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ABSTRACT

Proton Nuclear Magnetic Resonance ('"H NMR) is proved to be, for the first time, a very useful technique in
monitoring the extent of lipid hydrolysis in digestion processes. Sunflower oil and minced fish flesh, as
model foods, were subjected to different in vitro digestion experiments and the lipolysis levels reached
were evaluated using 'H NMR spectral data. Simple observation of the spectra gives very valuable infor-
mation about the extent of the lipolysis and enables a rapid discrimination among samples having differ-
ent hydrolysis degree. Equations were developed to quantify all the lipolytic products, and either referred
to acyl groups plus fatty acids, or to glyceryl structures. The main hydrolysis products were 1,2-diglyce-
rides, 2-monoglycerides, glycerol and fatty acids, although small proportions of 1,3-diglycerides and of 1-
monoglycerides were also found. With this methodology, determination of the extent of lipid digestion in
its different definitions can be made. It has been shown that these definitions are not equivalent, which is
evidence for the need for a consensus in this regard.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

place within the gastrointestinal tract, at least as an initial screen-
ing step (Hur, Lim, Decker, & McClements, 2011). However, the

In recent years a great deal of attention has been paid to food
digestion processes and to the estimation, by means of in vitro
digestion models, of the bioaccessibility and bioavailability of
certain compounds which are either toxic or beneficial for human
health (Colle, Van Buggenhout, Lemmens, Van Loey, & Hendrickx,
2012; Goicoechea et al., 2008; Versantvoort, Oomen, Van de
Kamp, Rompelberg, & Sips, 2005). In fact, for ethical, practical
and economic reasons, in vitro approaches have emerged as power-
ful tools when studying the physico-chemical events that take
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extent of the in vitro digestion process achieved using the different
protocols proposed, has hardly been studied and reported.
Nowadays, lipid digestion is receiving considerable attention
from researchers, and the management of lipid release and absorp-
tion has become a challenge (McClements, Decker, & Park, 2009).
Once ingested, triglycerides (TG) are subjected to hydrolysis which
is mainly catalyzed by lipases present in gastric and duodenal
digestive juices. Lipolysis reaction is ruled by enzyme regiospeci-
ficity (sn-1 and sn-3), yielding 2-monoglyceride (2-MG) and two
fatty acids (FA). Complete hydrolysis can also be achieved, after
isomerization of 2-MG into 1-monoglyceride (1-MG) (Desnuelle
& Savary, 1963; Mattson & Volpenhein, 1964). In turn, MG and
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FA are solubilized in bile-salt aggregates and then absorbed across
the intestinal epithelium after lipolysis (Mu & Hey, 2004). This pro-
cess continuously removes the products formed, which allows
lipolysis to continue.

Different methodologies have been applied to date when quan-
tifying lipid hydrolysis products in in vitro digestion studies. The
titration of fatty acids released by means of a pH-stat apparatus
is the technique which is most commonly employed to estimate
the extent of lipid digestion during in vitro digestion (Hur,
Decker, & McClements, 2009; Li & McClements, 2010; Marze,
Meynier, & Anton, 2013; Thomas, Holm, Rades, & Miillertz,
2012). Although this technique allows continuous monitoring of
the FA released, limited information on the lipolysis reaction can
be obtained since quantification of partial glycerides (DG and
MG) is not possible. In other studies chromatographic techniques
have also been employed; however, these methodologies are
time-consuming and involve many preparation steps (Armand
et al., 1999; Capolino et al.,, 2011; Helbig, Silletti, Timmerman,
Hamer, & Gruppen, 2012; Kenmogne-Domguia, Meynier, Viau,
Llamas, & Genot, 2012; Sek, Porter, & Charman, 2001; Zhu, Ye,
Verrier, & Singh, 2013).

More recently, a new approach based on Proton Nuclear
Magnetic Resonance ("H NMR) has been proposed to study qualita-
tively and quantitatively all the lipolytic products arising from TG
hydrolysis (Nieva-Echevarria, Goicoechea, Manzanos, & Guillén,
2014). Due to the proportionality existing between the area of
the 'H NMR spectral signals and the number of protons that gener-
ate them, different equations were developed and validated to cal-
culate the molar percentages of TG, DG, MG and FA in complex
mixtures of standard compounds simulating lipid hydrolysates
from vegetable, terrestrial animal and marine origins. This new
methodology overcomes the limitations of the above-mentioned
alternatives, allowing the quantification of all kinds of glyceryl
structures and FA in a simple, fast and accurate way.

The aim of this work is to demonstrate for the first time the use-
fulness of 'TH NMR when studying the extent of lipid hydrolysis
reached during in vitro digestion of food samples. For this purpose,
sunflower oil and minced fish flesh were submitted to in vitro
digestion under different experimental conditions in order to
obtain samples with very different lipid composition and showing
different levels of hydrolysis. Afterwards, the lipids of digested
samples were extracted and their '"H NMR spectra were studied
in detail in order to evaluate the advance of lipolysis during diges-
tion. The different products generated from the hydrolysis of TG
were quantified using '"H NMR spectral data and expressed in
accordance with previous studies, either as function of acyl groups
plus fatty acids, or as function of glyceryl structures. Finally, the
extent of lipid digestion reached in digested samples was deter-
mined using all the different approaches, usually employed in
digestion studies: hydrolysis level, degree of TG transformation,
lipid bioaccessibility level and percentage of fatty acids physiolog-
ically releasable (Capolino et al., 2011; Pafumi et al., 2002; Vinarov
et al,, 2012; Zhu et al., 2013).

2. Materials and methods
2.1. Samples

The usefulness of "TH NMR to assess the extent of lipid digestion
was tested in the in vitro digestion of two foods, considered as
model foods, namely sunflower oil (S) and European sea bass
(Dicentrarchus labrax) (F). Sunflower oil was selected as representa-
tive of fats and oils coming from vegetables and terrestrial animals,
and sea bass lipids of those coming from marine origins. It has to
be noted that their lipid composition comprise different level of

complexity. Sunflower oil is mainly made up of triglycerides pos-
sessing linoleic, saturated and oleic acyl groups. However, sea bass
lipids are much more complex, including highly-polyunsaturated
-3 acyl groups in addition to the above-mentioned acyl groups.
Moreover, sunflower oil and fish are two very different matrices;
the former consists exclusively of lipids while the latter also con-
tains water, proteins and other minor components.

These foods were purchased from a local supermarket. Before
in vitro digestion experiments, fish was gutted, cleaned, filleted,
skinned and ground. Sunflower oil and minced fish flesh were sub-
mitted to in vitro digestion under different experimental conditions
in order to obtain samples with different lipid hydrolysis levels. In
this way, three different samples were studied from each food: the
unlipolyzed samples (SUL, FUL), that is samples before being sub-
mitted to digestion; partially lipolyzed samples (SPL, FPL); and
totally lipolyzed samples (STL, FTL).

2.2. In vitro digestion

Digestion experiments were carried out following the in vitro
digestion model described by Versantvoort et al. (2005), already
employed in some previous studies (Goicoechea, Brandon,
Blokland, & Guillén, 2011; Goicoechea et al., 2008). This model
implies a three-step procedure which simulates digestive pro-
cesses in the mouth, stomach, and small intestine by sequentially
adding the corresponding digestive juices. The transit times
employed for oral, gastric and duodenal in vitro digestion were
5 min, 2 h and 4 h, respectively.

Digestive juices (saliva, gastric juice, duodenal juice and bile)
were prepared artificially in accordance with Versantvoort et al.
(2005), with slight modifications in order to obtain samples
digested to different degrees of lipolysis. In the sunflower oil
in vitro digestion, 100 U/ml of lipase from Aspergillus niger in the
gastric juice, 9.6 g/l of lipase (lipase from porcine pancreas) in
the duodenal juice and 60 g/l of bile (bovine bile) in the bile juice
were used. The partial lipolyzed SPL sample was obtained using
0.5 g of sunflower oil, whereas the totally lipolyzed STL sample
was obtained using 0.25 g.

As far as fish lipid samples were concerned, the partially lipo-
lyzed FPL sample was obtained using the above-mentioned con-
centrations of enzymes and of bile and 4.5 g of minced fish. The
totally lipolyzed FTL sample was obtained using the same amount
of fish flesh, but on this occasion with 100 U/ml of lipase from A.
niger in the gastric juice, a lipase (lipase from porcine pancreas)
concentration in the duodenal juice of 1.5 g/l and a bile (bovine
bile) concentration in the bile juice of 15 g/I.

All the reagents for the preparation of the digestive juices were
acquired from Sigma-Aldrich (St. Louis, MO, USA). Each digestion
experiment was carried out in quadruplicate.

2.3. Lipid extraction

Lipid extraction was carried out on fish flesh before subjecting it
to in vitro digestion and also in the digested samples of sunflower
oil and minced fish. The lipids from minced fish muscle were
extracted using dichloromethane (CH,Cl,, HPLC grade, Sigma-
Aldrich, St. Louis, MO, USA) as solvent in a proportion of 1:2 (w/
v) and assisted by an ultrasonic bath for 1 h. Afterwards, solvent
was removed by means of a rotary evaporator under reduced pres-
sure at room temperature, in order to avoid lipid oxidation. The
extraction was performed in duplicate and lipid extracts from
minced sea bass were named FUL. Digested samples were submit-
ted to a liquid-liquid extraction, using CH,Cl, in a proportion of
2:3 (v/v). As previously described, the solvent was evaporated off
and the lipid extracts obtained from in vitro digested samples were
named SPL, STL, FPL and FTL, just like the original digested samples.
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In all cases, dichloromethane was selected as solvent because of
its ability to extract lipids, its high volatility and its suitable
polarity. Different extraction conditions and solvents had been pre-
viously tested in our laboratory to ensure the exhaustive extraction
of all the lipolytic products arising from TG hydrolysis.

2.4. "H NMR spectra acquisition

The 'H NMR spectra of sunflower oil and fish lipids before
digestion (SUL, n = 2; FUL, n = 2) and of the corresponding digested
lipid extracts (SPL, n=4; STL, n=4; FPL, n=4; FTL, n=4) were
recorded on a Bruker Avance 400 spectrometer operating at
400 MHz. As in previous studies of edible oils carried out in our
laboratory (Guillén, Carton, Goicoechea, & Uriarte, 2008;
Martinez-Yusta & Guillén, 2014; Nieva-Echevarria et al., 2014;
Vidal, Manzanos, Goicoechea, & Guillén, 2012), 200 pl of the lipid
samples were mixed with 400 pl deuterated chloroform (CDCls),
which contains 0.2% of non-deuterated chloroform and a small
proportion of tetramethylsilane (TMS) used as internal reference
(Cortec, Paris, France). The mixture was introduced into a 5 mm
diameter tube. In order to select the most appropriate values to
obtain accurate quantitative results in the shortest possible period
of time, a very broad range of recycling times and relaxation delays
were tested in the acquisition of the 'TH NMR spectra. Thus, the
acquisition parameters used were the following: spectral width
6410 Hz, relaxation delay 3 s, number of scans 64, acquisition time
4.819 s and pulse width 90°. The relaxation delay and acquisition
time allow the complete relaxation of the protons, the signal areas
thus being proportional to the number of protons that generate
them, making their use for quantitative purposes possible. The
'H NMR spectra were plotted at a fixed value of absolute intensity
to be valid for comparative purposes. All data derived from '"H NMR
spectra are provided as average values together with the standard
deviations.

Table 1 shows the assignment of the '"H NMR signals from the
spectra of the samples studied, as shown in Figs. 1 and 2; this
assignment is in agreement with previous studies (Guillén &
Ruiz, 2001, 2003a,b; Guillén et al., 2008; Nieva-Echevarria et al.,
2014; Vidal et al., 2012).

2.5. Equations derived from 'H NMR spectral data used to quantify
lipolytic products and lipid digestion extent

As mentioned before, the signal areas in the spectra are propor-
tional to the number of protons that generate them. Given this, the
number of moles of the different kinds of molecules present in the
lipid samples can be calculated by the following equations, devel-
oped and validated in a previous study (Nieva-Echevarria et al.,
2014):

Namg = Pc*Ag /4 (1)
Ni.mg = Pc*AL (2)
Nispe = PC*(AHJ —2A)/2 3)
Ni3pc = PC*(A404-a38 — 2A426-438 — 2A1)/5 4)
Nr¢ = Pc*(2A426-438 — Ay + 2A1) /4 ®)

NFA = (PC*AZ.ZG—ZAO - 6NTG - 4NI,Z—DG - 4N1,3—DG - 2N]—MG
—2Nync)/2 (6a)

Nea = (Pc*10A3 26237 + PC"5A;37-2 44 — 60N7¢ — 40N 5.p¢
— 40N 3.p6 — 18N1-mc — 13N2mc) /20 (6b)

where N is the number of moles of the corresponding compound, Pc
is the proportionality constant relating the '"H NMR spectral signal
areas and the number of protons that generate them, A is the area
of the 'TH NMR spectral signal involved, and Asgs_438 As26-438:
Az26-2.40, A2.26-2.37 and Aj 37_3 44 are the areas of the signals ranging
from 4.04 to 4.38, 4.26 to 4.38, 2.26 to 2.40, 2.26 to 2.37, and 2.37 to
2.44 ppm, respectively. It has to be noted that Eq. (6a) is intended
for lipids from vegetable or terrestrial animal origins, and Eq. (6b)
for marine lipids. In the case of fish lipid digestion, the hydrolysis
of phospholipids was not taken into account in the present study,
because they were present in very low proportions in comparison
with TG.

These equations were used in the quantification of the products
generated during lipolysis, as well as in the assessment of the
extent of the lipid digestion.

3. Results and discussion

TH NMR has been shown to be a very useful technique in eval-
uating the hydrolysis level in complex lipid mixtures of standard
compounds (Nieva-Echevarria et al., 2014). The occurrence of cer-
tain signals in the '"H NMR spectrum of a digested lipid sample can
provide information about the nature of the glycerides (TG, DG and
MG) present among the lipid digestion products. In addition, this
methodology makes it possible to discriminate between isomers
of diglycerides (1,2-DG and 1,3-DG) and monoglycerides (2-MG
and 1-MG), which is useful when studying the specificity of diges-
tive lipases. In fact, digestive lipases show positional specificity
(Desnuelle & Savary, 1963; Hofmann & Borgstrom, 1963) and the
expected pathway of TG hydrolysis under in vitro conditions is
the consecutive transformation into 1,2-DG, 2-MG, and G (prior
isomerization of 2-MG into 1-MG), unless unspecific lipases are
used. Furthermore, since the area of each spectral signal is propor-
tional to the number of protons that generate it, quantification of
the molar percentages of the different products generated during
the hydrolysis of TG can be accurately carried out by applying
the above-mentioned simple equations, which involve signal areas
(Nieva-Echevarria et al., 2014). In this context, the present work
shows for the first time the usefulness of '"H NMR in studying
in vitro digested lipids, with different degrees of lipolysis, whose
composition of acyl groups is either simple or very complex, such
as sunflower oil and fish lipids. Firstly, the information provided
directly from the observation of the spectra will be commented on.

3.1. Evaluation of the extent of in vitro lipolysis by simple observation
of 'TH NMR spectra of digested lipid extracts

3.1.1. In vitro digestion of sunflower oil

Fig. 1 shows the 'H NMR spectra of sunflower oil before (SUL)
and after in vitro digestion (SPL, STL). In this figure some spectral
regions are enlarged, where the most significant differences among
the spectra can be observed. The assignment of the signals to the
corresponding protons is given in Table 1. As can be observed,
the '"H NMR spectrum of unlipolyzed sunflower oil (SUL) presents
the typical signals corresponding to the protons supported on the
acyl groups (signals A, C, D1, E, F1, G, T) and those of the glyceryl
backbone of TG (signals O, S).

When comparing the 'H NMR spectra of the unlipolyzed sample
with those of partially (SPL) and totally lipolyzed (STL) ones,
noticeable differences can be observed. Certain signals remain
almost unchanged (signals A, C, E, G, T), whereas others disappear
gradually (signals O, S). The intensity in the spectrum of SPL of
these latter signals, specific of TG, evidences that a remarkable pro-
portion of TG molecules remained unaltered. By contrast, they



Table 1
Chemical shift assignments and multiplicities of the 'H NMR signals in CDCl5 of the main protons of glycerides and fatty acids present in lipids of vegetable and animal origins, including marine lipids (Nieva-Echevarria et al., 2014). The
signal letters agree with those given in Figs. 1 and 2.

Signal Chemical shift (ppm) Multiplicity Functional group
Type of protons Compound
A 0.88 t ~CH; Saturated, monounsaturated ®-9 and/or -7 acyl groups and FA
0.89 t —CH; Unsaturated -6 acyl groups and FA
B 0.97 t —CH; Unsaturated -3 acyl groups and FA
C 1.19-1.42 m ~(CHp)n- Acyl groups and FA
D1 1.61 m ~0CO-CH,-CH,- Acyl groups in TG, except for DHA, EPA and ARA acyl groups
1.62 m -0CO-CH,-CH,~ Acyl groups in 1,2-DG, except for DHA, EPA and ARA acyl groups
1.63 m -0CO-CH,-CH,-, Acyl groups in 1,3-DG, 1-MG and FA, except for DHA, EPA and ARA acyl groups
COOH-CH,-CH>-
1.64 m ~0CO-CH,-CH,- Acyl groups in 2-MG, except for DHA, EPA and ARA acyl groups
D2 1.69 m ~0CO-CH,-CH,- EPA and ARA acyl groups in TG
1.72 m COOH-CH,-CH,- EPA and ARA acids
E 1.92-2.15 m ~CH,-CH=CH- Acyl groups and FA, except for -CH,- of DHA acyl group in B-position in relation to carbonyl group
F1 2.26-2.36 dt -0CO-CH,- Acyl groups in TG, except for DHA acyl groups
2.33 m -0CO-CH,- Acyl groups in 1,2-DG, except for DHA acyl groups
2.35 t -0CO-CH,-, Acyl groups in 1,3-DG, 1-MG and FA, except for DHA acyl groups
COOH-CH>-
2.38 t -0CO-CH,- Acyl groups in 2-MG, except for DHA acyl groups
F2 2.37-2.41 m -0CO-CH,-CH,- DHA acyl groups in TG
2.39-2.44 m COOH-CH,-CH,- DHA acid
G 2.77 t —HC-CH,-CH= Diunsaturated -6 acyl groups and FA
H 2.77-2.90 m =HC-CH,-CH= Polyunsaturated ®-6 and -3 acyl groups and FA
I 3.65 ddd ROCH,-CHOH-CH,OH Glyceryl group in 1-MG
] 3.73 m ROCH,-CH(OR')-CH,OH Glyceryl group in 1,2-DG
K 3.84 m HOCH,-CH(OR)-CH,OH Glyceryl group in 2-MG
L 3.94 m ROCH,-CHOH-CH,OH Glyceryl group in 1-MG
M 4.05-4.21 m ROCH,-CHOH-CH,OR’ Glyceryl group in 1,3-DG
N 4.18 ddd ROCH,-CHOH-CH,OH Glyceryl group in 1-MG
(6] 4.22 dd,dd ROCH,-CH(OR')-CH,OR” Glyceryl group in TG
P 4.28 ddd ROCH,-CH(OR')-CH,OH Glyceryl group in 1,2-DG
Q 493 m HOCH,-CH(OR)-CH,O0H Glyceryl group in 2-MG
R 5.08 m ROCH,-CH(OR')-CH,OH Glyceryl group in 1,2-DG
S 5.27 m ROCH,-CH(OR/)-CH,O0R” Glyceryl group in TG
T 5.28-5.46 m _CH=CH- Acyl groups and FA

Abbreviations: t: triplet; m: multiplet; TG: triglycerides; DHA: docosahexaenoate; EPA: eicosapentaenoate; ARA: arachidonate; 1,3-DG: 1,3-diglyceride; 1-MG: 1-monoglyceride; FA: fatty acid; 1,2-DG: 1,2-diglyceride; 2-MG: 2-
monoglyceride; d: doublet.

" Overlapping of multiplets of methylenic protons in the different acyl groups either in p-position, or further, in relation to double bonds, or in y-position, or further, in relation to the carbonyl group.

™ Overlapping of multiplets of the a-methylenic protons in relation to a single double bond of the different unsaturated acyl groups.
""" This signal shows different multiplicity if the spectrum is acquired from the pure compound or taking part in the mixture.

061-281 (S102) 621 Austuay) pood /v 33 DLLDAAYIT-DAIIN g

S8l



186 B. Nieva-Echevarria et al./Food Chemistry 179 (2015) 182-190

F1 D1
5 ,2.305 L1610
S
L JA/L J\SUL
‘2338 1629 "
K
o R Q © L =
Iy R Moy I SPL
x
2343 1.630 "
K
R (o]
' a P s N L M sy L STL
; S i v

o ]
N
o |
o
fal
>
.
N
B
o

-

o
o
‘n_
(=)
h_‘
]
IS
=)
w
o
©
=)
g
2]
N
o
-
]
-
o
o
]
°
T
3

Fig. 1. '"H NMR spectra of unlipolyzed sunflower oil (SUL) and of partially (SPL) and totally lipolyzed (STL) lipid extracts obtained after in vitro digestion. Some spectral regions
are enlarged. The assignment of the signals is in agreement with Table 1.
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Fig. 2. 'H NMR spectra of unlipolyzed fish lipids (FUL) and of partially (FPL) and totally lipolyzed (FTL) lipid extracts obtained after in vitro digestion. Some spectral regions
are enlarged. The assignment of the signals is in agreement with Table 1.
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have almost disappeared in the spectrum of STL sample, indicating
that nearly all the TG have been hydrolyzed.

In addition to the decrease of the above-mentioned signals, at
the same time and as the hydrolysis advances, new signals (I, ],
K, L, M, N, P, Q R) appear in the spectral region ranging from
3.60 to 5.30 ppm. These changes, due to TG hydrolysis during
in vitro digestion, relate to the appearance of partial glycerides aris-
ing from them. Taking into account the assignment of the signals
summarized in Table 1, the newly formed glycerides were predom-
inantly 1,2-DG (signals J, P, R) and 2-MG (signals K, Q), which is in
agreement with the lipid hydrolysis reaction occurring within the
human tract due to the in vivo regiospecificity of digestive lipases
(Desnuelle & Savary, 1963; Hofmann & Borgstrém, 1963). The pres-
ence, though in low intensity, of the spectral signals corresponding
to 1-MG (signals I, L, N), especially in totally lipolyzed sample
(STL), can be explained by the isomerization of 2-MG molecules.
In fact, the latter have been reported to be very unstable and to
isomerize easily into 1-MG in an aqueous medium at neutral or
alkaline pH and at moderate temperatures (26-40 °C) (Mattson &
Volpenhein, 1962). It is estimated that, in vivo, about 28% of 2-
MG are rearranged into 1-MG (Mattson & Volpenhein, 1964). It is
also noteworthy the presence of the multiplet corresponding to
1,3-DG at 4.05-4.21 ppm (signal M) in the spectrum of SPL, which
is in agreement with other digestion studies, either in vivo
(Miettinen & Siurala, 1971) or in vitro (Vlahov, 2006). The low
intensity of this signal evidences a negligeable content of this
diglyceride in the digested sample. Due to the positional specificity
of the lipases used in our in vitro digestion protocol, this could be
mainly explained by the occurrence of 1,2-DG isomerization (De
Groot, 1972; Spyros, Philippidis, & Dais, 2004).

Due to TG hydrolysis, small differences in the chemical shift and
multiplicity of signals D1 and F1 can also be appreciated in the
spectral regions ranging from 1.55-1.75 and 2.25-2.45 ppm,
respectively, corresponding to the protons of methylenic groups
in B- and a-position in relation to the carbonyl group of acyl groups
and to the carboxyl group of FA (see Table 1). As shown in Fig. 1,
the intensity of the signals related to TG centered approximately
at 1.610 and 2.305 ppm (see spectra of SUL) gradually decrease,
whereas the intensity of signals centered at higher chemical shifts
(1.630 and 2.343 ppm) increase simultaneously (see spectra of SPL,
STL). These new signals are generated by the same protons but
supported on DG, MG and FA and are centered at higher chemical
shifts than those corresponding to TG (see Table 1). Thus, due to
the great degree of overlapping of these signals, the study of both
spectral regions can also give information about the extent of lipol-
ysis, but not about the nature of the lipolytic products generated.
The advance of lipid hydrolysis can be especially deduced from
the observation of signal F1 because the signal corresponding to
TG can be perfectly distinguishable from those due to the same
protons but supported on DG, MG and FA (see the enlarged signals
F1 in Fig. 1 and data in Table 1).

3.1.2. In vitro digestion of sea bass

Fig. 2 shows the 'H NMR spectra of sea bass lipid extracts before
(FUL) and after in vitro digestion (FPL, FTL). As in the previous
example, samples submitted to different digestion conditions
reached different degrees of lipolysis, which is useful in showing
the qualitative changes which occur during the progression of
digestion. As previously commented, the '"H NMR spectrum of
the unlipolyzed sample (FUL) presents the typical signals corre-
sponding to the protons supported on the acyl groups, (signals A,
B, C, D1, D2, E, F1, F2, G, H, T) and those of the glyceryl backbone
of TG (signals O, S). It has to be noted that signals D2 and F2,
related to eicosapentaenoic plus arachidonic and docosahexaenoic
acyl groups respectively, are typical of fish lipids, and, unless inten-

tionally added, are absent in the "H NMR spectra of fats and oils of
other origins.

As hydrolysis advances, the same differences already described
for sunflower oil samples can be noticed in the '"H NMR spectra of
fish lipids submitted to digestion. The intensity of specific signals
related to TG (signals O, S) gradually decreases as the hydrolysis
advances, whereas specific signals related to 1,2-DG (signals J, P,
R), 2-MG (signals K, Q) and 1-MG (signals I, L, N) appear. In this
case, the presence of signal M was not observed. Variation to
higher chemical shifts can also be appreciated in signals D1, D2,
F1, F2, which evidences the occurrence of TG hydrolysis, as has
been described before. As observed in Fig. 2, in fish lipid extract
before digestion (FUL), the signals D2 and F2 related to TG are cen-
tered at approximately 1.695 and 2.384 ppm, whereas in the
totally lipolyzed sample (FTL) they are centered at 1.713 and
2.413 ppm, respectively.

3.2. Determination of lipolytic products generated during in vitro
digestion

In the literature on lipid digestion, two different ways to
describe quantitatively the products generated during TG lipolysis
are being used. Some authors estimate the molar percentages of FA
or acyl groups joined to different glyceryl backbone structures
present (TG, DG, MG) in relation to the total number of acyl groups
plus fatty acids present in the sample (Helbig et al., 2012; Zhu
et al., 2013). However, other authors quantify the lipolytic prod-
ucts in function of the several glyceryl structures (TG, DG, MG,
G), determining the molar percentage of each one in relation to
the total number of them (Capolino et al.,, 2011; Rodriguez et al,,
2008).

3.2.1. Quantitative description in function of acyl groups plus fatty
acids

This method of describing the digestion products quantitatively
requires determination of the molar percentages of acyl groups
(AG) supported on the different glyceride structures (TG, DG,
MG) and also the molar percentage of FA (Helbig et al., 2012;
Zhu et al., 2013). By using the equations detailed in the Section 2,
this determination can be performed from data obtained from the
TH NMR spectrum by applying the following equations:

AGrc% = 100(3N1¢) /NTagsa (7)
AG1206% = 100(2N1 2-06)/NTac kA (8)
AG13.06% = 100(2N13.p6) /NTac ra 9)
AGmc% = 100N 36 /NTag. ra (10)
AG1mc% = 100N /NTag.ra (11)
FA% — 100Ngs/NTac. i (12)

In these equations AG is the percentage of acyl groups supported on
each kind of glyceride present in the sample, N is the number of
moles of each kind of digestion product and NTag.ra is the total
number of moles of acyl groups plus FA present in the sample.
The latter can also be determined by using 'H NMR spectral data
by means of the following equation:

NTacra = 3N1c + 2N12.06 + 2N13.06 + Nomg + Niomv + Nea - (13)

It is evident that for each TG there are three acyl groups, for
each DG two acyl groups are present and for each MG there is only
one; thus these molar percentages cannot be considered as
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Table 2

Molar percentages of acyl groups (AG) supported on the different glyceryl backbone
structures (TG, 1,2-DG, 1,3-DG, 2-MG, 1-MG) and fatty acids (FA), present in the lipids
of both the original samples and the in vitro digested samples.

Sample AGrc% AGi,p6% AGizpck AGomck AGimck FA%

SUL 98.9+0.0 03x0.0 - - - 0.8+0.0
SPL 249+06 7.0+03 1903 25+01 07%01 62907
STL 50+x1.0 1.7x02 - 27+04 07+01 899%15
FUL 973+0.0 04x0.0 - - - 23+0.0
FPL 341+01 76+16 . 3.1+£04 0401 549=%1.1
FTL 1.6+£0.8 13.2+33 - 83+06 23+06 746x4.0

percentages of whole molecules. Table 2 shows the results
obtained when this method of quantifying lipolysis products is
used in the study of sunflower oil and fish lipid digestion.

3.2.2. Quantitative description in function of glyceryl structures

As far as the second way of quantifying lipolysis products based
on glyceryl structures is concerned, this determines the proportion
of TG molecules that remained intact, that were hydrolyzed par-
tially into DG, MG, and totally into G (Capolino et al., 2011;
Rodriguez et al., 2008). It must be mentioned that this way of
expressing lipid digestion products is also very useful in monitor-
ing the progression of the lipolysis reaction during digestion,
allowing a global characterization of the different kinds of products
generated considered as whole molecules. Moreover, quantifica-
tion by this means ensures that the mass balances can be success-
fully applied, since the proportion of the different lipolytic
products reflects the stoichiometry of reaction.

The following equations can be applied to quantify glyceryl
structures in relation to the total number of moles of them (NTgs)
present in the sample during lipid digestion:

TG% = 100Nt /NTcs (14)
1,2-DG% = 100N, .pc/NTcs (15)
1,3-DG% = 100N; 3.pc /NTcs (16)
2-MG% = 100N; .y /NTcs (17)
1-MG% = 100N;_yc/NTcs (18)

Determination of the molar percentage of glycerol (G) mole-
cules is also possible from 'H NMR data. Although the complete
hydrolysis of TG is usually believed to be limited in vivo, as previ-
ously commented, the generation of G under in vitro conditions has
been previously reported (Borgstrom, 1964; Capolino et al., 2011)
and should thus be confirmed. After some trials carried out in
our laboratory, it was proved that due to its high polarity, G cannot
be extracted from the digested samples using dichloromethane.
Therefore, it is not possible to determine if complete hydrolysis
of TG has occurred by simple observation of 'H NMR spectra of
digested lipid extracts. In spite of this, its quantification can be
achieved by indirect determination, taking into account the stoi-
chiometry of the hydrolysis reaction, by means of the following
equations:

Ng = (Nra — N12-06 — N1 3-06 — 2Na-mg — 2N1mc) /3 (19)

where N is the number of moles of the corresponding compound
determined by the equations detailed in the Section 2. Once the
number of glycerol moles (Ng) is determined, its molar percentage
can also be calculated by the following equation:

G% = 100Ng /NTgs (20)

Finally, the total number of moles of glyceryl structures present
in the sample (NTgs) can be determined using the following
equation:

NTgs = N1¢ + N12-06 + N13-06 + No-mc + Ni-me + No (21)

Table 3 shows the results obtained when this second method of
describing hydrolysis products quantitatively is applied in the
study of sunflower oil and fish lipid digestion. As can be observed,
the number of TG molecules that have undergone a total hydrolysis
(G%) is considerably high, even in partially hydrolyzed samples;
these values are higher than those reported in vivo (from 12% to
40%) (Borgstrém, 1964; Borgstrom, Tryding, & Westdo, 1957,
Mattson & Volpenhein, 1964). This could be explained by the
in vitro static model used, which hinders the removal of 2-MG. In
vivo, the generation of G during digestion could be limited by the
higher velocity of absorption of 2-MG compared to that of the
isomerisation into 1-MG (Borgstrom, 1964). When comparing
these results with those of Table 2, it must be noted that, except
for TG, very different values are obtained due to the different
meaning of each way of quantifying. However, it has to be pointed
that, as they are both related, the values obtained in any sample
using one way can be used to determine those that would be deter-
mined by the other way.

3.3. Determination from 'H NMR spectral data of the extent of lipid
digestion

The hydrolysis of TG implies the cleavage of the ester bonds,
resulting in the release of three FA and the formation of G when
lipolysis is complete. However, due to several different interpreta-
tions of the concept of lipid digestion extent, various approaches
have been proposed for its determination: hydrolysis level, degree
of TG transformation, lipid bioaccessibility level and percentage of
fatty acids physiologically releasable (Capolino et al., 2011; Pafumi
et al., 2002; Vinarov et al., 2012; Zhu et al., 2013). In some cases,
lipid digestion is considered from the chemical point of view,
whereas in others the bioaccessibility of the products generated
is taken into account, in an attempt to see matters from a physio-
logical point of view. In spite of this, any one of these approaches
can be estimated by applying the methodology developed here.

3.3.1. Hydrolysis in the chemical sense

Several authors evaluate in vitro lipid hydrolysis level (H%) by
the percentage of FA released in relation to the total number of
moles of acyl groups plus fatty acids present in the sample
(NTac+ra), in agreement with the above-mentioned Eq. (12)
(Capolino et al., 2011; Helbig et al., 2012; Rodriguez et al., 2008;
Zhu et al.,, 2013). This approach considers that total lipolysis
(100%) is achieved when all the glycerides initially present (TG,
DG, MG) are converted into FA and G. If the sample only contains
TG before digestion, this approach can also be determined using
the number of moles of TG initially present in the sample (Nrc;).

Table 3

Molar percentages of the different glyceryl structures (TG, 1,2-DG, 1,3-DG, 2-MG, 1-
MG and G) present in the lipids of both the original samples and the in vitro digested
samples.

Sample TG%

SUL 98.9+0.0
SPL 249+0.6

1,2-DG%  1,3-DG% 2-MG¥% 1-MG%  G%

0.5+0.0 B - = 0.6+0.0
106+04 29+05 7.6x02 21+02 52010

STL 50+1.0 2603 - 81+12 20%04 823%26
FUL 973+0.0 0.6%0.0 - - - 2.1£00
FPL 341+£01 114+%12 - 93+06 1.1x0.1 44106
FTL 1.7+£09 19.6+4.7 - 249+19 69+19 469164
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H% = 100Ngs/NTacra = 100Nga/(3N1ci) (22)

3.3.2. Lipid digestion as the relative disappearance of the substrate

In this approach, the degree of lipid digestion is defined as the
relative disappearance of the substrate, which is to say the degree
of TG transformation (Tyg%) considering the substrate for digestion
as made up of TG exclusively (Armand et al., 1999; Vinarov et al.,
2012). According to these authors, the lipolysis reached can be cal-
culated by the following equation:

TTG% = 100(NTGi - NTG)/NTGi (23)

In this case, complete lipolysis (100%) involves the hydrolysis of
at least one ester bond in each TG molecule initially present.

3.3.3. Lipid digestion and bioaccessibility

Another more physiological approach is also used to evaluate
the extent of lipid digestion in in vitro studies. Some authors, focus-
ing on the notion of bioaccessibility, have determined the level of
lipolysis as the number of moles of acyl groups bound to MG and
of FA in relation to the total number of moles of acyl groups plus
fatty acids present in the sample (NTag+ra) (Capolino et al., 2011;
Kenmogne-Domguia et al., 2012). In fact, although further hydroly-
sis is possible, the complete absorption of a TG only requires its
conversion into MG and two FA. Using this approach, the propor-
tion of lipids which are bioaccessible (Lga%) for absorption in the
gut lumen can be estimated by means of the following equation:

Lga% = 100(N1mc + Na-mg + Nia) /NTacira (24)

In this case, a value of 100% involves the transformation of each
TG into absorbable molecules, which may be either MG or FA.

3.3.4. Fatty acids versus those which may be released in the conversion
of TG into MG

In this context, when using the pH-stat apparatus to monitor an
in vitro lipolysis reaction, the percentage of FA physiologically
releasable (FApr%) is quantified by taking into account the number
of moles of NaOH required to neutralize the FA divided by the
number of moles of FA that could be released from the initial TG
molecules present (Nig;). This assumes that each TG molecule
can generate two FA and one MG and that no further hydrolysis
of MG occurs (Lamothe, Corbeil, Turgeon, & Britten, 2012; Li &
McClements, 2010; Marze et al., 2013; Pafumi et al., 2002).

FApr % = 100N¢a/(2N1ci) (25)

In this case, a value of 100% involves the transformation of each
TG into MG and FA. However, this assumption simplifies the real
lipolysis reaction, since it does not take into account that a TG mol-
ecule can also suffer complete hydrolysis and may give rise to one
molecule of G and three molecules of FA, as previously demon-
strated. Thus, since hydrolysis of MG into G could occur
(Borgstrom, 1964; Borgstrom et al., 1957; Mattson & Volpenhein,
1964), this approach would lead to a noticeable overestimation
of the extent of lipid digestion if G is generated, which could
explain certain percentages above 100% obtained in some studies
(Li, Hu, & McClements, 2011).

Table 4 shows the results obtained when these different
approaches were applied to estimate the extent of lipolysis reac-
tion in the samples subject of study. Values differ since they deal
with different concepts of lipolysis; however, certain similarities
can be found between two of the four approaches (H% and Lga%).
Regarding samples before digestion, values obtained for H% and
Lga’% agree because they are composed mainly of TG and, to a lesser
extent, of DG and FA. As far as digested samples are concerned, a
similar tendency is noticed: Lga% is slightly higher than H%, which
is to be expected since the amount of MG is taken into account

Table 4

Hydrolysis level (H%), TG transformation (Tyc%), lipid bioaccessibility (Lga%) and
percentage of FA physiologically releasable (FApg%) in the lipids of both the original
samples and the in vitro digested samples, determined using Eqs. (22-25).

Sample H% Trc% Lpa% FApr%

SUL 0.8+0.0 1.1£0.0 0.8+0.0 1.1£0.0

SPL 62.9+0.7 75.1+0.6 66.2 0.6 944+1.1

STL 89.9+1.5 95.0+ 1.0 93.3+1.0 1349+23
FUL 23+0.0 2.7+0.0 23+0.0 3.5+0.0

FPL 549 +1.1 65.9+0.1 583+1.5 823+1.7
FTL 74.6 £4.0 98.4+0.8 85.1+3.9 111.8+£6.0

within the first approach. Thus, it can be deduced that, under the
conditions of this study, there is a low proportion of MG among
the digested products, which is somewhat more abundant in FTL
than in STL sample. This is in agreement with observations made
in Figs. 1 and 2 in the signals due to protons in the glycerol back-
bone of 1-MG (I, L, N) and especially in those of 2-MG (K, Q). As far
as Trg% is concerned, the values obtained are higher than those cor-
responding to H% and Lga% because this approach only focuses on
the conversion of TG into other glycerides, regardless of their nat-
ure (DG, MG or G). Finally, in relation to FApr%, the overestimation
obtained is remarkable, as mentioned before. This wide variation in
the definition of lipid digestion extent makes it difficult to compare
the results of different studies and thus to advance in the knowl-
edge about lipid digestion. Therefore a consensus definition on
lipolysis during digestion would be of great interest.

4. Conclusions

For the first time, a methodology based on '"H NMR spectral data
to quantify both lipolytic products and the extent of the lipid
digestion has been developed. By means of simple observation of
the spectrum, it is possible to obtain information about the nature
and proportions of the lipolysis products present, which deter-
mines the hydrolysis level of the sample. Equations derived from
spectroscopic data are proposed for quantification of all the prod-
ucts arising from triglycerides hydrolysis. Moreover, the present
study highlights the versatility of this new methodology in assess-
ing the extent of lipolysis reaction in any of its current definitions.
Due to the different interpretations of lipid digestion extent, a def-
inition arrived by consensus is considered necessary. It should be
pointed out that this methodology allows us to discriminate
between the isomers formed in lipid digestion. Under the condi-
tions of this study, 1,2-diglycerides, 2-monoglycerides, fatty acids
and glycerol were the main hydrolysis products arising from
triglycerides. However, the presence in very low proportions of
1,3-diglycerides and 1-monoglycerides in digested lipid extracts
suggests the possible occurrence of isomerization reactions during
in vitro digestion. Furthermore, complete hydrolysis of triglycer-
ides into fatty acids and glycerol occurred to a significant extent,
which was higher than that reported in vivo. In comparison with
other methodologies previously employed, 'H NMR allows a global
study of the digested sample in a simple and fast way, and without
any chemical modification.
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