7 ROYAL SOCIETY
PP OF CHEMISTRY

Food &
Function

View Article Online

View Journal | View Issue

Mycoprotein ingredient structure reduces lipolysis
and binds bile salts during simulated
gastrointestinal digestion
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Mycoprotein is the fungal biomass obtained by the fermentation of Fusarium venenatum, whose intake
has been shown to lower blood lipid levels. This in vitro study aimed to understand the mechanisms
whereby mycoprotein can influence lipid digestion by reducing lipolysis and binding to bile salts.
Mycoprotein at 30 mg mL™* concentration significantly reduced lipolysis after 60 min of simulated intesti-
nal digestion with oil-in-water emulsion (P < 0.001) or 10 min of incubation with tributyrin (P < 0.01).
Furthermore, mycoprotein effectively bound bile salts during simulated small intestinal digestion, but only
after being exposed to the acidic environment of the preceding gastric phase. However, the extent of bile
salts sequestered by mycoprotein was decreased by pepsin and lipase—colipase activity. Besides,
extracted mycoprotein proteins showed bile salt binding activity, and proteins with a molecular weight of
~37 kDa showed resistance to trypsin hydrolysis. Thus, eleven extracted mycoprotein proteins (>37 kDa)
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were identified by liquid chromatography-tandem mass spectrometry. In addition, the viscosity of myco-
protein digesta appeared to have no impact on bile salt binding since no statistically significant differences
were detected between samples exposed or not to the previous gastric step. This study has identified
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1. Introduction

Mycoprotein (MYC) is the common and major ingredient of all
Quorn™ meat-free food products. This food ingredient com-
prises the whole fungal biomass obtained by the continuous
fermentation and processing of the filamentous fungus
Fusarium venenatum A3/5 (ATCC PTA-2684). The production of
MYC includes RNA content reduction, from 10% to <2% on a
dry weight basis (DW), by heating treatment (>68 °C) which
triggers the action of endogenous RNAse enzymes. This step is
followed by heating at 90 °C, centrifugation, and freezing."
MYC is rich in fibre (24% DW, of which approximately 2/3 are
B-glucans and 1/3 is chitin) and protein (44% DW), while it is
low in digestible carbohydrate (12% DW mainly glycogen) and
fat (11.6% DW).*

Some types of meats have been associated with the risk of
cardiovascular diseases.’ In contrast, plant-based products, as
well as edible mushrooms, being rich in fibre and low in satu-
rated fat,"® could help in the prevention of coronary heart
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mechanisms by which mycoprotein can reduce blood lipid levels.

disease and stroke by reducing blood lipid levels.”® There is
now accumulating evidence that MYC-based products can
elicit similar beneficial effects on blood lipids. For instance, a
study by Turnbull et al.® reported improvements in blood lipid
profiles (e.g., lower total cholesterol and low-density lipopro-
tein cholesterol (LDL) and higher high-density lipoprotein
cholesterol (HDL) levels) in participants with slightly raised
cholesterol levels following a MYC enriched-diet (three weeks)
when compared to a meat-based diet (type not disclosed). A
follow-up study on participants with slightly elevated chole-
sterol levels showed that eight-week supplementation of MYC-
enriched cookies reduced total cholesterol and LDL cholesterol
levels when compared with nutritionally balanced cookies
without MYC added.'® Another study in healthy participants
showed that total cholesterol and LDL cholesterol levels were
reduced after taking a diet rich in Quorn™ products for six
weeks. In contrast, no change was seen in the control group
that followed their habitual diet.'* Overall, these studies
suggest that MYC-based diets may have similar effects to
plant-based diets on blood lipid profiles and may, therefore,
have a role in reducing cardiovascular disease risk.

It is also essential to understand the underlying mecha-
nisms by which these dietary components influence lipid
markers. From a mechanistic point of view, the blood lipid-
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lowering effect could be mediated by different biological and
physicochemical mechanisms.'”> The inhibition of lipase
activity and the consequent delay in lipid digestion is con-
sidered an important mechanism that can positively influence
post-prandial hyperlipidaemia."® Similarly, the binding of bile
salts (BS) by fibre'*'® promotes the faecal excretion of BS and,
consequently, the alteration of the bile acid pool that forces
the liver to produce more BS from endogenous cholesterol.'”
In the same manner, protein from different sources (e.g., milk,
soybean seeds, corn, cumin, and lupin) has been reported to
bind BS."®? The hydrophobicity of protein subunits or amino
acids has been linked to BS sequestering activity.'$>%?
Furthermore, BS binding could also be influenced by
increased viscosity promoted by dietary fibre** depending on
its composition'® or solubility.>®

Considering the various mechanisms proposed above, the
aim of this in vitro study was to investigate the physico-
chemical processes which occur during the digestion of MYC
in the gastrointestinal (GI) tract, which may underlie the blood
lipid-lowering effect observed after MYC consumption in vivo.
Thus, we hypothesised that MYC and its components (e.g.,
fibre and protein) might reduce lipid digestion by reducing
lipase activity, sequestering BS from solution and increasing
viscosity during simulated digestion in the human GI tract. To
test these hypotheses, an oil in water (O/W) emulsion or a tri-
butyrin (TBT) control was subjected to in vitro digestion in the
presence of MYC to understand how MYC affects lipolysis
rates during simulated small intestinal digestion. In addition,
BS were incubated with different MYC concentrations or
extracted MYC proteins (EMPs) to determine BS sequestration
levels from isolated supernatants collected after simulated
digestion. As BS binding could also be influenced by the
increased viscosity promoted by dietary fibre, we also
measured the viscosity of MYC digesta to assess its contri-
bution towards lipid digestion and BS binding. This study pro-
vides new insight into the digestive fate of MYC, which is rele-
vant to understanding the role of MYC-enriched diets in
improving blood lipid profiles and thereby potentially lowering
cardiovascular disease risk.

2. Materials & methods
2.1 Materials

2.1.1 Chemicals and reagents. All standards and reagents
were of analytical grade. The chemicals used were as follows:
chemicals for simulated digestion were used according to
Minekus et al.,*° tributyrin (T8626, Merck), bile bovine (BS)
(B3883, Merck), pepsin from porcine gastric mucosa (P7012,
Merck), whey protein isolate (BiPro®, Agropur Saint-Hubert,
Longueuil, Canada), pancreatin from porcine pancreas (P7545,
Merck), lipase from porcine pancreas (L3126, Merck), colipase
from porcine pancreas (C3028, Merck), total bile acid kit
(903115, Dialab), sodium deoxycholate (D6750, Merck), aceto-
nitrile (ACN) (A/0626/PB17, Fisher Scientific), r-dithiothreitol
(DTT) (10197777001, Merck), iodoacetamide (IAA) (11149,
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Merck), trifluoroacetic acid (T6508, Merck), and chymotrypsin
(V1061, Promega). SDS PAGE was performed using the follow-
ing chemicals, reagents, and pre-cast gels purchased from
Thermo-Fisher (Leicester, UK): NuPAGE™ LDS sample buffer
(4x), NuPAGE™ sample reducing agent (10x), and NuPAGE™
10% Bis-Tris 10-well pre-cast gels. Gels were stained using
InstantBlue™ protein stain (ISB1L, Expedeon) and Mark12™
Unstained Standard (LC5677, Thermo-Fisher). Ultra-pure water
(Avidity Science) (Long Crendon, Buckinghamshire, UK) was
used for the preparation of the solutions. Sunflower seed oil
from Helianthus annuus (88921, Merck) was treated with
Florisil® (Sigma, Poole, UK) to remove polar, surface-active
compounds from the oil.

2.1.2 MYC samples. Freeze-dried MYC powder and EMPs
were provided by Marlow Foods Ltd. MYC powder was pre-
pared at different concentrations (e.g., 10, 20, and 30 mg
mL™") by mixing with ultra-pure water, before being added to
the simulated digestion vessel. EMPs were prepared at 8.8 mg
mL™" in ultra-pure water, which matched the total concen-
tration of protein expected to be present in 20 mg mL™" of
MYC. The 10, 20, and 30 mg mL™" of MYC or 8.8 mg mL™" of
EMPs referred to the final concentrations in the final volume
of the simulated digestion experiments.

2.2 Methods

2.2.1 Lipolysis analysis by in vitro digestion with a pH-stat
device. Simulated digestion with a pH-stat device was per-
formed to study the impact of different MYC concentrations
on the lipolysis of an O/W emulsion or TBT. This gave infor-
mation about the influence of MYC intake on the activity of
lipase and, therefore, lipid digestion.

2.2.1.1 O/W emulsion preparation. An O/W emulsion was
prepared by pre-emulsifying 0.4 g of sunflower oil in 9.6 g of
whey protein isolate (WPI) solution (1% w/v in water) and
stirred for 120 min at room temperature using an Ultra-Turrax
T-25 homogeniser (IKA, Staufen, Germany) for 1 min at 13 500
rpm. A WPI-stabilised emulsion was used as it is known to be
readily digested during in vitro GI digestion. The pre-emulsion
was then sonicated (Branson Digital Sonifier®, Marshall
Scientific, New Hampshire, USA) for 2 min at 30% amplitude
with 10 s sonication and 10 s of rest cycles. The particle size of
the O/W emulsion was measured by static light scattering with
a Beckman Coulter LS 13-320 instrument (Beckman Coulter,
California, USA), ensuring a mean particle diameter (D,,s3)
within the range of 1.5-2.5 pm.

2.2.1.2 Lipolysis during simulated small intestinal digestion.
The lipolysis of O/W emulsion in the presence of MYC was
measured using a pH-stat device (KEM AT-700, Kyoto elec-
tronics, Tokyo, Japan). Briefly, 2.5 mL of MYC at different con-
centrations (10, 20, or 30 mg mL ™" in the final digesta) was
placed in a jacketed reaction vessel warmed to 37 °C. The final
composition in the reaction system was 300 mg lipid from the
O/W emulsion, 10 mM bile salts, and 100 U mL™" pancreatin
(based on lipase activity) in a final volume of 20 mL. The
volumes of simulated intestinal fluid (SIF) and CaCl,-2H,O
were added to obtain the concentration of the electrolytes,
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according to Minekus et al.>® However, in the composition of
the SIF, the solution of NaHCOj; was replaced by NaCl in order
to avoid CO, formation, which would have introduced undesir-
able pH changes as described by Mat et al.>” The pH was first
adjusted at 7.0 and then maintained at this value by constant
titration with 0.1 M NaOH for 60 min of simulated digestion
and continuous stirring (500 rpm). Lipolysis was expressed as
volume (mL) of NaOH 0.1 M necessary to maintain pH 7.0
against the decrease of pH promoted by the release of free
fatty acids during lipolysis.

To test the effect of MYC on intrinsic lipase activity, TBT
was used as a substrate due to its high efficiency to be hydro-
lysed in the absence of BS. Therefore, 0.5 mL of TBT was
digested as described in the pancreatic lipase activity assay by
the INFOGEST method*® in the presence or absence of MYC at
30 mg mL™" in the final volume. The pH was first adjusted at
8.0 and then maintained at this value by constant titration
with 0.1 M NaOH for 10 min with constant stirring (500 rpm).
Lipolysis was expressed as volume (mL) of NaOH 0.1 M necess-
ary to maintain pH 8.0 against the decrease of pH promoted
by the release of free fatty acids during lipolysis.

2.2.2 BS binding experiments. The binding of BS is a
crucial mechanism underlying the reduction of blood lipids.
The BS concentration was measured from the supernatant of
simulated GI, or only intestinal digestion of MYC or EMPs
carried out under different conditions, such as the presence or
absence of enzymes or the use of individual enzymes.

2.2.2.1 Simulated static GI or only intestinal digestion. GI
digestion (120 min of gastric phase followed by 120 min of
small intestinal step) or only small intestinal digestion
(referred to as I) for 120 min was performed on MYC (10, 20,
and 30 mg mL™") or EMPs (8.8 mg mL™") according to the
INFOGEST standardised method for in vitro food digestion.>®

After simulated digestion, MYC digesta (20 mL) was centri-
fuged (Heraeus Megafuge 16 centrifuge, Hanau, Germany) at
2500 rpm for 5 min at room temperature. In contrast, only
1 mL of EMP digesta was centrifuged (Eppendorf® centrifuge
5424-R, Eppendorf, Hamburg, Germany) under the same con-
ditions as the MYC. The resulting supernatant was collected
and used for BS quantification.

2.2.2.2 BS quantification. Bile salt concentration was deter-
mined by a colourimetric enzymatic kinetic assay using a total
bile acids kit (Dialab, Wiener Neudorf, Austria). Briefly, the
supernatants from the in vitro digestion samples (section
2.2.2.1) were diluted 1:500 with NaCl 0.9%. Then, 5 pL of the
sample, blank (NaCl 0.9%), or standard (sodium deoxycholate)
were transferred into a 96-well microplate and incubated for
5 min at 37 °C with 240 pL of reagent 1 (buffer, Thio-NAD
(>0.1 mM)). Subsequently, 80 pL of reagent 2 (buffer,
3-a-hydroxysteroid dehydrogenase (>2 kU L), and NADH
(>0.1 mM)) were added to start the reaction. The absorbance
was read at 405 nm every 30 s for 19.5 min (40 cycles) with a
UV-vis plate reader (Molecular Devices, LLC VersaMax,
California, United States). The values were reported as the bile
salt concentration (mM) using a calibration curve of a BS stan-
dard and subtracting the absorbance from the blank.
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2.2.3 Protein analyses. The hydrolysis of proteins belong-
ing to MYC or EMPs was analysed by SDS-PAGE to visualise
peptides resistant to digestive enzymes. The resistant peptides
identified were further investigated by liquid chromatography
with tandem mass spectrometry (LC-MS/MS).

2.2.3.1 SDS-PAGE. The proteins from digested GI samples
from MYC and EMPs were separated by SDS-PAGE. Briefly, a
sample aliquot of 65 pL was mixed with 25 pL NuPAGE LDS
sample buffer and 10 pL reducing agent and heated for 10 min
at 70 °C. Then, aliquots of 15 pL of the reduced samples were
loaded onto pre-cast 10% bis-tris gels along with 10 pL pre-
stained marker. Electrophoresis of the gels was performed for
35 min at 200 V and 350 mA in MES buffer. The gels were incu-
bated overnight with a protein stain (InstantBlue™), washed
three times with ultra-pure water to remove excess dye, and
finally scanned with a Bio-Rad ChemiDoc MP imaging system
(Bio-Rad Laboratories Ltd, Hertfordshire, UK). Images were
acquired using analysis software Image Lab version 6.0.1.

2.2.3.2 Preparation of gel slices for LC-MS/MS. In a separate
experiment, EMPs underwent GI digestion with pepsin
(120 min) and trypsin (120 min) or only intestinal digestion
with trypsin (120 min). Then, SDS-PAGE was performed on
those samples as previously described. Protein bands that
were resistant to trypsin digestion were observed, and gel
slices in these bands were cut and prepared, as described
below, for LC-MS/MS analysis, which was done at the proteo-
mic facility at the John Innes Centre (Norwich, UK). For gel
slice preparation, washing steps were performed for 20 min
each (unless stated otherwise) with strong vortex mixing using
1 mL of solvent: gel slices were de-stained with 30% ethanol
for 30 min at 65 °C until they were clear, and then washed
with NH,HCO; (50 mM) prepared in 50% acetonitrile (ACN)
(NH4HCO3/50%ACN) and incubated with dithiothreitol (DTT)
(10 mM) at 55 °C for 30 min. DTT was removed, and an iodoa-
cetamide (IAA) solution (30 mM) was added for another
30 min incubation by vortex mixing at room temperature in
the dark. The IAA solution was removed, and the gel slices
were washed with NH,HCO3/50%ACN by vortex mixing.
Another wash with NH,;HCO; was performed to remove the
buffer, and gel slices were transferred individually into a Petri
dish for cutting. The volume of each gel slice was measured/
estimated before using a scalpel to cut the gel slices into
smaller pieces (approximately 1 x 1 mm). The pieces were
transferred to a clean tube and washed twice with NH,HCO3/
50%ACN and 100% ACN. Finally, the solvent was completely
removed by spinning the samples in an Eppendorf concentra-
tor plus a vacuum dry centrifuge (Eppendorf Ltd, Hamburg,
Germany) for 30 min. The precipitated and dried gel slice resi-
dues were collected and sent for LC-MS/MS analysis.

2.2.3.3 LC-MS/MS analysis. The dried gel slice residuals
were digested with chymotrypsin (1:20 enzyme : protein) for
8 h at room temperature and pH 7.5. LC-MS/MS analysis was
performed with an Orbitrap Eclipse Tribrid Mass Spectrometer
(Thermo Fisher Scientific) and a nanoflow high-performance
liquid chromatography (HPLC) system (Dionex Ultimate3000,
Thermo Fisher Scientific). Other settings were as follows: flow

This journal is © The Royal Society of Chemistry 2020
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0.2 pL min~", solvent A: 0.1% trifluoroacetic acid, solvent B:
80% acetonitrile in 0.1% trifluoroacetic acid; total running
time of 118 min (multi-step gradient, including wash and re-
equilibration), an ion source voltage of 2300 V (positive mode),
operated in the DDA mode, MS1 resolution of 120000 and
range 300-1800 m/z, RF = 30%, maximum injection time of
50 ms, dynamic exclusion for 15 seconds. MS2 with CID and
HCD fragmentation (ion trap, turbo mode), isolation window
of 1.6 Da, and collision energy of 20%, maximum injection
time of 35 ms. Protein identification was carried out using
Scaffold™ software V4.10.0 (Proteome Software Inc, Oregon,
USA) and UniProt database.

2.2.4 Rheological analysis. The viscosity of the digesta
(supernatant + pellet) of MYC was measured at 30 mg mL™"
concentration after the GI digestion (w/e is the control without
enzymes; pepsin for the gastric step and trypsin or pancreatin
for the intestinal) or only intestinal (w/e is the control without
enzymes; trypsin or pancreatin). The viscosity of the SIF was
used as a control. The experiment was carried out using a con-
trolled stress rheometer (Advanced AR-2000, TA Instruments,
Elstree, UK) using a 60 mm 1-degree acrylic cone, 22 pm trun-
cation, and cone angle 0:59:21 (deg: min: sec). The rheologi-
cal protocol was set using software Rheology Advantage
Instrument Control AR V5.8.2 as follows: continuous ramp
from a shear rate of 10 to 1000 1 s* on a log scale, for 2 min
at 37 °C, 10 points per decade; sample density was estimated
as 1.000 g cm >,

2.2.5 Particle size analysis of simulated GI digestion. The
particle size diameter (Dy3) of the digesta of MYC 30 mg mL™"
was measured by static laser light scattering after incubation
without enzymes (referred to as w/e), pepsin for the gastric
phase and pancreatin or trypsin for the intestinal step. The
model used was “biomass in water”.
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©
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(4]
£ 1.0
=
(]
>

0.0 : : : , , |
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2.2.6 Data analysis. Data were analysed using GraphPad
Prism version 5 for Windows (GraphPad Software, California,
USA). Statistical significance was set at P < 0.05. Values were
expressed as average + 95% confidence interval (95%CI) of
three (n = 3) or six (n = 6) distinct measures.

3. Results and discussion
3.1 Lipolysis reduction of O/W in the presence of MYC

Lipolysis during simulated small intestinal digestion was
measured for the O/W emulsion alone (control) or the O/W
emulsion in the presence of increasing MYC concentration
(10, 20, and 30 mg mL™") in order to determine the impact of
MYC on lipolysis mediated by pancreatic lipase.

A concentration of 10 mg mL™" of MYC was not sufficient
to promote a statistically significant decrease in the volume of
NaOH required when compared to the control (O/W) at the
endpoint of the digestion experiment (60 min). The lipolysis of
MYC at 20 and 30 mg mL~" was statistically lower (P < 0.001)
after 60 min of digestion when compared to the control. Visual
checks using light microscopy confirmed that MYC did not
induce any coalescence or flocculation in the emulsion, which
may have interfered with lipid digestion (results not shown).
Fig. 1b shows that the lipolysis of TBT in the presence of MYC
30 mg mL~" was reduced (P < 0.01). This implied that the
impact of MYC on lipolysis was mediated by the direct inter-
ference with the activity of lipase, as the TBT assay is per-
formed in the absence of BS, sunflower oil emulsion. The
reduction in lipolysis mediated by MYC would reduce the rate
of lipid digestion and absorption in the small intestine, and
could, therefore, be linked with the blood lipid-lowering effect
of MYC observed in vivo.° "' This may be beneficial for the pre-

1.b

=
o

—A— TBT (control)
—— TBT+MYC (30 mg/mL)

*k

© o o
M A

Volume NaOH (mL)
S
he

e
o

0 5 10
Time (min)

Fig. 1 Volume (mL) of NaOH 0.1 M consumed during lipolysis (a) simulated intestinal digestion with O/W emulsion (control) or O/W emulsion plus
different MYC concentrations (10, 20, and 30 mg mL™); values were corrected by control measurements; this is the same experiment without the
addition of the O/W emulsion. One-way ANOVA, Dunnett post hoc test (P < 0.05); ***P < 0.001 are statistically significant from the control; (b) TBT
(control) or TBT plus MYC (30 mg mL™?). Unpaired t-test with Welch's correction (two-tailed P < 0.05); **P < 0.01 is statistically significant from the

control. Values expressed as average + 95%Cl (n = 3).
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vention of cardiovascular disease.”® Dietary fibres have been
reported to reduce lipase activity,>**° but the mechanisms that
cause the reduction in lipolysis rates are not clear. A possible
explanation is the entrapment of the enzyme lipase into the
MYC matrix, similar to what we have previously reported
during in vitro digestion in the presence of a-amylase.*’ The
latter remained entrapped within MYC cell walls, and conse-
quently, less starch hydrolysis was observed by removing the
enzyme from the solution. Likewise, the entrapment of lipase
within the cell wall matrix may result in lower lipolysis.
Moreover, the structure of filamentous fungal cells and cell
walls, composed of p-glucans/chitin, can have a strong impact
on reducing lipolysis. For instance, dietary fibre such as barley
B-glucan has been seen to interact differently with lipid dro-
plets depending on the emulsifier type and molecular
weight.*

3.2 BS binding by MYC

BS binding is another mechanism associated with reduced
lipolysis. The BS binding by MYC was determined by both
gastric and intestinal (GI) or only intestinal simulation of
human digestion that was performed with enzymes (Fig. 2a),
without enzymes (Fig. 2b) or with individual enzymes (only
trypsin for the intestinal step). BS binding by plant fibre,'**?
and edible mushrooms® has been reported in the literature.
Therefore, a similar effect was expected to be observed with
MYC as the mechanism behind the blood lipid-lowering effect
reported by in vivo studies.” ™

Fig. 2a shows that just the intestinal step was not sufficient
to promote significant binding of BS whereas adding the pre-
vious gastric incubation facilitated the binding (gastric-pH
effect) with a statistically significant decrease of the BS concen-
tration in all the MYC concentrations (P < 0.05 in MYC 10 mg
mL™"; P < 0.01 in MYC 20 and 30 mg mL™"). In order to
further investigate the limiting factors of the gastric-pH effect,
the same previous experimental conditions were adapted in
simulated digestion without enzymes (Fig. 2b). Similarly, the
gastric plus intestinal digestion of 30 mg mL™" MYC without
enzymes promoted a significant BS binding effect (P < 0.01)
when compared to its counterpart incubated without a gastric
step. This confirmed the above-mentioned gastric pH effect
promoted by the change of pH from the gastric phase (pH 3.0)
to the intestinal phase (pH 7.0). The change of pH from acid
to neutral may have enhanced the interactions between MYC
cell walls and BS. It has been suggested that a chemical altera-
tion of fibres that alters their functionality may occur when
exposed to an acidic environment (pH 3.0) followed by
washing to neutrality (pH 7.0).>*?> Nevertheless, the gastric
pH effect enhanced the BS sequestering effect that is con-
sidered crucial in lowering blood lipid levels since the
binding, and consequent faecal excretion of BS enhances the
hepatic production of BS from endogenous cholesterol, and
the expression of the LDL-C receptor to increase lipoprotein
uptake from the blood circulation.”*®

Fig. 2c shows the BS binding to MYC when only trypsin is
used in the intestinal step. The results of GI digestion were
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Fig. 2 BS concentration (mM) measured after 120 min of simulated
intestinal (I) or 120 min of gastric (G) plus 120 min of intestinal () diges-
tion in the presence of 0 (control), 10, 20, and 30 mg mL™* of MYC; (a)
intestinal digestion using pancreatin, pepsin and pancreatin for G and |,
respectively; (b) without enzymes (w/e); (c) intestinal digestion using
trypsin, pepsin and trypsin for G and |, respectively. One-way ANOVA,
Dunnett post hoc test (P < 0.05); *P < 0.05, **P < 0.01, and ***P < 0.001
are statistically significant compared to the respective control (MYC
0 mg mL™Y). ns: not significant. Average + 95%Cl (n = 6).
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consistent with the gastric pH effect. The highest concen-
trations of MYC (20 and 30 mg mL™") were able to promote a
statistically significant BS binding effect (P < 0.001).
Nevertheless, the intestinal digestion alone showed a signifi-
cant decrease in BS concentration. Hence, excluding the neces-
sity for the gastric step, this finding suggested that the hydro-
Iytic activity of trypsin towards protein associated with MYC
cells could somehow have altered the existing protein/peptides
to enhance their BS binding activity (proteolysis effect). In line
with this, previous studies have reported the presence of pro-
teins with BS binding properties,'®>**” and this will be dis-
cussed in the next section.

3.2.1 Extracted MYC protein and proteolysis effect on BS
binding. Following the observation that the proteolysis effect
of trypsin towards the MYC protein appeared to enhance BS
binding to MYC, extracted MYC proteins (EMPs) in the
absence of cell walls were investigated to test this finding.
EMPs were digested under simulated intestinal conditions
alone (with trypsin (I)) or including the gastric phase (with
pepsin for the gastric phase and trypsin for the intestinal (GI))
(Fig. 3).

The proteolysis effect of trypsin on BS binding was con-
firmed by the statistically significant effect (P < 0.001) observed
with trypsin digestion (Trp) when only intestinal digestion was
performed while the incubation without enzyme (w/e) had no
effect. The gastrointestinal incubation without enzyme (w/e)
did not promote any BS binding effect with EMPs compared to
MYC (Fig. 2). This supported once more the previously

EMPs (8.8 mg/imL)
I Gl
s *kk
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Fig. 3 BS concentration (mM) measured after 120 min of simulated
intestinal (I) or 120 min of gastric (G) plus 120 min of intestinal (I) diges-
tion in the presence of 8.8 mg mL™ of EMPs (which corresponds to the
protein concentration in 20 mg mL™ of MYC). In the graph, ‘Control’ is
the sample without EMPs; ‘w/e’ refers to EMPs incubated without
enzyme; Trp' refers to EMPs incubated with trypsin; ‘Pep + Trp’ refers to
EMPs incubated with pepsin and then trypsin. One-way ANOVA, Dunnett
post hoc test (P < 0.05); ***P < 0.001 is statistically significant compared
to the control (I). Average + 95%Cl (n = 6).
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described gastric pH effect observation, which suggested that
BS binding was promoted by the previous gastric acid incu-
bation that altered the cell wall fibre matrix in the whole MYC.
In contrast, gastric pH had no impact on BS binding by EMPs
due to the absence of cell walls, thus working as a negative
control. Conversely, the previous incubation of EMPs with
pepsin followed by trypsin digestion (Pep + Trp) diminished
the BS binding effect. It can be suggested that pepsin hydro-
lysis could reduce the binding between BS and protein by
breaking down the primary protein structure®® and, therefore,
potentially affecting its binding functionality.

3.2.2 Characterisation of EMPs with potential BS binding
activity. Samples from the digestion of EMPs (Fig. 4a) and
MYC (Fig. 4b) were investigated by SDS-PAGE to assess the
presence of potential BS binding proteins.

Fig. 4a shows that the proteins belonging to EMPs (EMPs
std) appeared as a smeared band, apart from the identifiable
protein bands from ~37 kDa to ~97.4 kDa, due to a high
initial concentration (8.8 mg mL™"). Despite the high concen-
tration, EMPs were effectively digested during the simulated
digestion apart from a resistant protein band observed at
~37 kDa during digestion with trypsin or pepsin plus trypsin.
The latter showed a new protein band that appeared to belong
to pepsin. Similar to our results, Makino et al.'® reported a
protein band protein at ~37 kDa from soybean that, when in
contact with BS anions, was able to modify its secondary struc-
ture and bind to BS.

Fig. 4b shows the SDS-PAGE profile related to MYC diges-
tions. In this case, there is no evidence of the presence of
resistant proteins, and the only bands recognisable appear to
belong to trypsin (from ~21.5 to 3.5 kDa). This might be due
to the presence of fungal cell walls that could limit the release
of the intracellular proteins into the extracellular solution and,
and thus are not detected on the SDS-PAGE gel. This is sup-
ported by a recent in vitro study on MYC, which suggested that
the fungal cell wall is permeable to proteases that can diffuse
into the cell and hydrolyse the intracellular proteins, which are
subsequently released as small peptides or amino acids.*
Similarly, the diffusion of the enzyme a-amylase through the
fungal cell wall was also reported.”® We excluded the contri-
bution of residual extracellular proteases from the fungal
biomass of MYC in protein hydrolysis. Indeed, the heating
treatment for reducing the RNA content (>68 °C followed by
an increase to 90 °C), and subsequent centrifugation, would
have been sufficient for denaturing and/or removing most of
the extracellular proteases. Furthermore, pepsin was not
detected in Fig. 4b. This could be explained by the diffusion of
pepsin through the cell wall and the resulting entrapment of
the enzyme that was depleted from the solution. Alternatively,
trypsin may have digested pepsin when incubated with MYC
(the low bioaccessible protein that is encapsulated into cell
walls; see MYC standard of Fig. 4b) whereas pepsin remained
undigested in the presence of a highly bioaccessible substrate
in the EMP digestion (no cell walls; see EMPs std of Fig. 4a).

The EMP gel slices in the region of ~37 kDa digested with
trypsin (A in Table 1) and pepsin plus trypsin (B in Table 1)
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Fig. 4 SDS-PAGE gels of (a) EMPs in triplicate (bands 1, 2, and 3) during only intestinal digestion (with trypsin) or Gl digestion (with pepsin +
trypsin), ‘EMPs std’ refers to the EMPs standard; (b) MYC in triplicate (bands 1, 2, and 3), during only intestinal digestion (with trypsin) or Gl digestion
(with pepsin + trypsin), ‘MYC std’ refers to the MYC standard. In the figure, 'kDa’ refers to the protein molecular weight, ‘M’ refers to the protein stan-

dard mark, ‘pepsin’, and ‘trypsin’ are the enzyme standards.

Table 1 List of EMPs quantified by LC-MS/MS and identified in the UniProt database from Fusarium venenatum organism with molecular weight

>37 kDa
Accession Molecular Average + SD total spectra Average + SD total spectra
No. number Protein weight (kDa) protein from A (%) protein from B (%)
1 CEI63049 Uncharacterised protein 38 0.034 £ 0.018 0.039 + 0.006"
2 CEI70330 Uncharacterised protein 39 0.022 + 0.012 0.026 +0.010
3 CEI38487 AB hydrolase-1 domain-containing protein 40 0.039 £ 0.019 0.012 + 0.003
4 CEI67957 Uncharacterised protein 42 0.004 +0.001" 0.004 +0.001"
5 CEI66110 Uncharacterised protein 45 0.056 + 0.037 0.010 + 0.013
6 CEI65138 Uncharacterised protein 47 0.005 + 0.005 0.009 + 0.008
7 CEI66021 Peptidase_M14 domain containing protein 49 0.092 + 0.042 0.081 + 0.014
8 CEI61026 Elongation factor 1-alpha 51 0.006 + 0.003 0.008 + 0.002
9 CEI63178 Uncharacterised protein 93 0.022 + 0.013 0.022 + 0.011
10 CEI64213 Uncharacterised protein 117 0.007 £ 0.006 0.009 + 0.005
11 CEI64538 C,H,-type domain-containing protein 125 0.017 + 0.008" 0.018 + 0.002

A refers to EMP trypsin digestion, B refers to EMP pepsin + trypsin digestion. Unpaired t-test with Welch’s correction (two-tailed P < 0.05); no
statistically significant differences found in the same protein between A and B. Values represent the average + SD of 3 replicates unless stated (' = 2).

were further investigated by LC-MS/MS. This analysis was per-
formed to address the question of which proteins/peptides
were resistant to trypsin digestion and responsible for the BS
binding. Proteins and peptides which are resistant to digestion
are essential for various physiological outcomes, including
nutrient signalling and allergenicity. The identification of
these peptides could be crucial for future investigation of their
specific functionality, including BS binding activity, and can
open the way to other studies, including clinical trials for the

10902 | Food Funct, 2020, 1,10896-10906

development of nutritional supplements with blood-lipid low-
ering activity.

Table 1 shows a list of the 11 proteins that were identified
from the SDS-PAGE gel slices (Fig. 4a) with molecular weight
>37 kDa that could have been involved in the binding of bile
salts. The raw LC-MS/MS data reported a list of 104 proteins,
among which 11 potential proteins were selected after screen-
ing and removal of proteins with molecular weight <37 kDa,
protein contaminants, trypsin-derived peptides, protein struc-

This journal is © The Royal Society of Chemistry 2020
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ture decoy, and proteins which failed to be identified in at
least two replicates. Proteins with a molecular weight of 38, 39,
and 40 kDa match the molecular weight of ~37 kDa observed
in the SDS-PAGE gel (see Fig. 4a). However, proteins with a
molecular weight >40 kDa were also listed since high-mole-
cular-weight proteins may have been hydrolysed into smaller
protein fractions at ~37 kDa during the extraction protocol of
the EMPs from MYC by the manufacturer (information not
available). Similarly, the trypsin hydrolysis of EMPs with high
molecular weights (e.g., 97.4 kDa) could have produced protein
fractions in the region of ~37 kDa (see EMPs std in Fig. 4a).
AB hydrolase-1 domain-containing protein (number 3 in
Table 1), peptidase_M14 domain-containing protein (number
7 in Table 1), elongation factor 1-alpha (number 8 in Table 1)
and C,H,-type domain-containing protein (number 11 in
Table 1) were identified whereas other proteins remain unchar-
acterised. However, none of the listed proteins has been
reported in the literature for their BS binding capacity. Hence,
further research is required to test the BS binding activity of
the listed proteins (Table 1).

3.2.2 Factors limiting BS binding by MYC. The results so
far indicate that BS binding could be due to a combination of
cell wall matrix effect together with a contribution from the
MYC protein. As discussed before, the gastric pH effect was
identified as the main factor that controlled the overall extent
of BS binding (Fig. 2b). Likewise, the proteolysis effect pro-
moted by trypsin (Fig. 2c and Fig. 3) released proteins with BS
binding activity. However, these positive effects on BS binding
promoted by MYC were jeopardised by other variables during
digestion.

The proteolysis effect (Fig. 2c) was observed only when the
intestinal phase digestion with the individual enzyme trypsin
was performed while the intestinal digestion using pancreatin
(mix of proteases, lipase-colipase, and amylase) was not able
to promote a similar effect (Fig. 2a). Therefore, the presence of
lipase-colipase that digested lipids (lipolysis effect) could have
been a limiting factor that diminished the proteolysis effect.
Potentially, the lipid component of MYC (12% DW, 3.6 mg
mL ") was digested by lipase-colipase with the help of the sur-
factant action of BS, which could potentially enter the fungal
cell wall. Then, BS solubilised the products of lipolysis to form
mixed BS micelles that were detected in the supernatant,
regardless of the proteolysis effect promoted by trypsin. This
hypothesis was tested and supported by the performance of
just the intestinal digestion of MYC (30 mg mL™") in the pres-
ence of trypsin plus lipase-colipase (Trp/Lip-Colip). Fig. 5
illustrates a reversal of the proteolysis effect when lipolysis
took place (e.g., the presence of lipase and colipase), similar to
what was observed using pancreatin (Fig. 2a).

Furthermore, Fig. 5 shows the negative effect of pepsin on
BS binding (pepsin effect). Pepsin plus trypsin (Pep + Trp)
digestion in MYC (30 mg mL™") significantly reduced (P < 0.05)
the BS binding compared to the gastric step without enzyme
(w/e) that was followed by trypsin digestion (w/e + Trp).
Besides, the BS binding effect was further decreased (P < 0.01)
by the combination of the pepsin and lipolysis effects (Pep +

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 BS concentration (mM) measured after 120 min of simulated
intestinal (l) or 120 min of gastric (G) plus 120 min of intestinal () diges-
tion in the presence of 30 mg mL™ of MYC. In the graph, ‘Control’ is the
sample without MYC; ‘Trp’ refers to MYC incubated with trypsin; Trp/
Lip—Colip’ refers to MYC incubated with trypsin plus lipase—colipase;
‘w/e + Trp' refers to MYC incubated with no gastric pepsin, and then
trypsin; ‘Pep + Trp' refers to MYC incubated with pepsin and then
trypsin; ‘Pep + Trp/Lip—Colip’ refers to MYC incubated with pepsin and
then trypsin plus lipase—colipase. One-way ANOVA, Dunnett post hoc
test (P < 0.05); **P < 0.01 and ***P < 0.001 are statistically significant
compared to the respective control. Unpaired t-test with Welch's cor-
rection (two-tailed P < 0.05) to compare Trp/Lip—Colip’ to Trp’, *P <
0.05; ‘w/e + Trp' to ‘Pep + Trp’, *P < 0.05; and ‘w/e + Trp' to ‘Pep + Trp/
Lip—Colip’, **P < 0.01. Values represent the average + 95%Cl (n = 6).

Trp /Lip-Colip), both confirming the negative impact on BS
binding.

Therefore, in summary, pepsin and lipase digestion can
hinder BS binding that is mainly promoted by the MYC struc-
ture per cell wall component as confirmed by the effect of pH
change in the absence of digestive enzymes (Fig. 2b), and also
by the protein component, as evidenced by the role of the
digestive proteases on EMPs (Fig. 3 and 5).

3.3 Effect of digestion conditions on viscosity and particle
size of MYC

The viscosity of soluble fibres during digestion has been
linked with reductions in lipid digestion and absorption.
However, in this case, Fig. 6a shows that viscosity may not play
an essential role in the BS binding promoted by MYC as the
w/e samples have the highest viscosity, yet, the intestinal alone
w/e sample had no significant BS binding activity (Fig. 2b).
Conversely, the particle size of MYC under different in vitro
digestion conditions can influence viscosity (Fig. 6b).

Overall, the viscosity of MYC digesta did not differ between
GI and only intestinal digestions (Fig. 6a). Hence, the gastric

Food Funct., 2020, 11,10896-10906 | 10903
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(a) Viscosity (Pa s) measured after 120 min of simulated intestinal (I) or 120 min of gastric (G) plus 120 min of intestinal (I) digestion in the

presence of 30 mg mL™* of MYC digested without enzyme (w/e), pancreatin, or trypsin. In the graph, SIF is the simulated intestinal fluid (control).
The gastric phase was carried out with pepsin except for w/e digestion. One-way ANOVA, Tukey's post hoc test (P < 0.05) comparing the only
intestinal with the respective Gl digestion sample (**P < 0.01), and all the samples vs. SIF (***P < 0.001). (b) Particle size diameter (D4,3) (um)
measured after Gl digestion in the presence of 30 mg mL™ of MYC digested without enzymes (w/e), pepsin plus pancreatin, or pepsin plus
trypsin. One-way ANOVA, Dunnett post hoc test (P < 0.05); ***P < 0.001 are statistically significant compared to Gl (w/e). Values represent the

average + 95%Cl (n = 3).

pH effect on BS binding (Fig. 2b) mediated by acid pH was not
influenced by viscosity and, therefore, appeared to be unlinked
to the BS binding effect of MYC. However, higher viscosity of
MYC digested with or without enzymes was observed when
compared with SIF (P < 0.001). Thus, an increased viscosity in
the small intestine due to MYC particles could potentially
entrap BS in a viscous matrix. This might increase the faecal
BS excretion and may lead to lower serum cholesterol levels
due to the de novo synthesis of BS from cholesterol in the liver
similar to that observed with oat p-glucans.*®*!

Fig. 6a shows that the use of enzymes (pancreatin or
trypsin) reduced the viscosity (P < 0.01) compared to digestion
without enzymes. Moreover, the digestion without enzyme had
a higher viscosity at low shear that decreased with the increase
of the log shear rate. This can be explained by the presence of
elongated particles (MYC filamentous cells) that have a high
shear-thinning effect and higher viscosity at low shear rates
compared to spherical particles.*> Moreover, Fig. 6b shows an
overall decrease in the particle size in intestinal digestion with
trypsin (D 3: 406.40 + 0.34 pm) or pancreatin (D, ;: 429.70 +
3.85 pm), which were statistically significant (P < 0.001) com-
pared to the incubation without enzymes (w/e) (D4 3: 586.00 +
2.00 pm). The reduction of particle size is usually associated
with an increase in viscosity.*> However, this assumes that the
total dispersed phase volume is the same, and the properties
of all the particles are identical. The reduced viscosity in the
presence of enzymes in Fig. 6a, therefore, suggests that either
the dispersed phase volume is reduced, or the properties of
the particles are different following digestion. We have pre-
viously shown that digestion removes protein and carbo-
hydrates from fungal cells.*’*° Thus, it could be assumed that

10904 | Food Funct, 2020, 11,10896-10906

the properties of the cells, such as deformability and size, may
have changed, thus affecting the contribution of the hyphal
cells to the viscosity. The increased polydispersity of particles,
promoted by enzyme digestion, may also contribute to redu-
cing viscosity."> For instance, Fig. 6b shows a significant
increase (P < 0.001) in the volume (Vol.) of small particles in
the region of 1-100 pm in both trypsin and pancreatin diges-
tions compared to the digestion without enzyme.

4. Conclusions

This study aimed to identify the mechanisms by which the
complex cellular structure of the mycoprotein ingredients
influence lipid digestion. We provide new evidence that MYC
reduces lipolysis and can bind BS. The reduction of lipolysis
appeared to be mediated by direct interference of the MYC
matrix with lipase. At the same time, the binding of BS was
promoted both by the impact of pH changes on the structure
of MYC cell wall and also by protein activated by trypsin hydro-
lysis. However, protein-mediated binding was negated follow-
ing full enzymatic digestion. Moreover, viscosity during simu-
lated GI digestion appeared to be unlinked with the BS
binding capacity of MYC. These findings can help in under-
standing the complex interaction of macronutrients, such as
fibre and protein, with digestive components (e.g., enzymes
and BS) that subsequently may influence physiological path-
ways (e.g., de novo cholesterol synthesis) and lipid bioaccessi-
bility. This contributes to a new understanding of the mecha-
nisms by which diets enriched with MYC can improve blood
lipid profiles.

This journal is © The Royal Society of Chemistry 2020
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ACN Acetonitrile
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TAA Iodoacetamide.
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