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Abstract: The aim of the present study was to determine to what extent the food matrix could affect
the release of docosahexaenoic acid (DHA) during digestion and its incorporation into systemic
circulation. In this aim, three DHA-enriched egg products having the same composition but different
structure were developed: omelet, hard-boiled egg, and mousse. Then, nine pigs fitted with T-shape
cannulas at duodenal level and a jugular venous catheter were fed with the DHA-enriched egg
products, and duodenal effluents and plasma were collected throughout the postprandial period.
Results highlighted an undeniable effect of the food matrix on digestion parameters and DHA
bioavailability. The transit of DHA and protein through the duodenum was faster after the ingestion
of the mousse than after the ingestion of the omelet and hard-boiled egg. While most of the DHA and
protein ingested under the form of mousse had already passed through the duodenum 4.5 h after its
ingestion, significantly higher quantities were still present in the case of the omelet and hard-boiled
egg. In terms of bioavailability, the omelet was the most efficient vector for delivering DHA into
systemic circulation. It supplied 56% and 120% more DHA than the hard-boiled egg and the mousse,
respectively.
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1. Introduction
DHA (docosahexaenoic acid) is the longest and most unsaturated fatty acid of the
natural omega-3 polyunsaturated fatty acid family (n-3 PUFA). Commonly designated
as C22:6 n-3, DHA is a critical component of all cell membranes, playing a crucial role in
maintaining membrane integrity and fluidity [1]. DHA is especially involved in visual and
neural function, as well as in neurotransmitter metabolism [2,3].
Apart from the benefits derived from its structural role, DHA is related to a myriad
of other health benefits. The intake of DHA and n-3 PUFA has been associated with the
prevention of cardiovascular disease and its risk factors. In particular, n-3 PUFA may modulate adipose tissue function [4,5], increase HDL-C while lowering total cholesterol [6–8],
decrease high blood pressure [9–11], lower blood triglycerides [12–15], modulate insulin
resistance [16], counteract oxidative stress at adequate dose [17], and protect against endothelial dysfunction [18,19]. Additionally, DHA and n-3 PUFA may also alleviate pain
and inflammation related to arthritis [20,21], decrease cancer cell survival [21–25], reduce
asthma symptoms [26,27], and reduce the risk of Alzheimer’s disease, dementia, and
cognitive dysfunction [28–32].
According to several studies, the consumption of DHA in many Western countries would be around 100 mg per day [33–36], i.e., significantly lower than the optimal
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recommendations (250 mg to 500 mg of combined EPA and DHA per day for healthy
adults [37,38]). Although α-linolenic acid (C18:3 n-3), the precursor molecule of DHA, can
be ingested through vegetables and vegetable oils in substantial quantities, its endogenous
conversion rate into DHA is very low, dependent among other factors on the concentration
of n-6 FA in the diet [39] and can be lowered in certain physiological states (ca. 5%) [40].
Therefore, consuming DHA directly from foods is the only practical way to increase its
intake. Consumption of fish and seafood, the main sources of DHA in the human diet, is
low in Western countries, making DHA supplements and fortified foods a good alternative
to increase or complete the recommended intake.
DHA enriched-eggs, conventional eggs fortified with DHA through flax or marine
byproducts fed to laying hens, are a very interesting choice to increase DHA intake. Eggs
are natural, inexpensive, can be eaten on a daily basis and are accepted worldwide by
all age groups. From a nutritional point of view, DHA-enriched eggs may contain up to
five times more omega-3 than conventional eggs and 39% less arachidonic acid (C20:4 n6), an inflammatory n-6 PUFA [41]. As an example, whole egg prepared in the present
study, using the commercial DHA-enriched egg yolk powder (Section 2.2) contained
around 370 mg DHA (plus 26 mg EPA) per 100 g of product, thus making a significant
contribution toward the recommended target intake mentioned above for long chain PUFA.
In addition, DHA is mainly under the form of phospholipids in eggs, which leads to higher
bioavailability than triglycerides, the main source of n-3 PUFA in fish oil and its derived
products [42–45].
The real effectiveness of food bioactives depends mainly on four steps: their release
in the gastrointestinal tract, their intestinal absorption, their metabolism, and finally their
health effect. In this context, the food matrix may either enhance or prevent the release and
the solubilization of DHA during digestion, and hence its bioavailability and effectiveness.
Thus, the issue of the interactions between the food matrix and DHA is of crucial importance during the development of potential effective enriched-foods, but at the end very
little addressed.
An in vitro study demonstrated that the release of both EPA and DHA during digestion was different depending on how these PUFAs were ingested: alone as a microencapsulated tuna oil powder or included into three different food matrices (orange juice,
yogurt, or cereal bar) [46]. In a randomized cross-over study that included 12 healthy male
participants, Schram et al. [47] observed that when a fish oil was ingested as a supplement
or incorporated into different food matrices (a fitness bar, a yogurt drink, bread and butter),
the bioavailability of n-3 PUFA was influenced by the matrix of the food product.
However, in vivo studies on the bioavailability of DHA depending on the food in
which this PUFA is included are quite rare, and, to the best of our knowledge, no one
compared foods with same composition but different structures. Then, the issue of the
impact of the food structure on the nutrient bioaccessibility and bioavailability is a specific
one, which we decided to explore in the present study.
In that aim, three DHA-enriched egg products having the same composition but
different structures were developed: omelet, hard-boiled egg, and mousse. Then, nine
pigs fitted with T-shape cannula at duodenal level and a jugular venous catheter were
fed with the DHA-enriched egg products. Duodenal effluents and plasma were collected
throughout the postprandial period (over 7.5 h for duodenal effluents, up to 48 h for
plasma). Duodenal pH, protein concentration, proteolysis, and DHA concentration, as well
as plasma DHA concentration were followed-up over the digestion. Duodenal protein
concentration and proteolysis were regarded as indicators for gastric emptying and food
disintegration, respectively.
2. Materials and Methods
2.1. Chemicals
Unless otherwise stated, chemicals were purchased from Sigma (St Louis, MO, USA).
Ultrapure water was purified using a Milli-Q system (Millipore, Molsheim, France). Identi-
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Three egg matrices having a similar composition but different structure, namely,
omelet, hard-boiled egg, and mousse, were prepared maintaining the natural white:yolk
ratio found in eggs, i.e., 68:32 w/w [48]. Omelets were prepared by filling 45 mm diameter
polyvinylidene chloride (PVDC) casings (Krehalon Ind., Deventer, The Netherlands) with a
homogeneous mixture of 160 g of previously rehydrated egg yolk powder (72 g OVO-DHA®
plus 88 g water according to the supplier recommendation) and 340 g of pasteurized liquid
egg white from Liot® (Pleumartin, France). After their tight closing, they were cooked
during 30 min at 86 ◦ C in a water bath in order to obtain an egg gel firm enough to be easily
cut into pieces of controlled size, and then cooled down to room temperature before storage
at 4 ◦ C until use. Hard-boiled eggs were prepared similarly, with the solely exception that
the egg yolk and the egg white were cooked separately in independent PVDC casings,
before combining pieces of gelled egg white and gelled yolk in the same white: yolk ratio
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as mentioned above for omelet. Omelets and hard-boiled eggs were cooked 24 h before the
pigs feeding. Just before feeding the PVDC casings were removed, and the matrices sliced
into 1–2 cm thick pieces. The mousse was obtained by beating the pasteurized liquid egg
white to a stiff peak stage with a Hobart N50 stand mixer at maximum speed during 3 min.
Then the rehydrated egg yolk was added and mixed gently until a homogeneous mousse
was obtained. Mousse, in order to keep its foamy structure by the time of ingestion, was
prepared 1 h before pigs’ feeding.
2.3. Animals and Animal Housing
All experimental methods were in accordance with the guidelines formulated by the
European Community for the use of experimental animals (L358-86/609/EEC). The study
(Project N◦ 2015090309151893) received prior approval (on 18 January 2016) by the Local
Committee for Ethics in Animal Experimentation.
The study involved nine adult Large White × Landrace × Piétrain female pigs
(34.4 ± 2.0 kg). Three weeks before the experimentation, pigs were surgically fitted with a
T-shaped cannula (silicone rubber) in the duodenum (10 cm downstream from the pylorus)
and a catheter (polyvinyl chloride; 1.1 mm internal diameter, 1.9 mm outer diameter) in
the jugular vein (around 10 cm inside the blood vessel). Pre-anesthesia of the animals was
achieved by an intramuscular injection of ketamine at 15 mg/kg (Imalgene 1000® ). Surgical
procedures were performed under intubation anesthesia with an oxygen/isoflurane gas
mixture. During the intervention, analgesia of the animals was achieved by the intravenous
infusion at ear level of Fentanyl Renaudin® (10 mL at 50 µg/mL). Animals received an
intramuscular dose of amoxicillin the day of the operation, and then two more after 48 and
96 h (Duphamox Long Acting® , 150 mg/mL; at a dose of 1 mL/10 kg body weight). In case
of post-surgical discomfort, analgesia continued during 2 days by a subcutaneous injection
of morphine hydrochloride every 2 h (0.1 to 0.5 mL). Furthermore, in case of post-surgical
discomfort, pigs were given Spasfon® for abdominal pain (1 ampoule of 4 mL twice a day)
and paracetamol mixed with the food twice a day (Pracétam® 10%) at a dose of 30 mg/kg
body weight.
Pigs were housed in individual slatted pens (1 m2 ) within a ventilated room with
controlled temperature (21 ◦ C). These conditions allowed the pigs to see, feel, and hear each
other. Between the sampling days, pigs were fed twice daily with 800 g/d of a concentrate
feed containing wheat (32.2%), corn (15%), barley (25%), wheat bran (5%), rapeseed (7%),
soy (11.5%), vegetal fat (1%), calcium carbonate (1.5%), di-calcium phosphate (0.1%), NaCl
(0.45%), lysine (0.53%) methionine (0.04%), L-threonine (0.1%), tryptophan 20% (0.07%),
and phytase (0.01%). The days before sampling, pigs were fed only once daily with 400 g/d
of the concentrate feed. Pigs had free access to water.
2.4. Experimental and Sampling Procedures
The experimental protocol included two periods: the first one for the duodenum
effluent sampling, and the second one for blood sampling. In each one, the three egg
matrices were randomly tested on each pig. Within a period (2 weeks), the days of
sampling were separated by at least 48 h. Test meals (500 g of freshly prepared matrices)
were entirely consumed within 2–5 min. Pigs had no access to water from 1 h before to
7.5 h after the meal delivery.
Duodenum effluent samplings were collected 15 min before and 2 min, 20 min, 50 min,
1.5 h, 3 h, 4.5 h, 6 h, and 7.5 h after the beginning of meal ingestion. The sampling was
stopped when at least 20 mL of effluents were collected (this was always completed in less
than 5 min). Collected effluents were vortexed and divided into two aliquots. The first one
(around 15 mL) was used for pH measurement, and de visu morphologic characterization
which consisted in spreading it into a Petri dish, recording any visual color change in
comparison with the basal situation, as well as the appearance of food matrix pieces as
the case may be. The biggest food pieces were measured manually using a graduated
ruler. The second one (4 mL) was used for chemical analyses after a prior preparation as

Foods 2021, 10, 6

5 of 20

follows. Effluent samples were homogenized for 1 min at 13,000 rpm with an IKA T-25
Ultraturrax digital disperser (IKA, Staufen, Germany) and transferred into tubes containing
80 µL of a lipase inhibitor mixture. The mixture, prepared according to Hernell et al. [49],
consisted in a methanolic solution of 50 mM di-isopropylfluorophosphate, 50 mM di-ethyl
(p-nitrophenyl) phosphate, 50 mM acetophenone, and 250 mM phenylboronic acid. In
addition to the lipase inhibition cocktail, an aqueous solution of 8% NaN3 (w/w) and
10% chloramphenicol (w/v) (5 µL per milliliter of effluent) was added to prevent bacteria
growth. In order to avoid DHA and lipid oxidation, a methanolic solution of butylated
hydroxytoluene (BHT) was added to a final concentration of 100 µM BHT. Finally, in order
to stop proteolysis, pepstatin A and pefabloc were added to final concentrations of 10 µM
and 5 mM, respectively. After vortexing, four aliquots of around 1 mL each were stored at
−20 ◦ C until analysis.
Blood sampling was performed 15 min before and 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 24 h,
and 48 h after the beginning of meal ingestion. Blood samples (3 mL) were collected in
Venosafe® VF-053SHL tubes containing 45 USP U lithium-heparin (Terumo, Shibuya, Tokyo,
Japan) and immediately placed on ice. Within the same day, all tubes were centrifuged at
3000× g for 10 min at 4 ◦ C. Supernatant (plasma) was collected, added BHT (10 µL of a
10.1 mM methanolic solution per mL of plasma) and stored at −80 ◦ C until analysis.
2.5. Chemical Analyses
2.5.1. Lipid Extraction from Food Matrices
In order to determine that no DHA was lost during the preparation of the matrices,
especially in the cooked ones, the recovery of DHA in the ready-to-eat matrices was
calculated. Three individual portions of each egg matrix were prepared and quantified
individually (n = 3).
After freeze-drying of the matrices, lipids were extracted according to the Folch
method [50]. Around 2 g of each freeze-dried matrix were precisely weighed, added with
6 mL water, and placed for 15 min in an ultrasonic bath. Then, after addition of 45 mL of
Folch solvent (chloroform:methanol 2:1 v/v) and a known quantity of an internal standard
(1,2-ditridecanoyl-sn-glycero-3-phosphatidylcholine, C13:0), the mixture was homogenized
for 2 min at 10,000 rpm with an UT25 basic Ultraturrax® disperser (IKA, Staufen, Germany).
The whole mixture was then transferred into a 250 mL separation funnel; a final rinsing
with 15 mL of Folch solvent was performed to ensure a complete transfer. After shaking
vigorously, the mixture was left for 15 min in contact with the solvent and then added with
9 mL of a 0.73% NaCl solution (w/v) in order to reach the final Folch conditions and help
deproteinization. After shaking and a 30 min waiting time, the lower phase was filtered
(Whatman® ashless grade 42 filter, Fisher Scientific SAS, Illkirch, France) and collected
in a small amount (1–2 g) of anhydrous Na2 SO4 . Then, a mixture containing 60 mL of
Folch solvent and 15 mL of 0.58% NaCl solution (w/v) was added to the separation funnel.
After a waiting time of 30 min for dephasing, the lower phase was collected as described
above. This step was performed twice. The lipid fraction was recovered after complete
evaporation of the solvent (constant weight) in a Heidolph Hei-VAP Platinum 2 Rotary
Evaporator (Schwabach, Germany) (55 ◦ C, 474 mbar, 200 rpm), and a final dehydration for
10 min at 102.5 ◦ C. Lipid quantity was then determined gravimetrically. Lipid fractions
were stored at −20 ◦ C until gas chromatography analysis.
2.5.2. DHA Quantification in Food Matrices, Effluents, and Plasma
Total DHA in the effluents and plasma samples was analyzed by gas chromatography
coupled to a flame ionization detector (GC–FID), after direct trans-methylation in the
presence of internal standard (C13:0) and without prior extraction. Total DHA in the food
matrices was quantified by the same technique except trans-methylation was performed
in the fat extracts obtained by Folch extraction and dilution in chloroform as described in
Section 2.5.1.
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Trans-methylation was carried out according to Lopez et al. [51]. In brief, 0.5 mL of
chloroform, 200 µL of sample (effluent, plasma or fat extract), 20 µL of C13:0 standard
(0.5 mg/mL in chloroform, only for effluents and plasma), and 1 mL of 0.5 M sodium
methoxide were added in a screw-capped tube. After a flush of nitrogen, caps were closed,
and tubes were vortexed and placed in a Stuart SBH200D dry bath (Bibby scientific France,
Villepinte, France) at 50 ◦ C for 10 min. Tubes were cooled to room temperature before
adding 1 mL of 10% BF3-Methanol. After a flush of nitrogen again, caps were closed, and
tubes were placed again in a water bath at 50 ◦ C for 10 min. Tubes were cooled before
adding 1 mL of 10% (w/v) K2 CO3 and 2 mL of hexane. After centrifugation for 10 min at
1500 rpm and 20 ◦ C, the upper layer containing the fatty acid methyl esters (FAMEs) was
collected and stored at −80 ◦ C until injection to GC.
FAMEs were measured on an Agilent 7890A (Santa Clara, CA, USA) equipped with
a FID, a programmed temperature injector, and two capillary columns (50 m length,
0.32 mm internal diameter, and 0.25 µm film thickness) coated with 70% cyanopropyl
polysilphenylenesiloxane (BPX-70, SGE, Ringwood, VIC, Australia) connected in series.
Analysis conditions were as follows: initial temperature of injection (40 ◦ C) was maintained
for 0.2 min, then increased up to 200 ◦ C at a rate of 200 ◦ C/min, remained constant at
200 ◦ C for 6 min, before decreasing to 40 ◦ C at a rate of 200 ◦ C/min. Detector temperature
was 250 ◦ C. Carrier gas was hydrogen at a pressure of 138 kPa. Oven temperature was
programmed as follows: 60 ◦ C for 3 min followed by an increase to 175 ◦ C at a rate of
20 ◦ C/min; the oven was maintained at this temperature for 15 min. Then, temperature
was increased up to 215 ◦ C at a rate of 4 ◦ C/min and remained constant for 25 min. Total
analysis time was 58.75 min. FAMEs were identified by comparing retention times of
peaks with those of pure standards. Quantification of FAMEs was performed by means of
calibration curves (peak area vs. concentration), constructed using at least five different
concentrations of the aforementioned commercial standards. DHA in the samples was
initially expressed as mg/mL of solution. It was then converted into % of recovery for
the ready-to-eat matrices, mg/mL of effluents for the duodenal samples, and µg/mL of
plasma for the blood samples.
Each sample of duodenal effluents and plasma was trans-methylated in duplicate.
DHA quantification by gas chromatography was performed once on each trans-methylated
sample.
2.5.3. Protein Concentration and Proteolysis in Effluents
Total protein concentration in the effluents was determined once by the Kjeldahl
method (ISO 8968-1:2014, IDF 20-1:2014). Results were expressed as mg protein/100 g
effluent.
The rate of proteolysis was assessed by measuring the free primary amino groups in
the soluble fraction of the effluents using the orthophthalaldehyde (OPA) method adapted
from Church et al. (1983) [52]. This method is based on the reaction of OPA and βmercaptoethanol with primary amines resulting in 1-alkylthio-2-alkylisondole detected at
340 nm. Briefly, effluents were centrifuged at 10,000× g for 10 min and both the pellet and
supernatant weights were recorded. Supernatants (one per effluent) were then diluted 1/25,
1/50, and 1/100 in MiliQ water. The OPA assays were carried out in 96-well microplates
by adding 50 µL of the diluted samples to 100 µL of OPA reagent (2.5 mL of 20% w/v
SDS, 50 µL of β-mercaptoethanol, 2.5 mL of OPA at 10 mg/mL in ethanol, and 0.02 M
potassium tetraborate buffer pH 9.5 to a final volume of 100 mL). The absorbance was
measured at 340 nm after exactly 2 min incubation at room temperature in a Multiskan™
GO Microplate Spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA). Blanks
were made of MiliQ water. Free primary amines were quantified using a calibration curve
based on methionine standard solutions (0 to 2.0 mM). Results were expressed as mmol
free NH2 /100 g effluent.
Total protein concentration was converted to mmol of total NH2 /100 g effluent assuming that the average molecular weight of amino acid residue is 120 g/mol and that the
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stoichiometry between amino acid and NH2 is 1:1. Then a theoretical protein degree of
hydrolysis (DH) was calculated as follows:
protein DH = 100 × [(mmol free NH2 /100 g effluent)⁄(mmol total NH2 /100 g effluent)].

(1)

2.6. Statistical Analyses
All measurements were described as mean values ± SEM. DHA recovery in the
matrices was performed in triplicate. All the measures performed in the duodenal effluents
used nine pigs (n = 9). Plasmatic DHA was measured in seven pigs (n = 7) due to blood
sampling problems in two pigs.
Time, matrix, and “time × matrix” effects on pH, protein concentration, protein
hydrolysis, and base-line adjusted DHA concentration in the duodenal effluents, and
on base-line adjusted DHA concentration in plasma were tested using a nonparametric
analysis of repeated measures with the “f1.ld.f1” function of the package “nparLD” [53]
in R 3.1.2 [54]. In case of a significant effect, the function “npar.t.test” of the package
“nparcomp” [55] was used for each time point. Finally, the area under the curve (trapezoidal
method) for each matrix was analyzed by a Friedman test. In case of a significant difference,
a post hoc Conover test (α-value corrected according to Bonferroni) was applied to perform
the multiple comparisons.
3. Results
3.1. DHA Recovery in the Matrices
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In order to determine if DHA was lost during the preparation of the egg matrices,
especially in those submitted to a heat treatment, and make sure that all matrices provided
the same amount of DHA, the quantity of DHA was measured in the fat fraction extracted
from each matrix. Table 2 shows that the DHA recovery was not significantly (p > 0.05)8 of 21
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As expected, the mousse has led to very homogeneous effluents (Figure 1A), while
those obtained after the ingestion of the omelet (Figure 1B) and hard-boiled egg (Figure 1C)
were very heterogeneous. In the latter, solid particles were observed in the effluents from
20 min postprandial and up until 7.5 h. Some of these particles were as big as 5–7 mm.
The observation of the duodenal effluents suggested a much faster gastric emptying
with the mousse in comparison with the omelet and the hard-boiled egg. Indeed, the
duodenal effluent obviously contained the mousse after only 2 min after ingestion, whereas
at this digestion time the effluents were identical to that of the basal effluents (0 min) when
pigs were fed with the solid egg matrices. In a similar way, the last time point effluent (7.5 h)
was very similar to the basal effluent when the pigs were fed with the mousse, whereas
large particles were still present in the duodenal effluents after ingestion of hard-boiled
egg and omelet.
3.3. Physicochemical Evolution of the Duodenal Effluents throughout the Postprandial Period
3.3.1. pH Evolution
The mean basal pH values of the duodenal effluents, i.e., measured 15 min before
feeding the pigs and here registered as 0 min, were pH 3.5, 4.1, and 5.1 for the experiments
with the mousse, the hard-boiled egg, and the omelet, respectively (Figure 2). The ingestion
of the matrices resulted in a sudden pH increase until reaching a value around pH 6.5 (pH
6.7, 6.7, and 6.3 for the mousse, the hard-boiled egg, and the omelet, respectively) only
Foods 2021, 10, x2FOR
REVIEW
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decreasing until the last point recorded (pH 6.5 ± 0.5 after 7.5 h digestion). In the pigs fed
with the hard-boiled egg and the omelet, duodenal pH values fluctuated between pH 5.9
and pH 5.2 from 3 h digestion to the end of the sampling, at 7.5 h digestion.
Thus, regarding the duodenal pH, no significant (p > 0.05) difference occurred between
the omelet and the hard-boiled egg at any digestion time, whereas the mousse resulted in
significantly (p < 0.05) higher pH values at 4.5 h and 6 h digestion compared to the hardboiled egg and the omelet, and after 20 min compared to the omelet. After 7.5 h digestion,
the duodenal pH values did no longer differ regardless of the egg matrix ingested: pH
5.9 ± 0.3, 5.7 ± 0.3, and 6.5 ± 0.5 when pigs were fed with hard-boiled egg, omelet, and
mousse, respectively.
3.3.2. Evolution of Protein Concentration
The evolution of the protein concentration in the duodenal effluents throughout
the postprandial period is presented in Figure 3. It may be noted that the basal protein
Foods 2021, 10, x FOR PEER REVIEW
concentration was not zero, but around 0.4–0.6 g/100 g. These values perfectly matches to
the concentration of protein previously measured on pig’s pancreatic juice [56–58].
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to which residual endogenous proteins were most likely predominant, the degree of
proteolysis was similar (p > 0.05) for the three egg matrices during the first 3 h of digestion.
Within that period, it increased from about 10% at 20 min digestion (7.0 ± 1.7, 9.8 ± 2.7,
and 10.4 ± 2.5% for omelet, hard-boiled egg, and mousse, respectively) to about 15–25%
Foods 2021, 10, x FOR PEER REVIEW
after 3 h digestion (16.8 ± 2.3, 19.3 ± 2.7, and 25.7 ± 5.0% for omelet, hard-boiled egg, and
mousse, respectively).
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fed omelet or hard-boiled egg. Moreover, it was measured even earlier for the mouss
3.4. Evolution of the Plasma Concentration of DHA throughout the Postprandial Period

The evolution of the base-line adjusted DHA concentration in plasma (thereafter
refered to as DHA concentration in plasma) after the ingestion of the three DHA-enriched
egg matrices is presented in Figure 6. The three curves followed a similar pattern, i.e., first
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a sharp increase before progressively decreasing up to 48 h after the meal. At this end-time
point, except in pigs fed with the mousse, DHA concentration did not yet return to the
basal level (p < 0.05).
The highest DHA concentration (33.3 ± 3.6 µg/mL) was measured in pigs fed with
the omelet, at 10 h digestion. The maximum value in pigs fed with the hard-boiled egg
(30.6 ± 9.6 µg/mL) was not significantly (p > 0.05) different, but it was observed earlier
h) PEER
thanREVIEW
in pigs fed with the omelet. In contrast, the maximum DHA concentration was
Foods 2021, 10, x(6
FOR
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Table 3. Bioavailability of DHA included in DHA-enriched omelet, hard-boiled egg, and mous
egg and those fed with mousse was not significant (p = 0.46).

evaluated by measuring the area under the curve (AUC) of base-line adjusted DHA concentrat
in plasma throughout 48 h postprandial after the ingestion of each egg matrix.

AUC
(calculated from
Figure 6)

Omelet

Hard-Boiled Egg

Mousse

950.1 ± 140 a

609.5 ± 78.6 b

432.5 ± 43 b

Means ± SEM were calculated from n = 7 pigs. Different letters display significantly different m
values (Conover post-hoc test, p < 0.016, Bonferroni corrected).
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Table 3. Bioavailability of DHA included in DHA-enriched omelet, hard-boiled egg, and mousse,
evaluated by measuring the area under the curve (AUC) of base-line adjusted DHA concentration in
plasma throughout 48 h postprandial after the ingestion of each egg matrix.

AUC
(calculated from
Figure 6)

Omelet

Hard-Boiled Egg

Mousse

950.1 ± 140 a

609.5 ± 78.6 b

432.5 ± 43 b

Means ± SEM were calculated from n = 7 pigs. Different letters display significantly different mean
values (Conover post-hoc test, p < 0.016, Bonferroni corrected).

The differences in the AUC resulted primarily from the fact that, after ingestion of the
omelet, the accumulation of DHA in plasma started earlier and continued over a longer
period than after ingestion of the mousse or hard-boiled egg (Figure 6). Tukey’s post hoc
tests showed that after 1 h of digestion, only the omelet had produced a significant (p < 0.05)
increase of DHA plasma concentration with respect to the initial basal level. With mousse
and hard-boiled egg, the increase was not significant (p > 0.05) until 2 h and 3 h digestion,
respectively. In addition, the accumulation of DHA in plasma after meal ingestion only
lasted 4 h and 6 h when pigs were fed with mousse and hard-boiled egg, respectively, vs.
10 h when pigs were fed omelet, i.e., for a period 2.5-fold and 1.7-fold longer than with the
mouse and the hard-boiled egg, respectively (Figure 6).
Assuming that the AUC of DHA plasma concentration was a measurement of DHA
bioavailability, it can be concluded that DHA bioavailability was significantly higher when
DHA was included in the omelet in comparison with the hard-boiled egg (+56%; p < 0.05),
and in the omelet in comparison with the mousse (+120%; p < 0.001) (Table 3).
4. Discussion
The main objective of the present study was to investigate the effect of the food matrix
on the DHA bioavailability. In that aim, three DHA-enriched egg matrices with the same
composition but different structures were designed. Omelet and hard-boiled egg were
solid matrices in which heat gelation of egg white proteins occurred in the presence or in
the absence of lipids, respectively. Mousse was a liquid foamy matrix, without any cooking.
Due to the ethical constraints related to clinical studies, and despite the issues of the
present study largely target human nutrition and health [21], it was decided to use a pig
model for an in vivo study. In vivo models are the gold standard to measure the nutrient
bioavailability [59,60]. Indeed, no available in vitro model considers the complexity of
the mechanisms that occur between the ingestion of nutrients and their appearance in
the bloodstream. The downside of the in vivo models is that indigestible markers, such
as chromium oxide or titanium oxide, need usually to be added to the test diet in order
to measure some physiological parameters such as the rate of gastric emptying and the
volume of endogenous gastric and intestinal secretions. These controls are required for
accurate material balance and measurements [61]. However, in the present study, it was
decided not to add such indigestible markers since most of metals act as promoters of lipid
oxidation [62,63].
Pigs were fed with the three DHA-enriched egg matrices and DHA bioavailability
was estimated from the DHA concentration in plasma over a period of 48 h postprandial.
Additionally, in order to better understand the potentially different behaviors of the three
egg matrices during digestion, and then to explain the expected differences regarding
DHA bioavailability, the duodenal effluents were analyzed. First, a morphological de visu
characterization of the effluents was carried out. Then, pH, protein concentration, and
DHA concentration in the effluents were measured. These parameters could be regarded
as indicators of gastric emptying. Lastly the degree of proteolysis was estimated. This
parameter could be regarded as indicative of the extent of food digestion.
One of the most flagrant results was the much faster transit of the mousse from the
stomach to the duodenum in comparison with the omelet and the hard-boiled egg. This is
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proven by visual observation of the duodenal effluents, which contained mousse as early as
2 min after feeding started, while the pigs were still eating. On the contrary, the duodenal
effluents did not appear to contain egg at this early digestion time when pigs were fed
omelet or hard-boiled egg (Figure 1). These observations were supported by measurements
in the effluents: proteins as well as DHA were detected only 2 min after feeding started in
the case of the mousse, unlike omelet and hard-boiled egg (Figures 3 and 5). This rapid and
massive arrival of the mousse into the duodenum from the very beginning of digestion
might also explain the higher duodenal pH observed at 20 min digestion in pigs fed the
mousse (Figure 2). Because of a very fast transit in the stomach, the first eluted fractions of
mousse would not be acidified, resulting in a duodenal pH equivalent to the mousse pH
in the first moments of digestion. Indeed, in vivo experiments in pigs fed with egg white
gels showed that 20 min after ingestion, the intra-gastric pH was almost homogeneous and
similar to the pH of the meal [64].
It should be noted that the mousse, which had a very soft and fragile texture, was
apparently destabilized into a liquid when reaching the duodenum, likely due to the
salivary and gastric juices. On the contrary, gel pieces were still visible in the duodenal
effluents after omelet and hard-boiled egg meals (Figure 1). Then, the results were in
line with those of Barbé et al. [65], Hellström et al. [66], and Kong and Singh [67] who
reported difference in behavior between liquid and solid foods. Barbé et al. [65], who
used EDTA-Cr as indigestible marker and pig as digestion model, observed that the mean
retention time in the stomach of a gelled dairy matrix was 51 min longer than that of a
liquid dairy matrix, both with the same composition. According to Hellström et al. [66] and
Kong and Singh [67], liquid and semi-liquid matrices empty from the stomach according
to first-order kinetics at a speed directly proportional to the food volume present in the
stomach. Immediately after ingestion, liquid matrices would empty at rates of up to 10 to
40 mL/min before, after a while, slowing down to rates around 2 to 4 mL/min. On the
contrary, gastric emptying of solid foods usually show a typical biphasic pattern: after a
lag phase during which little emptying occurs, a linear emptying phase follows during
which solid particles empty from the stomach by mainly zero-order kinetics, i.e., at a speed
independent of the gastric volume.
Actually, during the first 1.5 h digestion of the mousse, the duodenal pH decreased
to around 5.2, likely due to insufficient duodenal secretions to buffer the acidic pH of the
gastric chyme that emptied. From that time on, a clear inverse relationship was observed
between the duodenal pH on one hand (Figure 2), and the protein and DHA concentrations
on the other (Figures 3 and 5). Thus, from 4.5 h digestion, the duodenal pH was around
6.5–7.0 when pigs were fed the mousse, suggesting that only small quantities of gastric
chyme emptied from the stomach during this period. This was supported by the protein
and DHA concentrations in the duodenum that were minimal during that period, very
close to the basal levels. In other words, gastric emptying was almost complete after 4.5
h digestion when pigs were fed the mousse, consistently with the aspect of the duodenal
effluents (Figure 1). On the contrary, the more or less constant pH values around 5.5–6.0
until 7.5 h digestion when pigs were fed omelet or hard-boiled egg (Figure 2) suggest that
still large amounts of the solid egg matrices were continuously released from the stomach
up to 7.5 h after feeding. The almost stable and much higher concentrations of proteins and
DHA that reached the duodenum during that period for omelet and hard-boiled egg meals
(Figures 3 and 5) support this assumption of a second linear phase of gastric emptying,
typical of solid foods according to Hellström et al. [66] and Kong and Singh [67]. However,
contrary to these authors who stated that all solids are removed from the stomach after
approximately 3 to 4 h digestion, our results showed that still large pieces of omelet and
hard-boiled egg were visible in the duodenum after 7.5 h digestion (Figure 1). Since it
seems unlikely that food particles of such a big size (5–7 mm) could have been trapped in
the duodenum for a long time because of the peristaltic movements, these observations
indicate that gastric emptying of solid food particles might be much longer than reported
in the literature.
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The mousse could also be distinguished from the omelet and the hard-boiled egg in
terms of proteolysis kinetics (Figure 4). From 3 h up to 7.5 h digestion, the proteolysis
degree measured in the duodenum was higher in pigs fed the soft and fragile mousse,
in comparison to pigs fed both solid egg matrices. One can assume that the proteolytic
digestive enzymes should have an easy and instant access to proteins in a liquid food such
as the mousse once mixed with salivary and gastric juices, whereas proteolysis would be
limited to the surface of food particles in the case of the solid egg matrices. Indeed, the food
matrix is known to affect the diffusion of digestive enzymes. Especially, pepsin diffusion
has been shown higher in liquid as compared to semi-solid gels, and protein gels with
a smaller pore size, due to either a higher protein fraction or particular physicochemical
conditions during gelation, have a greater hindrance on pepsin mobility, decreasing the
enzyme diffusion [68–70]. Actually, pepsin would have limited penetration depth into food
gels for which gastric digestion would be mainly limited to surface erosion [71].
Finally, the most striking result, in line with the main issue of the present study,
was that the food matrix actually had a significant impact on the DHA bioavailability
(Table 3). Thus, DHA bioavailability was 57% higher when DHA was provided through
DHA-enriched omelet than through DHA-enriched hard-boiled egg, and 120% higher than
through DHA-enriched mousse. On the contrary, hard-boiled egg and mousse did not
significantly differ.
The poor bioavailability of DHA included in the mousse might be a consequence
of the fast gastric and duodenal emptying of this soft and fragile egg matrix. The rapid
and massive arrival of the DHA-enriched mousse in the duodenum (Figure 5) may have
resulted in an incomplete release of DHA from PLs, because of an insufficient secretion
of pancreatic phospholipase in the very first moment of the digestion. Then, while the
secretion of pancreatic juice progressively increased, the amounts of duodenal DHA sharply
dropped (Figure 5) because of the rapid emptying of the mousse out of the duodenum
(Figure 3). Consequently, DHA incorporation into the mixed micelles would be lower in
pigs fed mousse, as compared to pigs fed omelet. Then, the solubilization of DHA into
mixed micelles is absolutely needed for DHA uptake through the endothelial epithelium
of the intestine [72]. Additionally, the saturation of the transport system into enterocytes
could be another explanation. Indeed, the uptake of short fatty acids (up to eight carbon
atoms) by the enterocytes linearly depends on the luminal concentration [73]. On the
contrary, the uptake/binding of long-chain fatty acids at the brush border membrane is
a mechanism which may be saturated [74–76]. Actually, it is striking that the patterns
of DHA accumulation in plasma were very similar regardless of the egg matrix (Figure
6) despite this not being the case for DHA concentration in the duodenum (Figure 5).
Especially, the amount of DHA for absorption was likely much higher for the mousse than
for the other egg matrices during the first 1.5 h of digestion, whereas the mousse resulted
in the lowest DHA plasma concentration during this early phase of digestion. Overall, the
discrepancy between the appearance of DHA in the duodenum on one hand, and in the
plasma (DHA bioavailability) on the other hand suggests that the “intestinal absorption
system” was saturated when pigs were fed with the rapidly emptied mousse, whether
digestive enzymes be released in insufficient quantities or the absorption by the intestinal
wall be overflowed. Alternatively, not DHA absorption, but cellular export of DHA from
enterocytes could have been exceeded. Following digestion, dietary lipids are taken up by
the enterocytes that soon begin to produce the triglyceride-rich chylomicron (CM) particles.
CM production within the enterocytes is a highly regulated process, the major driver of
which is the amount and type of ingested lipids [77]. One can assume that the mousse led
to a massive and rapid release of DHA from the matrix, and consequently led to a fast
DHA absorption by the enterocytes, but without being coupled to a sufficient CM synthesis
for an efficient export of DHA into the blood stream.
The difference between omelet and hard-boiled egg regarding the DHA bioavailability was smaller than that between omelet and mousse, but it was significant (Table 3).
However, the digestion kinetics of both gelled egg matrices (omelet and hard-boiled egg)
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did not seem to significantly differ, based on the evolution of duodenal pH (Figure 2),
protein concentration (Figure 3) and proteolysis (Figure 4) throughout the postprandial
period. All these parameters suggested similar emptying patterns from the stomach to the
duodenum and out of the duodenum, as well as similar kinetics of food disintegration.
An assumption could be that DHA was more efficiently protected against degradation
in the acidic environment of the stomach when included in the omelet in comparison
with hard-boiled egg, resulting in a DHA release in the duodenum that lasted longer with
the omelet meal. Indeed, the stomach environment has been proved conducive to lipid
oxidation. Moreover, the uptake of oxidized DHA by Caco-2 cells has been shown lower
than that of non-oxidized DHA, given that Caco-2 cells are regarded as a relevant model
for lipid assimilation by intestinal enterocytes [78]. The only difference between the omelet
and the hard-boiled egg was that egg white and yolk were mixed before cooking in the case
of the omelet, resulting in a quite firm, elastic and homogeneous gel. In contrast, whereas
both egg fractions were cooked separately before mixing in the case of the hard-boiled egg,
resulting in a mixture of gel pieces made either of firm and elastic egg white gel, or soft
and brittle yolk gel, the DHA being included in the latter. One assumption could then be
that the mixed gel of the omelet might be more protective for DHA than the yolk gel of the
hard-boiled egg.
5. Conclusions
For the first time to the best of our knowledge, the present study established the
impact of food matrix on DHA bioavailability, using three matrices of same composition
but different structure. It should be noted that, with the food models we used, i.e., three
realistic DHA-enriched egg products, the differences were enormous: omelet resulted in a
DHA bioavailability 120% higher than that of the less efficient product, i.e., the mousse.
These results may have a major impact on nutritional strategy when DHA supplementation
is aimed. Indeed, it suggests that the choice of the vector food should be carefully made in
order to maximize the efficiency of DHA absorption by the body, at least when DHA is
provided under the form of phospholipids. In this case, liquid foods do not seem the best
choice, likely because of a too fast gastrointestinal transit. Indeed, it seems that the higher
the residence time of the lipids in duodenum, the higher DHA bioavailability. However, it
would be relevant to check whether same conclusions could be drawn for the long term.
Indeed, in the present study, the pigs ate each of the three egg matrices only once. Then,
DHA supplementation usually runs over several weeks when the purpose is a nutritional
intervention. Similarly, the question arises if the impact of food matrix would be of the
same magnitude with “normal” foods, i.e., not DHA-enriched foods. Lastly, the (supposed)
superiority of DHA-enriched omelet warrants further confirmation regarding the health
benefits of DHA. The use of genetically modified pig models for hypercholesterolemia and
atherosclerosis [79], T2DM [80], or over-expression of endothelial nitric oxide synthase [81]
could be useful in that aim, before clinical studies.
Author Contributions: Conceptualization and validation, C.P.-V., F.N., and D.D.; methodology, C.P.V., C.B., C.G.-D., F.N., and D.D.; formal analysis, investigation, visualization, and writing—original
draft preparation, C.P.-V.; writing—review and editing, all co-authors; supervision, F.N. and D.D.;
project administration, D.D.; funding acquisition, A.B. and F.C. All authors have read and agreed to
the published version of the manuscript.
Funding: This research was funded by the European Union Seventh Framework Program (FP7/2007–
2013) under grant agreement N◦ 311876: PATHWAY-27 (Pivotal assessment of the effects of bioactives
on health and wellbeing. From human genome to food industry).
Acknowledgments: The authors thank the staff from UE3P INRAE: A. Chauvin and F. Le Gouevec
for surgeries in pigs, M. Génissel, J. Georges, R. Janvier, and V. Piedvache for animal care, A. Leveau
for sampling and analytical help, and C. Jaeger for supervising the in vivo study. They also thank the
company ASL (Vichy, France) for the gift of OVO-DHA® , and J. Thévenot for supporting statistical
data analysis.

Foods 2021, 10, 6

17 of 20

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.
2.
3.

4.

5.

6.

7.
8.
9.

10.
11.

12.
13.
14.
15.
16.
17.
18.

19.

20.

21.
22.
23.

Stillwell, W.; Wassall, S.R. Docosahexaenoic Acid: Membrane Properties of a Unique Fatty Acid. Chem. Phys. Lipids 2003, 126,
1–27. [CrossRef]
Innis, S.M.; Friesen, R.W. Essential N-3 Fatty Acids in Pregnant Women and Early Visual Acuity Maturation in Term Infants. Am.
J. Clin. Nutr. 2008, 87, 548–557. [CrossRef] [PubMed]
Crawford, M.A.; Broadhurst, C.L.; Guest, M.; Nagar, A.; Wang, Y.; Ghebremeskel, K.; Schmidt, W.F. A Quantum Theory for the
Irreplaceable Role of Docosahexaenoic Acid in Neural Cell Signalling throughout Evolution. Prostag. Leukotr. Essent. Fat. Acids
2013, 88, 5–13. [CrossRef] [PubMed]
Lorente-Cebrián, S.; Costa, A.G.V.; Navas-Carretero, S.; Zabala, M.; Martínez, J.A.; Moreno-Aliaga, M.J. Role of Omega-3 Fatty
Acids in Obesity, Metabolic Syndrome, and Cardiovascular Diseases: A Review of the Evidence. J. Physiol. Biochem. 2013, 69,
633–651. [CrossRef] [PubMed]
Kopecky, J.; Rossmeisl, M.; Flachs, P.; Kuda, O.; Brauner, P.; Jilkova, Z.; Stankova, B.; Tvrzicka, E.; Bryhn, M. N-3 PUFA:
Bioavailability and Modulation of Adipose Tissue Function: Symposium on ‘Frontiers in Adipose Tissue Biology. Proc. Nutr. Soc.
2009, 68, 361–369. [CrossRef]
Bernstein, A.M.; Ding, E.L.; Willett, W.C.; Rimm, E.B. A Meta-Analysis Shows That Docosahexaenoic Acid from Algal Oil Reduces
Serum Triglycerides and Increases HDL-Cholesterol and LDL-Cholesterol in Persons without Coronary Heart Disease. J. Nutr.
2012, 142, 99–104. [CrossRef]
Dawczynski, C.; Martin, L.; Wagner, A.; Jahreis, G. N-3 LC-PUFA-Enriched Dairy Products Are Able to Reduce Cardiovascular
Risk Factors: A Double-Blind, Cross-over Study. Clin. Nutr. 2010, 29, 592–599. [CrossRef]
Warner, J.G.; Ullrich, I.H.; Albrink, M.J.; Yeater, R.A. Combined Effects of Aerobic Exercise and Omega-3 Fatty Acids in
Hyperlipidemic Persons. Med. Sci. Sports Exerc. 1989, 21, 498–505. [CrossRef]
Simão, A.N.C.; Lozovoy, M.A.B.; Bahls, L.D.; Morimoto, H.K.; Simão, T.N.C.; Matsuo, T.; Dichi, I. Blood Pressure Decrease with
Ingestion of a Soya Product (Kinako) or Fish Oil in Women with the Metabolic Syndrome: Role of Adiponectin and Nitric Oxide.
Br. J. Nutr. 2012, 108, 1435–1442. [CrossRef]
Ramel, A.; Martinez, J.A.; Kiely, M.; Bandarra, N.M.; Thorsdottir, I. Moderate Consumption of Fatty Fish Reduces Diastolic Blood
Pressure in Overweight and Obese European Young Adults during Energy Restriction. Nutrition 2010, 26, 168–174. [CrossRef]
Axelrod, L.; Camuso, J.; Williams, E.; Kleinman, K.; Briones, E.; Schoenfeld, D. Effects of a Small Quantity of Omega-3 Fatty Acids
on Cardiovascular Risk Factors in NIDDM. A Randomized, Prospective, Double-Blind, Controlled Study. Diabetes Care 1994, 17,
37–44. [CrossRef] [PubMed]
Morgan, W.A.; Raskin, P.; Rosenstock, J. A Comparison of Fish Oil or Corn Oil Supplements in Hyperlipidemic Subjects with
NIDDM. Diabetes Care 1995, 18, 83–86. [CrossRef] [PubMed]
Ciubotaru, I.; Lee, Y.-S.; Wander, R.C. Dietary Fish Oil Decreases C-Reactive Protein, Interleukin-6, and Triacylglycerol to
HDL-Cholesterol Ratio in Postmenopausal Women on HRT. J. Nutr. Biochem. 2003, 14, 513–521. [CrossRef]
Oliveira, J.M.; Rondó, P.H.C. Omega-3 Fatty Acids and Hypertriglyceridemia in HIV-Infected Subjects on Antiretroviral Therapy:
Systematic Review and Meta-Analysis. HIV Clin. Trials 2011, 12, 268–274. [CrossRef] [PubMed]
Cottin, S.C.; Sanders, T.A.; Hall, W.L. The Differential Effects of EPA and DHA on Cardiovascular Risk Factors. Proc. Nutr. Soc.
2011, 70, 215–231. [CrossRef] [PubMed]
Fedor, D.; Kelley, D.S. Prevention of Insulin Resistance by N-3 Polyunsaturated Fatty Acids. Curr. Opin. Clin. Nutr. Metab. Care
2009, 12, 138–146. [CrossRef] [PubMed]
Véricel, E.; Polette, A.; Bacot, S.; Calzada, C.; Lagarde, M. Pro- and Antioxidant Activities of Docosahexaenoic Acid on Human
Blood Platelets. J. Thromb. Haemost. 2003, 1, 566–572. [CrossRef]
Yagi, S.; Aihara, K.; Fukuda, D.; Takashima, A.; Hara, T.; Hotchi, J.; Ise, T.; Yamaguchi, K.; Tobiume, T.; Iwase, T.; et al. Effects of
Docosahexaenoic Acid on the Endothelial Function in Patients with Coronary Artery Disease. J. Atheroscler. Thromb. 2015, 22,
447–454. [CrossRef]
Weldon, S.M.; Mullen, A.C.; Loscher, C.E.; Hurley, L.A.; Roche, H.M. Docosahexaenoic Acid Induces an Anti-Inflammatory
Profile in Lipopolysaccharide-Stimulated Human THP-1 Macrophages More Effectively than Eicosapentaenoic Acid. J. Nutr.
Biochem. 2007, 18, 250–258. [CrossRef]
Nakamura, N.; Hamazaki, T.; Kobayashi, M.; Yazawa, K. The Effect of Oral Administration of Eicosapentaenoic and Docosahexaenoic Acids on Acute Inflammation and Fatty Acid Composition in Rats. J. Nutr. Sci. Vitaminol. 1994, 40, 161–170.
[CrossRef]
Horrocks, L.A.; Yeo, Y.K. Health Benefits of Docosahexaenoic Acid (DHA). Pharmacol. Res. 1999, 40, 211–225. [CrossRef] [PubMed]
Chapkin, R.S.; McMurray, D.N.; Davidson, L.A.; Patil, B.S.; Fan, Y.-Y.; Lupton, J.R. Bioactive Dietary Long-Chain Fatty Acids:
Emerging Mechanisms of Action. Br. J. Nutr. 2008, 100, 1152–1157. [CrossRef] [PubMed]
Li, Q.; Wang, M.; Tan, L.; Wang, C.; Ma, J.; Li, N.; Li, Y.; Xu, G.; Li, J. Docosahexaenoic Acid Changes Lipid Composition and
Interleukin-2 Receptor Signaling in Membrane Rafts. J. Lipid Res. 2005, 46, 1904–1913. [CrossRef] [PubMed]

Foods 2021, 10, 6

24.
25.
26.

27.

28.

29.
30.

31.
32.
33.
34.
35.
36.
37.

38.
39.
40.

41.
42.
43.
44.

45.

46.
47.
48.

18 of 20

Rose, D.P.; Connolly, J.M.; Rayburn, J.; Coleman, M. Influence of Diets Containing Eicosapentaenoic or Docosahexaenoic Acid on
Growth and Metastasis of Breast Cancer Cells in Nude Mice. J. Natl. Cancer Inst. 1995, 87, 587–592. [CrossRef]
D’Eliseo, D.; Velotti, F. Omega-3 Fatty Acids and Cancer Cell Cytotoxicity: Implications for Multi-Targeted Cancer Therapy. J.
Clin. Med. 2016, 5, 15. [CrossRef]
Dahlén, S.E.; Björk, J.; Hedqvist, P.; Arfors, K.E.; Hammarström, S.; Lindgren, J.A.; Samuelsson, B. Leukotrienes Promote Plasma
Leakage and Leukocyte Adhesion in Postcapillary Venules: In Vivo Effects with Relevance to the Acute Inflammatory Response.
Proc. Natl. Acad. Sci. USA 1981, 78, 3887–3891. [CrossRef]
Hodge, L.; Salome, C.M.; Hughes, J.M.; Liu-Brennan, D.; Rimmer, J.; Allman, M.; Pang, D.; Armour, C.; Woolcock, A.J. Effect
of Dietary Intake of Omega-3 and Omega-6 Fatty Acids on Severity of Asthma in Children. Eur. Respir. J. 1998, 11, 361–365.
[CrossRef]
Dangour, A.D.; Whitehouse, P.J.; Rafferty, K.; Mitchell, S.A.; Smith, L.; Hawkesworth, S.; Vellas, B. B-Vitamins and Fatty Acids in
the Prevention and Treatment of Alzheimer’s Disease and Dementia: A Systematic Review. J. Alzheimers Dis. 2010, 22, 205–224.
[CrossRef]
Sydenham, E.; Dangour, A.D.; Lim, W.-S. Omega 3 Fatty Acid for the Prevention of Cognitive Decline and Dementia. Cochrane
Database Syst. Rev. 2012, CD005379. [CrossRef]
Chew, E.Y.; Clemons, T.E.; Agrón, E.; Launer, L.J.; Grodstein, F.; Bernstein, P.S. Age-Related Eye Disease Study 2 (AREDS2)
Research Group. Effect of Omega-3 Fatty Acids, Lutein/Zeaxanthin, or Other Nutrient Supplementation on Cognitive Function:
The AREDS2 Randomized Clinical Trial. J. Am. Med. Assoc. 2015, 314, 791–801. [CrossRef]
Tully, A.M.; Roche, H.M.; Doyle, R.; Fallon, C.; Bruce, I.; Lawlor, B.; Coakley, D.; Gibney, M.J. Low Serum Cholesteryl EsterDocosahexaenoic Acid Levels in Alzheimer’s Disease: A Case-Control Study. Br. J. Nutr. 2003, 89, 483–489. [CrossRef] [PubMed]
van Gelder, B.M.; Tijhuis, M.; Kalmijn, S.; Kromhout, D. Fish Consumption, n-3 Fatty Acids, and Subsequent 5-y Cognitive
Decline in Elderly Men: The Zutphen Elderly Study. Am. J. Clin. Nutr. 2007, 85, 1142–1147. [CrossRef] [PubMed]
Sioen, I.A.; Pynaert, I.; Matthys, C.; De Backer, G.; Van Camp, J.; De Henauw, S. Dietary Intakes and Food Sources of Fatty Acids
for Belgian Women, Focused on n-6 and n-3 Polyunsaturated Fatty Acids. Lipids 2006, 41, 415–422. [CrossRef] [PubMed]
Salem, N.; Eggersdorfer, M. Is the World Supply of Omega-3 Fatty Acids Adequate for Optimal Human Nutrition? Curr. Opin.
Clin. Nutr. Metab. Care 2015, 18, 147–154. [CrossRef]
Blasbalg, T.L.; Hibbeln, J.R.; Ramsden, C.E.; Majchrzak, S.F.; Rawlings, R.R. Changes in Consumption of Omega-3 and Omega-6
Fatty Acids in the United States during the 20th Century. Am. J. Clin. Nutr. 2011, 93, 950–962. [CrossRef]
Meyer, B.J. Are We Consuming Enough Long Chain Omega-3 Polyunsaturated Fatty Acids for Optimal Health? Prostag. Leukotr.
Essent. Fat. Acids 2011, 85, 275–280. [CrossRef]
Mosca, L.; Benjamin, E.J.; Berra, K.; Bezanson, J.L.; Dolor, R.J.; Lloyd-Jones, D.M.; Newby, L.K.; Piña, I.L.; Roger, V.L.; Shaw, L.J.; et
al. Effectiveness-Based Guidelines for the Prevention of Cardiovascular Disease in Women—2011 Update: A Guideline from the
American Heart Association. Circulation 2011, 123, 1243–1262. [CrossRef]
Aranceta, J.; Pérez-Rodrigo, C. Recommended Dietary Reference Intakes, Nutritional Goals and Dietary Guidelines for Fat and
Fatty Acids: A Systematic Review. Br. J. Nutr. 2012, 107 (Suppl. S2), S8–S22. [CrossRef]
Brenna, J.T. Efficiency of Conversion of Alpha-Linolenic Acid to Long Chain n-3 Fatty Acids in Man. Curr. Opin. Clin. Nutr. 2002,
5, 127–132. [CrossRef]
Goyens, P.L.L.; Spilker, M.E.; Zock, P.L.; Katan, M.B.; Mensink, R.P. Conversion of Alpha-Linolenic Acid in Humans Is Influenced
by the Absolute Amounts of Alpha-Linolenic Acid and Linoleic Acid in the Diet and Not by Their Ratio. Am. J. Clin. Nutr. 2006,
84, 44–53. [CrossRef]
Samman, S.; Kung, F.P.; Carter, L.M.; Foster, M.J.; Ahmad, Z.I.; Phuyal, J.L.; Petocz, P. Fatty Acid Composition of Certified Organic,
Conventional and Omega-3 Eggs. Food Chem. 2009, 116, 911–914. [CrossRef]
Cunningham, E. Are Krill Oil Supplements a Better Source of N-3 Fatty Acids than Fish Oil Supplements? J. Acad. Nutr. Diet.
2012, 112, 344. [CrossRef] [PubMed]
Ulven, S.M.; Holven, K.B. Comparison of Bioavailability of Krill Oil versus Fish Oil and Health Effect. Vasc. Health Risk Manag.
2015, 11, 511–524. [CrossRef] [PubMed]
Destaillats, F.; Oliveira, M.; Bastic Schmid, V.; Masserey-Elmelegy, I.; Giuffrida, F.; Thakkar, S.K.; Dupuis, L.; Gosoniu, M.L.;
Cruz-Hernandez, C. Comparison of the Incorporation of DHA in Circulatory and Neural Tissue When Provided as Triacylglycerol
(TAG), Monoacylglycerol (MAG) or Phospholipids (PL) Provides New Insight into Fatty Acid Bioavailability. Nutrients 2018, 10,
620. [CrossRef] [PubMed]
Hachem, M.; Nacir, H.; Picq, M.; Belkouch, M.; Bernoud-Hubac, N.; Windust, A.; Meiller, L.; Sauvinet, V.; Feugier, N.; LambertPorcheron, S.; et al. Docosahexaenoic Acid (DHA) Bioavailability in Humans after Oral Intake of DHA-Containing Triacylglycerol
or the Structured Phospholipid AceDoPC® . Nutrients 2020, 12, 251. [CrossRef]
Shen, Z.; Apriani, C.; Weerakkody, R.; Sanguansri, L.; Augustin, M.A. Food Matrix Effects on in Vitro Digestion of Microencapsulated Tuna Oil Powder. J. Agric. Food Chem. 2011, 59, 8442–8449. [CrossRef]
Schram, L.B.; Nielsen, C.J.; Porsgaard, T.; Nielsen, N.S.; Holm, R.; Mu, H. Food Matrices Affect the Bioavailability of (N−3)
Polyunsaturated Fatty Acids in a Single Meal Study in Humans. Food Res. Int. 2007, 40, 1062–1068. [CrossRef]
Sauveur, B. Reproduction des Volailles et Production D’oeufs; Quae: Paris, France, 1988.

Foods 2021, 10, 6

49.

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.
62.
63.
64.

65.

66.
67.
68.
69.
70.
71.

72.
73.
74.
75.

19 of 20

Hernell, O.; Staggers, J.E.; Carey, M.C. Physical-Chemical Behavior of Dietary and Biliary Lipids during Intestinal Digestion
and Absorption. 2. Phase Analysis and Aggregation States of Luminal Lipids during Duodenal Fat Digestion in Healthy Adult
Human Beings. Biochemistry 1990, 29, 2041–2056. [CrossRef]
Folch, J.; Lees, M.; Sloane Stanley, G.H. A Simple Method for the Isolation and Purification of Total Lipides from Animal Tissues.
J. Biol. Chem. 1957, 226, 497–509.
Lopez, C.; Briard-Bion, V.; Menard, O.; Rousseau, F.; Pradel, P.; Besle, J.-M. Phospholipid, Sphingolipid, and Fatty Acid
Compositions of the Milk Fat Globule Membrane Are Modified by Diet. J. Agric. Food Chem. 2008, 56, 5226–5236. [CrossRef]
Church, F.C.; Swaisgood, H.E.; Porter, D.H.; Catignani, G.L. Spectrophotometric Assay Using O-Phthaldialdehyde for Determination of Proteolysis in Milk and Isolated Milk Proteins1. J. Dairy Sci. 1983, 66, 1219–1227. [CrossRef]
Noguchi, K.; Gel, Y.R.; Brunner, E.; Konietschke, F. NparLD: An R Software Package for the Nonparametric Analysis of
Longitudinal Data in Factorial Experiments. J. Stat. Softw. 2012, 50. [CrossRef]
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2014.
Konietschke, F.; Placzek, M.; Schaarschmidt, F.; Hothorn, L.A. Nparcomp: An R Software Package for Nonparametric Multiple
Comparisons and Simultaneous Confidence Intervals. J. Stat. Softw. 2015, 64, 1–17. [CrossRef]
Jensen, M.S.; Gabert, V.M.; Jørgensen, H.; Engberg, R.M. Collection of Pancreatic Juice from Growing Pigs. Int. J. Pancreatol. 1997,
21, 173–184. [CrossRef] [PubMed]
Zebrowska, T.; Low, A.G.; Zebrowska, H. Studies on Gastric Digestion of Protein and Carbohydrate, Gastric Secretion and
Exocrine Pancreatic Secretion in the Growing Pig. Br. J. Nutr. 1983, 49, 401–410. [CrossRef] [PubMed]
Zebrowska, T.; Low, A.G. The Influence of Diets Based on Whole Wheat, Wheat Flour and Wheat Bran on Exocrine Pancreatic
Secretion in Pigs. J. Nutr. 1987, 117, 1212–1216. [CrossRef]
Carbonell-Capella, J.M.; Buniowska, M.; Barba, F.J.; Esteve, M.J.; Frígola, A. Analytical Methods for Determining Bioavailability
and Bioaccessibility of Bioactive Compounds from Fruits and Vegetables: A Review. Compr. Rev. Food Sci. Food Saf. 2014, 13,
155–171. [CrossRef]
Dima, C.; Assadpour, E.; Dima, S.; Jafari, S.M. Bioavailability and Bioaccessibility of Food Bioactive Compounds; Overview and
Assessment by in Vitro Methods. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2862–2884. [CrossRef]
Adeola, O.; Xue, P.C.; Cowieson, A.J.; Ajuwon, K.M. Basal Endogenous Losses of Amino Acids in Protein Nutrition Research for
Swine and Poultry. Anim. Feed Sci. Tech. 2016, 221, 274–283. [CrossRef]
Kazuo, M. Prevention of Fish Oil Oxidation. J. Oleo Sci. 2019, 68, 1–11. [CrossRef]
Lapenna, D.; Ciofani, G. Chromium and Human Low-Density Lipoprotein Oxidation. J. Trace Elem. Med. Bio. 2020, 59, 126411.
[CrossRef] [PubMed]
Nau, F.; Nyemb-Diop, K.; Lechevalier, V.; Floury, J.; Serrière, C.; Stroebinger, N.; Boucher, T.; Guérin-Dubiard, C.; Ferrua, M.J.;
Dupont, D.; et al. Spatial-Temporal Changes in PH, Structure and Rheology of the Gastric Chyme in Pigs as Influenced by Egg
White Gel Properties. Food Chem. 2019, 280, 210–220. [CrossRef] [PubMed]
Barbé, F.; Ménard, O.; Le Gouar, Y.; Buffière, C.; Famelart, M.-H.; Laroche, B.; Le Feunteun, S.; Dupont, D.; Rémond, D. The Heat
Treatment and the Gelation Are Strong Determinants of the Kinetics of Milk Proteins Digestion and of the Peripheral Availability
of Amino Acids. Food Chem. 2013, 136, 1203–1212. [CrossRef] [PubMed]
Hellström, P.M.; Grybäck, P.; Jacobsson, H. The Physiology of Gastric Emptying. Best Pract. Res. Clin. Anaesthesiol. 2006, 20,
397–407. [CrossRef] [PubMed]
Kong, F.; Singh, R. Disintegration of Solid Foods in Human Stomach. J. Food Sci. 2008, 73, R67–R80. [CrossRef]
Thévenot, J.; Cauty, C.; Legland, D.; Dupont, D.; Floury, J. Pepsin Diffusion in Dairy Gels Depends on Casein Concentration and
Microstructure. Food Chem. 2017, 223, 54–61. [CrossRef]
Luo, Q.; Borst, J.W.; Westphal, A.H.; Boom, R.M.; Janssen, A.E.M. Pepsin Diffusivity in Whey Protein Gels and Its Effect on
Gastric Digestion. Food Hydrocoll. 2017, 66, 318–325. [CrossRef]
Somaratne, G.; Nau, F.; Ferrua, M.J.; Singh, J.; Ye, A.; Dupont, D.; Singh, R.P.; Floury, J. Characterization of Egg White Gel
Microstructure and Its Relationship with Pepsin Diffusivity. Food Hydrocoll. 2020, 98, 105258. [CrossRef]
Floury, J.; Bianchi, T.; Thévenot, J.; Dupont, D.; Jamme, F.; Lutton, E.; Panouillé, M.; Boué, F.; Le Feunteun, S. Exploring the
Breakdown of Dairy Protein Gels during in Vitro Gastric Digestion Using Time-Lapse Synchrotron Deep-UV Fluorescence
Microscopy. Food Chem. 2018, 239, 898–910. [CrossRef]
Carlier, H.; Bernard, A.; Caselli, C. Digestion and Absorption of Polyunsaturated Fatty Acids. Reprod. Nutr. Dev. 1991, 31, 475–500.
[CrossRef]
Trotter, P.J.; Ho, S.Y.; Storch, J. Fatty Acid Uptake by Caco-2 Human Intestinal Cells. J. Lipid Res. 1996, 37, 336–346. [PubMed]
Abumrad, N.A.; Park, J.H.; Park, C.R. Permeation of Long-Chain Fatty Acid into Adipocytes. Kinetics, Specificity, and Evidence
for Involvement of a Membrane Protein. J. Biol. Chem. 1984, 259, 8945–8953. [PubMed]
Stremmel, W.; Strohmeyer, G.; Berk, P.D. Hepatocellular Uptake of Oleate Is Energy Dependent, Sodium Linked, and Inhibited
by an Antibody to a Hepatocyte Plasma Membrane Fatty Acid Binding Protein. Proc. Natl. Acad. Sci. USA 1986, 83, 3584–3588.
[CrossRef] [PubMed]

Foods 2021, 10, 6

76.

77.
78.
79.

80.

81.

20 of 20

Sorrentino, D.; Robinson, R.B.; Kiang, C.L.; Berk, P.D. At Physiologic Albumin/Oleate Concentrations Oleate Uptake by Isolated
Hepatocytes, Cardiac Myocytes, and Adipocytes Is a Saturable Function of the Unbound Oleate Concentration. Uptake Kinetics
Are Consistent with the Conventional Theory. J. Clin. Investig. 1989, 84, 1325–1333. [CrossRef] [PubMed]
Dash, S.; Xiao, C.; Morgantini, C.; Lewis, G.F. New Insights into the Regulation of Chylomicron Production. Annu. Rev. Nutr.
2015, 35, 265–294. [CrossRef] [PubMed]
Dasilva, G.; Boller, M.; Medina, I.; Storch, J. Relative Levels of Dietary EPA and DHA Impact Gastric Oxidation and Essential
Fatty Acid Uptake. J. Nutr. Biochem. 2018, 55, 68–75. [CrossRef]
Al-Mashhadi, R.H.; Sørensen, C.B.; Kragh, P.M.; Christoffersen, C.; Mortensen, M.B.; Tolbod, L.P.; Thim, T.; Du, Y.; Li, J.; Liu, Y.; et
al. Familial Hypercholesterolemia and Atherosclerosis in Cloned Minipigs Created by DNA Transposition of a Human PCSK9
Gain-of-Function Mutant. Sci. Transl. Med. 2013, 5, 166ra1. [CrossRef] [PubMed]
Renner, S.; Fehlings, C.; Herbach, N.; Hofmann, A.; von Waldthausen, D.C.; Kessler, B.; Ulrichs, K.; Chodnevskaja, I.; Moskalenko,
V.; Amselgruber, W.; et al. Glucose Intolerance and Reduced Proliferation of Pancreatic Beta-Cells in Transgenic Pigs with
Impaired Glucose-Dependent Insulinotropic Polypeptide Function. Diabetes 2010, 59, 1228–1238. [CrossRef]
Hao, Y.H.; Yong, H.Y.; Murphy, C.N.; Wax, D.; Samuel, M.; Rieke, A.; Lai, L.; Liu, Z.; Durtschi, D.C.; Welbern, V.R.; et al.
Production of Endothelial Nitric Oxide Synthase (ENOS) over-Expressing Piglets. Transgenic Res. 2006, 15, 739–750. [CrossRef]

