in 269 

certain degree the effect of dietary DHA, modifying its incorporation in maternal serum lipid 270 

fractions. Some reports in piglets, full-term infants and children also indicated that the plasma 271 

lipid fraction in which DHA is incorporated after gut absorption is not always related with the 272 

chemical form of DHA consumed
(33-35)

. Jiménez et al.
(36)

 showed higher DHA incorporation 273 

in plasma PL of newborn piglets fed a formula supplemented with LC-PUFA PLs from pig 274 

brain extract than control group fed sow milk or control formula without DHA, while no 275 

differences were observe in brain composition of piglets. In case of pig brain concentrates, 276 

other lipid components apart from PL, e.g. cerebrosides, gansliosides, sphingolipids and 277 

lysophosphatidylcholine can be present and might alter the absorptive process and later 278 

metabolism of FAs. 279 

In non-pregnant humans, Ramprasath et al.
(37)

 reported an increase of n-3 index in 280 

healthy individuals receiving for 4-weeks n-3 FAs supplements from krill oil vs. fish oil. 281 

However, the magnitude of DHA change in plasma was minimal and they introduced an 282 

inappropriate variable into their study due to fish oil capsules contained over 32% linoleic 283 

acid (18:2 n-6) of total FAs, which is an antagonist of n-3 incorporation in mammalian 284 

tissues
(38)

. Other authors did not report differences in humans after PL or TG DHA 285 

supplementation
(34-35, 39)

.  286 

There is only one study conducted in pregnant animals but developed in rats, in which 287 

animals were fed during gestation with DHA as PL or TG, resulting in similar DHA levels in 288 

total lipids of maternal plasma
(22)

; these authors reported only higher levels of DHA in 289 

erythrocytes PLs when using the PL source. Respect to maternal tissues, liver PLs and 290 

adipose tissue had higher DHA in the PL-DHA group before mating than in the DHA TG 291 

group, but these differences were not significant at the time of delivery
(22)

. These results are in 292 

agreement with our data, and there is no evidence of enhancement DHA content in maternal 293 

tissues with DHA supplementation as PL vs. TG at the same dose during pregnancy. Maybe it 294 
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is more efficient to increase the DHA dosage administered to pregnant mothers than change 295 

the lipid source used to improve DHA availability. 296 

 Despite similar DHA incorporation in total lipids of maternal plasma, we found higher 297 

incorporation of DHA in PL-rich lipoproteins (HDL and LDL), probably linked to the 298 

observed trend towards higher DHA percentage in plasma PLs. This higher DHA 299 

incorporation in LDL of DHA-PL group could have been promoted the higher placental 300 

uptake detected in our study. Amate et al.
(21)

 also reported different DHA incorporation in 301 

serum LDL PLs and HDL PLs of piglets when using PL vs. TG sources while not differences 302 

were reported in DHA percentage in plasma PLs fraction. We did not analyse FAs 303 

composition of lipoproteins per lipid fractions. 304 

Placenta displays HDL-receptors and LDL-receptors in its membranes as well as 305 

lipases to release FAs from plasma lipoproteins. Endothelial lipase mainly releases the FA 306 

from the sn-1 position of the PL, producing a lyso-PL
(9)

. Nevertheless, with the time this 307 

enzyme releases also the FA esterified in the sn-2 position of the Lyso-PL
(40)

. These lyso-PL 308 

could be an additional source of FAs for the placenta and other tissues
(41-42)

. In the present 309 

study we describe for the first time a higher incorporation of DHA in placentas from animals 310 

fed DHA from the PL source. Since placenta is a tissue with more than 85% of PL in its 311 

structure
(43)

, this could facilitate a higher DHA uptake from PL rich lipoproteins. This finding 312 

also support, at least in part, the hypothesis that endothelial lipase could release DHA from 313 

maternal circulating PL, especially in DHA-PL group, which might have been preferentially 314 

uptake by placental tissue. 315 

DHA lyso-phosphatidylcholine (lyso-PC) has been proposed as a preferred 316 

physiological carrier of DHA to the brain
(41-42)

, probably via MFSD2a transporter
(44)

. 317 

Recently, we have demonstrated that lower MFSD2a expression was related to disturbed 318 

DHA placental transfer in the offspring of gestational diabetes mothers
(31)

. Inactivation of 319 

MFSD2a protein has been also linked to severe outcomes such as microcephaly syndrome
(45-320 

46)
. However, in the present study placental MFSD2a did not change among groups while fetal 321 

brain expression tended to higher values in the DHA-PL group. 322 

Human placenta is a discoidal endotheliochoreal placenta, which means that the 323 

distance between maternal blood and the fetal capillaries is minimal (sometimes just a single 324 

layer of throphoblast cells), while pigs have a diffuse epitheliochoreal placenta with intact 325 

layers of epithelial cells between both blood circulations. These histological differences in 326 

placenta of humans and pigs could affect or modulate the FAs uptake and transport across the 327 

tissue in a different way. Moreover, a complex pattern of bands appeared for MFSD2a by 328 
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western blot analysis in sow placentas and fetal brain. Placenta expressed MFSD2a with three 329 

different molecular weights: ~100kDa, ~65kDa and ~50kDa while fetal brain only presented a 330 

clear band at ~100kDa. Previous studies in mice and several human cell lines have shown 331 

different levels of protein glycosilation
(45, 47-48)

. Berger et al.
(47)

 also reported different 332 

MFSD2a glycosilations in liver and brown adipose tissue in mice. Different glycosilation 333 

patterns or others post-translational changes of MFSD2a between different tissues of the same 334 

animal, or the same tissue between different species, could imply different functions. A 335 

regulatory effect of fasting/refeeding on liver MFSD2a expression and lipid metabolism has 336 

been even described in mice by the same authors
(47)

.  More studies are needed to fully 337 

understand the role of MFSD2a in body growth, lipid metabolism and brain integrity. 338 

Surprisingly, the major accumulation of DHA in placenta of these animals did not lead 339 

to a higher DHA status in the offspring. Valenzuela et al.
(49)

 showed increased DHA levels in 340 

PL fraction of cerebellum and hippocampus of pups at two months of age after maternal 341 

supplementation during pregnancy with DHA as lyso-PC in rats. In our study, the level of 342 

lyso-PC was minimal in the diets since Ovolife product contained < 3% of total fat as lyso-343 

PL, being phosphatidylcholine the major PLs source (64-79% of total PLs). The DHA-TG 344 

diet was not supplemented with free choline to compensate the choline provided by 345 

phosphatidylcholine in the DHA PL-diet, which should be mentioned. We did not find 346 

statistically significant differences in DHA content in total FAs analysis or lipid fractions of 347 

fetal brain between both experimental groups. Placenta releases FAs as non-esterified fatty 348 

acids
(50)

 and the re-esterification by the fetal liver limits the selective accretion of DHA in PL 349 

of fetal plasma and hence tissue accretion. 350 

 One of the most remarkable strength of this study is the using of sows as experimental 351 

model, which is difficult to handle, being one of the species with a lipid metabolism closest to 352 

the humans and allowing us to collect very important tissues as maternal or fetal brain. 353 

Among the limitations of this study, to mention that pigs have a diffuse epitheliochoreal 354 

placenta while humans have a discoidal endotheliochoreal placenta where maternal blood is in 355 

contact with trophoblast cells. It is not known whether these structural differences of 356 

placentas might imply differences in lipid placental transfer. Only total phospholipids were 357 

considered and it would be interesting to measure LysoPC even when they were administrated 358 

in low doses in this study. 359 

In conclusion, this study provides evidence that DHA as PL from egg yolk extract and 360 

DHA as TG from microalgae oil have similar availability for fetal tissues.  The maternal 361 

supplementation during the last third of gestation with DHA as PL vs. TG resulted in small 362 
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differences in maternal plasma, with higher incorporation in maternal LDL that could explain 363 

higher placental DHA uptake. Nevertheless, this higher placental uptake was not linked to 364 

higher DHA levels in fetal brain that seems to be well regulated. 365 

 366 

Financial Support: this work was supported by Séneca Foundation, Murcia, Spain 367 

(11921/PI/09); the Excellence Network for Maternal and Child Health and Development, 368 

Instituto de Salud Carlos III, Madrid, Spain (RED SAMID II, RD 12/0026/0015) and the 369 

Research Group of Excellence CHRONOHEALTH, Murcia, Spain (19899/GERM/15). 370 

Funders had no role in the design, analysis or writing of this article. 371 

 372 

Conflict of Interest: None of the authors has any conflicts of interest to declare. 373 

 374 

Authors’ contributions: A.G. and E.L. designed research. A.G. and M.R-P. conducted 375 

research and samples determinations. A.G. performed statistical analysis. A.G. and E.L. wrote 376 

the manuscript. All authors have read and approved the final manuscript. 377 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

13 
 

 

References 

1. Al MD, van Houwelingen AC, Kester AD, et al. (1995) Maternal essential fatty acid patterns 378 
during normal pregnancy and their relationship to the neonatal essential fatty acid status. Br J Nutr 379 
74, 55-68. 380 
2. Abbott SK, Else PL, Atkins TA, et al. (2012) Fatty acid composition of membrane bilayers: 381 
importance of diet polyunsaturated fat balance. Biochim Biophys Acta 1818, 1309-17. 382 
3. Al MD, van Houwelingen AC, Hornstra G. (2000) Long-chain polyunsaturated fatty acids, 383 
pregnancy, and pregnancy outcome. Am J Clin Nutr 71, 285S-91S. 384 
4. Stewart F, Rodie VA, Ramsay JE, et al. (2007) Longitudinal assessment of erythrocyte fatty 385 
acid composition throughout pregnancy and post partum. Lipids 42, 335-44. 386 
5. Matorras R, Ruiz JI, Perteagudo L, et al. (2001) Longitudinal study of fatty acids in plasma and 387 
erythrocyte phospholipids during pregnancy. J Perinat Med 29, 293-7. 388 
6. Montgomery C, Speake BK, Cameron A, et al. (2003) Maternal docosahexaenoic acid 389 
supplementation and fetal accretion. Br J Nutr 90, 135-45. 390 
7. Clandinin MT, Chappell JE, Heim T, et al. (1981) Fatty acid utilization in perinatal de novo 391 
synthesis of tissues. Early Hum Dev 5, 355-66. 392 
8. Clandinin MT, Chappell JE, Leong S, et al. (1980) Intrauterine fatty acid accretion rates in 393 
human brain: implications for fatty acid requirements. Early Hum Dev 4, 121-9. 394 
9. Campbell FM, Gordon MJ, Dutta-Roy AK. (1996) Preferential uptake of long chain 395 
polyunsaturated fatty acids by isolated human placental membranes. Mol Cell Biochem 155, 77-83. 396 
10. Gil-Sanchez A, Larque E, Demmelmair H, et al. (2010) Maternal-fetal in vivo transfer of 397 
[13C]docosahexaenoic and other fatty acids across the human placenta 12 h after maternal oral 398 
intake. Am J Clin Nutr 92, 115-22. 399 
11. Haggarty P, Page K, Abramovich DR, et al. (1997) Long-chain polyunsaturated fatty acid 400 
transport across the perfused human placenta. Placenta 18, 635-42. 401 
12. Chambaz J, Ravel D, Manier MC, et al. (1985) Essential fatty acids interconversion in the 402 
human fetal liver. Biol Neonate 47, 136-40. 403 
13. Szitanyi P, Koletzko B, Mydlilova A, et al. (1999) Metabolism of 13C-labeled linoleic acid in 404 
newborn infants during the first week of life. Pediatr Res 45, 669-73. 405 
14. Innis SM, Friesen RW. (2008) Essential n-3 fatty acids in pregnant women and early visual 406 
acuity maturation in term infants. Am J Clin Nutr 87, 548-57. 407 
15. Makrides M, Duley L, Olsen SF. (2006) Marine oil, and other prostaglandin precursor, 408 
supplementation for pregnancy uncomplicated by pre-eclampsia or intrauterine growth restriction. 409 
Cochrane Database Syst Rev CD003402. 410 
16. Salvig JD, Lamont RF. (2011) Evidence regarding an effect of marine n-3 fatty acids on 411 
preterm birth: a systematic review and meta-analysis. Acta Obstet Gynecol Scand 90, 825-38. 412 
17. Koletzko B, Cetin I, Brenna JT. (2007) Dietary fat intakes for pregnant and lactating women. 413 
Br J Nutr 98, 873-7. 414 
18. (2010) Fats and fatty acids in human nutrition. Report of an expert consultation. FAO Food 415 
Nutr Pap 91, 1-166. 416 
19. Ikeda I, Sasaki E, Yasunami H, et al. (1995) Digestion and lymphatic transport of 417 
eicosapentaenoic and docosahexaenoic acids given in the form of triacylglycerol, free acid and ethyl 418 
ester in rats. Biochim Biophys Acta 1259, 297-304. 419 
20. Christensen MS, Hoy CE, Becker CC, et al. (1995) Intestinal absorption and lymphatic 420 
transport of eicosapentaenoic (EPA), docosahexaenoic (DHA), and decanoic acids: dependence on 421 
intramolecular triacylglycerol structure. Am J Clin Nutr 61, 56-61. 422 
21. Amate L, Gil A, Ramirez M. (2001) Feeding infant piglets formula with long-chain 423 
polyunsaturated fatty acids as triacylglycerols or phospholipids influences the distribution of these 424 
fatty acids in plasma lipoprotein fractions. J Nutr 131, 1250-5. 425 



 
 

14 
 

22. Valenzuela A, Nieto S, Sanhueza J, et al. (2005) Tissue accretion and milk content of 426 
docosahexaenoic acid in female rats after supplementation with different docosahexaenoic acid 427 
sources. Ann Nutr Metab 49, 325-32. 428 
23. Miller ER, Ullrey DE. (1987) The pig as a model for human nutrition. Annu Rev Nutr 7, 361-82. 429 
24. Chung BH, Wilkinson T, Geer JC, et al. (1980) Preparative and quantitative isolation of plasma 430 
lipoproteins: rapid, single discontinuous density gradient ultracentrifugation in a vertical rotor. J Lipid 431 
Res 21, 284-91. 432 
25. Folch J, Lees M, Sloane Stanley GH. (1957) A simple method for the isolation and purification 433 
of total lipides from animal tissues. J Biol Chem 226, 497-509. 434 
26. Carnielli VP, Wattimena DJ, Luijendijk IH, et al. (1996) The very low birth weight premature 435 
infant is capable of synthesizing arachidonic and docosahexaenoic acids from linoleic and linolenic 436 
acids. Pediatr Res 40, 169-74. 437 
27. Stoffel W, Chu F, Ahrens E. (1959) Analysis of long-chain fatty acids by gas liquid 438 
chromatography. Micromethod for preparation of methyl esters. Anal Chem 31, 307-8. 439 
28. Larque E, Garcia-Ruiz PA, Perez-Llamas F, et al. (2003) Dietary trans fatty acids alter the 440 
compositions of microsomes and mitochondria and the activities of microsome delta6-fatty acid 441 
desaturase and glucose-6-phosphatase in livers of pregnant rats. J Nutr 133, 2526-31. 442 
29. Ruiz-Alcaraz AJ, Liu HK, Cuthbertson DJ, et al. (2005) A novel regulation of IRS1 (insulin 443 
receptor substrate-1) expression following short term insulin administration. Biochem J 392, 345-52. 444 
30. Bradford MM. (1976) A rapid and sensitive method for the quantitation of microgram 445 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72, 248-54. 446 
31. Prieto-Sanchez MT, Ruiz-Palacios M, Blanco-Carnero JE, et al. (2017) Placental MFSD2a 447 
transporter is related to decreased DHA in cord blood of women with treated gestational diabetes. 448 
Clin Nutr 36, 513-21. 449 
32. Alessandri JM, Goustard B, Guesnet P, et al. (1998) Docosahexaenoic acid concentrations in 450 
retinal phospholipids of piglets fed an infant formula enriched with long-chain polyunsaturated fatty 451 
acids: effects of egg phospholipids and fish oils with different ratios of eicosapentaenoic acid to 452 
docosahexaenoic acid. Am J Clin Nutr 67, 377-85. 453 
33. Goustard-Langelier B, Guesnet P, Durand G, et al. (1999) n-3 and n-6 fatty acid enrichment by 454 
dietary fish oil and phospholipid sources in brain cortical areas and nonneural tissues of formula-fed 455 
piglets. Lipids 34, 5-16. 456 
34. Sala-Vila A, Castellote Ai Fau - Campoy C, Campoy C Fau - Rivero M, et al. (2004) The source 457 
of long-chain PUFA in formula supplements does not affect the fatty acid composition of plasma 458 
lipids in full-term infants. J Nutr 134, 868-73. 459 
35. Vaisman N, Kaysar N, Zaruk-Adasha Y, et al. (2008) Correlation between changes in blood 460 
fatty acid composition and visual sustained attention performance in children with inattention: effect 461 
of dietary n-3 fatty acids containing phospholipids. Am J Clin Nutr 87, 1170-80. 462 
36. Jiménez J, Boza J, Suárez MD, et al. (1997) The effect of a formula supplemented with n-3 and 463 
n-6 long-chain polyunsaturated fatty acids on plasma phospholipid, liver microsomal, retinal, and 464 
brain fatty acid composition in neonatal piglets. Journal of Nutritional Biochemistry 8, 217-23. 465 
37. Ramprasath VR, Eyal I, Zchut S, et al. (2013) Enhanced increase of omega-3 index in healthy 466 
individuals with response to 4-week n-3 fatty acid supplementation from krill oil versus fish oil. Lipids 467 
Health Dis 12, 178. 468 
38. Nichols PD, Kitessa SM, Abeywardena M. (2014) Commentary on a trial comparing krill oil 469 
versus fish oil. Lipids Health Dis 13, 2. 470 
39. Maki KC, Reeves MS, Farmer M, et al. (2009) Krill oil supplementation increases plasma 471 
concentrations of eicosapentaenoic and docosahexaenoic acids in overweight and obese men and 472 
women. Nutr Res 29, 609-15. 473 
40. Chen S, Subbaiah PV. (2007) Phospholipid and fatty acid specificity of endothelial lipase: 474 
potential role of the enzyme in the delivery of docosahexaenoic acid (DHA) to tissues. Biochim 475 
Biophys Acta 1771, 1319-28. 476 



 
 

15 
 

41. Lagarde M, Bernoud N, Brossard N, et al. (2001) Lysophosphatidylcholine as a preferred 477 
carrier form of docosahexaenoic acid to the brain. J Mol Neurosci 16, 201-4. 478 
42. Thies F, Delachambre M, Bentejac M, et al. (1992) Unsaturated fatty acids esterified in 2-acyl-479 
l-lysophosphatidylcholine bound to albumin are more efficiently taken up by the young rat brain than 480 
the unesterified form. J Neurochem 59, 1110-6. 481 
43. Klingler M, Demmelmair H, Larque E, et al. (2003) Analysis of FA contents in individual lipid 482 
fractions from human placental tissue. Lipids 38, 561-6. 483 
44. Nguyen LN, Ma D, Shui G, et al. (2014) Mfsd2a is a transporter for the essential omega-3 fatty 484 
acid docosahexaenoic acid. Nature 509, 503-6. 485 
45. Alakbarzade V, Hameed A, Quek DQ, et al. (2015) A partially inactivating mutation in the 486 
sodium-dependent lysophosphatidylcholine transporter MFSD2A causes a non-lethal microcephaly 487 
syndrome. Nat Genet 47, 814-7. 488 
46. Guemez-Gamboa A, Nguyen LN, Yang H, et al. (2015) Inactivating mutations in MFSD2A, 489 
required for omega-3 fatty acid transport in brain, cause a lethal microcephaly syndrome. Nat Genet 490 
47, 809-13. 491 
47. Berger JH, Charron MJ, Silver DL. (2012) Major facilitator superfamily domain-containing 492 
protein 2a (MFSD2A) has roles in body growth, motor function, and lipid metabolism. PLoS One 7, 493 
e50629. 494 
48. Reiling JH, Clish CB, Carette JE, et al. (2011) A haploid genetic screen identifies the major 495 
facilitator domain containing 2A (MFSD2A) transporter as a key mediator in the response to 496 
tunicamycin. Proc Natl Acad Sci U S A 108, 11756-65. 497 
49. Valenzuela A, Nieto S, Sanhueza J, et al. (2010) Supplementing female rats with DHA-498 
lysophosphatidylcholine increases docosahexaenoic acid and acetylcholine contents in the brain and 499 
improves the memory and learning capabilities of the pups. Grasas & aceites 61, 16-23. 500 
50. Gil-Sanchez A, Koletzko B, Larque E. (2012) Current understanding of placental fatty acid 501 
transport. Curr Opin Clin Nutr Metab Care 15, 265-72. 502 
 503 

  



 
 

16 
 

Legend of figures 504 

Fig. 1. Docosahexaenoic acid (DHA) percentage at delivery in maternal plasma, liver, adipose 505 

tissue, brain (A) and lipoproteins (B) of pigs fed during the last third of gestation with DHA 506 

(0.8% of total fatty acids) as phospholipid (DHA-PL) or triglyceride (DHA-TG). Values are 507 

means ± SEM (n=6/group). *Indicates significant differences between PL and TG groups (P 508 

<0.05). 
†
Indicates significant differences between HDL and VLDL lipoproteins within the 509 

same PL or TG group (P <0.05). 
§
Indicates significant differences between LDL and VLDL 510 

lipoproteins within the same PL or TG group (P<0.05). 511 

 512 

Fig. 2. Docosahexaenoic acid (DHA) percentage at delivery in placenta (A) and fetal plasma, 513 

fetal liver and fetal brain (B) after maternal DHA supplementation (0.8% of total fatty acids) 514 

as phospholipid (DHA-PL) or triglyceride (DHA-TG) during the last third of gestation. 515 

Values are means ± SEM (n=6/group). *Indicates significant differences between PL and TG 516 

groups (P <0.05). 517 

 518 

Fig. 3. Western blotting membranes of MFSD2a in placenta (A) and fetal brain (B) of pigs 519 

after maternal docosahexaenoic acid supplementation (0.8% of total fatty acids) as 520 

phospholipid (DHA-PL) or triglyceride (DHA-TG) during the last third of gestation. Three 521 

different bands are present in placental tissue (~100kDa, ~65kDa and ~50kDa), which might 522 

correspond with different glycosylation pattern, while only a predominant band (~100kDa) 523 

appeared in fetal brain. 524 
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Table 1. Composition of experimental diets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ARASCO: fungal oil rich in AA (20:4n-6) provided by Martek. DHASCO: algae oil rich in 

DHA (22:6n-3) in the form of TGs provided by Martek. OVOLIFE: egg yolk extract rich in 

DHA in the form of PLs provided by Belovo. 

DHA-TG, diet supplemented with DHASCO in which DHA is in TGs form. DHA-PL, diet 

supplemented with OVOLIFE in which DHA is in PLs form. 

*Minerals (per kg of diet): NaCl 4g, CaCO3 12.9g, Ca3(PO4)2 5.2g, MnSO4 35mg, FeCO3 

50mg, CuSO4·5H20 15mg, ZnO 90mg, KI 0.5mg, 2CoCO3·3Co(OH)2·H2O 0.45mg and 

Na2SeO3 0.06mg. Vitamins (per kg of diet): vitamin A 2.7mg, vitamin D3 0.04mg and vitamin 

E 30mg. 

 

 

 

 

Ingredients (g/kg) 
DIETS 

DHA-TG DHA-PL 

Sunflower pellets 25 25 

Barley 380 380 

Wheat bran 180 180 

Corn 258.5 258.5 

Rapeseed flour 100 100 

Sugar cane molasses 15 15 

Experimental fat   

DHASCO 0.45 - 

OVOLIFE - 2.9 

ARASCO 0.15 - 

Olive oil 3.3 3.2 

Soybean oil 4.5 3.9 

Palm oil 1.6 - 

Lysine 1.8 1.8 

Sepiolitic clay 5 5 

Antioxidants and preservatives 2.39 2.39 

Minerals and vitamins*   

DHA  0.0017 0.0017 
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Table 2. Fatty acids profile of experimental diets. 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

DHA-TG, diet supplemented with algae oil in which DHA is in TGs form. DHA-PL, diet 

supplemented with egg yolk extract in which DHA is in PLs form. SFA, saturated fatty acids; 

MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. 

 

 

 

 

 

 

 

 

 

 

 

 

Fatty acid 
DIETS 

DHA-TG DHA-PL 

g/100g total fatty acids 

14 0.2 0.3 

16 15.9 16.0 

18 3.4 2.4 

18:1 n-9 30.2 29.6 

18:1 n-7 1.4 1.2 

18:2 n-6 42.9 45.0 

18:3 n-3 3.1 2.9 

20:4 n-6 0.1 0.2 

22:6 n-3 0.8 0.8 

SFA 20.5 20.0 

MUFA 32.3 31.3 

PUFA 47.2 49.2 

PUFA n-6 43.2 45.5 

PUFA n-3 4.0 3.7 
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Table 3. Percentage of docosahexaenoic acid (DHA) and arachidonic acid (AA) in lipid 

fractions of maternal plasma, maternal liver and placenta of sows after DHA supplementation 

(0.8% of total fatty acids) as phospholipid (DHA-PL) or triglyceride (DHA-TG) during the  

last third of gestation. 

DHA 

(g/100g total fatty acids) 

DIETS   

DHA-PL  DHA-TG   

Mean  SEM  Mean  SEM  P 

Maternal plasma          

Phospholipids 3.44  0.50  2.80  0.80  0.13 

Triglycerides 0.44  0.12  0.40  0.26  0.89 

Free fatty acids 0.87  1.09  0.99  2.06  0.91 

Cholesterol esters 0.27  0.10  0.47  0.24  0.42 

Maternal liver          

Phospholipids 5.75  1.06  4.98  0.84  0.20 

Triglycerides 0.23  0.06  0.25  0.06  0.78 

Free fatty acids 1.15  0.33  1.03  0.14  0.43 

Cholesterol esters 0.83  0.58  1.69  0.47  0.24 

Placenta          

Phospholipids 1.28  0.10  1.03  0.19*  0.02 

Triglycerides 0.71  0.30  0.71  0.30  0.99 

Free fatty acids 1.16  0.37  1.52  0.50  0.19 

Cholesterol esters   n.d.    n.d.   

AA %          

Maternal plasma          

Phospholipids 13.27  1.00  14.33  2.60  0.37 

Triglycerides 0.96  0.24  1.22  0.13  0.32 

Free fatty acids 0.55  0.41  0.35  0.29  0.37 

Cholesterol esters 6.71  0.30  7.15  0.70  0.54 

Maternal liver          

Phospholipids 17.80  0.73  18.55  1.64  0.33 

Triglycerides 2.14  0.23  2.67  0.52  0.35 
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Values are means ± SEM (n=6/group). Bold face was used when P<0.05. *Indicates 

significant differences between PL and TG groups (P <0.05). N.d., non detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Free fatty acids 5.94  0.71  7.15  0.81*  0.02 

Cholesterol esters 2.75  0.23  2.55  0.21  0.52 

Placenta          

Phospholipids 11.70  2.08  7.07  2.60*  0.01 

Triglycerides 4.36  0.67  3.46  0.74  0.35 

Free fatty acids 6.62  2.01  6.64  2.42  0.99 

Cholesterol esters 3.68  0.31  2.94  0.80  0.37 
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Table 4. Percentage of docosahexaenoic acid (DHA) and arachidonic acid (AA) in lipid 

fractions of fetal plasma, fetal liver and fetal brain after maternal DHA supplementation 

(0.8% of total fatty acids) as phospholipid (DHA-PL) or triglyceride (DHA-TG) during the 

last third of gestation. 

DHA 

(g/100g total fatty acids) 

DIETS   

DHA-PL  DHA-TG   

Mean  SEM  Mean  SEM  P 

Fetal plasma          

Phospholipids 8.44  2.06  8.81  0.73  0.69 

Triglycerides 3.98  0.56  2.56  0.91  0.18 

Free fatty acids 3.45  1.82  2.77  0.81  0.42 

Cholesterol esters 1.41  0.18  0.79  0.12*  0.01 

Fetal liver          

Phospholipids 9.75  1.15  9.76  1.47  0.97 

Triglycerides 0.82  0.18  1.45  0.41  0.17 

Free fatty acids 2.08  0.22  4.26  2.15  0.06 

Cholesterol esters 0.56  0.28  0.62  0.68  0.93 

Fetal brain          

Phospholipids 13.68  0.71  13.59  0.62  0.82 

Triglycerides 0.01  0.01  1.43  1.28  0.28 

Free fatty acids 5.06  1.49  4.83  1.08  0.77 

Cholesterol esters 0.01  0.01  0.69  0.75  0.36 

AA %          

Fetal plasma          

Phospholipids 18.27  1.35  19.71  0.56*  0.04 

Triglycerides 4.23  0.51  5.51  1.41  0.38 

Free fatty acids 2.89  1.00  2.98  1.01  0.88 

Cholesterol esters 9.04  0.39  7.98  0.71  0.18 

Fetal liver          

Phospholipids 21.00  2.25  21.92  1.10  0.39 

Triglycerides 2.02  0.35  4.58  1.29  0.08 
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 540 

 541 

 542 

 543 

 544 

 545 

 546 

 

Values are means ± SEM (n=6/group). Bold face was used when p<0.05. *Indicates 

significant differences between PL and TG groups (P <0.05). 

 

Free fatty acids 7.10  1.21  12.24  4.57*  0.04 

Cholesterol esters 2.10  0.41  3.92  0.79  0.06 

Fetal brain          

Phospholipids 12.15  0.63  11.79  0.48  0.29 

Triglycerides 8.45  1.94  9.15  1.87  0.78 

Free fatty acids 16.25  3.66  19.02  4.63  0.28 

Cholesterol esters 0.75  0.82  2.45  1.87  0.38 
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