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The growing awareness of the pro-oxidant conditions of the gastrointestinal tract promotes attention to the fate
of n-3 PUFAs after ingestion. These investigations primarily rely on in vitro models, with INFOGEST 2.0 being the
most commonly applied. However, scarce attention is currently paid to the hydrolysis degree of the oils. In the
present short communication, lipid digesta of DHA-rich oils, obtained after in vitro digestion, were analyzed with
NMR spectroscopy. Rapeseed oil was used as positive control. Results showed that the DHA content of the oil

negatively affected lipolysis, with an observed negative non-linear relationship between lipolysis extent and the
long chain n-3/n-6 fatty acid ratio of the oil. 3C NMR revealed a clear negative relationship between lipolysis
and relative amount of 22:6n-3 in the sn-1,3 position. This intrinsic obstacle should be taken into account during
the in vitro research on behavior of n-3-rich oils in the gastrointestinal tract.

1. Introduction

Omega-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFAs), in
particular docosahexaenoic acid (22:6n-3, DHA) and eicosapenaenoic
acid (20:5n-3, EPA), play an essential role in the human well-being at all
development stages and provide protection against disorders such as
cardiovascular diseases, osteoporosis, and cancer (Saini & Keum, 2018).
A major issue with dietary n-3 PUFAs is their proneness to oxidation,
which decreases sensorial and nutritional quality and even generates
potentially toxic compounds. Compared to production and storage, the
interest on the behavior of n-3 PUFAs in the physiologically pro-oxidant
environment of the gastrointestinal tract has risen in the field of lipid
oxidation only recently. This phenomenon is usually studied employing
in vitro models of the digestion process. Of these, INFOGEST 2.0 is the
most recent, and the one with the widest consensus and applications
(Brodkorb et al., 2019). INFOGEST 2.0 has been applied to the study of
bioaccessibility of lipid compounds (recently reviewed by (Tan et al.,
2022)) but most report focused solely on free fatty acids release. The use
of INFOGEST in the field of lipid oxidation has been largely limited to
the investigation of primary and secondary oxidation products. In
addition, due to the complexity of the oxidation reaction, these studies
require analysis (Damerau et al., 2020) and sample amounts often

different from in vitro bioaccessibility studies (Tan et al., 2020).

The difficulty in the hydrolysis of n-3 PUFA esters, especially DHA, is
known in the field of lipid restructuring (Halldorsson et al., 2003) but
applied conditions differ from those in vitro or in vivo. While there are
indications of easier release of saturated (SAFA) or monounsaturated
(MUFA) fatty acids compared to n-3 PUFAs in food formulation studies
(Gayoso et al., 2019; Gomes et al., 2019), evidence remains scattered in
the field of lipid oxidation. Therefore, also in light of our recent studies
on lipid oxidation of n-3 PUFAs during simulated digestion (Beltrame
etal., 2023, 2024), the scope of the present short communication was to
detail the achievable degree of lipolysis of different oils rich in n-3
LC-PUFA, in particular 20:5n-3 and 22:6n-3, in INFOGEST 2.0 model.
The work aimed to verify the effect of fatty acid composition and tri-
acylglycerol (TAG) structure on hydrolysis with the aid of 'H and '3C
NMR spectroscopy.

2. Materials and methods
2.1. Samples and reagents

Rapeseed oil, two different oils from Schizochytrium sp., cod liver oil
(henceforth fish oil), and fish oil concentrate were obtained from
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commercial sources. Tridocosahexaenoin was supplied by Larodan
(Solna, Sweden).

All solvents and chemicals were supplied by SigmaAldrich (Saint
Louis, MO, USA). Salts were supplied by SigmaAldrich, VWR (Leuven,
Belgium), Scharlau (Barcelona, Spain), Avantor (Radnor, PA, USA),
Fischer Chemicals (Ziirich, Switzerland), and Merck (Darmstadt,
Germany).

Rabbit gastric lipase (RGE15-500, lipase activity 28.0 + 6.6 U/mg)
was obtained from Lipolytech (Marseille, France). Porcine pepsin,
a-amylase, porcine pancreatin (lipase activity 77.8 + 18.8 U/mg), and
bile salts were purchased from SigmaAldrich. Potato flour, whey protein
concentrate, and wheat bran were supplied from commercial sources.

2.2. Fatty acid analysis

Fatty acids were analyzed with gas chromatography-flame ionization
detector (GC-FID) as methyl esters according to previously published
protocol (Damerau et al., 2020).

2.3. Simulated digestion

A defatted simulated meal was prepared for the static in vitro
digestion experiments following a previously published protocol
(Beltrame et al., 2023). Oil and simulated meal were combined prior to
digestion.

The simulated in vitro digestion was performed according to the
INFOGEST 2.0 protocol (Brodkorb et al., 2019). The entire procedure
was carried out in dim light, while the digestion itself was carried out in
darkness. The compositions of simulated saliva, gastric fluid, and in-
testinal fluid were as stated in the protocol. Enzyme solutions in their
respective simulated fluids were prepared the day of the experiments.
The required aliquots of CaCl, e 2 HyO 0.3 M were added to the simu-
lated fluids only prior to enzyme addition. Solutions were preheated to
37 °C before use. The pH was adjusted with HCl and NaOH 1 M solutions
with aliquots verified prior to digestions. The use of shaking during in-
cubation was tested with a separate set of digestions of rapeseed oil.

Simulated oral phase. 0.90 g of simulated meal and about 40 mg of oil
were added with 1 mL of simulated saliva fluid, containing a-amylase 75
U/mL. The pH of the mixture was adjusted to 7. Chewing process was
simulated with a clean glass rod by randomly hitting the mixture 32
times. Subsequently, mixture was incubated for 2 min at 37 °C.

Simulated gastric phase. The simulated oral bolus was added with 1
mL of simulated gastric fluid containing pepsin and rabbit gastric lipase
to reach enzymatic activity of 2000 U/mL and 60 U/mL, respectively
(final chyme volume). After pH adjustment to 3, the mixture was incu-
bated for 2 h at 37 °C.

Simulated intestinal phase. The simulated gastric chyme was added
with 2 mL of simulated intestinal fluid containing bile salts to reach
concentrations in the digesta of 10 mM. The amount of pancreatin used
to reach 2000 U/mL in the digesta was according to (Grundy et al.,
2021). The effect of the increase of pancreatin concentration from the
one used in (Beltrame et al., 2023) was tested with separate digestions of
rapeseed oil. After pH adjustment to 7, the mixture was incubated for 2 h
at 37 °C.

Lipids were extracted immediately after digestion using hexane:iso-
propanol 2:1 v/v with BHT 0.05%, according to previously published
protocol (Beltrame et al., 2023).

2.4. 'H and '3C NMR spectroscopy

Proton and carbon nuclear magnetic resonance (1H and 13C NMR)
spectra were collected from undigested oils and lipids extracted from
digesta and recovered with CDCl; following previously published con-
ditions (Damerau et al., 2020). Tetramethylsilane (TMS) signal at 0.00
ppm was used to normalize the 'H peak integrations. 13C NMR spectra of
undigested oils were collected with the same instrument (150.92 MHz)
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following the semiquantitative parameters published by Aursand
(Aursand et al., 2007). NMR data was processed with software TopSpin
4.0.7 (Bruker, MA, USA).

2.5. Statistical analysis and data fitting

The statistical analysis was performed with RStudio (RStudio, 2020)
with a confidence level of 95% (p < 0.05) for statistical significance.
Linear and non-linear relationships between chromatographic and
spectroscopic data were calculated with Origin 2016 (OriginLab Corp.,
Northampton, MA, USA).

3. Results and discussion
3.1. Fatty acid analysis

The fatty acid composition of the oils used in this study was deter-
mined before the digestion experiments. The results are reported in
Table 1. The oils selected for this study were different from each other,
especially in terms of MUFA and PUFA contents.

As first step of the present work, the fatty acid composition of
rapeseed oil digestates was measured to verify eventual losses in fatty
acids due to the digestion and extraction process. The results are re-
ported in Supplementary Fig. 1b. There were no differences (p > 0.05) in
the total fatty acid compositions between rapeseed oil and its different
digestates. Thus, the protocol reported in Section 2.5.3 extracted and
methylated efficiently both free and glycerol-bound fatty acids from the
digesta.

3.2. 'H NMR: digestion products and TAG hydrolysis

The degree of hydrolysis of TAGs and the formation of digestion
products (di- and monoacylglycerols) was evaluated with 'H NMR using
the signal area of the glyceryl backbone. In the proton spectra, the TAG
signals were observed at 4.14 ppm, 4.28 ppm, and 5.27 ppm. 1,2-diac-
ylglycerol (1,2-DAG), undistinguished from 2,3- diacylglycerol, signals
were observed at 3.73 ppm, 4.32 ppm, and 5.08 ppm. 2-monoacylgly-
cerol (2-MAG) signals were observed at 3.83 ppm and 4.93 ppm. Sig-
nals ascribable to 1-monoacylglycerol (1-MAG) were observed as well at
3.65 ppm, 3.94 ppm, and 4.23 ppm (Nieva-Echevarria et al., 2016). Both
lipases utilized during simulated digestion have no affinity for position
sn-2 (Rogalska et al., 1990). Therefore, the presence of 1-MAG was
ascribed to acyl migration from position sn-2 to position sn-1
(Halldorsson et al., 2003).

The scope of the present work was to outline the achievable degree of
lipolysis at simulated digestion conditions of oils rich in n-3 LC-PUFA, in
particular 20:5n-3 and 22:6n-3. According to the INFOGEST protocol
authors (Brodkorb et al., 2019), pancreatin amount in the digesta should
be based on its measured trypsin activity. Also, the authors stated that a
lipase activity of 2000 U/mL in the chyme should be sought only in case
of “high-fat-containing foods or if fat digestion is the aim of the study”
(Brodkorb et al., 2019). As our previous work on simulated digestion of
lipids utilized a simulated meal with low fat concentration (about 5%
w/w) (Beltrame et al., 2023, 2024) and we opted for a protocol unbiased
towards lipid digestion, the amount of pancreatin was based on another
previously reported, widely utilized protocol (Versantvoort et al., 2005).
In the present work, the fat concentration in the simulated meal
remained at 5% w/w. The hydrolysis degrees of rapeseed oil obtained
with the pancreatin dosage prescribed in (Versantvoort et al., 2005) and
the dosage required to reach 2000 U/mL were compared. The effect of
shaking was tested as well. The results, expressed as total H TAG area,
are reported in Supplementary Fig. 1. The increase in pancreatin and use
of shaking led to a significant (p < 0.05) increase in the hydrolysis of
TAGs, i.e. a reduction of 'H TAG area from —2047% to —65+2% after
digestion. Therefore, digestions of the high n-3 LC-PUFA oils were per-
formed with 2000 U/mL pancreatin dosage coupled with shaking. It
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Table 1

Main fatty acid composition of tridocosahexaenoin and different oils utilized in this study.
Fatty acid Rapeseed oil Fish oil Microalgae oill Microalgae 0il2 Fish oil concentrate Tridocosahexaenoin

w/w%

14:0 n.d. 4.09 £+ 0.01 9.93 + 0.03 1.18 £ 0.01 0.49 £+ 0.01 n.d.
16:0 4.69 £+ 0.03 9.93 + 0.03 19.76 + 0.04 19.62 + 0.05 1.64 £ 0.01 0.60 + 0.18
16:1n-7 0.23 +0.01 9.40 = 0.05 5.58 £ 0.11 0.12 4+ 0.01 0.53 = 0.00 n.d.
18:0 1.78 + 0.04 2.09 £ 0.01 0.63 £ 0.01 1.59 + 0.01 0.86 + 0.00 0.54 £ 0.15
18:1n-9 61.94 + 0.05 14.99 + 0.03 5.91 + 0.03 6.33 + 0.02 2.44 +0.01 n.d.
18:1n-7 3.14 +£0.03 4.78 + 0.01 0.27 = 0.05 0.12 4+ 0.01 0.40 = 0.00 n.d.
18:2n-6 18.40 + 0.04 2.22 +£0.01 tr. 2.32£0.01 0.27 £+ 0.00 n.d.
18:3n-3 7.07 + 0.02 0.64 + 0.01 tr. tr. 0.12 4+ 0.01 n.d.
20:1n-9 1.29 +£0.03 14.52 + 0.06 n.d. tr. 2.87 +£0.01 n.d.
20:5n-3 n.d. 9.86 + 0.03 1.49 £ 0.01 15.69 + 0.02 22.54 + 0.07 n.d.
22:1n-9 0.24 + 0.01 7.05 + 0.29 n.d. n.d. 1.92 +£0.14 n.d.
22:5n-6 n.d. n.d. 7.73 £ 0.02 5.75 + 0.01 n.d. n.d.
22:5n-3 n.d. 1.23 £ 0.06 0.21 £ 0.02 5.12 £ 0.01 5.33 £ 0.00 n.d.
22:6n-3 n.d. 13.29 + 0.05 45.72 £ 0.12 39.11 + 0.03 51.45 + 0.06 98.86 + 0.33
XSAFA 7.34 £ 0.07 16.49 + 0.05 31.92 + 0.06 23.37 £ 0.04 5.05 + 0.03 1.14 £ 0.33
XMUFA 66.84 + 0.01 51.13 £ 0.15 11.77 £ 0.13 6.60 £+ 0.02 891 £0.12 -
YPUFA 25.83 + 0.08 32.38 £ 0.10 56.32 £+ 0.08 70.03 + 0.04 86.04 + 0.10 98.86 + 0.33
DHA + EPA - 23.15 + 0.08 47.21 £ 0.12 54.80 + 0.05 73.99 £+ 0.13 98.86 + 0.33
Cavg 17.97 18.80 19.24 19.96 20.51 21.94
ECN 16.71 16.70 15.86 16.09 15.79 16.02
C=Cayg 1.26 211 3.38 3.87 4.72 5.93
n-3/n-6 0.38 = 0.00 8.3 £0.01 5.91 +£0.01 6.54 £+ 0.01 18.73 + 0.02 -

tr.: traces; n.d.: not detected.

should be noted that, despite the importance of peristalsis for lipid
digestion, a recommendation for shear force is absent in INFOGEST 2.0
protocol.

Fig. 1 reports the relative areas of TAGs, DAGs, and MAGs signals in
undigested oil and digestate extracts. Fish oil concentrate was the only
oil showing 1,2-DAG and 1-MAG signals (6.7% and 2.5%, respectively)
prior to digestion, probably due to the TAG restructuring. After diges-
tion, rapeseed oil had the highest relative amount of digestions products
(57.2%), while tridocosahexaenoin had the lowest (3.5%). Despite the
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Fig. 1. Comparison of glycerides 'H relative areas in the investigated oils and
their digesta (marked with d). Oils are ordered in increasing PUFA (w/w
%) content.

noticeable difference in composition (Table 1), there was no significant
difference (p > 0.05) in the relative amounts of 1,2-DAG and 2-MAG
between fish oil and fish oil concentrate. On the other hand, digestion
products in microalgae oil 2 were found in higher relative amounts
compared to either of fish oils (41% of total 1Y area against 9%). Also,
compared to fish oil and fish oil concentrate, microalgae oil 2 had higher
(p < 0.05) percentage of 1,2-DAG (15.7% against 10.2% and 12.2%,
respectively) and 2-MAG (19.9% against 8.7% and 8.4%, respectively).
At the end of the digestion, rapeseed oil had the highest total MAG/1,2-
DAG ratio (3.9), followed by microalgae oils and tridocosahexaenoin
(around 1.6), and fish oil and fish oil concentrate (around 1.1). The 2-
MAG/1,2-DAG ratio followed the same trend, except for fish oil
concentrate, which had the lowest ratio (0.7). Conversely, rapeseed oil
had the highest reduction of 'H TAG signal followed by microalgae oil 2
and fish oil, microalgae oil 1, fish oil concentrate, and tridocosahex-
aenoin. Therefore, there was no exact correspondence between TAG
reduction and MAG production. Our observations led to the investiga-
tion of the influence of fatty acid composition, on one hand, and location
of 22:6n-3 on the TAG structure, on the other, on oil lipolysis.

Fig. 2 reports the observed correlations between TAG 'H area
decrease and fatty acid composition of the oils. Fig. 2a highlighted the
negative impact of n-3 fatty acids presence on the degree of hydrolysis of
the oil. On the other hand, data reported in Fig. 2b, showing the rela-
tionship between TAG hydrolysis and n-6 and n-9 contents, hinted at a
positive relationship between lipolysis and n-6 fatty acids content.
Linear fitting of data points in Fig. 2 would be meaningless, as the degree
of hydrolysis of rapeseed oil is the highest reachable at the present oil
concentration. Also, the presence of a maximum degree of hydrolysis at
a given oil concentration in simulated digestion can be derived from
published data (Sabet et al., 2022; Tan et al., 2020). In addition, the
non-linear trends reported in Fig. 2 were reasonably asymptotic to
approximately the value of tridocosahexaenoin lipolysis, which was
similar to fish oil supplement. The asymptotic trend in Fig. 2a hinted at
the presence of a critical n-3/n-6 ratio for oil lipolysis (12.4), which can
only be indicative as function fitting was only 0.600. Higher fittings
were obtained with DHA + EPA (Fig. 2c), average carbon length (Cayg),
and average amount of double bonds (C=Cjyg, Fig. 2d). The respective
critical points computed from the fitted trends were 44.5% w/w%, 19.2
average chain length, and 3.2 average unsaturation. These values were
in partial agreement with each other.



G. Beltrame et al.

TAG 'H area decrease (%)

TAG 'H area decrease (%)

-~
o
J

Adj. R? 0.600

w [+2)
o o
1 L
= 2l
-
L

//

w
o
1

0 T T
0 10 20 30

n-3/n-6 (W/w)

-~
o
)

Adi. R? 0913

(o2
=t

1
H

N w > w
o o o o
1 1 1 1
s
Z

-
(=}
1

0 20 40 60 80
DHA+EPA (WW%)

LWT 224 (2025) 117835

z
[
w
©
g Adj. R? 0.751
] Adj. R*0.778
o
[
®©
S
O
S a n6
10 4 = n9
0 T T T T T T !
0 10 20 30 40 50 60 70
wW (%)
Cc=C,_,
0 2 4 6
70 T T T
60 - i
o 50 O
® m C=C_
[ avg
S 40
@
s Adj. R? 0.885
%30- Adj. R* 0.901
I
O 20
<
—
"1 ()
0 T

Fig. 2. Non-linear model of TAG hydrolysis, expressed as 'H signal area decrease, in relationship with (a) weight ratio of total n-3/n-6 fatty acids; (b) relative
amounts of n-6, n-9, and MUFA, expressed as relative weight %; (c) sum of relative amounts of 22:6n-3 (DHA) and 20:5n-3 (EPA); (d) average chain length of fatty
acids (Cavg) and average number of double bonds (C=Cavg).

3.3. 13C NMR: positional distribution of fatty acids and TAG hydrolysis

The positional distribution of fatty acids on the glycerol backbone of
oil TAGs was analyzed with >C NMR, which can discern sn-2 from sn-1

Tridocosahexaenoin

Fish oil concentrate

I 22603 [ 20-5n3 [ M UF A [ SAFA [l other|

Microalgae oil1

Microalgae oil2
Fish oil
Rapeseed oil
I T T T T
0 20 40 60 80
sn-2 (A/A%)

and sn-3 positions. The present work has focused on the positioning of
22:6n-3 and 20:5n-3, following previously published instrumental pa-
rameters and signal assignments (Aursand et al., 2007). The integration
results for positions sn-2 and sn-1,3 are reported in Fig. 3 in decreasing

10+£8%
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T
100 O

T T t T T
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T
100

Fig. 3. Relative area percentage of fatty acids and their positional distribution in the investigated oils by '>*C NMR. Percentages adjacent to the bars represent TAG
hydrolysis, expressed as 'H signal area decrease. Oils are ordered in decreasing DHA sn-1,3 percentage.
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order of 22:6n-3 in position sn-1,3. A good correspondence in 22:6n-3
and 20:5n-3 relative amounts between '>C NMR and chromatographic
data was observed (Supplementary Fig. 2). Noticeably, the halving of
22:6n-3 relative signal area in sn-1,3 from tridocosahexaenoin to fish oil
concentrate had no observable improvement of TAG lipolysis, while
improvement in lipolysis was observed when 22:6n-3 relative signal
area decreased to 39%. This observation led to the computation of the
non-linear relationship between TAG 'H area decrease and 22:6n-3
relative signal area in positions sn-1,3, which are the ones hydrolyzed
during digestion. The results, reported in Fig. 4 showed decent fitting
(adjusted R2 0.844). A clear critical amount of 22:6n-3 was absent. Fish
oil represented an outlier in the trend as it lacked 22:6n-3 in positions
sn-1,3. Possibly, the complexity of the system (i.e., oxidation status of
the oil), coupled to an inadequate amount of data points, hid the pres-
ence of a critical amount, which would be found at 38% A/A% by
removal of the outlier, close to the one deduced from GC-FID data (DHA
+ EPA 45% w/w, Supplementary Fig. 3). Understanding of the system is
further complicated by the presence of 20:5n-3 in sn-1,3 positions of fish
oil, fish oil concentrate, and microalgae oil 2 (Fig. 3), which has as well a
negative impact on lipolysis (Beltrame et al., 2023).

3.4. Significance for in vitro and in vivo studies

There in an increasing interest in incorporation of n-3 LC-PUFAs in
new food formulas, and the investigation on digestibility and absorption
of these essential fatty acids has correspondingly increased in relevance.
However, the present results have showed, regardless of the hypothet-
ical critical 22:6n-3 amount in sn-1,3, a potentially inadequate lipolysis
with INFOGEST 2.0 model of oils having natural or synthetic prevalence
of 22:6n-3 in sn-1,3 positions, at least at concentrations useful for
detailed chemical analysis of digestion products. Relevant oils with
22:6n-3 largely positioned in sn-1,3 originate from thraustochytrids (Lee
Chang et al., 2014), harp seal, tuna (Tengku-Rozaina & Birch, 2014), or
TAG restructuring (Damerau et al., 2020).

The release of fatty acids from TAGs is one of the contributors to lipid
oxidation in the gastrointestinal tract. Therefore, lipolysis should be
taken into account when lipid oxidation at simulated digestion condi-
tions is examined. Our previous work showed that hydrolysis of PUFA-
containing TAGs to DAGs increased PUFA hydroperoxidation, i.e. had
deprotective effect (Beltrame et al., 2023). At the same time, free fatty
acids are more labile to oxidation compared to esterified forms (Lyberg
et al., 2005), although their contribution to oxidation damage in the
simulated intestine is unclear (Tullberg & Undeland, 2021). Tullberg
et al. showed that increase in lipolysis led to an increase in secondary
oxidation products during simulated digestion of marine oils (Tullberg
et al., 2019). Therefore, understanding of oxidation behavior of n-3-rich
oils in the gastrointestinal tract requires realistic lipolysis.

Present results raise questions also regarding in vivo studies, as most
of them lack attention to the location of fatty acids in the TAG backbone.
Human trials with Schizochytrium sp oil focused solely on blood DHA
concentration (Garcia-Maldonado et al., 2023) but results from an ani-
mal trial published by our group showed poorer absorption of DHA
located in sn-1 and sn-3 positions compared to sn-2 (Linderborg et al.,
2019). The results of this short communication call for further explo-
ration of the physiological relevance of these findings by controlled
animal and human studies.

4. Conclusions

Simulated digestion of n-3 LC-PUFA-rich oils according to INFOGEST
2.0 showed considerably lower degree of lipolysis compared to rapeseed
oil. Collected data of rapeseed and n-3 LC-PUFA-rich oils showed
negative non-linear relationships between lipolysis and oil n-3/n-6 fatty
acid ratio and relative amount of 22:6n-3 in TAG sn-1,3 position. Such
obstacle should be taken into account during in vitro research on di-
gestibility and absorption of long chain n-3-rich oils.
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