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Abstract: Although widely consumed, dietary supplements based on Vitamin C contain high doses of
this compound, whose impact on lipid oxidation during digestion needs to be addressed. Therefore,
the effect of seven commercial supplements and of pure L-ascorbic acid and ascorbyl palmitate on
linseed oil during in vitro gastrointestinal digestion was tackled. The advance of lipid oxidation was
studied through the generation of oxidation compounds, the degradation of polyunsaturated fatty
acyl chains and of gamma-tocopherol, by employing Proton Nuclear Magnetic Resonance. Supple-
ments containing exclusively L-ascorbic acid enhanced the advance of linseed oil oxidation during
digestion. This was evidenced by increased formation of linolenic-derived conjugated hydroxy-dienes
and alkanals and by the generation of conjugated keto-dienes and reactive alpha,beta-unsaturated
aldehydes, such as 4,5-epoxy-2-alkenals; moreover, gamma-tocopherol was completely degraded.
Conversely, supplements composed of mixtures of ascorbic acid/salt with citric acid and carotenes,
and of ascorbyl palmitate, protected linseed oil against oxidation and reduced gamma-tocopherol
degradation. The study through Solid Phase Microextraction-Gas Chromatography/Mass Spectrome-
try of the volatile compounds of the digests corroborated these findings. Furthermore, a decreased
lipid bioaccessibility was noticed in the presence of the highest dose of L-ascorbic acid. Both the
chemical form of Vitamin C and the presence of other ingredients in dietary supplements have shown
to be of great relevance regarding oxidation and hydrolysis reactions occurring during lipid digestion.

Keywords: vitamin C supplements; ascorbic acid; ascorbyl palmitate; in vitro gastrointestinal diges-
tion; flaxseed oil; lipid oxidation; lipolysis; oxygenated alpha,beta-unsaturated aldehydes; "H NMR;
SPME-GC/MS

1. Introduction

The occurrence of lipid oxidation during gastrointestinal digestion has been evidenced
in recent decades [1,2]. In this context, several works have been devoted to shedding light
on the extent of this reaction during digestion and the factors affecting it, as well as on
the potentially relevant role of dietary antioxidants in minimizing the negative impact
of the occurrence of oxidation reactions in the gastrointestinal tract [3-5]. Indeed, the
oxidation of food lipids under digestive conditions would lead not only to a loss of their
nutritional value but also to the generation of derived products of very different nature,
which could exert negative effects in the gastrointestinal tract itself and /or be absorbed
through the intestinal cells and further promote diseases [6—8]. Thus, the generation
under in vitro, ex vivo and in vivo gastrointestinal conditions of cytotoxic and genotoxic
oxygenated alpha,beta-unsaturated aldehydes, such as 4-hydroxy-2-nonenal or 4,5-epoxy-
2-heptenal, from polyunsaturated lipids has been reported [5,9-14]. Concomitantly, under
such oxidative conditions, other minor food components of nutritional interest would
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also be oxidatively degraded before absorption, as reported for carotenes, catechins and
tocopherols [9,15-18].

Furthermore, in the last decade, there has been a clear trend among consumers to
increase the intake of antioxidant compounds, coming either from food or through the
consumption of dietary supplements. Among the molecules generally considered as
powerful antioxidants, there is Vitamin C or L-ascorbic acid. This compound, essential for
humans, is mainly provided through the consumption of fruits and vegetables and has
been reported to protect from cardiovascular disease, stroke, cancer and neurodegenerative
diseases [19,20]. Moreover, oral supplements of ascorbic acid or its derivatives (ascorbyl
palmitate or stearate) are being commonly consumed worldwide in the belief that increased
amount of Vitamin C will provide increased resistance to oxidative stress and thus to
certain diseases [20]. However, there is still a debate regarding the health benefits of
Vitamin C, especially in relation to supplementation, as it is known that it may show
toxic pro-oxidant activity under certain conditions [19-24]. It must be noted that Vitamin
C supplementation presents at least two large differences in comparison with fruit and
vegetable consumption: (i) the amount of this compound provided by the supplement is
much higher than that naturally found in these foods; and (ii) the lack of other compounds
with potential antioxidant activity present in fruits and vegetables together with ascorbic
acid, dismissing the potential influence of an “antioxidant network” on the health benefits
attributed to Vitamin C.

Concerning in vitro digestion studies performed to date, a very small number of them
have investigated the effect of Vitamin C, as either ascorbic acid or ascorbyl palmitate,
on the advance of lipid oxidation under simulated digestion conditions. Moreover, it
must be pointed out that the concentrations studied were similar to those that could be
naturally ingested during a meal, which are much lower than those reached after Vita-
min C supplement intake. Even so, the reported results are inconclusive. Thus, early
studies regarding the effect of L-ascorbic acid on in vitro digestion of turkey meat with
human gastric fluids evidenced a lower formation of hydroperoxides when present at
0.25 mM [15]. More recently, Rysman et al. [25] detected significantly lower concentration
of Thiobarbituric Acid Reactive Substances (TBARS) in the in vitro gastrointestinal digests
of sausages containing 0.05% of sodium ascorbate, compared with the control. In line with
these results, during in vitro gastrointestinal digestion of low-fat beef meat a significant
inhibition of the generation of malondialdehyde, hexanal and 4-hydroxy-2-nonenal was
reported in the presence of L-ascorbic acid at concentrations ranging from 0.7 to 3.0 mM,
approximately [11]. However, in this latter study, the opposite effect was observed in the
case of high-fat beef meat in vitro digestion. Likewise, Larsson et al. [12] evidenced that
the formation of malondialdehyde and 4-hydroxy-2-hexenal increased in the presence of
ascorbic acid at 0.085 mM during cod liver oil dynamic in vitro digestion. In contradiction
with the above-mentioned studies, Tarvainen et al. [26] did not observe significant differ-
ences in the amount of oxidized compounds after in vitro gastrointestinal digestion of fresh
rapeseed oil in the absence or presence of L-ascorbic acid at ~0.5 and 4.8 mM, as well as in
the presence of ascorbyl palmitate at ~0.2 and 2.1 mM.

Vitamin C doses provided through supplements (e.g., 400-2500 mg/dose) significantly
exceed the Population Reference Intake of Vitamin C recommended by the European Food
Safety Authority, which is 95-110 mg/day for adults [27]. As this vitamin is hydrosoluble, it
is claimed that if ingested in certain excess, it will be excreted from the body via urine with-
out major health consequences. Despite some of the aforementioned studies [11,12] where
the generation of toxic lipid oxidation products under digestion conditions has been shown
to be enhanced by low doses of ascorbic acid, there is a lack of studies dealing with the effect
of high doses of Vitamin C on the oxidation reactions occurring in the gastrointestinal tract.
Therefore, it is considered of great interest to investigate what could happen when small
amounts of food lipids are ingested together with Vitamin C supplements. For this purpose,
linseed oil, a highly polyunsaturated edible oil prone to oxidation, will be submitted to
in vitro gastrointestinal digestion in the presence of seven commercial oral supplements
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of varied complexity, containing different chemical forms of Vitamin C (acid, salt or its
lipophilic derivative ascorbyl palmitate) and different doses (400-2500 mg/dose), as well
as in the presence of pure L-ascorbic acid and ascorbyl palmitate. Proton Nuclear Magnetic
Resonance ('H NMR) and Solid Phase Microextraction-Gas Chromatography/Mass Spec-
trometry (SPME-GC/MS) will be used to study simultaneously a broad range of linseed
oil oxidation products potentially formed during in vitro gastrointestinal digestion in the
presence of supplements and pure L-ascorbic acid and ascorbyl palmitate. Furthermore, 'H
NMR will also be employed to analyze the potential changes occurring during digestion
in the concentration of gamma-tocopherol, a minor component of linseed oil considered
as potential antioxidant, which could be degraded if involved in oxidation reactions. Fi-
nally, differences, if any, in the degradation of polyunsaturated fatty acyl chains and in
the lipolysis level reached among the digests will also be investigated through 'H NMR
where possible.

2. Materials and Methods
2.1. Dietary Supplements Based on Vitamin C, Edible Oil and Pure Compounds Employed

Seven oral dietary supplements based on Vitamin C (VC1-7) of different commercial
brands and showing different formulation and delivery form were acquired in local super-
markets. They were selected in order to cover a broad range of commercially available food
supplements of this kind of vitamin. Their composition according to the label is shown
in Table 1.

VC1 contains exclusively L-ascorbic acid powder, its recommended dose being
2500 mg/day. VC2, VC3 and VC4 are capsules containing 1500, 1000 and 500 mg of
L-ascorbic acid, respectively, and also additional components, such as certain bulking,
anti-caking and coating agents. VC5 consists of effervescent tablets containing 1000 mg of
L-ascorbic acid and other ingredients, such as citric acid, carotenes and sweeteners, among
others. VC6 are drinkable vials containing 1000 mg of liposomal encapsulated sodium
ascorbate (salt), in addition to other ingredients, such as orange juice concentrate, citric acid,
emulsifiers for the formation of liposomes, gellan gum, sweeteners or beta-carotene. VC7
contains 400 mg of ascorbyl palmitate together with bulking agents in a cellulose capsule.

The edible oil employed for in vitro digestion experiments was a commercial virgin
linseed oil (L). This oil was selected because it is especially prone to oxidation due to its
high content of polyunsaturated linolenic (C18:3n-3) acyl groups.

Bearing in mind the potential influence of other components in the dietary supple-
ments (included as ingredients or coming from capsules’ composition; see Table 1), for
comparative purposes, pure L-ascorbic acid (CAS 50-81-7, purity: 99%, Merck KGaA, Darm-
stadt, Germany) and ascorbyl palmitate (CAS 137-66-6, purity: >98%, CarboSynth Ltd.,
Berkshire, UK) were also purchased and used for in vitro digestion experiments. In the case
of ascorbyl palmitate, the amount of 400 mg was selected (AP) because it was the amount
present in VC7 supplement, according to the manufacturer. Taking this as a reference, the
following quantities of L-ascorbic acid were added to linseed oil samples: 170 mg (Asc1)
(equimolar amount of 400 mg of ascorbyl palmitate) and 400 mg (Asc2).

Table 1. Composition of the different commercial supplements based on Vitamin C assayed (VC1-7)

according to the label.
Supplement Format Composition
Vel Powder L-ascorbic acid powder (crystal form), whose recommended dose
is a half tea spoon (2500 mg).
L-ascorbic acid (1500 mg), rose hip powder (30 mg), bulking agents
(microcrystalline cellulose, hydroxypropyl methylcellulose), anti-caking
vC2 Capsule . o L L .
agents (magnesium stearate, silicon dioxide, stearic acid); coating agents
(hydroxypropyl methylcellulose, glycerin); cellulose gum.
VC3 Capsule L-ascorbic acid (1000 mg), anti-caking agent (magnesium stearate),

hydroxypropyl methylcellulose capsule, coating agent (ethylcellulose).
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Table 1. Cont.

Supplement

Format Composition

VC4

VC5

VCé6

vC7

L-ascorbic acid (500 mg), bulking agents (microcrystalline cellulose,
Capsule ethylcellulose), anti-caking agent (magnesium stearate),
hydroxypropyl methylcellulose capsule.
L-ascorbic acid (1000 mg), acidulant (citric acid), acidity regulator

Effervescent tablet (sodium carbonate), sweetener (sorbitol), hardener (polyethylene glycol),

colorant (carotenes), aroma-sweetener (sucralose, neohesperidin DC).
Water, sodium ascorbate (1000 mg), orange juice concentrate, aromas,
acidity regulator (citric acid), emulsifiers (phosphatidylcholine,
polysorbate 20), preservative (potassium sorbate), thickening agent
(gellan gum), sweetener (sucralose), colorant (beta-carotene).
Capsule Ascorbyl palmitate (400 mg), cellulose capsule, bulking agent (cellulose).

10 mL vial

2.2. In Vitro Gastrointestinal Digestion

The in vitro digestion model employed is a semi-static procedure that mimics digestive
processes occurring in the mouth, stomach and duodenum by sequentially adding digestive
juices (saliva, gastric juice, duodenal juice and bile juice) to the sample, while incubated
at 37 £+ 2 °C and rotated head-over-heels throughout the duration of the experiment.
The transit times employed for oral, gastric and intestinal steps were 5 min, 2h and 4 h,
respectively. This in vitro procedure was initially developed by Versantvoort et al. [28]
and slightly modified later to reach a higher degree of lipolysis, similar to that occurring
in vivo [29]. In the Supplementary Materials Section, a detailed description of the digestion
procedure can be found (Section S1), as well as of the composition of the simulated digestive
juices (see Table S1).

Aliquots of linseed oil (0.5 g) were submitted in triplicate to in vitro gastrointestinal
digestion in the absence and in the presence of each one of the aforementioned dietary
supplements (VC1-7) and of pure compounds AP, Ascl-2. The in vitro digests obtained
from linseed oil in the absence of supplements or pure compounds were named DL.
Those obtained from co-digestion of linseed oil with supplements were named DLVC1-7
and with pure compounds, DLAP, DLAscl and DLAsc2. Taking into account the total
volume of digestive juices employed during the gastric and intestinal steps (18 and 38 mL,
respectively—see Section S1 of the Supplementary Materials) and the supplement dosage
(see Table 1), the concentrations of Vitamin C during the gastric and intestinal steps were
estimated to be 54 and 25 mM in the case of DLAsc1l, DLAP and DLVCY7; 126 and 60 mM
for DLAsc2; 158 and 75 mM for DLV(C4; 203 and 118 mM for DLVC6; 315 and 149 mM for
DLVC3 and DLVC5; 473 and 224 mM for DLVC2; and 789 and 374 mM for DLVC1.

2.3. Lipid Extraction for Further Analysis through 'H NMR

Lipids of the in vitro linseed oil digests were extracted following the same method-
ology as in previous studies [29,30]. A liquid-liquid extraction of 38 mL of digest was
performed, involving three extraction stages, each with 20 mL of dichloromethane (CH,Cl,,
HPLC grade, Merck KGaA, Darmstadt, Germany). Afterward, to ensure a complete proto-
nation of fatty acids and/or the dissociation of the potential salts formed, the remaining
water phase was acidified to pH ~ 2 with HCl (37%, Merck KGaA), and a second extraction
was carried out (3 x 20 mL). All CH,Cl, extracts of each sample were mixed, and the
solvent was eliminated by means of a rotary evaporator under reduced pressure at room
temperature and protected from light exposure. The concentrated lipid residue was stored
at —80 °C until its analysis through 'H NMR.

2.4. Study through 'H NMR of the Starting Oil and of the Lipid Extracts of the Digests
2.4.1. Preparation of the Lipid Samples and Operating Conditions for Spectra Acquisition

The 'H NMR spectra of linseed oil (L) and of the lipid extracts of several digests
(DL, DLVC1-7, DLAsc1-2, DLAP) were acquired in duplicate using a Bruker Avance
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400 spectrometer operating at 400 MHz. Since in vitro digestion experiments were carried
out in triplicate, a total n of 6 was obtained for each sample. As for sample preparation,
200 pL of oil or of the digested lipid extract was mixed in a 5 mm diameter 'H NMR
tube with 400 uL deuterated chloroform (CDCl3), which contained 0.2% of non-deuterated
chloroform and a small proportion of tetramethylsilane (Euroisotop, Paris, France). For
each tube, two experiments were carried out: a standard single-pulse 'H NMR experiment
and a NOESYGPPS experiment. This latter consists of a one-dimensional 'H NMR pulse
sequence with selective suppression of the strong proton signals of linseed oil acyl groups
A,B,C,E F G,Hand T (see Table S2 in Supplementary Materials Section); this increases
the sensitivity regarding the spectral region, ranging from 5.8 to 9.8 ppm, and thus enables
the detection and quantification of certain minor compounds that are not present in suf-
ficient concentrations to be detected by standard pulse experiment [31]. The acquisition
parameters of both experiments were the same as those used in previous studies [31,32].
The relaxation delay and acquisition time allow a complete relaxation of the protons, the
signal areas thus being proportional to the number of protons that generate them, making
it possible to use them for quantitative purposes.

The 'H NMR spectra shown in Figure 1 were plotted at a fixed value of absolute
intensity to be valid for comparative purposes and processed using MNova program
(Mestrelab Research, Santiago de Compostela, Spain). Assignment of the chemical shifts
and multiplicities of the 'H NMR signals in deuterated chloroform (CDCl3) are provided
in Table 2.

2.4.2. Quantitative Determinations from 'H NMR Spectral Data

Several quantitative determinations were performed by using spectral data obtained
from both the recorded standard and multisuppressed 'H NMR spectra because, as previ-
ously commented, the area of each 'H NMR spectral signal is proportional to the number
of protons that generate it, and the proportionality constant in the 'H NMR spectrum is
the same for all kinds of protons. This is true for all the signals appearing in the standard
single-pulse spectrum and for the nonsuppressed ones of the NOESYGPPS spectrum. The
equations employed for all these determinations are the same as in previous studies [17,33]
and are provided in the Supplementary Materials Section.

Thus, for all the samples, the area of certain nonsuppressed signals of the multisup-
pressed NOESYGPPS pulse spectra was employed to estimate the concentration, expressed
as umol/mol of acyl groups and fatty acids (AG + FA), of several oxidation products:
Z,E-conjugated dienic systems supported in chains also comprising a hydroperoxy (Z,E-
CD-OOH) or a hydroxy group (Z,E-CD-OH); Z,E- or E,Z-conjugated dienes supported in
chains also comprising a keto group (Z,E-CD=0); and several kinds of aldehydes (alka-
nals, E-2-alkenals, E,Z- and E,E-2,4-alkadienals and 4,5-epoxy-E-2-alkenals). The equations
used for these estimations are provided as Supplementary Materials (see Section S2.1,
Equations (51)—(54)).

The area of certain spectral signals in the standard pulse spectra was used to determine
the molar proportions of the polyunsaturated fatty acyl chains present in certain samples,
i.e., of linolenic (C18:3n-3) and linoleic (C18:2n-6) chains, using Equations (S5) and (56)
provided in Supplementary Materials (Section 52.2). The chemical shift assignments and
multiplicities of the 'H NMR signals in CDCl3 of the main protons of fatty acyl chains are
displayed in Table S2 of the Supplementary Materials Section. Given that pure ascorbyl
palmitate (AP) and some of the studied supplements (VC2-4, VC6, VC7) included stearic
and palmitic acid esters and phospholipids (see Table 1), the corresponding digests were
not considered because a higher proportion of saturated or linoleic chains coming from the
supplement itself would be present in them in comparison with linseed oil digest (DL). As
this could distort the interpretation of the results obtained concerning the changes in the
molar percentages of polyunsaturated chains after digestion, DL, DLAsc1-2, DLVC1 and
DLVC5 were the only samples considered for discussion.
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Moreover, the area of nonsuppressed signal i of the multisuppressed NOESYGPPS
pulse spectra was employed to estimate gamma-tocopherol concentration in all the digest
subjects of study, expressed as pmol/mol AG + FA, and using Equation (57) provided in
the Supplementary Materials (Section 52.3).

Finally, the area of certain spectral signals in the standard pulse spectrum was used
to estimate the molar proportions of several kinds of glyceryl structures present in the
lipid extracts of the digests, i.e., triglycerides (TG), 1,2- and 1,3-diglycerides (1,2-DG and
1,3-DG), 1- and 2-monoglycerides (1-MG and 2-MG) and glycerol (Gol). The chemical
shift assignments and multiplicities of the 'H NMR signals in CDClj of the main protons
of glycerides are displayed in Table S2 of the Supplementary Materials Section, and the
equations employed were Equations (58)—(522) (Section 52.4). In addition, in order to
estimate the extent of lipolysis in digestion from a physiological point of view, as the
complete absorption of a TG only requires its conversion into one MG and two FA, the
parameter lipid bioaccessibility (Lpa %) was also estimated using Equation (523). This
parameter informs about the proportions of absorbable lipidic molecules released during
digestion (MG and FA). As described before, taking into account that ascorbyl palmitate
(AP) and some of the studied supplements (VC2-4, VC6, VC7) included stearic and palmitic
acid esters and phospholipids (see Table 1) that would be hydrolyzed during digestion
into fatty acids, DL, DLAsc1-2, DLVC1 and DLVCS5 were the only samples considered
for discussion.

2.5. Study through SPME-GC/MS of the Headspace Composition of the Digests

The study of several samples through Solid Phase Microextraction followed by Gas
Chromatography/Mass Spectrometry (SPME-GC/MS) was carried out, following the same
methodology and operating conditions as in previous works [17,34]. The samples, all ana-
lyzed in duplicate, were DL, DLVC1-7, DLAsc1-2 and DLAP, obtained in each digestion ex-
periment carried out in triplicate (total n of 6). Likewise, after being submitted to digestion,
digestive juices and supplements digested in the absence of oil were also studied as controls
(data not shown). An amount of 0.5 g of the above-mentioned samples was transferred into
a 10 mL screw-cap vial and the volatile components of the headspace were extracted by us-
ing a CombiPAL autosampler (Agilent Technologies, Santa Clara, CA, USA). The fiber used
was coated with DVB/CAR/PDMS (Divinylbenzene/Carboxen/Polydimethylsiloxane,
50/30 um film thickness, 1 cm long), acquired from Supelco (Merck KGaA), which was
inserted into the headspace of the sample and maintained for 55 min at 50 °C, after a pre-
equilibration time of 5 min. Afterward, the fiber containing the extracted components was
desorbed for 10 min in the injection port (splitless mode with 5-min purge time) of a 7890 A
gas chromatograph equipped with a 5975 C inert mass selective detector MSD with Triple
Axis Detector (Agilent Technologies) and a computer operating with the ChemStation
program. The column and the operation conditions employed were the same as in previous
studies [17,34]. A reference sample of known composition was periodically analyzed in
order to verify the extraction efficiency, SPME fiber repeatability and the performance of
the equipment.

The identification of volatile components was mostly achieved by using commercial
standards acquired from Merck KGaA. When standards were not available, matching
of the mass spectra with those obtained from a commercial library at higher than 85%
(Wiley WONO8, Mass Spectral Database of the National Institute of Standards and Tech-
nology (NIST)) was used as identification criterion. Mass spectra provided in scientific
literature [35,36] were also taken into account for the identification of decatrienal and
nonatrienal.

The semi quantification of identified volatile components was performed on the basis
of the area counts of the base peak (Bp) of the mass spectrum of each compound divided by
10°. When the Bp of a compound overlapped with the same ion peak of the mass spectrum
of another compound, an alternative ion peak was selected. Although the chromatographic
response factor of each compound is different, the area counts thus determined are useful
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for the comparison of the abundance of each compound in the different samples. The
detection limit was established at an abundance of 50,000 area counts.

2.6. Statistical Analysis

The significance of the differences on several determinations made among the samples
was determined by one-way variance analysis (ANOVA) followed by Tukey b test at
p < 0.05, using SPSS software v.26 (IBM, Endicott, NY, USA).

3. Results and Discussion

The effect of the presence of various Vitamin C-based supplements and of pure L-
ascorbic acid and ascorbyl palmitate on certain important events occurring during the
in vitro digestion of linseed oil is addressed. The advance of linseed oil oxidation is studied
through the generation of oxidation compounds, the degradation of polyunsaturated fatty
acyl chains and of gamma-tocopherol employing 'H NMR. The generation of volatile
oxidation compounds during digestion is analyzed by SPME-GC/MS. Furthermore, the
occurrence of lipolysis during digestion is estimated in some digests from 'H NMR data.

3.1. Effect of the Presence of Various Vitamin C-Based Supplements and of Pure L-Ascorbic Acid
and Ascorbyl Palmitate on Linseed Oil Oxidation Occurring during Digestion

3.1.1. Effect on the Formation of Oxidation Compounds That Can Be Detected through
"H NMR

Figure 1 shows certain regions of the multisuppressed 'H NMR spectra of linseed
oil (L) together with those of the lipid extracts obtained after its in vitro digestion in the
absence (DL) and in the presence of either ascorbic acid /salt (DLAsc1-2 and DLVC1-6) or
ascorbyl palmitate (DLAP and DLVC?), in which proton signals of primary and secondary
oxidation products can be observed. The assignment of these signals is provided in Table 2,
and the estimated concentrations of the corresponding oxidation products detected in
several lipidic samples, given in pumol/mol AG + FA, are shown in Table 3.

Figure 1 reveals that the oil subject of study (L) already showed a very slight degree
of oxidation before being submitted to digestion. This is deduced from the presence in
its multisuppressed 'H NMR spectrum of signals a and h, attributable to Z,E-conjugated
dienes supported in octadecatrienoic fatty acyl chains also comprising a hydroxy group
(Z,E-CD-OH) and to the aldehydic proton of alkanals, respectively. Their estimated concen-
trations (see Table 3) can be considered very low and similar to those found in other fresh
edible oils rich in polyunsaturated acyl groups [17].

During the in vitro digestion of this highly polyunsaturated oil, not only the concen-
trations of these types of oxidation compounds increased (p > 0.05) slightly (see DL sample
in Figure 1 and Table 3), but the generation of hydroperoxy-Z,E-conjugated dienes (Z,E-
CD-OOH) derived from linolenic groups was also noticed (see signal b in DL spectrum),
the latter being oxidation products formed in the highest proportion, in agreement with
previous results [17,18].

The mixture of linseed oil with ascorbic acid, either pure (Ascl-2) or in the form of
supplements containing basically this compound (VC1-4), provoked a clear enhancement
of linseed oil oxidation during in vitro digestion. Thus, in the spectra corresponding to the
lipids of the in vitro digests of the previously mentioned samples (DLAsc1-2 and DLVC1-
4), increased intensities of the signals due to Z,E-CD-OH, Z,E-CD-OOH and alkanals
(signals a, b and h, respectively) in comparison with DL spectrum were observed (see
also concentrations in Table 3). Moreover, new signals attributable to protons of Z,E/E,Z-
conjugated dienes of keto-octadecatrienoic structures were also detected (see signal ¢ in
Figure 1). In addition, the generation of several kinds of alpha beta-unsaturated aldehydes
was also favored, inferred from the appearance of doublets d, e, f and g due to the aldehydic
proton of E-2-alkenals, E,E-2,4-alkadienals, 4,5-epoxy-E-2-alkenals and E,Z-2,4-alkadienals,
respectively. Among them, the high reactivity of the oxygenated 4,5-epoxy-E-2-alkenals
should be noticed [41]. These results are in line with those of Lee et al. [42], according
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to which Vitamin C (in the form of ascorbic acid) was very effective in decomposing
linoleic acid-derived hydroperoxides to genotoxins, among which 4,5-epoxy-E-2-decenal
was present.
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Figure 1. Enlargement of certain regions of the multisuppressed 1H NMR spectrum of linseed oil (L)
and of the corresponding lipid extracts obtained after in vitro digestion in the absence (DL) and in
the presence of supplements and pure L-ascorbic acid and ascorbyl palmitate (DLVC1-7, DLAsc1-2,
DLAP). The signal letters a to h correspond with those given in Table 2.

Table 2. Chemical shift assignments and multiplicities of the 'H NMR signals in CDCl3 of the main
protons of several primary and secondary oxidation products, as well as of gamma-tocopherol present
in linseed oil and in the lipid extracts of the various digests. The signal letters correspond with those
given in Figure 1.

Functional Group

Signal Chemical Shift (ppm) Multiplicit
& PP pRaty Type of Protons Compound
Signals Related to Several Primary and Secondary Oxidation Products
Conjugated Dienic Systems
- 5.38-5.46 m/dt
- 5.69 dd _ _ Z,E-conjugated double bonds associated with an hydroxy
- 5.99 t ~CH-CH-CH=CH- group (OH) in octadecatrienoic fatty acyl chain
a 6.51 dd
- 542 dt . . .
_ 556 dd Z,E-conjugated double bonds associated with an
] 6.00 t -CH=CH-CH=CH- hydroperoxy group (OOH) in octadecatrienoic fatty acyl
6.58 dd chain
c 7.50/7.48 dd/t —CO-CH=CH-CH=CH- Z,E- and E,Z-conjugated double bonds associated w1t};Ha

keto group (C=0) in octadecatrienoic fatty acyl chain ¢
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Table 2. Cont.

Functional Group

Signal Chemical Shift (ppm) Multiplicity
Type of Protons Compound
Aldehydes ™)
d 9.49 d -CHO E-2-alkenals
e 9.52 d -CHO E,E-24-alkadienals
f 9.55 d -CHO 4,5-epoxy-E-2-alkenals
g 9.60 d -CHO E,Z-24-alkadienals
h 9.75 t -CHO alkanals
Signals related to linseed oil minor components )
—Cs5-

i 6.36 s W gamma-tocopherol

H= 5

Abbreviations: d: doublet; t: triplet; m: multiplet; s: singlet. Assignments corresponding with: ® [37]; @ [38];
() 139]; ™) [17,32]; V) [40].

Overall, as shown in Table 3, the estimated concentration of total conjugated dienic
structures present in long chains in linseed oil digests was approximately 1.5-2-fold higher
in DLAsc1-2 and DLVC1—4 than in DL, and that of total aldehydes from approximately
4-fold higher in DLVC2 up to ~18-fold higher in DLAsc2. The ability of ascorbic acid to
enhance lipid oxidation under certain conditions has been related to its capacity to reduce
transition metal ions, which would in turn promote the formation of reactive free radicals
that would favor lipid oxidation [21]. In this regard, it should be noticed that the presence
of traces of metal ions in the reaction medium cannot be discarded, since previous studies
have already reported their presence in edible vegetable oils, especially in the case of such
virgin oils as the one employed in this study, as well as in porcine enzymes and extracts
employed for preparing digestive juices [43,44]. Although the prooxidant behavior of
ascorbic acid has been reported to be of relevance when this compound is present at low
concentrations [45], the results of this study suggest that increased lipid oxidation also
takes place in the presence of high concentrations of ascorbic acid in relation to that of
lipids (170-2500 mg ascorbic acid/salt plus 0.5 g oil submitted to in vitro digestion).

It is also worth noticing that, whereas similar effects on conjugated dienes generation
were observed for all doses of ascorbic acid, variations in the levels of aldehydes were
found among digests, those coming from the mixtures of linseed oil with pure ascorbic
acid (DLAsc1-2) showing the highest concentrations. However, no relationship was found
between the amount of ascorbic acid and the level of oxidation products in the digests.
As an example, despite a great difference between the amount of the ascorbic acid-based
supplement VC1 added to the samples submitted to digestion (2500 mg) and that con-
tained in VC4 (500 mg), the generation of oxidation products was of similar order in their
corresponding digests (see DLVC1 and DLVC4 samples in Table 3).
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Table 3. Concentration of the various types of lipid oxidation products, estimated from 'H NMR data, in linseed oil before (L) and after in vitro digestion, either in

the absence (DL) or in the presence of supplements and pure L-ascorbic acid and ascorbyl palmitate (DLVC1-7, DLAsc1-2, DLAP). Data are expressed as micromole

per mole of acyl groups plus fatty acids (umol/mol AG + FA). Data reported are mean values together with standard deviation from analysis in duplicate of three

samples of each kind (n = 6). Different letters within each column indicate a significant difference (p < 0.05) among the samples.

Conjugated dienes (umol/mol AG + FA) Aldehydes (umol/mol AG + FA)
Z,E-CD-OOH Z,E-CD-OH Z,E-CD=0 Total CD Alkanals E-2-alk E,Z-2,4-alk E,E-2,4-alk Epoxy-alk Total Aldehydes
L - 1178.7 +40.22 - 1178.7 +40.22 63.8 +3.72 - - - - 63.8 £3.72
DL 1489.2 26942 1438.7 £ 27432 - 2927.9 + 462.8° 125.2 +29.22 - - - - 1252 4+29.22
DLAsc1 1913.0 +421.72 24414 £59.1°¢ 1759.4 + 263.1 9 6113.8 £ 721.2°¢ 7392 £19.2¢ 189.2 + 21,52 179.6 + 14.2° 626.6 & 14.5 9 1155+ 772 1850.1 & 49.0 4
DLAsc2 1919.0 £ 619.5% 2457.3 + 310.0 1607.4 + 231.2 <4 5983.7 £ 952.6 ¢ 8445+ 815 f 263.5+57.1P 2339 +10.2°¢ 760 £43.4°¢ 204.2 +34.6P 2306.5 + 205.2 ¢
DLVC1 1952.7 +278.82 2478.3 £ 464.1°¢ 1342.2 4+ 147.0 b° 5773.2 + 8879 ¢ 3045+244°¢ 265.5 £ 439" 148.1 4 65.7° 326.4 +49.0° 187.7 + 41.8" 12322 £2185¢
DLvVC2 22743 +474.02 1623.3 + 349.0 578.4 +106.3 ° 4476.0 = 813.5¢ 182.8 + 232" 109.4 £ 1522 679 +5.02 933 +105% 67.8 £15.6% 521.2 + 46.4°
DLVC3 1886.2 +449.4 7 2292.4 + 185.4 b¢ 1104.4 + 120.7° 5283.0 +755.4 ¢ 431.3 +£27.09 216.5 + 36.1 2P 159.9 +£2.1°P 307.7 £1.1° 169.1 +13.4 1283.9 +48.7 ¢
DLVC4 1653.4 +330.02 224314 193.9%  1224.4 +3423b¢ 51209 4749 ¢ 4299 +£15349 1452 £3652 127.4 +25.0" 403.5+69.3€ 1185428472 12875 +£131.2°¢
DLVC5 - 1131.9 £215.82 - 11319 £215.82 162.6 + 132" - - - - 162.6 £13.22
DLVCe - 1067.2 £171.12 - 1067.2 £171.12 1754 + 16.7° - - - - 1754 £ 16.72
DLAP - 1225.0 +£179.82 - 1225.0 £ 179.82 148.6 4 26.3 2P 185.7 4 24.9 20 - - - 334.3 £2.0%
DLVC7? - 1008.8 +224.82 - 1008.8 +224.82 138.3 £13.1% 182.4 + 86.8 ° - - - 320.6 +99.3 2

Abbreviations: Z,E-CD-OOH: cis,trans-conjugated dienic systems supported in chains also comprising a hydroperoxy group; Z,E-CD-OH: cis,trans-conjugated dienic systems supported
in chains also comprising a hydroxy group; Z,E-CD=0: cis,trans- or trans,cis-conjugated dienic systems supported in chains also comprising a keto group. Total CD: sum of
conjugated dienic systems supported in long chains also comprising a hydroperoxy, hydroxy or keto group. E-2-alk: trans-2-alkenals; E,Z-2,4-alk: trans,cis-2,4-alkadienals; E,E-2,4-alk:

trans,trans-2,4-alkadienals; Epoxy-alk: 4,5-epoxy-trans-2-alkenals; -: not detected.
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The results obtained with the other two supplements based on ascorbic acid/salt,
but also containing citric acid, carotenes and other components (VC5 and VC6), were
completely different. It can be observed in DLVC5-6 spectra in Figure 1 that signal b of
Z,E-CD-OOH is absent. In fact, the proton signals detected in DLVC5-6 spectra are the same
ones detected in the starting oil spectrum and show similar intensities (see signals a and h
in L spectrum). In contrast with that previously observed, the small advance of oxidation
occurring during linseed oil digestion is avoided in the presence of VC5-6 supplements (see
Figure 1). Quantitative data reported in Table 3 confirm these observations. As detailed in
Table 1 of Section 2, VC5 and VC6 supplements are mixtures of ascorbic acid with citric acid
and other components, such as carotenes, neohesperidin DC or orange juice concentrate,
which could contribute to oxidation inhibition [46,47]. In this sense, citric acid is known to
effectively delay lipid oxidation processes by chelating metal ions that could be involved
in the mechanism of ascorbic acid to provoke oxidation. Moreover, Osborn-Barnes and
Akoh [48] reported increased efficacy of citric acid in slowing down the generation of
hydroperoxides and secondary oxidation products at acidic pH, such as that existing in the
digestive tract.

It is noteworthy that similarly to that commented for DLVC5-6, in the linseed oil
samples digested together with ascorbyl palmitate (DLAP, DLVC?), oxidation of linseed
oil during digestion did not occur either, even though E-2-alkenals were generated in
very small amounts (see Figure 1 and Table 3). These findings related to the effect of
the presence of ascorbyl palmitate on the oxidation extent of linseed oil during digestion
greatly contrast with those observed for ascorbic acid, both pure (DLAsc1-2) and in VC1-+4
supplements (DLVC1-4). When trying to explain these differences, the polar paradox
theory arises, even though factors other than polarity are known to influence prooxidant
and antioxidant behaviors [49]. In contrast to ascorbic acid, which is highly soluble in
water, the amphiphilic nature of ascorbyl palmitate would make these molecules locate at
the interface of the lipid droplet, inside of which linseed oil glycerides would be found to
be isolated from the aqueous media, where hydrophilic prooxidant species (such as metal
ions or small reactive oxygen species) can be found. When ascorbyl palmitate is present at
high concentrations, the contact between linseed oil polyunsaturated acyl chains and pro-
oxidant species would be significantly hampered and would thus protect against oxidative
degradation. Indeed, differences between ascorbic acid and ascorbyl palmitate regarding
oxidation were observed in bulk oil by Frankel et al. [50], in such a way that ascorbic acid
showed an antioxidant behavior, whilst ascorbyl palmitate acted as a prooxidant; however,
this trend was inverted when studying oil/water emulsions, as occurs in this study.

3.1.2. Effect on the Degradation of Polyunsaturated Acyl Groups during Digestion

As it is well known, fatty acyl chains presenting the highest number of double bonds
are those showing the highest susceptibility toward oxidation. Thus, the higher the advance
of oxidation, the higher degradation could be expected to affect polyunsaturated fatty acyl
chains. It is worth reminding that, as indicated in Section 2.4.2, the only samples considered
for studying the changes in the molar percentages of polyunsaturated chains as a result of
digestion were DL, DLAsc1-2, DLVC1 and DLVC5. The molar percentages of linolenate
and linoleate chains, before and after digestion, are reported in Table 4.

Linseed oil is especially rich in polyunsaturated acyl groups, the n-3 linolenate chains
being the most abundant ones (/252.0%). After in vitro digestion, the percentages of both
linolenic and linoleic chains showed only slightly (p > 0.05) decreased values (~51.3%
and ~17.5% in DL, respectively), indicating that they were degraded to a low extent
during digestion. This is in accordance with previous studies on digestion of highly
polyunsaturated oils [17,18,30,51].

When linseed oil is digested in the presence of ascorbic acid, clear differences can be
observed among digests. Thus, Table 4 reveals that DLAsc1-2 and DLVC1 samples showed
significantly (p < 0.05) lower molar proportion of linolenic AG + FA than DL (~=48% versus
51% in DL), whereas the molar percentage of linolenic AG + FA in DLVC5 was very similar
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to that of linseed oil before being subjected to in vitro digestion (L). These findings are in
line with the outcomes of the study of the oxidation product profile of the above-referred
samples (Section 3.1.1). This confirms that the presence of other components in addition
to ascorbic acid in supplement VC5 seems to inhibit to a great extent the occurrence of
oxidation during digestion of linseed oil.

Table 4. Molar percentages estimated from 'H NMR data of linolenic and linoleic acyl groups and
fatty acids referred to the total amount of acyl groups plus fatty acids (AG + FA), in linseed oil before
(L) and after in vitro digestion, either in the absence (DL) or in the presence of certain supplements
and pure L-ascorbic acid (DLVC1, DLVC5, DLAsc1-2). Data reported are mean values together with
standard deviation from analysis in duplicate of three samples of each kind (1 = 6). Different letters
within each column indicate a significant difference (p < 0.05) among the samples.

Polyunsaturated chains (Molar % of AG + FA)

Linolenic Linoleic
L 5204+ 0.0°¢ 189 +0.42
DL 51.3 + 0.3 bc 175+ 062
DLAsc1 483+ 052 175+ 162
DLAsc2 482 +022 16.6 + 0.6 2
DLVC1 487+ 052 17.8 + 032
DLVC5 51.5+0.1b¢ 18.6 +1.32

3.1.3. Effect on Gamma-Tocopherol Degradation during Digestion

The occurrence of oxidation during digestion can also lead to a loss of minor com-
ponents naturally present in linseed oil to which antioxidant properties have been at-
tributed, such as gamma-tocopherol. Taking this into account, the concentration of gamma-
tocopherol was estimated in the oil before digestion and in the lipid extracts of the various
in vitro digests, by measuring the area of singlet i at 6.36 ppm in the multisuppressed 'H
NMR spectra (see Figure 1 and Table 2 for signal assignment).

As can be observed in Table 5, the concentration of gamma-tocopherol was greatly
affected by the in vitro digestion process, exhibiting a value almost 3-fold lower in the
digested lipid extract (DL) than in the starting oil (L). The decrease in the concentration of
gamma-tocopherol naturally present in linseed and walnut oils during in vitro digestion
was also observed in previous works [18,30,51].

When it comes to the digests corresponding to linseed oil digestion with only ascorbic
acid (DLAsc1-2 and DLVC1-4), a total degradation of gamma-tocopherol took place during
digestion (see the absence of singlet i in Figure 1). This could be expected, bearing in mind
that these samples showed a higher oxidation level than DL. By contrast, in the presence of
complex mixtures containing ascorbic acid/salt and citric acid, among other components,
as is the case of VC5-6 supplements, degradation of gamma-tocopherol occurred to a
very low extent, to the point that significant differences between the starting oil (L) and
samples DLVC5-6 were not found (see Table 5 and signal i in Figure 1). Indeed, the
mean concentration of gamma-tocopherol in DLVC5 and DLVC6 lipid extracts (413.0 and
406.4 umol/mol AG + FA, respectively) was similar to that found in L (422.7 pmol/mol
AG + FA). This indicates that, if oxidation reactions took place in these in vitro digests, their
extent was not enough to cause a significant degradation of gamma-tocopherol. Similar
results were obtained in the case of the samples digested with ascorbyl palmitate (DLAP
and DLVC?). The slightly lower values (p > 0.05) for gamma-tocopherol concentration
found in DLAP and DLVCY7 (=337 and 356 umol/mol AG + FA) than in L could be
explained to a certain extent by the increase in the total AG + FA in the digests due to the
presence of the palmitate chains, rather than by the involvement of gamma-tocopherol in
oxidation reactions.
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In summary, the results concerning the analysis of gamma-tocopherol concentrations
before and after in vitro digestion correspond with those related to the oxidation product
profile of the various linseed oil digests (Section 3.1.1).

Table 5. Concentration of gamma-tocopherol estimated from I'H NMR data, expressed in pmol/mol
AG + FA, in linseed oil before (L) and after in vitro digestion, either in the absence (DL) or in the
presence of supplements and pure L-ascorbic acid and ascorbyl palmitate (DLVC1-7, DLAsc1-2,
DLAP). Data reported are mean values together with standard deviation from analysis in duplicate of
three samples of each kind (1 = 6). Different letters indicate a significant difference (p < 0.05) among
the samples.

Gamma-Tocopherol (umol/mol AG + FA)

L 4227 4+95b
DL 1441 +100.22
DLAsc1 -
DLAsc2 -
DLVC1 -
DLVC2 -
DLVC3 -
DLVC4 -
DLVC5 413.0 £ 26.0°
DLVCé6 4064 +954P
DLAP 336.5 +30.1°
DLVC7 355.9 +7.7b

-: not detected.

3.1.4. Effect on the Formation of Volatile Oxidation Compounds Detected through
SPME-GC/MS

The study and comparison of the profile of volatile components of several in vitro
digests confirm the results obtained through 'H NMR on the different oxidation levels of
the digests, regarding the generation of different kinds of oxidation compounds and the
degradation of polyunsaturated chains and gamma-tocopherol. It must be highlighted that
SPME-GC/MS can provide information on the specific nature of the individual volatile and
semi-volatile lipid oxidation products present in the digests, which is important considering
that some of them have been related to certain degenerative diseases [41].

Table 6 shows the abundance in the headspace of the different digests of selected
volatile compounds known to be derived from linseed oil oxidation (aldehydes and some
furan derivatives) from Maillard-type reactions (two alkyl-pyridines) and potentially from
the degradation of ascorbic acid (furfural). It can be observed that the number and abun-
dance of studied volatiles were far higher in DLAsc1-2 and DLVC1-4 than in DL, DLVC5-6,
DLAP and DLVC?, these latter samples showing, in general, abundances of similar order.
Thus, in line with the results provided through 'H NMR study, the oxidation level of
linseed oil digests containing only ascorbic acid, added as pure compound (DLAsc1-2) or
as supplement (DLVC1-4), was markedly higher than that reached by the rest.

Among the volatiles coming from linseed oil oxidation during digestion, it can be
observed that alkadienals showed the highest abundances in digested samples, followed
by alkanals and alkenals, which is in accordance with 'H NMR data (see Table 3). The main
aldehydes detected were reactive 2,4-heptadienals [34,52,53]. Moreover, the oxygenated
alpha,beta-unsaturated 4,5-epoxy-2-heptenals and 4,5-epoxy-2-decenals, whose potential
toxicity has been described [41,52], were only found in DLAsc1-2 and DLVC1-4. As
expected, considering linseed oil composition, the main furan derivatives detected in the
digest headspaces were 2-pentyl-furan and 2-ethyl-furan [53]. The detection in DLAsc1-2
and DLVC1-4 of linolenic-derived alkenyl derivatives 2-(2-propenyl)- and 2-(2-pentenyl)-
furan [54], and of two lactones 5-ethyl-2(5H)- and 5-pentyl-2(5H)-furanone, is noteworthy.
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Table 6. Selected volatile compounds identified by means of SPME-GC/MS in the headspace of the in vitro digests of linseed oil in the absence (DL) and in the
presence of supplements and pure L-ascorbic acid and ascorbyl palmitate (DLVC1-7, DLAsc1-2, DLAP). Data are expressed as area counts of the mass spectra base
peak (Bp) of each compound divided by 10°. The abundances reported are mean values together with standard deviation from analysis in duplicate of three samples
of each kind (1 = 6). Different letters within each row indicate a significant difference (p < 0.05) among the samples.

(Cl\(/;gis:t‘:lr:riWeight) Bp DL DLAsc1 DLAsc2 DLVC1 DLVC2 DLVC3 DLVC4 DLVC5 DLVC6 DLAP DLVC?
Lipid
oxidation-derived
volatiles
Alkanals
Pentanal (86) * 43 94+132 313+ 6.8 344+39¢ 329+36°¢ 30.0 £ 7.2b¢ 234 +7.3b¢ 21.1+47° 25+1.62 124012 70+1.0° 105+ 1.0°
Hexanal (100) * 44 1585 + 8.2P 3950 £8.1¢ 4152+7.1°¢ 503.7 £284%  5269+181.29  502.8 +449< 3912 +1.4°¢ 463 +6.1% 269+1.62 834 fﬁ 264 133.4 + 10.5 %
Heptanal (114) * 70 95+1.02 959 +25b 108.4 + 3.0 bb* 134.0 +22.2°¢ 955+ 432" 927 + 235" 98.1+7.0° 764202 10.1+2.0° 1444+ 42° 19.6 222
Octanal (128) * 41 15.4 +0.32 2302 +£22.54 211.5 £ 35.8 «d 184.1 + 89.1 «d 126.2 + 61.5b¢ 146.8 + 37.8 «d 214.1 + 40.3 ¢ 48.6 +83% 7.6+282 11.8 4292 1414082
Nonanal (142) * 57 204+ 052 661.3 +20.1¢ 668.9 + 66.6 © 4159 + 64.0 <4 2765+ 795 330.7 + 36.3 ¢ 527.6 +105.84 4274242 261+3.62 62.0 +12.62 83.6 +15.32
Alkenals
E-2-Pentenal (84) is 55 25+03% 11.0 £ 0.9 b¢ 1554+ 1.1¢ 251+7.04 30.5 +10.24 1414+47¢ 11.4 +2.1be 11403 26+02% 46+09%® 44401%
E-2-Pentenal (84) * 55 9.8+0.72 294.7 +20.6° 339.1 +14.7° 352.7 +31.9° 334.7 +185.0° 278.3 +90.4° 309.0 +39.9° 424142 444072 45+222 75+152
E-2-Hexenal (98) * 41 44+152 179.4 + 3.8 137.14+9.7¢ 983+ 85" 80.5+ 223" 85.7 +21.7" 148.1 + 30.9 «@ 544052 374032 1534732 255+ 432
Z-4-Heptenal (112) * 41 154032 234 +14b¢ 252 +1.8¢ 21.8+0.1% 169 +9.4° 19.6 +1.9b¢ 19.5 4+ 3.0 ¢ - 044032 144132 3.0+032
E-2-Heptenal (112) * 41 149 4+2.0° 186.9 + 7.4 230.0 +£11.7° 3492 +18¢ 229.0 +126.2° 223.8 + 824" 180.5 + 25.7° 49+092 224042 194072 224022
E-2-Octenal (126) * 70 - 153.9 +37.1° 2643 +57.6¢ 213.8 +52.0 ¢ 143.4 +58.1° 181.7 + 59.2 b¢ 199.9 + 41.7 b - 434062 - 6.9+ 182
E-2-Nonenal (140) * 55 194012 110.1 + 23.3b¢ 134.6 + 46.5°¢ 59.8 + 16.9 @ 21.2+10.22 39.7 +£10.72 118.0 + 43.2°¢ 85+082 62+ 1.82 37+142 37+162
E-2-Decenal (154) * - 955+ 58" 159.1+7.0°¢ 140.2 £27.2¢ 65.5+ 183" 101.0 + 324" 97.4 +14.2° - - - -
ﬁ'gg{f‘d“ene‘l - 53.6 +£334 59.6 £ 9.6¢ 39.9 £ 251 < 109 £ 4.4 282 £ 85b¢ 444 £ 155 154042 - - -
Alkadienals
and Alkatrienals
2,4-Pentadienal (82) 82 074032 50405P 724+08¢ 42408° 43429°b 33409°P 344+1.1° - - - -
2,4-Hexadienal (96) 81 10.1+02° 119.6 + 5.4° 199.0 + 16.3 ¢ 1992 +7.8¢ 99.9 + 622" 140.7 + 53.1b¢ 139.3 4+ 225 b¢ 474092 274032 46+1.02 85+122
gﬁffﬂeptadie“al 81 19.34+22° 732.7 + 38.8" 780.4 +1.9° 800.8 + 85.4 P 6112 +181.7°  756.4 + 142.6° 775.0 + 64.8° 1284252 13.9+3.0° 42+1.12 63+092
gf{))zf'Heptadle“al 81 29.1+292 1320.6 £155.7¢ 131224+ 102.5¢ 12869 4+173.6¢  927.8+323.6° 15250 +1465°¢  1506.5+ 148.5¢  27.9+1.02 315 +4.32 734152 10.1 +2.4°
ﬁif’f’owdwm 81 - 19.7 £22° 17.7 £2.6° 34.1+£52¢ 165+£49° 219 £49° 235+79% - 084012 - -
2,6-Nonadienal (138) 41 - 4839 +39.8¢ 470.0 +81.0¢ 1732 + 75.8° 342 +1492 108.1 + 1.3 4655 +91.0¢ 269 +542 148 +532 264 +10.32 255+12.02
3,6-Nonadienal (138) 67 - 18.9 + 3.6 ¢ 373+814 225+22b¢ 14.5 + 5.6 ¢ 13.0 +£0.4° 305+121¢ - - 1.3403° 094032
ggéf""N"“adieml 81 L1+01° 79.4 + 3.6 1448 + 1524 921+99¢ 22.8+94° 546+ 2420 56.4+19.0° - . 0.7 4042 094032
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(Cl\zgis:;gfwaght) Bp DL DLAscl DLAsc2 DLVC1 DLVC2 DLVC3 DLVC4 DLVC5 DLVCé DLAP DLVC7?
251'?2')2;4@“““3“31 81 - 782+47°¢ 69.0 +8.1°¢ 4144+17.6° 133+56° 43.7 +11.8° 779 +186°¢ - - - -
ﬁ'gé)zf'Decadle“al 81 054+0.1° 1804 £ 14.1¢ 151.7 £ 10.8 53.7 £19.9° 125+£332 63.6 £ 114" 131.9 £41.0°¢ 1.6+£0.12 36+£062 024002 044012
(zl"é'éé)'N"“ameml 79 064012 374 4+34¢ 721+ 1274 323 +£0.0°¢ 6.1+1.8% 14.6 £ 530 16.1+£220 - - 034032 044042
(Zé’éé)'li\slonmie“al 79 - 20.8 0.1 347 £55¢ 19.8 £3.2P 45+112 113 £ 447 23.0 +13.3b¢ - - - -
(Zl"é%'Decatrie“al 79 - 132 4+ 0.8 151 4£224 9.7 £2.0b¢ 36+152 7.7 £220 165+£394 - - - -
Oxygenated
aldehydes
4,5-Epoxy-2-
heptenal 68 - 204.6 =+ 52.6 b¢ 3525+ 3244 296.2 + 12.4<d 161.6 +105.5° 157.9 +102.4° 101.7 £ 7.5 - - - -
(126) *
4,5-Epoxy-2-
heptenal 68 - 63.4+16.7° 1522 +249°¢ 1156 +85°¢ 58.5+39.2P 59.5 4+ 349 343 +26% - - - -
(126) is
4,5-Epoxy-2-decenal 68 10.7 £ 0.6°¢ 19.5+0.84 103 +66° 56+39°b¢ 58 4+23%b¢ 474027
P - 7 £0. 5+0. 3+6. 6+ 3. 8L2. 7+0. - - - -
Z‘l'iglfsoxy'z'dece“al 68 - 304 +£0.1°¢ 51.8 £ 3.0 27.8 £17.4%¢ 150 £11.0% 148 £7.0% 104 £0.7° - - - -
Furan derivatives
Furan, 2-ethyl-(96) * 81 65+1.0° 51.8 + 43" 51.0 +£32% 514 +11.2° 449 +18.1° 425+10.7° 451 +14.7° 15+042 0.6+002 274052 41+01°
5}1;:;‘{}]1_(138) . 81 2404262 3039 +14.0°¢ 3444 +158°¢ 98.9 & 26.4 b 574 4 14.0%® 117.8 £21.4° 235.1 4 50.1¢ 227 +352 197 £152 2204332 3384132
Furan, _ be be c a be b - - - -
2-(2-propenyl)-(108) 108 11.6 + 0.6 112403 137 +0.1 6.5+39 104 +£26 99415
Furan, R o c a a a b _ _ _ _
2-(2-pentenyl)-(136) 107 259+23 343+ 69 58405 31409 37410 151+£95
2(5H)-Furanone, 83 ; 91+18° 13.9426° 192+5.1° 17241020 176 +67° 125+ 04" ; n ; ;
5-ethyl-(112) A o SE : : 6 +0. 2 0 !
2(5H)-Furanone,5- 84 - 3.7+052 514052 424152 32+12° 40+142 324082 - - - -
pentyl-(154)
Maillard-type reactions and Ascorbic acid degradation-derived volatiles
Pyridine, _ e c b a < d - - - -
2ethyl(107) 106 17.0 £ 0.9 75402 49409 1.7 409 81415 111423
gﬁf}fﬂ‘(’iw) . 92 6.9 4+04° 337 + 144 238+ 14°¢ 225+33¢ 14.0 £ 6.8° 268 +55¢ 2334+06¢ 284+08° 114062 564082 624072
Furfural (96) % 200 + 1.6 194+ 03 232441 72.0 £ 86°¢ 554 42,04 384 4+02°¢ 27.6+04% 267 +2.6° 134+14° 138 +412 23537

* Asterisked compounds were acquired commercially and used as standards for identification purposes. Abbreviations: -: not detected; is: isomer; nq: not quantifiable.
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In addition to lipid oxidation, it is known that during in vitro digestion Maillard-type
reactions can also take place. The highest abundances of volatiles coming from these
reactions are expected to be present in the digests showing the highest oxidation level due
to the higher amounts of carbonyl compounds derived from lipid oxidation. Indeed, in the
headspace of DLAsc1-2 and DLVC1-4 samples, significantly increased concentrations of
3-ethyl-pyridine were found, together with 2-ethyl-pyridine, the latter not being detected
in the rest of digests. Both compounds are known to be derived from reactions between
2,4-heptadienals and amino compounds [55].

Although Maillard-type reactions can also give rise to furfural, this volatile is consid-
ered to be the main product of ascorbic acid degradation [56,57]. Finholt et al. [57] even
reported that under acidic and anaerobic conditions (such as those that could exist during
the gastric step of the in vitro procedure), one furfural molecule appears to be formed from
one ascorbic acid molecule. The extent of ascorbic acid degradation is expected to be in
line with the extent of lipid oxidation. This is evidenced by the detection of significantly
(p < 0.05) higher abundances of furfural in the headspace of DLVC1-3 samples in compari-
son with the others. It must be noted that the former are the digests of supplements that
contain the highest amount of ascorbic acid (2500, 1500 and 1000 mg, respectively) and also
show increased oxidation level.

3.2. Effect of the Presence of Some Vitamin C-Based Supplements and of Pure L-Ascorbic Acid on
the Advance of Lipolysis during In Vitro Digestion of Linseed Oil

As expected, the enzymatic hydrolysis of linseed oil triglycerides (TG) took place
through the in vitro digestion process, and several kinds of glycerides were generated
by digestive lipases after breaking the ester bonds. As shown in Figure S1 of the Sup-
plementary Materials Section, specific protons in TG, 1,2- and 1,3-diglycerides (1,2-DG,
1,3-DG), 2- and 1-monoglycerides (2-MG, 1-MG) and fatty acids (FA) generate certain non-
or partially-overlapped signals in the standard spectra of the lipidic samples (see chemical
shift assignments in Table S2) that, if present, can be detected and whose area can be
employed for quantitative estimations. The molar proportions of several kinds of glyceryl
structures present in the lipid extracts of certain in vitro digests (TG, 1,2-DG, 1,3-DG, 2-MG
and 1-MG) and of glycerol (Gol), together with the Lipid bioaccessibility (Lps) parameter,
are given in Table 7. As indicated in the Section 2, DL, DLAsc1-2, DLVC1 and DLVC5 were
the only samples considered for the analysis of lipolysis extent.

Table 7. Lipid bioaccessibility (Lps) and molar percentages estimated from 'H NMR data of the
different kinds of glycerides present in linseed oil before (L) and after in vitro digestion, either
in the absence (DL) or in the presence of certain supplements and pure L-ascorbic acid (DLVC1,
DLVC5, DLAsc1-2). Data reported are mean values together with standard deviation from analysis
in duplicate of three samples of each kind. Different letters within each column indicate a significant
difference (p < 0.05) among the samples.

LBA (%) TG % 1,2-DG Y% 1,3-DG % 2-MG % 1-MG % Gol %
L 07+0.12 983 +0.14 15+0.02 - - - 02+0.12
DL 59.4 +65¢ 28.0+5.22 158 +1.8b 30+£01P 25.7 +3.2de 3.6+12bc 238 +2.8¢
DLAsc1 60.1+6.6¢ 225+522 2324+25¢ 3.0+08P 30.7 £ 65¢ 41+11¢ 16.6 +4.0P
DLAsc2 569 +1.1°¢ 19.2 £2.22 341+1.74 1.7+01Pb 295+ 1.2de 114032 143+ 1.0b
DLVC1 277 +1.6° 563+ 1.7¢ 20.8 + 3.2 bc 32+09P 128+1.1b 1.6+1.02% 544242
DLVC5 51.0£25° 271+192 30.4 +0.84 23+05P 26+01 234 (.7abc 152 4+29b

Abbreviations: TG: triglycerides; DG: diglycerides; MG: monoglycerides; Gol: glycerol; -: not detected.

The extent of hydrolysis during in vitro digestion of linseed oil was in line with previ-
ous studies on the same kind of oil [17,18,30]. As shown in Table 7, throughout the in vitro
digestion process, approximately 24% of initial glycerides underwent complete hydrolysis
into Gol, 48% of them were partially hydrolyzed (mainly into 2-MG and 1,2-DG), and
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28% of triglycerides remained intact. Thus, in DL, Lgp was estimated to be approximately
59%. However, in the presence of Vitamin C-based supplements, the reached Gol % was
significantly lower than in DL, indicating that complete hydrolysis of TG into Gol and FA
was somehow hindered in the presence of ascorbic acid and under the conditions assayed.
This effect was far more evident in the case of DLVCI, in which Gol barely accounted
for 5%. In this latter sample, it is also worth noticing the significantly higher TG % that
remained intact after in vitro digestion in comparison with DL. Both facts would explain
the marked decrease in Lgs when linseed oil was co-digested with VC1 supplement. By
contrast, no significant differences in Lgs parameter were observed among DL, DLAsc1-2
and DLVCS.

Therefore, the composition of Vitamin C-based supplements could also be relevant
with regard to lipid bioaccessibility, since certain components might interfere with lipases
activity. Thus, in the case of VC1 supplement, the high dose of ascorbic acid provided
(2500 mg) could explain the lowered advance of lipolysis during digestion. In fact, Truong
et al. [58] reported that ascorbic acid has a noticeable capacity to bind to bile acid, which
would affect micelle formation and thus lipolysis, as well as certain ability of inhibiting
pancreatic lipase. Nor can the potential covalent binding of ascorbic acid or its degradation
products (i.e., furfural) to proteins [59] such as lipases through Maillard-type reactions be
excluded, which could result in a decreased activity.

4. Conclusions

To the best of our knowledge, this is the first time that the effect of the presence
of commercial supplements based on Vitamin C and of high concentrations of pure L-
ascorbic acid and of ascorbyl palmitate on the advance of lipid oxidation during in vitro
gastrointestinal digestion has been addressed. Under the conditions of this study, it has
been evidenced that the chemical form through which Vitamin C is delivered (hydrophilic
acid versus lipophilic derivative) and the presence of other ingredients, such as citric acid
and carotenes in Vitamin C supplement formulations, play a key role in the extent of
oxidation reactions under digestion conditions. In the presence of exclusively ascorbic acid,
linseed oil oxidation was enhanced, leading to a significant increase in the formation of
linolenic-derived conjugated hydroxy-dienes and of alkanals. Moreover, the generation of
linolenic-derived keto-dienes and of several kinds of alpha,beta-unsaturated aldehydes,
including potentially toxic 4,5-epoxy-2-alkenals that would be bioaccessible for absorption,
was also noticed. In addition, gamma-tocopherol was degraded to a higher extent than in
the absence of ascorbic acid, thus decreasing the nutritional value of oil. On the contrary, the
small degree of oxidation taking place during linseed oil gastrointestinal digestion seemed
to be inhibited in the presence of supplements containing either mixtures of ascorbic acid
with other potentially antioxidant components, such as citric acid and carotenes, or in the
presence of ascorbyl palmitate. In addition, Vitamin C supplementation could also have a
negative impact on lipid bioaccessibilty, which was markedly decreased in the presence of
the highest dose of L-ascorbic acid.

Considering the results obtained in this study, special attention should be paid when
high concentrations of ascorbic acid are ingested daily for long periods of time, since they
could favor the oxidation of small amounts of lipids simultaneously ingested, and even
of biological lipids. In addition, they could also decrease the nutritional value of dietary
lipids by enhancing the degradation of main and minor lipidic components of interest.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
:3390/foods11010058/s1; Figure S1: 'H NMR standard pulse spectrum of linseed oil (L) and that of
the lipid extract of the corresponding in vitro digest (DL). Spectral region between 3.5 and 5.2 ppm is
properly enlarged in order to better observe signals generated by protons in partial glycerides. Signal
letters correspond with those in Table S2; Table S1: Concentration (units given in brackets) of each
one of the components present in the juices used in the in vitro digestion procedure, together with
the pH of the latter; Table S2: Chemical shift assignments and multiplicities of the 1H NMR signals in
CDClj; of the main protons of glycerides and fatty acids present in the lipid samples subject of study.


https://www.mdpi.com/article/10.3390/foods11010058/s1
https://www.mdpi.com/article/10.3390/foods11010058/s1

Foods 2022, 11, 58 18 of 20

Author Contributions: B.N.-E. performed the experimental work, sample analysis, data interpre-
tation, original draft writing and manuscript reviewing. E.G. helped in manuscript preparation.
PS. helped in lipid extraction and manuscript preparation. M.D.G. conceived the work, supervised
the analyses performed and the results obtained, contributed to data interpretation and manuscript
preparation and substantially revised it. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Basque Government (EJ-GV) and its Departments of
Universities and Research,(IT-916-16) and of Economic Development and Infrastructures, Area of
Agriculture, Fisheries and Food Policy (PA19/02).

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

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.  Halliwell, B.; Zhao, K.; Whiteman, M. The gastrointestinal tract: A major site of antioxidant action? Free Radic. Res. 2000, 33,
819-830. [CrossRef]

2. Kanner, J.; Lapidot, T. The stomach as a bioreactor: Dietary lipid peroxidation in the gastric fluid and the effects of plant-derived
antioxidants. Free Radic. Biol. Med. 2001, 31, 1388-1395. [CrossRef]

3. Nieva-Echevarria, B.; Goicoechea, E.; Guillén, M.D. Food lipid oxidation under gastrointestinal digestion conditions: A review.
Crit. Rev. Food Sci. Nutr. 2020, 60, 461-478. [CrossRef]

4. Martini, S.; Cattivelli, A.; Conte, A.; Tagliazucchi, D. Black, green, and pink pepper affect differently lipid oxidation during
cooking and in vitro digestion of meat. Food Chem. 2021, 350, 129246. [CrossRef]

5. Bolea, G.; Philouze, C.; Dubois, M.; Risdon, S.; Humberclaude, A.; Ginies, C.; Charles, A.-L.; Geny, B.; Reboul, C.; Arnaud, C; et al.
Digestive n-6 lipid oxidation, a key trigger of vascular dysfunction and atherosclerosis in the Western Diet: Protective effects of
apple polyphenols. Mol. Nutr. Food Res. 2021, 65, 2000487. [CrossRef]

6. Kanazawa, K.; Ashida, H. Dietary hydroperoxides of linoleic acid decompose to aldehydes in stomach before being absorbed into
the body. Biochim. Biophys. Acta Lipids Lipid Metab. 1998, 1393, 349-361. [CrossRef]

7. Marquez-Ruiz, G.; Garcia-Martinez, M.C.; Holgado, F. Changes and Effects of Dietary Oxidized Lipids in the Gastrointestinal
Tract. Lipid Insights 2008, 2, LPI-S904. [CrossRef]

8.  Vieira, S.A.; Zhang, G.; Decker, E.A. Biological Implications of Lipid Oxidation Products. |. Am. Oil Chem. Soc. 2017, 94, 339-351.
[CrossRef]

9.  Kenmogne-Domguia, H.B.; Moisan, S.; Viau, M.; Genot, C.; Meynier, A. The initial characteristics of marine oil emulsions and
the composition of the media inflect lipid oxidation during in vitro gastrointestinal digestion. Food Chem. 2014, 152, 146-154.
[CrossRef]

10.  Van Hecke, T.; Vanden Bussche, J.; Vanhaecke, L.; Vossen, E.; Van Camp, J.; De Smet, S. Nitrite curing of chicken, pork, and beef
inhibits oxidation but does not affect N-nitroso compound (NOC)-specific DNA adduct formation during in vitro digestion. J.
Agric. Food Chem. 2014, 62, 1980-1988. [CrossRef]

11.  Van Hecke, T.; Wouters, A.; Rombouts, C.; Izzati, T.; Berardo, A.; Vossen, E.; Claeys, E.; Van Camp, J.; Raes, K.; Vanhaecke, L.;
et al. Reducing Compounds Equivocally Influence Oxidation during Digestion of a High-Fat Beef Product, which Promotes
Cytotoxicity in Colorectal Carcinoma Cell Lines. J. Agric. Food Chem. 2016, 64, 1600-1609. [CrossRef]

12.  Larsson, K; Tullberg, C.; Alminger, M.; Havenaar, R.; Undeland, I. Malondialdehyde and 4-hydroxy-2-hexenal are formed during
dynamic gastrointestinal in vitro digestion of cod liver oils. Food Funct. 2016, 7, 3458-3467. [CrossRef]

13. Steppeler, C.; Haugen, J.-E.; Radbotten, R.; Kirkhus, B. Formation of Malondialdehyde, 4-Hydroxynonenal, and 4-Hydroxyhexenal
during in Vitro Digestion of Cooked Beef, Pork, Chicken, and Salmon. J. Agric. Food Chem. 2016, 64, 487-496. [CrossRef]

14. Tullberg, C.; Vegarud, G.; Undeland, I. Oxidation of marine oils during in vitro gastrointestinal digestion with human diges-tive
fluids-Role of oil origin, added tocopherols and lipolytic activity. Food Chem. 2019, 270, 527-537. [CrossRef]

15. Gorelik, S.; Lapidot, T.; Shaham, I.; Granit, R.; Ligumsky, M.; Kohen, R.; Kanner, J. Lipid Peroxidation and Coupled Vitamin
Oxidation in Simulated and Human Gastric Fluid Inhibited by Dietary Polyphenols: Health Implications. J. Agric. Food Chem.
2005, 53, 3397-3402. [CrossRef]

16. Lapidot, T.; Granit, R.; Kanner, . Lipid Peroxidation by “Free” Iron Ions and Myoglobin as Affected by Dietary Antioxidants in
Simulated Gastric Fluids. J. Agric. Food Chem. 2005, 53, 3383-3390. [CrossRef]

17.  Nieva-Echevarria, B.; Goicoechea, E.; Guillén, M.D. Effect of adding alpha-tocopherol on the oxidation advance during in vitro

gastrointestinal digestion of sunflower and flaxseed oils. Food Res. Int. 2019, 125, 108558. [CrossRef]


http://doi.org/10.1080/10715760000301341
http://doi.org/10.1016/S0891-5849(01)00718-3
http://doi.org/10.1080/10408398.2018.1538931
http://doi.org/10.1016/j.foodchem.2021.129246
http://doi.org/10.1002/mnfr.202000487
http://doi.org/10.1016/S0005-2760(98)00089-7
http://doi.org/10.4137/LPI.S904
http://doi.org/10.1007/s11746-017-2958-2
http://doi.org/10.1016/j.foodchem.2013.11.096
http://doi.org/10.1021/jf4057583
http://doi.org/10.1021/acs.jafc.5b05915
http://doi.org/10.1039/C6FO00635C
http://doi.org/10.1021/acs.jafc.5b04201
http://doi.org/10.1016/j.foodchem.2018.07.049
http://doi.org/10.1021/jf040401o
http://doi.org/10.1021/jf040402g
http://doi.org/10.1016/j.foodres.2019.108558

Foods 2022, 11, 58 19 of 20

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Alberdi-Cedefio, J.; Ibargoitia, M.L.; Guillén, M.D. A Global Study by ' H NMR Spectroscopy and SPME-GC/MS of the in Vitro
Digestion of Virgin Flaxseed Oil Enriched or not with Mono-, Di- or Tri-Phenolic Derivatives. Antioxidant Efficiency of These
Compounds. Antioxidants 2020, 9, 312. [CrossRef]

Naidu, K.A. Vitamin C in human health and disease is still a mystery? An overview. Nutr. J. 2003, 2, 7. [CrossRef]

Rietjens, .M.; Boersma, M.G.; de Haan, L.; Spenkelink, B.; Awad, H.M.; Cnubben, N.H.; van Zanden, ].J.; van der Woude, H.;
Alink, G.M.; Koeman, ].H. The pro-oxidant chemistry of the natural antioxidants vitamin C, vitamin E, carotenoids and flavonoids.
Environ. Toxicol. Pharmacol. 2002, 11, 321-333. [CrossRef]

Halliwell, B. Vitamin C: Poison, prophylactic or panacea? Trends Biochem. Sci. 1999, 24, 255-259. [CrossRef]

Poljsak, B.; Ionescu, J.G. Pro-oxidant vs. antioxidant effects of vitamin C. In Handbook of Vitamin C Research: Daily Requirements,
Dietary Sources and Adverse Effects; Kucharski, H., Zajac, J., Eds.; Nova Biomedical Books: New York, NY, USA, 2009; pp. 153-183.
Lee, B.; Oh, S.-W.; Myung, S.-K. Efficacy of Vitamin C Supplements in Prevention of Cancer: A Meta-Analysis of Randomized
Controlled Trials. Korean J. Fam. Med. 2015, 36, 278-285. [CrossRef]

Kazmierczak-Baranska, J.; Boguszewska, K.; Adamus-Grabicka, A.; Karwowski, B.T. Two Faces of Vitamin C—Antioxidative and
Pro-Oxidative Agent. Nutrients 2020, 12, 1501. [CrossRef]

Rysman, T.; Van Hecke, T.; De Smet, S.; Van Royen, G. Ascorbate and apple phenolics affect protein oxidation in emulsion-type
sausages during storage and in vitro digestion. . Agric. Food Chem. 2016, 64, 4131-4138. [CrossRef]

Tarvainen, M.; Phuphusit, A.; Suomela, J.-P.; Kuksis, A.; Kallio, H. Effects of Antioxidants on Rapeseed Oil Oxidation in an
Artificial Digestion Model Analyzed by UHPLC-ESI-MS. J. Agric. Food Chem. 2012, 60, 3564-3579. [CrossRef]

European Food Safety Authority Panel on Nutrition, Novel Foods and Food Allergens (EFSA NDA Panel). Scientific Opinion on
Dietary Reference Values for vitamin C. EFSA . 2013, 11, 3418-3468.

Versantvoort, C.H.M.; Oomen, A.G.; Van de Kamp, E.; Rompelberg, C.J.M.; Sips, A.].A.M. Applicability of an in vitro digestion
model in assessing the bioaccessibility of mycotoxins from food. Food Chem. Toxicol. 2005, 43, 31-40. [CrossRef]
Nieva-Echevarria, B.; Goicoechea, E.; Manzanos, M.].; Guillén, M.D. A study by 'H NMR on the influence of some factors
affecting lipid in vitro digestion. Food Chem. 2016, 211, 17-26. [CrossRef]

Nieva-Echevarria, B.; Goicoechea, E.; Guillén, M.D. Behaviour of non-oxidized and oxidized flaxseed oils, as models of omega-3
rich lipids, during in vitro digestion. Occurrence of epoxidation reactions. Food Res. Int. 2017, 97, 104-115. [CrossRef]
Ruiz-Aracama, A.; Goicoechea, E.; Guillén, M.D. Direct study of minor extra-virgin olive oil components without any sample
modification. 'H NMR multisupression experiment: A powerful tool. Food Chem. 2017, 228, 301-314. [CrossRef]

Guillén, M.D.; Ruiz, A. Formation of hydroperoxy- and hydroxyalkenals during thermal oxidative degradation of sesame oil
monitored by proton NMR. Eur. J. Lipid Sci. Technol. 2004, 106, 680-687. [CrossRef]

Nieva-Echevarria, B.; Goicoechea, E.; Manzanos, M.].; Guillén, M.D. Usefulness of 'H NMR in assessing the extent of lipid
digestion. Food Chem. 2015, 179, 182-190. [CrossRef] [PubMed]

Guillén, M.D.; Uriarte, P.S. Aldehydes contained in edible oils of a very different nature after prolonged heating at frying
temperature: Presence of toxic oxygenated «,-unsaturated aldehydes. Food Chem. 2012, 131, 915-926. [CrossRef]

Boevé, J.-L.; Gfeller, H.P,; Schlunegger, U.P,; Francke, W. The secretion of the ventral glands in Hoplocampa sawfly larvae. Biochem.
Syst. Ecol. 1997, 25, 195-201. [CrossRef]

Schuh, C.S; Schieberle, P. Characterization of (E,E,Z)-2,4,6-Nonatrienal as a Character Impact Aroma Compound of Oat Flakes. J.
Agric. Food Chem. 2005, 53, 8699-8705. [CrossRef] [PubMed]

Kikuchi, M.; Yaoita, Y.; Kikuchi, M. Monohydroxy-Substituted Polyunsaturated Fatty Acids from Swertia japonica. Helv. Chim.
Acta 2008, 91, 1857-1862. [CrossRef]

Frankel, E.N.; Neff, W.E.; Miyashita, K. Autoxidation of polyunsaturated triacylglycerols. II. Trilinolenoylglycerol. Lipids 1990, 25,
40-47. [CrossRef]

Koch, T.; Hoskovec, M.; Boland, W. Efficient syntheses of (10E,12Z,15Z)-9-oxo- and (9Z,11E,15E)-13-oxo-octadecatrienoic acids;
two stress metabolites of wounded plants. Tetrahedron 2002, 58, 3271-3274. [CrossRef]

Baker, ] K.; Myers, C.W. One-Dimensional and Two-Dimensional 'H- and '3C-Nuclear Magnetic Resonance (NMR) Analysis of
Vitamin E Raw Materials or Analytical Reference Standards. Pharm. Res. 1991, 8, 763-770. [CrossRef]

Guillén, M.D.; Goicoechea, E. Toxic oxygenated alpha, beta-unsaturated aldehydes and their study in foods: A review. Crit. Rev.
Food Sci. Nutr. 2008, 48, 119-136. [CrossRef]

Lee, S.H.; Oe, T.; Blair, I.A. Vitamin C-Induced Decomposition of Lipid Hydroperoxides to Endogenous Genotoxins. Science 2001,
292, 2083-2086. [CrossRef]

Szyczewski, P.; Frankowski, M.; Ziola-Frankowska, A.; Siepak, J.; Szyczewski, T.; Piotrowski, P. A comparative study of the
content of heavy metals in oils: Linseed oil, rapeseed oil and soybean oil in technological production processes. Arch. Environ.
Prot. 2016, 42, 37-40. [CrossRef]

Tullberg, C.; Larsson, K.; Carlsson, N.-G.; Comi, L; Scheers, N.; Vegarud, G.; Undeland, I. Formation of reactive aldehydes (MDA,
HHE, HNE) during the digestion of cod liver oil: Comparison of human and porcine in vitro digestion models. Food Funct. 2016,
7,1401-1412. [CrossRef] [PubMed]

Uluata, S.; McClements, D.J.; Decker, E.A. How the Multiple Antioxidant Properties of Ascorbic Acid Affect Lipid Oxidation in
Oil-in-Water Emulsions. J. Agric. Food Chem. 2015, 63, 1819-1824. [CrossRef]


http://doi.org/10.3390/antiox9040312
http://doi.org/10.1186/1475-2891-2-7
http://doi.org/10.1016/S1382-6689(02)00003-0
http://doi.org/10.1016/S0968-0004(99)01418-8
http://doi.org/10.4082/kjfm.2015.36.6.278
http://doi.org/10.3390/nu12051501
http://doi.org/10.1021/acs.jafc.6b00437
http://doi.org/10.1021/jf2050944
http://doi.org/10.1016/j.fct.2004.08.007
http://doi.org/10.1016/j.foodchem.2016.05.021
http://doi.org/10.1016/j.foodres.2017.03.047
http://doi.org/10.1016/j.foodchem.2017.02.009
http://doi.org/10.1002/ejlt.200401026
http://doi.org/10.1016/j.foodchem.2015.01.104
http://www.ncbi.nlm.nih.gov/pubmed/25722153
http://doi.org/10.1016/j.foodchem.2011.09.079
http://doi.org/10.1016/S0305-1978(96)00112-3
http://doi.org/10.1021/jf051601i
http://www.ncbi.nlm.nih.gov/pubmed/16248574
http://doi.org/10.1002/hlca.200890198
http://doi.org/10.1007/BF02562426
http://doi.org/10.1016/S0040-4020(02)00231-4
http://doi.org/10.1023/A:1015810303089
http://doi.org/10.1080/10408390601177613
http://doi.org/10.1126/science.1059501
http://doi.org/10.1515/aep-2016-0029
http://doi.org/10.1039/C5FO01332A
http://www.ncbi.nlm.nih.gov/pubmed/26838473
http://doi.org/10.1021/jf5053942

Foods 2022, 11, 58 20 of 20

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

Sun, Y.; Tao, W.; Huang, H.; Ye, X.; Sun, P. Flavonoids, phenolic acids, carotenoids and antioxidant activity of fresh eating citrus
fruits, using the coupled in vitro digestion and human intestinal HepG2 cells model. Food Chem. 2019, 279, 321-327. [CrossRef]

Nakamura, Y.; Watanabe, S.; Miyake, N.; Kohno, A.H.; Osawa, T. Dihydrochalcones: Evaluation as Novel Radical Scavenging
Antioxidants. J. Agric. Food Chem. 2003, 51, 3309-3312. [CrossRef] [PubMed]

Osborn-Barnes, H.T.; Akoh, C.C. Copper-Catalyzed Oxidation of a Structured Lipid-Based Emulsion Containing «-Tocopherol
and Citric Acid: Influence of pH and NaCl. J. Agric. Food Chem. 2003, 51, 6851-6855. [CrossRef] [PubMed]

Shahidi, F; Zhong, Y. Revisiting the Polar Paradox Theory: A Critical Overview. ]. Agric. Food Chem. 2011, 59, 3499-3504.
[CrossRef]

Frankel, E.N.; Huang, S.-W.; Kanner, J.; German, J.B. Interfacial Phenomena in the Evaluation of Antioxidants: Bulk Oils vs
Emulsions. J. Agric. Food Chem. 1994, 42, 1054-1059. [CrossRef]

Calvo, P,; Lozano, M.; Espinosa-Mansilla, A.; Gonzalez-Gémez, D. In-vitro evaluation of the availability of w-3 and w-6 fatty
acids and tocopherols from microencapsulated walnut oil. Food Res. Int. 2012, 48, 316-321. [CrossRef]

Frankel, E.N.; Neff, W.E.; Selke, E. Analysis of autoxidized fats by gas chromatography-mass spectrometry: VII. Volatile thermal
decomposition products of pure hydroperoxides from autoxidized and photosensitized oxidized methyl oleate, linoleate and
linolenate. Lipids 1981, 16, 279-285. [CrossRef]

Selke, E.; Rohwedder, W.K. Volatile components from trilinolenin heated in air. J. Am. Oil Chem. Soc. 1983, 60, 1853-1858.
[CrossRef]

Adams, A.; Bouckaert, C.; Van Lancker, E; De Meulenaer, B.; De Kimpe, N. Amino acid catalysis of 2-alkylfuran formation from
lipid oxidation-derived a,b-unsaturated aldehydes. J. Agric. Food Chem. 2011, 59, 11058-11062. [CrossRef]

Zamora, R.; Lavado-Tena, C.M.; Hidalgo, FJ. Oligomerization of reactive carbonyls in the presence of ammonia-producing
compounds: A route for the production of pyridines in foods. Food Chem. 2020, 304, 125284. [CrossRef]

Huelin, EE. Studies on the anaerobic decomposition of ascorbic acid. Food Res. 1953, 18, 633-639. [CrossRef]

Finholt, P; Alsos, I.; Higuchi, T. Rate Studies on the Anaerobic Degradation of Ascorbic Acid III. Rate of formation of furfural. J.
Pharm. Sci. 1965, 54, 181-186. [CrossRef]

Truong, N.-H.; Lee, S.; Shim, S.-M. Screening bioactive components affecting the capacity of bile acid binding and pancreatic
lipase inhibitory activity. Appl. Biol. Chem. 2016, 59, 475-479. [CrossRef]

Pischetsrieder, M.; Larisch, B.; Severin, T. The Maillard reaction of ascorbic acid with amino acids and proteins-identification of
products. In The Maillard Reaction in Foods and Medicine; O “Brien, J., Nursten, H.E., Crabbe, M.]., Ames, ].M., Eds.; Woodhead
Publishing Limited: Cambridge, UK, 2005; pp. 107-112.


http://doi.org/10.1016/j.foodchem.2018.12.019
http://doi.org/10.1021/jf0341060
http://www.ncbi.nlm.nih.gov/pubmed/12744659
http://doi.org/10.1021/jf0261553
http://www.ncbi.nlm.nih.gov/pubmed/14582985
http://doi.org/10.1021/jf104750m
http://doi.org/10.1021/jf00041a001
http://doi.org/10.1016/j.foodres.2012.05.007
http://doi.org/10.1007/BF02534950
http://doi.org/10.1007/BF02901537
http://doi.org/10.1021/jf202448v
http://doi.org/10.1016/j.foodchem.2019.125284
http://doi.org/10.1111/j.1365-2621.1953.tb17760.x
http://doi.org/10.1002/jps.2600540204
http://doi.org/10.1007/s13765-016-0184-5

	Introduction 
	Materials and Methods 
	Dietary Supplements Based on Vitamin C, Edible Oil and Pure Compounds Employed 
	In Vitro Gastrointestinal Digestion 
	Lipid Extraction for Further Analysis through 1H NMR 
	Study through 1H NMR of the Starting Oil and of the Lipid Extracts of the Digests 
	Preparation of the Lipid Samples and Operating Conditions for Spectra Acquisition 
	Quantitative Determinations from 1H NMR Spectral Data 

	Study through SPME-GC/MS of the Headspace Composition of the Digests 
	Statistical Analysis 

	Results and Discussion 
	Effect of the Presence of Various Vitamin C-Based Supplements and of Pure l-Ascorbic Acid and Ascorbyl Palmitate on Linseed Oil Oxidation Occurring during Digestion 
	Effect on the Formation of Oxidation Compounds That Can Be Detected through 1H NMR 
	Effect on the Degradation of Polyunsaturated Acyl Groups during Digestion 
	Effect on Gamma-Tocopherol Degradation during Digestion 
	Effect on the Formation of Volatile Oxidation Compounds Detected through SPME-GC/MS 

	Effect of the Presence of Some Vitamin C-Based Supplements and of Pure l-Ascorbic Acid on the Advance of Lipolysis during In Vitro Digestion of Linseed Oil 

	Conclusions 
	References

