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Polar Lipids Reduce In Vitro Duodenal Lipolysis Rate of Oat
Oil and Liquid Oat Base Products

Jenny Lindberg Yilmaz, Patrick Adlercreutz, and Cecilia Tullberg*

Alternative ways for increased appetite control are today widely sought for due
to the growing global health issues connected to obesity. In in vivo studies,
oat has been proven an attractive candidate for inducing satiety. Oat is rich in
polar lipids, of which the galactolipids are especially interesting, and a
hypothesis is that these lipids play an important role for the ileal brake
mechanism. In this study, the aim is to investigate the role of polar oat lipids
on pancreatic lipolysis rate, using a pH-stat based in vitro digestion model of
the duodenum. Lipolysis of oat oil, a mix of oat oil/rapeseed oil (RSO), as well
as a liquid oat base (OB) simulating an oat drink with different polar lipid
content are investigated, and compared with RSO as control. Increasing the
polar lipid content of the product digested leads to a significantly decreased
lipolysis rate, and this effect is even observed when mixing RSO with a low
amount of oat oil (10%). The results support the hypothesis that polar lipids
can delay lipolysis also in a complex, natural system like the liquid OB, and
even a minor amount of oat lipids can have large effect on lipolysis rates.
Practical applications: The number of studies connecting galactolipids with a
decreasing effect on duodenal lipolysis is growing; however, the mechanism
behind this phenomenon is still not clarified. Here, the same effect is seen in
a complex, natural food system. These findings open up for interesting future
food products, where inclusion of oat oil, even at low concentrations, can have
a prolonging effect on satiety. Oat for human consumption is an increasing
market, thanks to the positive health benefits oat has been connected to, in
combination with the current trend toward climate-friendly plant-based
options for meat and dairy products. It is believed that oat oil can be attractive
as an ingredient in various food products, for example, protein bars and
spreads. More studies are needed to confirm the results in vivo. However, a
great potential is seen for the use of oat oil to enhance appetite control.
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1. Introduction

Overweight and obesity are increasing
health problems in large parts of the world.
An attractive way to combat these problems
is the use of dietary components inducing
satiety, thereby decreasing the further con-
sumption of food. A promising approach is
based on reduced lipolysis in the gastroin-
testinal tract so that some lipids remain
undigested all the way to the ileum. There,
the lipids can cause the release of hormones
signaling satiety, in a mechanism called
the ileal brake.[1] Considerable efforts have
been made to design food for appetite con-
trol based on this mechanism.[2]

One type of product, suggested to work
according to the ileal brake mechanism,
is based on biological membranes, for ex-
ample thylakoidmembranes extracted from
spinach leaves. The role of thylakoids on
satiety has been studied thoroughly both
in vitro,[3] and in vivo.[4–8] A hypothesis is
that the reduction of lipolysis rate is me-
diated by the membrane proteins. These
will cover the lipid droplets, thereby re-
stricting the access of lipase to its lipid
substrate. Alternatively, the membrane pro-
teins could interact directly with the di-
gestive enzymes, decreasing their catalytic
activity, e.g. by binding to the pancreatic
lipase/co-lipase complex.[9] This leads to an
increased amount of free fatty acids (FFA)
in the ileum, which in turn stimulates hor-
mone signals of satiety.[2] For treatment of,

for example, diabetes and obesity, orlistat (also known as Xeni-
cal) is commonly used. It is a lipase inhibitor acting by block-
ing the catalytic site of pancreatic lipase by binding to the serine
residue.[10] However, an important difference between the action
of orlistat and thylakoid membranes is that the use of orlistat
leads to incomplete lipolysis, that is, leaving approximately 30%
of the triacylglycerides (TAG) intact after digestion and reducing
the level of released FFA.[9,10] This means that the natural release
of satiety hormones is not activated when using orlistat, and that
the use of the drug might lead to steatorrhea,[9] which in turn
could lead to a loss of, and subsequent reduction of uptake of
lipophilic micronutrients.[11] Using products targeting the ileal
brake mechanism may help surpass these side effects.
A crop with reported native ability to increase satiety after in-

take is oat, a cereal that has drawn public attention lately due to
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its related positive health effects. These effects are ascribed to its
high levels of water-soluble 𝛽-glucan,[12] and antioxidants, such
as tocopherols and avenanthramides.[13] The ability to prolong
satiety has previously been credited the 𝛽-glucans,[14] however
there is increasing evidence that the oat lipids also play an im-
portant role. Oat differs from other cereals in lipid profile, with a
high total lipid content (5–8% oil of dry weight (w/w) measured
in de-hulled grains, with lipid-rich varieties containing up to 18%
oil), and a high level of polar lipids, that is, galactolipids and
glycerophospholipids.[15] These polar lipids are interesting from
a health perspective but are also surface-active agents, which
makes them highly interesting as natural food additives. The po-
lar lipids can prevent interaction between the enzyme and the
neutral lipids by adsorbing to the oil–water interface and steri-
cally hinder the adsorption and penetration of colipase and lipase,
thereby slowing down the lipolysis rate of pancreatic lipase,[16]

a mechanism which has specifically been ascribed to the galac-
tolipid digalactosyl diacylglycerol (DGDG).[17,18] An oat oil-rich
product on the market designed for increasing satiety is Olibra
(now known as Fabuless), a 42% o/w emulsion containing palm
oil and oat oil. This product has been shown to decrease energy
and macronutrient intake up to 36 h post-consumption.[19] Oli-
bra has also been shown effective in increasing satiety over short
time (1–3h after intake),[20] and for weight maintenance followed
over 18 weeks after weight loss.[16] Other promising results with
oat based (OB) products were obtained using liposomes prepared
from oat oil fractionates rich in polar lipids, evaluated in a pair
of human studies.[21] The studies indicated that this product pro-
longed lipid digestion and had an influence on satiety in healthy,
non-obese participants. Plasma concentrations of the intestinal
hormones CCK, GLP-1, GLP-2, and PYY increased significantly.
The liquid OB products used in our study are used in an ongoing
human study as well.[22] Preliminary results from this study indi-
cate increased concentration of intestinal hormones and reduced
postprandial glucose and insulin responses after intake of liquid
OB products.
Human studies constitute the best way to evaluate new func-

tional food products, but these studies are expensive and time-
consuming, which results in a limited number of tested prod-
ucts. In order to select products for such studies, it is attractive
to have relevant, rapid, and inexpensive screening methods. To
simulate lipolysis in the human gastrointestinal tract, various in
vitro systems have been developed. Considerable efforts involv-
ing numerous researchers in the network Infogest have resulted
in useful protocols and guidelines.[23,24] In the more comprehen-
sive protocols, oral, gastric, and intestinal phase digestion is sim-
ulated. Alternative, simplified protocols focus on the intestinal
phase, during which the main part of lipolysis occurs. These can
be carried out using pH-stat methodology to monitor addition
of base to continuously titrate fatty acids (FA) set free from the
emulsified lipid substrate.[25]

The aim of the present study was to investigate the effect of
oat oil with different polar lipid content on duodenal lipolysis
rate, using a simplified and rapid pH-stat based in vitro diges-
tion model. Lipolysis of oat oil was compared with lipolysis of
rapeseed oil (RSO), and the effect of mixing the two oils in differ-
ent ratios was followed. The hypothesis was that changes in polar
lipid amount of the oil would affect the duodenal lipolysis rate.
Furthermore, a liquid OB product supplemented with oat oil with

increasing polar lipid amount was used as a starting food in the
model, to simulate digestion of a commercial oat drink, following
its lipolysis kinetics.

2. Experimental Section

2.1. Materials

SWEOAT Oil PL4, SWEOAT Oil PL15, and SWEOAT Oil PL40
(oat oil with 4%, 15%, and 40% polar lipids, respectively) were
kindly provided by Swedish Oat Fiber AB (Bua, Sweden). Re-
fined RSO was purchased from a local supermarket. Liquid OB
with and without supplementation of 6% rapeseed oil, SWEOAT
Oil PL4 or SWEOAT Oil PL40 was provided by Oatly AB (Land-
skrona, Sweden). The nutritional composition of theOBproducts
can be found in Table 1, data provided by the manufacturer. Pan-
creatin from porcine pancreas (#P7545) and sodium taurodeoxy-
cholate hydrate (#T0875) were purchased from Sigma–Aldrich
(Saint Louis, MO, USA). Lipid standards were purchased from
Larodan AB (Solna, Sweden), and for fatty acid methyl esters
(FAME) analysis, the GLC 426mix fromNu-Check-Prep (Elysian,
MN, USA) was used as external standard. Standards for the hy-
droxy FA C16:0 7-OH and C18:2 15-OH described by Leonova
et al.[26] (C16:0 7-OH) andHamberg et al.[27] (C18:2 15-OH), were
kindly provided by Mats Hamberg (Karolinska Institutet, Stock-
holm, Sweden). All other chemicals usedwere of analytical grade.

2.2. Methods

2.2.1. Pancreatin Activity Assay

The lipase activity of pancreatin was measured in a pH-stat
automatic titration unit (TitroLine7000, SI Analytics) accord-
ing to Carriere, Barrowman,[28] adapted from Borgström
and Erlansson.[29] The assay buffer contained 0.3 mm
tris(hydroxymethyl)aminomethane, 150 mm sodium chloride,
1.7 mm calcium chloride, and 4 mm sodium taurodeoxycholate.
Substrate (0.5 mL OB product or 50 mg oil) was added to the
assay buffer (total volume 15 mL) and pH was adjusted to pH7.
After mixing with an Ultra Turrax (IKA T25 digital ULTRA
TURRAX) at 19 000 rpm for 2 min (oil samples), or by vortexing
30 s (OB samples), the emulsion formed was immediately
transferred to a reaction vessel and the lipolysis reaction was
started by addition of porcine pancreatin (0.1–1.2 mg depending
on substrate). The titration was performed with 0.1 m NaOH
at 37 °C and pH7 for 10 min. The volume of NaOH added was
recorded and used to calculate the specific enzyme activity as
µmol FFA released per minute and mg pancreatin during the
initial, linear period of the lipolysis reaction. After the lipolysis
reaction, aliquots of 1 mL were taken from the reaction mixture
and put in −80 °C until further analysis.

2.2.2. Lipid Extraction and Analysis

Lipids were extracted from the 1 mL aliquots according to Bligh
and Dyer,[30] by addition of 1.25 mL 0.15 m acetic acid, 3.75 mL
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Table 1.Nutrient composition (g per 100g) and particle size distribution (PSD) of liquid oat base (OB) product in pH-stat assay solution, with or without
added oil. RSO, rapeseed oil; PL4, and PL40, oat oil with 4%, and 40% polar lipids, respectively. Nutrient data received from manufacturer, PSD data
representing mean ± std (n = 3).

Nutrient [g per100g] OB + 6% H2O OB + 6% RSO OB + 6% PL4 OB + 6% PL40

Total fat 0.6 6.6 6.6 6.6

Polar lipids 0.0 0.0 0.2 2.4

Total carbohydrates 8.4 8.4 8.4 8.4

Sugars 5.1 5.1 5.1 5.1

Fiber 1.0 1.0 1.0 1.0

𝛽-glucan 0.5 0.5 0.5 0.5

Protein 1.3 1.3 1.3 1.3

PSD

d4,3 [µm] 22.77 ± 1.94 13.61 ± 1.02 11.91 ± 1.62 5.4 ± 0.8

d3,2 [µm] 0.56 ± 0.01 8.22 ± 0.19 5.74 ± 1.04 0.25 ± 0.01

methanol/chloroform (2:1 v/v) and 1.25 mL chloroform. The
chloroform phases were recovered, dried under N2 (g), and
dissolved in chloroform. Lipids were separated by thin layer
chromatography (TLC; Silica gel 60, Merck) in heptane:diethyl
ether:acetic acid (70:30:1, v/v/v) or chloroform:methanol:water
95:20:2.5 (v/v/v) and visualized under UV-light after staining
with primulin. Identification of lipid classes was done by com-
paring with lipid standards.
Methylated FAwas prepared from the oils and lipid extracts us-

ing the 2 h methanolic-HCl transesterification method described
by Cavonius, Carlsson[31] and analyzed on a Trace 1300 GC-FID
with autosampler (Thermo Scientific). The GC was equipped
with a flame ionization detector (FID) set at 270 °C, and hydro-
gen used as carrier gas (35 mL min−1). To separate FAME, a Su-
pelco Analytical Nukol fused silica capillary column was used
(15 m ⨯ 0.25 mm i.d. ⨯ 0.25 µm film thickness). The oven was
set at 80 °C as starting temperature with a temperature program
ramping at 7 °C min−1 to 150 °C, followed by 10 °C min−1 to
215 °C and then kept until the end of the program (total runtime
40 min). Data was analyzed using the Chromeleon 7.2.10 Chro-
matography Data System (CDS) software (Thermo Scientific). All
FA identified were confirmed and quantified using external stan-
dards and C17:0 as internal standard.

2.2.3. Particle Size Distribution

The particle size distribution (PSD) of the droplets formed by
the liquid oat products in the pH-stat assay solution was ana-
lyzed to investigate the role of the droplet size on lipolysis rate.
A laser diffraction particle analyser (Mastersizer 2000, Malvern)
was used for collecting the PSD data and data was further pro-
cessed using the software Mastersizer 2000 (Malvern). Obscura-
tion was set to be 10–20% and samples were added dropwise to
the dispersion unit (100 mL MilliQ water) during constant stir-
ring (2000 rpm). From this, the PSD and the volume weighted
mean (d4,3), and surface weighted mean (d3,2) were calculated.

2.2.4. Statistical Analysis

Results are shown as mean values, and error bars represent
standard deviation. Replicate number is ≥3 for all data analyzed.

Specific replicate number is described in figure or table text,
respectively. Groups were compared by a one-way analysis of
variance (ANOVA; Microsoft Office Excel Professional Plus
2016) and specific differences between groups were statistically
analyzed by Student´s two-tailed, unpaired t-test, assuming
unequal variances. Differences were considered significant at
p ≤ 0.05.

3. Results

3.1. Fatty Acid Composition

The FA compositions (% of total FA detected) of the different
substrates used in the pancreatin activity assays are presented in
Table 2. C18:2 15-OH (avenoleic acid) is a hydroxy FA which is
unique for oat and primarily found in the galactolipid fraction.[32]

The largest differences between oat and rapeseed FA profile are
observed for the C16:0, which is low in rapeseed and high in oat,
and C18:1 and C18:3 which are both higher in rapeseed com-
pared to oat. In the oat products, the dominating FA are C18:2
and C18:1, followed by C16:0. In RSO, C18:1 was the major FA
followed by C18:2 and C18:3. The lower content of C18:1 in PL40
compared to PL4 and PL15 reflects well the expected changes in
FA profile that comes with a higher polar lipid content.[26] The ap-
pearance of avenoleic acid is also significantly higher in the polar
lipid enriched oil (PL40) compared to PL 4 and PL15 (p ≤ 0.001),
which is also according to the literature.[26]

3.2. Lipolysis of Oat Oil

The rate of in vitro lipolysis of oat oils with different amounts
of polar lipids was compared with the rate of in vitro lipolysis
of RSO. Under standard conditions, an initial lipolysis rate of
about 6.7 µmol (min)-1 (mg pancreatin)-1 was observed for the
RSO emulsion (Figure 1). This lipolysis rate is approximately ten-
fold lower compared to values obtained when using tributyrin
as a substrate.[33] This might be due to differences in pancre-
atic lipase activity toward TAG with long-chain FA.[34] Substan-
tially lower lipolysis rates were obtained for emulsions of oat oils
(p ≤ 0.001) and the rate decreased with increasing concentration
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Table 2. Fatty acid (FA) composition of tested products from analysis of total fatty acid methyl esters (FAME), expressed as FA% of total FA. OB, liquid
oat base; RSO, rapeseed oil; PL4, PL15, and PL40, oat oil with 4%, 15%, and 40% polar lipids, respectively; n.d., not detected; n = 3.

Compound OB RSO PL4 PL15 PL40

C14:0 0.23 ± 0.14 0.05 ± 0.005 0.11 ± 0.02 0.11 ± 0.02 0.17 ± 0.03

C16:0 15.29 ± 0.56 4.20 ± 0.03 13.96 ± 0.31 14.22 ± 0.17 15.44 ± 0.06

C16:1 n.d n.d. 0.19 ± 0.02 0.11 ± 0.06 0.16 ± 0.005

C18:0 1.42 ± 0.14 1.96 ± 0.02 1.33 ± 0.01 1.31 ± 0.01 1.12 ± 0.03

C18:1 35.13 ± 0.41 51.67 ± 0.11 42.71 ± 0.25 41.29 ± 0.23 35.00 ± 0.12

C18:2 44.00 ± 0.61 36.29 ± 0.10 39.34 ± 0.10 40.31 ± 0.09 44.06 ± 0.12

C18:3 1.85 ± 0.07 4.73 ± 0.03 1.08 ± 0.02 1.15 ± 0.01 1.35 ± 0.01

C20:0 n.d. 0.33 ± 0.01 0.10 ± 0.002 0.09 ± 0.01 0.07 ± 0.002

C20:1 0.80 ± 0.05 0.67 ± 0.01 0.64 ± 0.004 0.61 ± 0.02 0.53 ± 0.02

C16:0 7-OH 0.15 ± 0.19 n.d. 0.23 ± 0.07 0.18 ± 0.01 0.32 ± 0.04

C18:2 15-OH 1.14 ± 0.08 n.d. 0.28 ± 0.003 0.63 ± 0.02 1.79 ± 0.03

Figure 1. Initial lipolysis rates of porcine pancreatin with rapeseed oil (RSO), oat oils or rapeseed oil containing oat oil as substrates. PL4, oat oil with
4% polar lipids; PL15, oat oil with 15% polar lipids; PL40, oat oil with 40% polar lipids; 50%, RSO containing 50% PL40; 20%, RSO containing 20%
PL40; 10%, RSO containing 10% PL40. Different letters indicate significant differences at a level of p ≤ 0.001, with the only exception when comparing
e–f) p ≤ 0.05. n = 7 or 8. Standard deviation is shown as error bars.

of polar lipids in the oat oil. In the oat oil having 40% polar lipids,
the initial lipolysis rate was only 7% of that of RSO. Interestingly,
the lipolysis rate of the RSO decreased when oat oil with high
levels of polar lipids was blended into the emulsion. Additions
of 50%, 20%, and 10% oat oil (containing 40% polar lipids) were
tested. The lipolysis rate decreased with increasing content of oat
oil (Figure 1), but even an addition of 10% of oat oil reduced the
lipolysis rate to 59% of that of pure RSO.

3.3. Lipolysis of Liquid Oat Products

The initial lipolysis rates of a series of more complex test prod-
ucts, based on oat, were measured. OB without extra addition
of oil was digested with an initial rate of 7 µmol (min)-1 (mg

pancreatin)−1 and the product containing an addition of RSOwas
digested with a similar rate (Figure 2). Products containing oat oil
in addition to the OB were digested with considerably lower rates
(p ≤ 0.01). As in the previous tests, PL40 caused a larger rate re-
duction than PL4 (p≤ 0.05). The rate reductions were not as large
as in the pure oat oil system (Figure 1), but still the addition of
oat oil having 40% polar lipids resulted in a lipolysis rate of only
33% of that observed for OB with RSO.
When the lipolysis was followed over time, additional findings

regarding the reaction were made. The lipolysis reaction with the
pure OB, containing a low amount of lipids, was almost com-
pleted already after about 2 min, while the lipolysis of the OB
containing addition of RSO continued much further, albeit at a
lower rate (Figure 3). In contrast to the other liquid oat products,
the lipolysis of the one containing PL40 did not slow down after
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Figure 2. Initial lipolysis rates of porcine pancreatin with liquid oat base
(OB) products as substrates. OB, OB without added oil; OB + RSO, OB
with 6% RSO; OB + PL4, OB with 6% PL4; OB + PL15, OB with 6% PL15;
OB + PL40, OB with 6% PL40. Different letters indicate significant differ-
ences at a level of p ≤ 0.01, with the exception when comparing a with c
(p ≤ 0.001), and b with c (p ≤ 0.05). n = 4. Standard deviation is shown as
error bars.

the initial 2–3 min, but continued at a steady, low rate for more
than 8 min.
TLC was used to visualize the presence of various lipid classes

after digestion of the OB products. The TAG and the DAG of the
pure OB product were completely hydrolyzed after 10 min with
0.5 mg pancreatin (Figure 4). OB with added RSO or oat oil had
proportionally more TAG initially than the pure OB and some of
the TAG remained at the end of the reaction. Both FFA and dia-
cylglycerols (DAG) were detected as reaction products. In the OB
products with added oat oil, more TAG remained after 10 min in-
cubation, even with 0.5 mg pancreatin. Another TLC system was
used to analyze polar lipids in theOBproducts before and after di-
gestion. InOB supplementedwith PL40, DGDG,monogalactosyl
diacylglycerol (MGDG), and phosphatidylcholine (PC) were iden-
tified using lipid standards (figure not shown). When comparing
the amount of lipids before and after lipolysis, no difference could
be seen for these lipid classes or other polar lipids, and no addi-
tional bands originating from digestion products such as digalac-
tosyl monoacylglycerol (DGMG) and monogalactosyl monoacyl-
glycerol (MGMG) were found on the TLC plate. This indicates
that the digestion of polar lipids was minor during the lipolysis
reaction in the pH-stat.
PSD data of the liquid OB shows that the smallest droplet sizes

were obtained for the OB with added PL40 followed by the pure
OB (Table 1 and Figure 5). The mean particle size for the emul-
sion droplets was increasing in the order of OB+PL40 (0.24 µm)
< OB (5.1 µm) < OB+PL4 (7.9 µm) < OB+RSO (11.0 µm). Pure
OB showed however the broadest overall distribution, contribut-
ing to the highest d4,3 value. OB with added PL4 and RSO showed
similar PSD pattern with one dominating peak with a majority of
the droplets of a similar size.

4. Discussion

Oat products have previously been shown to have positive effects
on appetite control. The underlyingmechanism is so far not fully

clarified, but the unique lipid composition in oat, with a large
proportion of polar lipids, seems to be an important factor. In
this study, we examined the effect of polar lipid content in oat oil
on lipolysis rate, in bulk oils but also in a more complex matrix;
the OB product. The results when using oat oil products were
compared with results when using the corresponding products
with RSO.
All products containing oat oil were hydrolyzed with reduced

rate, compared to the RSO. Grundy et al. recently reported that
oat extracts can act inhibitory on digestion, decreasing the total
FFA release level.[35] Oat phytosterols have been reported to re-
duce the extent of maximal lipolysis, but not the rate,[36] which
is also true for oat 𝛽-glucans.[37] Instead, it is likely that the po-
lar oat lipids caused the reduction in lipolysis rate in this study.
The rate decreased with increasing concentration of polar lipids
to a very low level in the substrate containing 40% polar lipids.
One surprising observation was that even a minor addition of
oat oil (10%) to RSO greatly decreased the lipolysis rate, some-
thing that could be very useful when designing food products to
enhance satiety. We have focused on following the initial lipoly-
sis rate, since there are many factors in a static in vitro digestion
model that can limit the maximal extent of lipolysis. Since the
lipase is active at the o/w interface of the oil droplets, the pack-
ing of enzyme at the surface, and hence, for example, the lipase
amount in the reaction vessel, is very important. The space at the
o/w interface needs to be large enough for the lipase to act, but at
the same time, the concentration of the lipase in solution needs
to be high enough to compete with bile and other surface-active
agents at the droplet interface.[38] The competition of surfactants
at the o/w interface makes both the lipase, calcium, and bile con-
centration important for maximal lipolysis, but also the presence
of, for example, other emulsifiers in the reaction vessel. In vivo,
there would be a continuous addition of enzymes and removal
of products, factors influencing the maximal lipolysis dramati-
cally. Since the limiting factors for reaching a steady-state in our
digestion system are unknown, we have in this study chosen to
focus on the initial linear lipolysis rate, which we believe reflects
differences in pancreatic lipolysis that would be true in vivo as
well.
When enriching the OB product with polar lipids, the reduc-

tion in lipolysis rate was substantial, with the most pronounced
decrease after addition of PL40. It is possible that both the ini-
tial polar lipids present in these OB products, and the lipolysis
products of their corresponding lipids contribute to this effect. It
has long been known that PC inhibits lipolysis catalyzed by pan-
creatic lipase,[39] and it is known from the literature that approxi-
mately 50% of the glycerophospholipids in oat consists of PC.[40]

Onemajor effect that could be responsible for the decreased lipol-
ysis rate is that the polar lipids, such as PC, compete with the li-
pase for binding at the water/substrate interface.[41] In fact, many
surface-active substances behave in similar ways.[42] The oat oil
contains several types of polar lipids, with glycerophospholipids
and galactolipids as the dominating groups. It has been reported
that the galactolipid DGDG is especially effective in preventing
lipolysis.[17] A possible mechanism behind this effect is that the
relatively large digalactosyl head groups prevent the lipase from
contact with the surface of the lipid substrate. It has also been
suggested that the FA composition of the DGDG fraction could
contribute to the effect,[17] and it is known that the chain-length
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Figure 3. Lipolysis reactions of porcine pancreatin with liquid oat base (OB) products as substrates. The amount of NaOH added during the assay is
shown as a function of the reaction time for one representative measurement. OB, OB without added oil; OB + RSO, OB with 6% RSO; OB + PL4, OB
with 6% PL4; OB + PL15, OB with 6% PL15; OB + PL40, OB with 6% PL40.

Figure 4. TLC separation of neutral lipids in liquid oat base (OB) products
before and after lipolysis. OB, OB without added oil; OB + RSO, OB with
6% RSO; OB + PL40, OB with 6% PL40. Lanes: 1) before the lipolysis
reaction, 2) after 10 min of lipolysis using 0.2 mg porcine pancreatin, 3)
after 10 min of lipolysis using 0.5 mg porcine pancreatin, 4) lipid standard
(std).

of FA effects the lipolysis rate, with longer chain-length leading
to a decreased rate.[34] Hence, it is more likely that the hypothe-
sis regarding sterical hindrance is the main driving effect in the
case of oat oil on lipase inhibition. Another possibility is that the
oat specific FA which are present in the start material has an in-
hibitory effect on the pancreatic lipase. One such interesting FA
is the avenoleic acid, which in this study was detected at the high-
est levels in the PL40 oat oil. The possibility that this hydroxy-FA
has an inhibitory effect on the lipolytic activity should be investi-
gated further. Furthermore, it should be noted that galactolipids
are poorly digested by pancreatic lipase, but degraded by the pan-
creatic enzymes HPLRP2 and CEH.[43] It has also been shown

that both DGDG and MGDG are rapidly digested in the intesti-
nal tract of rats.[44] CEH is present in porcine pancreatin, while
PLRP2 has until today only been detected in porcine pancreatic
juice, never in porcine pancreatic extract.[33,45] However, activity
toward galactolipids has been recorded (0.3 µmol (min)−1 (mg
porcine pancreatic extract)−1), which is about 25-fold lower activ-
ity compared to what has been detected with human pancreatic
juice[33] and could explain differences found on digestion of PL-
rich food between in vitro and in vivo studies. In this study, no
significant difference in polar lipid content or profile before and
after lipolysis of OB products could be detected with TLC anal-
ysis. Even if some digestion of polar lipids takes place, it seems
to be minor compared to the digestion of TAG during the rela-
tively short period of the in vitro assay. The results obtained here
are consistent with the results presented in the study by Ohlsson
et al.,[21] where healthy normal weight participants given oat oil
were found to have increased levels of the intestinal appetite reg-
ulating hormones. This is in line with delayed intestinal lipolysis
– probably due to the emulsifying effect of the polar lipids, cre-
ating sterical hindering and thereby delaying the binding of the
pancreatic lipase to the oil water interface. Yet another hypoth-
esis is that the delaying effect of the polar lipids on the lipase
activity could be due to the emulsions created having a different
PSD, which could affect the possibility of the lipase to reach the
oil/water interface of the droplets. It is well known that emulsion
droplet size plays a role for lipolysis, with smaller droplets being
beneficial for increased lipolysis rate.[46] Smaller droplets unlock
a larger surface area, hence decreasing the risk of limited surface
capacity. The results from the PSD data show that the emulsions
created with PL4 and RSO added to liquid OB are similar to each
other, while addition of PL40 gives rise to a PSD pattern with
smaller droplets. This is expected, since an increasing amount
of polar lipids should facilitate emulsification and help forming
smaller and more stable droplets. However, this should accord-
ing to the literature increase the lipolysis rate,[46] and hence does
not explain the delaying effect on lipolysis seen in this study.
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Figure 5. Particle size distribution (PSD) of liquid oat base (OB) products in pH-stat assay solution. A, OB without added oil; B, OB with 6% RSO; C,
OB with 6% PL4; D, OB with 6% PL40; n = 3.

The initial lipolysis rate for the OB product without added oil
was almost as high as the rate for OB with added RSO. How-
ever, these substrates differ substantially in lipid content and the
lipolysis rates can therefore not be directly compared. It is seen
from both the lipolysis assay and the TLC analysis after the reac-
tion that the substrate is almost completely consumed during the
first minutes of digestion of the OB product. The results indicate
that the OB contains some lipids (according to the manufacturer
0.6%) which are hydrolyzed as rapidly as those in OB + RSO,
but not enough of inhibitory compounds such as polar lipids to
reduce the lipolysis rate to any large extent.
One should be aware that themodel system set up in this study

is a very simplified model of the lipolysis in the human intesti-
nal tract. More sophisticated assay systems can be constructed to
come closer to the physiological situation.[24] Possible improve-
ments could be to introduce oral and gastric phases in the proto-
col. Humans do not have significant lipase activity in the saliva,
but digestion of other food components can have an indirect ef-
fect on lipolysis. We do however have a gastric lipase, which is re-
sponsible for 10–25% of the total lipolysis.[45] The effect of the hu-
man gastric lipase on digestion of polar lipids has not been well
studied, and the inclusion of gastric lipase in the model could af-
fect the subsequent duodenal lipolysis. The role of gastric lipase
on polar lipid digestion should therefore be investigated further.
Part of the aim of this study was to find out if the simple and
rapid pH-stat method is suitable as a screening method when in-
vestigating duodenal lipolysis in vitro, and our results indicate
that the simple assay used in this study fulfills the requirements
to show similar trends as in human studies. This study thus em-
phasizes the interesting effects of polar oat lipids, giving hints on
the mechanism behind these effects.
The cultivation of oat has steadily been decreasing the last

50 years. This since oat predominantly has been used as horse

feed, and its use has subsequently been strongly affected by the
industrial revolution and changes in the agricultural sector.[47]

However, the cereal is well adapted to the Nordic cold and humid
climate, with a low need for fertilizers and with a high nutritional
value, and the crop is therefore an optimal candidate to meet the
global demands for future sustainable food production.[15] Oat
oil has been raised as an interesting future food ingredient both
from a nutritional and food processing point of view,[13] and var-
ious types of plant-based dairy alternatives, such as OB drinks
are gaining market shares.[48] The possibility that is raised with
the results from the current study; that addition of polar lipid
enriched oat oil has a decreasing effect on duodenal lipolysis,
is highly interesting from a food production perspective, espe-
cially as a way to address the globally increasing health problems
connected to obesity. Potential applications are among others to
include oat oil in energy bars, spreads, and nutritional drinks.
Addition of oat oil to complex food matrices as a way to control
appetite should therefore be further investigated in vivo.

5. Conclusions

We have used a pH-stat based digestion method to examine the
duodenal lipolysis of oat oil emulsions in vitro. The method
worked well for both simple o/w emulsions and complex relevant
food samples containing proteins, carbohydrates, and more. The
lipolysis rate was found to be lower for the oat oils compared to
rapeseed oil, and the higher the polar lipid content, the lower the
lipolysis rate. The results from this study are thus in agreement
with previous findings that polar lipids reduce lipolysis rate, and
this was found to be true both in simple systems containing
o/w emulsions and more complex oat base containing systems.
In addition, when rapeseed oil was supplemented with oat oil
with high polar lipid content, the lipolysis rate was reduced. This
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result is promising for the use of oat oil in food products with
the aim to increase satiety.
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