7® ROYAL SOCIETY
P OF CHEMISTRY

Food &
Function

View Article Online

View Journal

From static to semi-dynamic in vitro digestion
conditions relevant for the older population:
starch and protein digestion of cooked lentils¥
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In the context of adequately feeding the rising older population, lentils have an important potential as
sources of (plant-based) protein as well as slowly digestible bio-encapsulated starch and fibre. This study
evaluated in vitro digestion of protein and starch in lentils under conditions representing the gastrointesti-
nal tract of older adults. Both static and semi-dynamic simulations were applied to analyze the effect of
specific gastrointestinal conditions (healthy versus older adult) on macronutrient digestion patterns.
Gastric proteolysis was strongly dependent on applied gastric pH (gradient), leading to a lower extent of
protein hydrolysis for simulations relevant for older adults. Fewer and smaller (lower degree of polymeriz-
ation, DP) bioaccessible peptides were formed during gastric proteolysis under older adult compared to
healthy adult conditions. These differences, developed during the in vitro gastric phase, were compen-
sated during small intestinal digestion, yielding similar final proteolysis levels regardless of the applied
simulation conditions. In contrast, in the presence of saliva, amylolysis was generally accelerated under
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older adult conditions. Moreover, the current work highlighted the importance of considering saliva (or
salivary amylase) incorporation in simulations where the applied gastric pH (gradient) allows salivary
amylase activity. Under both healthy and older adult conditions, in vitro starch hydrolysis bio-encapsulated
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1 Introduction

The population of older adults (defined as over 65 years of age)
is growing and projected to reach 12% of by 2030." This group
is very heterogeneous in terms of activity level and (chronic)
disease burden. Aging goes along with several physiological
changes throughout the gastrointestinal tract. Changes in the
oral cavity include (but are not limited to) loss of dentition,
decrease in salivary secretion, and lowered sensorial percep-
tion and appetite.”® Gastric changes include a suppressed
gastric acid secretion, as well as slower stomach mobility and
gastric emptying.® With aging, a decrease in pancreatin and
bile secretions were reported in the small intestine, as well as
a decreased intestinal motility.*>™

Due to these gastrointestinal changes, social, psychological,
and economic factors, aging is typically linked with a
decreased food intake (around 25%),* weight loss, and the risk
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in cotyledon cells of cooked lentils was attenuated, compared to a white bread reference.

of developing malnutrition and sarcopenia (the loss of muscle
mass and function).*® Due to metabolic changes, older adults
require a higher protein intake to maintain muscle mass com-
pared to healthy adults. Therefore, while older adults have a
lower caloric requirement, ingestion of 1-1.5 g protein per kg
body mass per day (in combination with physical exercise) is rec-
ommended in comparison to the 0.8 g kg™ day " recommended
for healthy adults.*” Additionally, aging is associated to a
decrease in insulin secretion and action, causing decreased
glucose tolerance.*® Maintenance of proper glycaemic control
through a healthy diet, rich in fibre and low GI (glycaemic index)
foods'® is of importance for both management and prevention of
type 2 diabetes, in particular for older adults."*

It is clear that adapted nutrition is of crucial importance
for the aging population. Therefore, research on the impact of
gastrointestinal changes occurring with aging on carbohydrate
and protein digestion is necessary. Due to the GI changes
stated above, (in vitro) digestion models designed for healthy
adults are not suitable to mimic digestion processes in older
adults.”® Therefore, in vitro digestion models simulating gas-
trointestinal conditions of the older population are increas-
ingly being developed and applied.>**"”

Pulses are healthy and sustainable wholefoods, rich in
protein, slowly digestible starch, fibre, vitamins, and minerals.
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Upon cooking of pulses followed by mechanical disintegration
(such as chewing), pulse cells remain intact, encapsulating
dietary protein and starch.'®'® Due to the barrier function of
the intact cell wall, cooked pulses have been linked to slower
starch digestibility in vitro,** and slower postprandial
glucose increase glycaemic index (GI) in vivo.>® Additionally,
encapsulation of protein inside cooked pulse cells has also
been shown to slow proteolysis in vitro,””***® but increase the
concentration of serum amino acids in vivo.”® Potentially,
pulses such as lentils could be an important nutrient source
for older adults. While a recent study revealed slowed proteol-
ysis of a pea protein suspension under static older compared
to healthy adult in vitro digestion conditions,>” digestion of co-
ingested starch and protein present within (cotyledon cells of)
whole cooked pulses, has not been studied under (in vitro)
conditions relevant for the older population until now.

The aim of this work was threefold. Firstly, starch and
protein digestion kinetics of cooked lentils were studied under
in vitro conditions relevant for older adults. Doing this, it
could be evaluated to which level typical attenuated hydrolysis
patterns of intact cotyledon cells (such as slow starch diges-
tion), observed using healthy adult in vitro models, were
affected by gastrointestinal conditions observed in older
adults. White bread was selected as a reference food system since
it is a well-studied source of both (rapidly digestible) starch and
protein,”° and it is much-consumed by the targeted population
group. The comparison of lentil digestion kinetics to those of
white bread could deliver insight into the (possibly different)
consequences of applying altered digestion conditions for two
differently structured foods. Secondly, static up to more advanced
semi-dynamic approaches were combined to obtain further
insight on how those dynamically changing digestion conditions
(relevant for healthy versus older adults) affect digestion kinetics,
and how semi-dynamic digestion kinetics compare to their static
counterparts. Thirdly, the importance of incorporating salivary
amylase was evaluated in the context of digestion conditions rele-
vant for the older population. Saliva (with salivary amylase) is
often omitted from in vitro digestion research (focusing on
healthy adults) due to its high cost and limited expected contri-
bution to overall amylolysis.'> However, orogastric amylolysis was
expected to be significant in simulations allowing higher enzyme
activity (i.e., limited or gradual gastric acidification).**>'

2 Materials & methods
2.1 Materials

Digestion enzymes (pepsin, pancreatin, trypsin, and chymo-
trypsin) and most chemical reagents were purchased from
Merck (Belgium). Pooled human saliva was obtained from Lee
Biosolutions (Maryland Heights, MO, USA). The Total Starch
Kit was obtained from Megazyme (Bray, Ireland). All reagents
were of analytical or HPLC grade.

Du Puy lentils (Canada, 2019) were donated by Casibeans,
sorted, and stored at —40 °C (below the glass transition temp-
erature at ~10% moisture) until processing. Raw lentils were
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soaked, then cooked to palatable texture for 30 min at 95 °C,
in similarity to a previous study.> White bread was obtained
from the local supermarket and utilized as provided.

2.2 Static in vitro digestion

For healthy adult simulations, static in vitro digestion was
carried out using to the standardized INFOGEST 2.0 proto-
col,*® as summarized in section 2.3.1 and described in detail
earlier.®” Standardized static simulation conditions were
varied to parameters relevant for the older adult population, as
explained in section 2.3.2.

2.2.1 Static in vitro digestion protocol for healthy adults

Oral phase. Both cooked lentils and white bread are solid
foods which require disintegration before ingestion, for
example by mastication or by mechanical means (mixing).
Since this work aims to study the impact of specific gastroin-
testinal conditions (reported to change upon aging) on macro-
nutrient digestion kinetics, the mechanical disintegration step
was standardized as recommended in the semi-dynamic
INFOGEST protocol,>* and digestion simulations were carried
out using ‘standardized purees’. These purees were produced
in order to represent a bolus as realistically as possible both in
terms of (i) consistency and (ii) microstructural distribution. In
terms of consistency, the ratio of simulated salivary fluid SSF
(80% electrolyte simulated salivary fluid (pH 7), 0.5% CaCl,
(0.3 M), and 19.5% demineralized water) and cooked lentils
and bread was determined, yielding relevant bolus consist-
encies as proposed in the standardized INFOGEST protocol.**
For lentils, a final ratio of food:SSF of 1:2 (mass:volume)
was selected. To align the samples with regards to a realistic
bolus consistency,® a different ratio of 1:3 was selected for
white bread. Regarding the microstructure, particle size distri-
butions (PSDs) of cooked lentils, mixed at low speed in SSF
were shown to largely overlap with PSDs of cooked beans upon
in vivo mastication in previous work.'>*> Therefore, lentils and
white bread were mixed into standardized purees using an
Ultraturrax mixer (3000 rpm).

To investigate the effect of saliva (and salivary amylase) on
gastrointestinal (starch) digestion, simulations were carried
out both with and without saliva. The amount of saliva
required to reach 150 U mL~" SSF was calculated upon analysis
of the amylase activity of human pooled saliva.>® This volume
was omitted from the food : SSF mixture during puree mixing.
In this manner, the appropriate amount of saliva could be
added at the initiation of each digestion experiment, finally
reaching the required bolus consistency and salivary amylase
activity. For simulations without amylase, this volume was
replaced with SSF.

Gastric phase. After the oral phase, simulated gastric fluid
(SGF, pH 3) and CaCl, (0.3 M) were added, after which the pH
was controlled at 3 (see Table 1). Water and porcine pepsin
solution were added, obtaining a final volume of 5 mL with a
2000 U mL™" pepsin activity. Digestion tubes were incubated
(37 °C) for 2 h, under head-over-heels rotation (70 rpm).
Independent samples were taken at 0, 5, 10, 20, 30, 45, 60, 90,
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Table 1 Applied static and semi-dynamic in vitro digestion conditions, relevant for healthy adults and older adults in this study

Healthy adult

Older adults

No saliva or saliva (150 U mL~" SSF salivary amylase)*®

No saliva or saliva (150 U mL™" SSF salivary amylase)'®*%*

Oral phase
38,41

Static simulation®®  Semi-dynamic simulation

Static simulation Semi-dynamic simulation

Gastric phase 2000 U mL™* Gradual addition of 2000 U mL ™" 1500 U mL™" Gradual addition of 1500 U mL ™"
pepsin pepsin pepsin'®'**? pepsin'*
Static pH 3 Gradual acidification to pH 2 Static pH 6'**> Gradual acidification to pH 4>'7*
2 hours 2 hours 4 hours™ 2 hours

Small intestinal Bile 10 mM 5 mM bile’

200 U mL ™" a-amylase
100 U mL ™" trypsin

25 U mL™" chymotrypsin
pH7

2 hours

phase

33,38

SSF: simulated salivary fluid.

and 120 min, followed by thermal enzyme inactivation (5 min,
98 ©C),13:19:35,36

Small intestinal phase. Simulated intestinal fluid (SIF, pH 7),
CacCl, (0.3 M) and fresh bile solution were added to each diges-
tion tube, and the pH was brought to 7. Finally, demineralized
water and pancreatic enzyme solution (in SIF) were added to
each tube, reaching a bile concentration and enzyme activities
as prescribed in the INFOGEST protocol® and indicated in
Table 1. Digestion tubes were incubated, and enzymes were
thermally inactivated for individual samples at 0, 5, 10, 20, 30,
45, 60, 90, and 120 min. Digestion tubes were centrifuged
(5 min, 2000g, Sigma 4-16 KS, Sigma, Osterode am Harz,
Germany), to allow separation of the soluble metabolites in
the supernatant, and the non-bioaccessible, insoluble pellet,
as previously reported."®*” Thereafter, supernatants were snap
frozen in liquid nitrogen, and stored at —40 °C until further
analysis.

2.2.2 Adaptations to the static in vitro digestion protocol
for the conditions of older adults

Oral phase. The aim of this work was to evaluate the effect of
(altered) static and semi-dynamic gastrointestinal conditions,
relevant for healthy adults versus older adults, on starch and
protein digestibility. While the authors reckon that changes in
oral conditions with aging (loss of teeth, decreased production
of saliva etc.) can significantly impact bolus formation and
subsequent digestion and nutrient uptake,”*® this was not the
major focus of the current work. Therefore, identical standar-
dized lentil purees were used for simulating digestion under
conditions relevant for older and healthy adults, as explained
earlier.

Literature on oral conditions of older adults reveals that
this group typically produces a lower amount (40-50%>°*°) of
more concentrated saliva (up to double amylase activity in
saliva of elderly compared to healthy adults***®). Considering
the focus of this study and the choice for a constant dilution
of the food (¢fr. standardized puree), an identical amount of
saliva was applied during the oral phase regardless of targeted
aged group (and thus identical salivary amylase activity,

This journal is © The Royal Society of Chemistry 2023

100 U mL ™" o-amylase®"?

50 UmL™" trypsin®"?

12,5 U mL™" chymotrypsin®*?

pH7

4 hours (static)'* or 2 hours (semi-dynamic)

Table 1). Similarly, no difference in salivary amylase activity
per mL SSF compared to healthy adult model was proposed in
the recently published standardized INFOGEST protocol for
older adults."®

Gastric phase. In older adults, generally, lower pepsin release
and (s)lower acidification are observed in the stomach.*’
These conditions were therefore adapted in the older adult
model.

A pepsin activity decrease of ~25% was reported in the
older compared to the healthy adult population.>*®
Accordingly, the applied pepsin activity during the (static)
simulated gastric phase was decreased to 1500 U mL™"
(Table 1), in accordance with previously published static
elderly models."*'*** Higher fasted pH values and a (s)lower
acidification were generally observed in older compared to
healthy adults (6.2 to 2 versus 4.5 to 1.2), as reviewed by Shani
Levi & Lesmes (2014).> In more detail, heterogeneous gastric
pH profiles were observed in vivo, ranging from a low fasted
pH with a postprandial pH decrease, to an elevated fasted pH
with a very limited acidification and high postprandial pH.*?
Due to the heterogeneity in gastric pH profiles, it is impossible
to capture the whole older population by one best guess
average gastric pH. While the first group has a gastric pH
profile similar to those found in healthy adults,*” the gastric
PH of the second group is generally high (not dropping below
5.5 postprandially*®). This group encompasses people with
hypo- and achlorhydria, i.e., the limited release or absence of
gastric acid secretion in the stomach, with an increased preva-
lence in the older population.” Therefore, a static gastric pH of
6 was selected for this part of the (static simulation) work
(Table 1), in accordance with conditions previously defined for
static elderly digestion model.">**> While it is an extreme con-
dition, this pH value of 6 relevantly represents the subpopu-
lation with the most limited gastric acidification,** as well as
(a large group of older) people taking proton pump inhibitors
(PPI) for an array of gastric acid-related conditions.
Additionally, comparison of digestion kinetics obtained under
high pH conditions versus kinetics obtained applying the
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healthy adult model (at gastric pH 3), can document the range
between which digestion kinetics relevant for older adults
could be expected. However, a more realistic approach could
be the implementation of gradual gastric pH profiles (adapted
to the healthy or older adult population), as discussed in
section 2.3.

Small intestinal phase. With aging, decreases in both pan-
creatic enzyme and bile secretions were reported.* In accord-
ance with in vivo data,”® and conditions previously selected for
older adult in vitro models,>*® both the bile concentration and
activities of pancreatic enzymes were reduced by 50%
(Table 1). To mimic the longer transit time reported for older
adults, small intestinal incubation was increased to 4 h.*
Apart from these changes, the small intestinal simulation was
carried out as explained in section 2.2.1, with additional
sampling points at 150, 180, and 240 minutes.

2.3 Semi-dynamic in vitro digestion

Using semi-dynamic models, it is possible to study the effect
of dynamically changing parameters on nutrient digestion
kinetics.'®> Since the main focus of this work is studying
digestibility of lentil macronutrients, these more complex
simulations were only carried out for lentil purees (section
2.2.1). In accordance with the proposed semi-dynamic
INFOGEST protocol,** the effect of gradually changing gastric
conditions was evaluated (i.e., pH and pepsin activity), while
the small intestinal phase was simulated in a static manner
(i-e., exactly as explained in section 2.2).

To simulate semi-dynamic orogastric digestion, a custom-
tailored multireactor digestion system (MuReDi, BioXplorer
100, H.E.L. Group) was employed, introduced in a recent study
by our research unit.*' The MuReDi system has 8 independent
reactors, one for each analysed digestion time point. With this
equipment, digestive fluids can be gradually added throughout
digestion, using separate syringe pumps connected to each
reactor, while the reactors are continuously stirred (250 rpm)
and monitored in terms of temperature and pH. The MuReDi
system is ran by a computer-controlled software (WinISO) in
which commandos can be entered to program the digestion
experiment in a stepwise manner.*!

The composition and pH of the gastric solution (containing
SGF, CaCl,, HCl and H,O) was determined in a preliminary
experiment, so that, upon addition of the complete volume of
gastric and pepsin solutions, a final pH of 2 (healthy adult
simulations) or 4 (older adult simulations) were reached (see
Table 1). Therefore, a gastric solution with a pH of 1.02 was
used for healthy adult simulations, while this was pH 1.45 for
older adult simulations. On the day of the digestion experi-
ment, gastric and pepsin solutions were made fresh. Both solu-
tions were linked to the inlet lines of separate syringe pumps
of the MuReDi system, and the pump and reactor feed lines
were primed. Before the start of each digestion simulation,
lentil puree (see section 2.2.1) was weighed into each of the 8
reactors. Each reactor was connected to the MuReDi system,
pump lines were connected, and the prewritten program was
launched.
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Oral phase. Firstly, the lentil samples were heated to 37 °C
under constant stirring (250 rpm). After exactly 6 min, the oral
phase was launched upon adding a predetermined amount of
saliva, reaching 150 U salivary amylase per mL SSF and a total
volume of 30 mL (containing 10 g of cooked lentils, as
explained in section 2.2.1). For experiments not considering
saliva, this volume was replaced by SSF (exactly as carried out
for static simulations, section 2.2.1). Samples were incubated
for 2 minutes under constant stirring and heating (37 °C).

Gastric phase. A basal volume of 10% of the total gastric and
pepsin solutions was pumped into each of the reactors, and
the gastric phase was initiated. Over the course of 120 min of
gastric incubation, the remaining 90% of both fluids were
gradually added into each reactor. For healthy adult simu-
lations, the rates of pepsin and gastric fluid pumping were set,
so that a complete volume of 60 mL, a pH of 2, and a pepsin
activity of 2000 U mL™" were reached after 2 hours of gastric
digestion. For older adult simulations, a pH of 4 and final
pepsin activity of 1500 U mL™" were targeted. For sampling
during the gastric phase, independent reactors were stopped at
different predetermined gastric digestion times, ie., 5, 10, 20,
30, 45, 60, 90, and 120 minutes. At these time points, the con-
tents of the reactor were homogenously sampled into glass test
tubes, and thermally inactivated. In contrast, when studying
the digestion phenomena during the small intestinal phase,
all reactors underwent 2 h of gastric digestion simulation,
reaching a final volume of 60 mL, before initiating small intes-
tinal simulations. The gastric pH profiles obtained during the
gastric phase are reported in Appendix A.

Small intestinal phase. After completion of the gastric phase,
a small intestinal fluid mixture (containing SIF, CaCl, and
fresh bile solution) was instantly added to each of the reactors,
immediately increasing the pH to values of 6.5-7. When
necessary, the pH was further increased to 7 using NaOH (2
M). To initiate the static small intestinal phase, a pancreatin
solution was added to each of the reactors, reaching a
final volume of 120 mL, a pH of 7, and bile concentration and
pancreatic enzyme activity as indicated in Table 1 for healthy
and older adult simulations. While static in vitro small intesti-
nal digestion was followed for 4 hours (Table 1), preliminary
data of static digestion experiments under older adult con-
ditions showed that macronutrient hydrolysis levelled off after
around 120 min. Therefore, semi dynamic digestion simu-
lations were evaluated for 2 h, with independent reactors
stopped at 5, 10, 20, 30, 45, 60, 90, and 120 min. The reactor
contents were then transferred to a glass tube and enzymes
were thermally inactivated. Then, supernatant and pellet were
separated upon centrifugation (5 min, 2000g) and stored
(—40 °C) until analysis.

2.4 Quantification of macronutrient digestion

2.4.1 Compositional analysis. The dry matter content of
the cooked lentils and white bread were determined upon
duplicate oven drying. To analyse the starch and protein
content, whole cooked lentils and white bread were lyophilized
(Alpha 1-4, LSCplus, Martin Christ, Germany), followed by

This journal is © The Royal Society of Chemistry 2023
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pounding in a ball mill (MM400, Retsch, Haan, Germany). The
Total Starch Kit (AA/AMG, Megazyme Inc. Bray, Ireland) was
employed to determine the starch content in duplicate.
Sample nitrogen was quantified in duplicate using automated
Dumas analysis (CHNS-O Elemental Analyzer, CE instrument,
Thermo Fischer Scientific, Waltham, MA, USA), after which
the crude protein content was calculated employing 5.4 as
specific conversion factors for pulses and wheat.*®

2.4.2 Quantification of digested protein. Proteolysis was
quantified during the gastric and small intestinal phases
using the spectrophotometric o-phtaldialdehyde (OPA)
method,***® exactly as described previously.”® While more in-
depth methods such as size exclusion chromatography exist to
study proteolysis and peptide release patterns during diges-
tion, OPA analysis remains a much applied and straight-
forward manner to screen protein digestibility. Moreover,
results obtained by OPA analysis were highly correlated to
those obtained with more advanced chromatographic
methods, supporting its suitability for digestibility
screening.’”

In brief, the total amount of a-amino groups in the undi-
gested food (lentil or bread) sample (NHya1) Was determined
by hydrolysing undigested sample proteins to amino acid con-
stituents using strong acid (6 N HCl, 24 h, 110 °C). The
amount of terminal amino groups was then determined spec-
trophotometrically, employing the OPA-reagent and a r-serine
standard curve (12.5-100 mg mL ™).

Then, the extent of proteolysis was determined in the diges-
tive supernatant and expressed relative to NHyoa. To do SO,
large peptides and proteins were precipitated from the diges-
tion supernatant upon addition of 3.2% TCA, yielding the
readily bioaccessible fraction (NH,rcy).>*" This fraction is con-
sidered readily bioaccessible as such (without additional
hydrolysis by brush border enzymes).*® The terminal amino
groups of this fraction were quantified using OPA. This ana-
lysis only quantifies the increase in small peptides upon enzy-
matic hydrolysis of proteins and peptides but does not take
into account larger peptides formed. Additionally, no
distinction is made between peptides with different polymeriz-
ation degrees (DPs).”” Therefore, in some cases, proteolysis
was quantified in more absolute terms, by hydrolysing the
readily bioaccessible peptide fraction into constituting
amino acids, yielding the hydrolysed readily bioaccessible frac-
tion (NHyrcanydro)->© Blanks (containing all reagents and
enzymes but no sample) were used to correct for the protein
originating from the enzyme solutions. From the ratio of
NHyrca,hydro and NHyrca, an average polymerization degree
(DP) of the readily bioaccessible peptide fraction could be
calculated.”

2.4.3 Quantification of digested starch. Since salivary
amylase was incorporated in certain digestion simulations,
starch digestion was evaluated for each studied digestion time
during both the gastric and small intestinal phases. Digested
starch was quantified spectrophotometrically using the dini-
trosalicylic (DNS) method, employing a maltose calibration
curve (0.5-2.0 mg mL™"), exactly as described earlier.**

This journal is © The Royal Society of Chemistry 2023
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2.5 Statistical data analysis and modelling

For each (static or semi-dynamic) simulation, kinetics of starch
and protein digestion were analysed using an independent
reactor for each individual considered timepoint. This means
that each digestion tube/reactor represents an independent
evaluation of the digestion kinetics of a food system, at
different time points during in vitro digestion, and the data
can be analysed together."” Therefore, the experimental data
obtained over at least 8 independent experimental timepoints
were integrated using an empirical first order model, showing
good fit of the data. In this case, as was the case for previous
static and semi-dynamic in vitro digestion studies of our
research unit,*®*! a fractional conversion model was selected
(shown in eqn (1)).

C(t) = Ct + (Co — C5) x e *X¢ (1)

C (%) is the extent of starch or protein hydrolysis at a certain
digestion time, while C, (%) is defined as the extent of hydro-
lysis at the beginning of the (small intestinal or gastric) diges-
tion phase. Nonlinear regression (SAS version 9.4, SAS
Institute, Inc., Cary, NC, USA) was employed to simultaneously
estimate Cg (%), the final hydrolysis extent, and k (min™?), the
rate constant of the hydrolysis. The fit of the model was evalu-
ated using residue and parity plots, and by calculation of R*,g;.
Since k and Cf were estimated based on consecutive and inde-
pendent evaluations of the same system (one tube/reactor per
tested digestion time), the standard error of those parameters
reflects the uncertainty of independent measurement of the
digestion extent of the same food system (at different time
points). Then, modelled curves were compared and 95% confi-
dence intervals were used to verify significant differences
between estimated parameters k and Cy.

3 Results & discussion
3.1 Chemical composition

Cooked lentils had a starch and protein content of 48.7 + 0.4%
and 21.4 + 0.1% (dry matter), respectively. The white bread
contained 59.6 + 1.4% starch and 9.6 + 0.1% protein on dry
matter basis. The dry matter content of cooked lentils and
bread were 25.5 + 0.1%and 62.5 + 0.4%, respectively.

3.2 Static in vitro digestion using digestion models relevant
for healthy adults versus older adults

3.21 Protein digestion. Gastric and small intestinal proteol-
ysis are shown in Fig. 1, for both foods digested in vitro under
healthy and older adult static digestion models, with and
without saliva. Data showing a rapid initial increase, followed
by a gradual levelling off, were modelled using the fractional
conversion model (eqn (1)), with estimated kinetic parameters
reported in Table 2.

Gastric proteolysis occurred faster and to a higher extent
during simulations under healthy adult (~5-7%) versus older
adult (~1-2.5%) conditions, regardless of the considered food
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Fig. 1 Protein hydrolysis during gastric and small intestinal in vitro digestion of cooked lentils and white bread, applying static in vitro models rele-
vant for healthy adults (O/@ and O/e, for lentils and bread, resp.) and older adults (A/A and A/A for lentils and bread, resp.). Open symbols indicate
simulations without addition of saliva in the oral phase, while full symbols represent simulations including saliva. The standard deviation of analytical

replicates is indicated by error bars.

type or saliva addition. Generally, low levels of gastric proteol-
ysis (in terms of % readily bioaccessible protein) can be
explained by the quantification method applied, only measur-
ing TCA-soluble small peptides, limitedly formed during

Food Funct.

(initial) gastric pepsinolysis. A (s)lower gastric proteolysis was
expected under older adult conditions, based on the lower
dosage of pepsin and the relatively high gastric pH causing a
low pepsin activity (i.e., ~15 times reduction of peptic activity

This journal is © The Royal Society of Chemistry 2023
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Table 2 Estimated kinetic parameters (+standard error) estimated using the fractional conversion model (eqgn (1)) for the formation of readily bioac-
cessible (BAC) protein during gastric and small intestinal static in vitro digestion applying models relevant for healthy and older adults. The rate con-
stant k and final extent of hydrolysis C are reported, with different letters within a column indicating a significant difference between means based

on 95% confidence intervals

Gastric phase

Small intestinal phase

k (min_l) Cf (0/0) Rzadj k (min_l) Cf (0/0) Rzadj
Lentil

No saliva Healthy adult 0.309 £ 0.306% 5.3 +0.3% 0.97 0.037 £ 0.006>P 28.3+1.1° 0.99
oOlder adult 0.023 + 0.006% 2.6 +0.1° 0.99 0.027 + 0.006>° 33.5 +2.5%P 0.97

Saliva Healthy adult 0.130 0.0412 5.3 +0.2° 0.99 0.042 + 0.007*P 37.7 + 2.0% 0.99
Older adult 0.022 £ 0.008% 2.5+0.1° 0.99 0.046 £ 0.010*? 31.8 +1.6%P 0.98

White bread

No saliva Healthy adult 0.072 % 0.027° 4.7 + 0.5 0.97 0.055 + 0.012° 27.6 £ 1.6° 0.98
Older adult n.a. n.a. n.a. 0.024 + 0.004%P 32.2 +1.5%P 0.99

Saliva Healthy adult 0.037 +0.011% 5.2 +0.4% 0.98 0.041 + 0.002*° 27.8 +2.0° 0.98
Older adult n.a. n.a. n.a. 0.020 £ 0.002° 32.9 + 1.4%P 0.99

at pH 6 compared to 3°%). Additionally, the pH during the
gastric phase could affect the protein conformation,’ and sub-
sequently its susceptibility to enzymatic hydrolysis. In line
with these results, a decrease in gastric proteolysis was
observed in pea, whey, rice, soy and meat under gastric con-
ditions relevant for elderly individuals.””** In contrast, no sig-
nificant decrease in gastric proteolysis was observed for wheat
protein by Melchior et al. (2023).>” This difference could poten-
tially be explained by the difference in applied simulation con-
ditions, i.e., a gastric pH 3.7 compaared to the pH 6 used in
this work (see Table 1).

As expected, saliva addition had no significant effect on the
formation of readily bioaccessible peptides during the gastric
phase. Additionally, though bread and lentil protein are very
different in terms of composition and microstructural organiz-
ation, no significant differences between bread and cooked
lentils were detected in terms of gastric readily bioaccessible
peptide formation.

During small intestinal digestion, differences in proteolysis
extent present at the end of the gastric phase were gradually
compensated. During the first 60 minutes of small intestinal
digestion, the amount of readily bioaccessible protein
remained higher for each analysed time point under the
healthy adult compared to the older adult conditions. This
could be explained by the differences caused by gastric predi-
gestion as well as the higher enzyme activity applied during
healthy adult simulation of the small intestinal phase.
However, upon longer digestion times, proteolysis reached
similar final values Cg, with no significant differences between
healthy and older adult simulations.

Generally, saliva addition seemed to have a small (but non-
significant) positive effect on the proteolysis degree (expressed
as readily bioaccessible peptides) achieved by the end of the
small intestinal phase. For the case of the static healthy adult
simulation of lentil digestion upon saliva incorporation,
however, a significantly higher final proteolysis level C¢ was
observed. In literature, proceeding degradation of starch
(initiated during the oral phase upon addition of salivary
amylase) has been described to gradually render proteins more

This journal is © The Royal Society of Chemistry 2023

accessible to proteolytic enzymes, resulting in a higher overall
protein digestibility.>>*>*® Additionally, the formation of
readily bioaccessible protein could potentially be increased to
some extent by the addition of saliva through precipitation of
certain protein fractions (food protein aggregation and precipi-
tation by salivary mucins have been reported through different
interaction modes®”), improving the accessibility of more
soluble peptides to proteolytic enzymes.

These results are in line with final levels of proteolysis
reported for digestion of bread, and wheat and pea protein
under healthy versus older adult conditions (gastric pH
4.5).7° In contrast, other studies observed a decreased small
intestinal protein digestibility using an elderly model similar
to the one employed here for different meat'* and fish'?
samples, quantifying released amino acids using a GC-MS
system. Possibly, a readily bioaccessible peptide fraction with
different molecular weight or DP distribution could be formed
as a result of digestion under healthy versus older adult con-
ditions. In the above, terminal amino groups of small TCA-
soluble peptides were quantified by OPA as a measure of pro-
teolysis. While OPA is a suitable method for straightforward
digestibility screening (see section 2.4.3), it does not allow for
the absolute quantification or identification of these small
peptides.’” Therefore, additional quantification of readily
bioaccessible small peptide fraction formed upon digestion
was carried out, upon complete hydrolysis of small peptide
fraction into its amino acid constituents. From these data in
terms of amino acid constituents, the average DP of the readily
bioaccessible fraction was calculated and shown in Fig. 2.

Gastric proteolysis under older adult conditions converted
only 7-8% of the total protein into readily BAC peptides, with
an average DP of around 3. In contrast, at the end of the
healthy adult gastric phase, about 26-28% of protein was ren-
dered readily bioaccessible, with an average DP of 4.5-5. As
previously stated, this higher digestibility could be explained
by the higher dosage and pH-dependent activity of pepsin in
the healthy adult gastric phase (Table 1). By the end of the
small intestinal simulation, however, this difference was com-
pensated. Similar amounts of readily BAC peptides with
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Fig. 2 Average polymerization degree (DP) of the readily bioaccessible (BAC) peptide fraction formed upon small intestinal proteolysis of cooked
lentils, applying static in vitro models relevant for healthy adults (O/@) and older adults (A/A), (A) for simulations without saliva (open symbols), and
(B) for simulations with saliva (full symbols) The standard deviation of analytical replicates is indicated by error bars.

similar DPs were formed at the end of small intestinal simu-
lation, ie., ~68-71% for the healthy adult (120 min, DP
1.9-2.2) and 78-83% for older adult models (240 min, DP
2.2-2.4). These findings support and clarify the previously dis-
cussed results in terms of terminal amino groups of the
readily BAC fraction, showing (small but) significant differ-
ences between the healthy and older adult conditions during
the gastric phase, which are compensated during the small
intestinal phase (Table 2). However, the older adult simulation
conditions do not only cause the formation of a lower amount
of small peptides during gastric proteolysis, but the formed
peptides are also smaller in terms of polymerization degree,
compared to pepsinolysis under healthy adult conditions.
These observations support that altered digestion conditions,
such as those which occur upon aging, could affect proteolysis
kinetics as well as peptide formation patterns during gastroin-
testinal digestion, even though similar final digestion extents
might be reached. These proteolytic patterns have been linked
to several physiological mechanisms such as satiation,*® and
should therefore be studied in more detail, with regards to
adapting nutritional recommendations for population groups
with altered gastrointestinal conditions.

3.2.1 Starch digestion. Amylolysis in function of static
gastric and small intestinal digestion is shown in Fig. 3.
Where relevant, data were fitted with a fractional conversion
model (eqn (1)), with estimated model parameters reported in
Table 3.

In absence of saliva, logically, no amylolysis took place
during the simulated gastric phase. In contrast, in presence of
saliva, the course of gastric amylolysis was strongly depending
on the applied simulation conditions. Under static healthy
adult conditions (applied to both bread and lentils), virtually
no gastric starch hydrolysis by salivary amylase took place, due
to its inactivation at pH 3.*"° In contrast, under higher pH
conditions (older adult model at constant gastric pH 6), amylo-
lysis in lentils reached ~65% after 2 h of gastric simulation.
Although the model fits the data well, amylolysis in lentils was
not yet significantly levelling off after 2 h. Therefore, C¢ could
not be accurately estimated and should be interpreted care-
fully. A similar amylolysis profile was obtained when only

Food Funct.

increasing the gastric pH of the healthy adult model (healthy
adult model with increased gastric pH 6, data not shown), con-
firming the importance of the pH-dependent amylase activity
for determining the amylolysis rate. For bread, gastric amyloly-
sis by salivary amylase at pH 6 (older adult conditions)
occurred much more rapidly (k significantly higher) compared
to cooked lentils, reaching a clear plateau ~76% after
~30 min, explained by the encapsulation of lentil starch inside
intact cotyledon cells.

Based on these results and in accordance with previously
published findings,*"** orogastric starch digestion should not
be overlooked in simulations where the gastric pH allows sali-
vary amylase activity. Since a constant pH of 3 (or 6) in the
stomach is not realistic for most of the adult population, the
combination of incorporating both salivary amylase and more
realistic (gradually decreasing) gastric pH profiles into diges-
tion simulations, as discussed in section 3.3, can be of
especially high importance for obtaining a better understand-
ing of (more realistic) amylolysis patterns under conditions
relevant for different population groups.

Small intestinal amylolysis extents of ~95-100% were
obtained regardless of the applied simulation conditions.
However, these applied conditions (healthy versus older adult
model and saliva omission versus incorporation) significantly
impacted the observed small intestinal amylolysis kinetics.

In the presence of saliva, for the case of lentils, the degree of
amylolysis at the beginning of the small intestinal phase was
much higher for the older (~65%) compared to the healthy adult
(~0%) simulation. Consequently, a rapid amylolysis took place
during the healthy adult small intestinal phase, compared to a
more gradual amylolysis under the older adult conditions,
though reaching similar final values. In accordance with the
current study, a more rapid amylolysis was observed in white
bread applying an older adult model (including salivary amylase)
compared to a healthy adult model, however reaching similar
final starch hydrolysis extents.>®

In absence of salivary amylase, small intestinal amylolysis
in lentils took place at a higher rate (significantly higher rate
constant k) for the healthy compared to the older adult simu-
lation. This could be explained by the higher pancreatic

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Starch hydrolysis during gastric and small intestinal in vitro digestion of cooked lentils and white bread, applying static in vitro models rele-
vant for healthy adults (O/@® and O/@, for lentils and bread, resp.) and older adults (A/A and A/A for lentils and bread, resp.). Open symbols indicate
simulations without addition of saliva in the oral phase, while full symbols represent simulations including saliva. The standard deviation of analytical

replicates is indicated by error bars.

amylase activity in the healthy adult model. Moreover, a higher
proteolytic activity in both the gastric phase (higher pepsin
dosage with higher activity due to lower pH) and the small
intestinal phase was expected to lead to a more efficient hydro-

This journal is © The Royal Society of Chemistry 2023

lysis of the protein matrix entrapping starch granules inside
lentil cotyledon cells, in turn facilitating amylolysis.

For simulations of white bread digestion without saliva,
very similar amylolysis kinetics were obtained for healthy and
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Table 3 Estimated kinetic parameters (+standard error) estimated using the fractional conversion model (eqn (1)) for starch hydrolysis during
gastric and small intestinal static in vitro digestion applying models relevant for healthy and older adults. The rate constant k and final extent of
hydrolysis C; are reported, with different letters within a column indicating a significant difference between means based on 95% confidence

intervals
Gastric phase Small intestinal phase
k (min™") Ct (%) R%,qj k (min™) Ct (%) R%,qj
Lentil
No saliva Healthy adult n.a. n.a. n.a. 0.029 + 0.003¢ 95.5 + 3.47¢ 0.99
Older adult na. n.a. na. 0.010 + 0.002¢ 122.6 + 9.5%° 0.99
Saliva Healthy adult n.a. n.a. n.a. 0.047 + 0.004° 104.9 +3.1*P 0.99
Older adult 0.008 + 0.002° 111.6 + 23.0° 0.99 0.017 + 0.003%¢ 92.8 +1.9%¢ 0.99
White bread
No saliva Healthy adult n.a. n.a. n.a. 0.118 + 0.028 81.7 +1.5¢ 0.99
Older adult n.a. n.a. n.a. 0.250 + 0.066% 100.5 + 4.0%P° 0.99
Saliva Healthy adult n.a. n.a. n.a. 0.445 + 0.168*" 107.1 + 3.6°° 0.99
Older adult 0.198 + 0.027°% 75.9 £ 1.7% 0.99 0.041 + 0.008"¢ 110.8 = 1.5% 0.99

older adult models as well, though amylolysis levels >100%
were reached upon longer simulation times (>120 min) for the
older adult model. Such high amylolysis levels are not realistic
but can be explained by the applied spectrophotometric DNS
method. This method quantifies starch digestion products in
terms of maltose equivalents. However, this approach can lead
to overestimations of the amylolysis extent, especially when
higher amounts of glucose are released (compared to e.g.,
maltose) upon increasing enzymatic incubation times. While
this implies that exact digestion extents quantified based on
DNS analysis should be interpreted cautiously and different
starch metabolites can be better quantified using e.g., chroma-
tographic methods,”" the DNS method does give valuable
insight into amylolysis trends and can allow the comparison of
overall digestion trends.*”

To conclude, the incorporation of saliva and the applied
digestion model (healthy versus older adult) did significantly
affect gastric and subsequent small intestinal kinetics of amy-
lolysis, though similar final (small intestinal) levels were
obtained. For both considered food products, gastric digestion
at higher pH levels (older adult conditions) lead to a higher
degree of amylolysis by the end of gastric digestion. Future
research should focus on if and how these changes could also
result in a more rapid elevation of blood glucose levels in vivo
in individuals with a decreased gastric acidification (such as
older adults). In this context, rapid starch digestion (e.g., of
RDS present in white bread) has been linked to a higher gly-
caemic response, while slower starch digestion (e.g., of SDS as
present in cooked lentils) was linked to a slower and more sus-
tained glucose release in vivo.®” In literature, intact cell walls of
pulses have been frequently linked to a slower amylolysis
in vitro'® as well as to slower postprandial glucose levels and
GI in vivo in healthy adults.>® Even though amylolysis typically
occurs faster under older versus healthy adult conditions, the
current work confirms that cellular encapsulation of starch
slows amylolysis under conditions relevant for older adults as
well. While in vivo validation is necessary before drafting any
conclusions regarding physiological response, it can be
expected that these (s)lower in vitro starch digestion kinetics

Food Funct.

could potentially cause a (s)lower in vivo starch digestion, con-
sequently decreasing the postprandial increase in the blood
sugar level.’ In the context of the older population with a
higher prevalence and risk of developing type 2 diabetes, con-
sumption of SDS as present in cooked pulses cooked pulses
(rather than, for example, RDS in white bread) could therefore
be expected to help maintain normal blood glucose levels.

3.3 Semi-dynamic in vitro digestion using digestion models
relevant for healthy adults versus older adults

In vitro digestion of lentils was repeated applying more
advanced semi-dynamic digestion conditions, to obtain
further insight into the effect of dynamic gastric conditions
(with gradual acidification and pepsin addition) on starch and
protein hydrolysis of lentils. Obtained gastric pH profiles are
shown in Appendix A, clearly showing a gradual pH decrease
to 2 (healthy adult) or 4 (older adult models) by the end of the
gastric phase (120 min). The obtained semi-dynamic amyloly-
sis and proteolysis kinetics are discussed in the following para-
graphs and compared to those obtained under static simu-
lation conditions.

3.3.1 Protein digestion. Proteolysis during semi-dynamic
in vitro digestion was quantified in terms of readily bioaccessi-
ble small peptides and shown in Fig. 4. Small intestinal diges-
tion data were fitted with the fractional conversion model,
with model parameters reported in Table 4.

During the gastric phase, proteolysis generally accelerated
with proceeding gastric digestion time, due to the gradual
decrease in pH and linked increase in pepsin activity in each
reactor. Regardless of saliva addition, gastric proteolysis
reached higher levels for simulations relevant for healthy com-
pared to older adults, explained by overall lower pH values
(Appendix A). Especially from 60 min on, proteolysis increased
steeply under healthy adult conditions, due to the decrease of
the pH beyond 3.°* Similar trends could be observed in the
presence and absence of saliva. In accordance with this work,
a slower gastric proteolysis was reported for tsampa under
semi-dynamic older adult compared to healthy adult
conditions.*®

This journal is © The Royal Society of Chemistry 2023
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healthy adults (O/@) and older adults (1/A). Open symbols indicate simulations without addition of saliva in the oral phase, while full symbols rep-
resent simulations including saliva. The standard deviation of analytical replicates is indicated by error bars.

Table 4 Estimated kinetic parameters (+standard error) estimated
using the fractional conversion model (eqn (1)) for the formation of
readily bioaccessible (BAC) protein during small intestinal in vitro diges-
tion applying a semi-dynamic model relevant for healthy and older
adults. The rate constant k and final extent of hydrolysis C; are reported,
with different letters within a column indicating a significant difference
between means based on 95% confidence intervals

Small intestinal phase

k (min_l) Cy (0/0) Rzadj

Nosaliva  Healthyadult  0.030 +0.005°  31.4+2.0°  0.99
Older adult 0.069 +0.012°  31.2+1.5*  0.99
Saliva Healthy adult ~ 0.049 +0.011°  28.5+1.6°  0.99
Older adult 0.069 +0.013°  30.0+1.3*  0.99

Small intestinal proteolysis followed a similar course for
healthy and older adult simulations with and without saliva,
and reached similar final levels both, with both C; and k not
significantly different. Based on the insights obtained from
Fig. 3, differences in the size distributions of formed small
(readily BAC) peptides could be expected to arise during the
gastric phase, and gradually disappear again by the end of the
small intestinal phase.

3.3.2 Proteolysis kinetics obtained using semi-dynamic
versus static simulations. The course of proteolysis during
semi-dynamic digestion (Fig. 4) was compared to the static

This journal is © The Royal Society of Chemistry 2023

simulations (Fig. 1). A comparison between static and semi-
dynamic proteolysis kinetics is displayed in Appendix B.

Similar gastric levels of proteolysis (5-7%) were reached
upon static and semi-dynamic simulations relevant for healthy
adults, though gastric proteolysis clearly followed distinct
paths. Static healthy adult simulations (with constant pepsin
activity and pH of 3) were characterized by an initial increase
in degree of proteolysis followed by a long plateau phase
(Fig. 1). In contrast, semi-dynamic simulations were character-
ized by a slow onset (at high pH and low pepsin dosage), after
which proteolysis accelerated (Fig. 4). This was especially clear
after around 60 minutes of gastric simulation, when pH levels
dropped to 3 and below (Appendix A), strongly increasing
pepsin activity as explained in the above. This pH decrease
below 3 could also affect the susceptibility of lentil protein to
hydrolysis through conformational changes.>

Similar differences could be observed between static and
semi-dynamic simulations relevant for older adults, though a
lower extent of proteolysis was measured during the gastric
phase as compared to healthy adult models. In general, under
static (pH 6) conditions, gastric proteolysis levelled off around
2.5-3% readily BAC protein (Fig. 1). For the semi-dynamic
simulation, proteolysis gradually accelerated with the gradual
pH decrease (to 4) (Fig. 4), though reaching similar values
after 2 h of gastric simulation. As a consequence, it is probable
that gradual acidification of gastric contents could accelerate
gastric proteolysis in vivo as well.

Food Funct.
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During the subsequent small intestinal phase, differences
arisen during the gastric phase were compensated, and static
and semi-dynamic simulations seemed to generally follow
similar courses, reaching similar values after 120 min of simu-
lation. Interestingly, during the first hour of the small intesti-
nal phase of the semi-dynamic older adult simulations, the
amount of formed readily BAC peptides seemed higher com-
pared to the static simulations. This is probably caused by the
more efficient gastric predigestion caused by the applied pH
profile (gradually decreasing to pH 4) in the semi-dynamic
case, compared to a high static pH 6 (with very limited pepsin
activity) in the static case.’®

At longer small intestinal digestion times, differences
between static and semi-dynamic simulations disappeared,
with estimated Cg values not significantly different. Therefore,
in accordance to what was already concluded for healthy adult
simulations,'> more simple static simulations can play an
important role in initial screening and ranking of samples in
terms their overall protein digestibility under conditions rele-
vant for older adults. In contrast, the application of more
complex semi-dynamic digestion conditions (such as a gradual
pH decrease and pepsin addition) can deliver more in-depth
insight into more physiologically relevant proteolysis patterns.

Remarkably, while healthy adult proteolysis curves for static
and semi-dynamic simulations without saliva overlapped,
higher BAC protein levels were detected for each analysed
digestion time for the static simulation upon incorporation of

Gastric phase
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saliva compared to the semi-dynamic one. Earlier (Fig. 1 and
Table 2), a higher amount of BAC was also observed in static
healthy adult simulations incorporating saliva compared to
those without saliva. This was previously explained by possible
effects such as the increased accessibility of proteins to pro-
teases upon gradual (orogastric) amylolysis®>*>*® and the
potential precipitation of food proteins in presence of salivary
proteins (e.g., mucins) ultimately facilitating proteolysis of
more soluble proteins/peptides. Possibly, the activity of sali-
vary amylase as well as the protein precipitation by salivary
proteins can be affected by the gastric pH history (static pH 3
versus gradual decrease from around 6.5 to 2). In turn, sub-
sequent small intestinal proteolysis could also be differently
affected by the gastric pH history. Therefore, additional ana-
lyses of the bioaccessible protein fraction (e.g., hydrolysed BAC
peptides) could deliver more insight into the absolute amount
of protein that is converted into an absorbable form, and the
DP of the formed small peptides.

3.3.3 Starch digestion. Amylolysis during semi-dynamic
in vitro digestion of cooked lentils is shown in Fig. 5. Where
relevant, data were modelled using the fractional conversion
model, with model parameters reported in Table 5.

In absence of saliva, amylolysis could not take place during
the gastric phase. Upon the subsequent addition of pancreatic
amylase, a rapid initial amylolysis was observed during the
small intestinal phase, levelling off at high extents (88-95%).
Small intestinal amylolysis during de older adult simulation
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Fig. 5 Starch hydrolysis during gastric and small intestinal in vitro digestion of cooked lentils, applying semi-dynamic digestion models relevant for
healthy adults (O/@) and older adults (1/A). Open symbols indicate simulations without addition of saliva in the oral phase, while full symbols rep-
resent simulations including saliva. The standard deviation of analytical replicates is indicated by error bars.
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Table 5 Estimated kinetic parameters (+standard error) estimated using the fractional conversion model (eqn (1)) for starch hydrolysis during small
intestinal in vitro digestion applying a semi-dynamic model relevant for healthy and older adults. The rate constant k and final extent of hydrolysis C¢
are reported, with different letters within a column indicating a significant difference between means based on 95% confidence intervals

Gastric phase

Small intestinal phase

k (min_l) Cy (%) Rzadj k (min_l Cy (%) Rzadj

No saliva Healthy adult n.a. n.a. n.a. 0.035 + 0.003* 87.5+3.3% 0.99
Older adult n.a. n.a. n.a. 0.062 + 0.010% 98.0 + 4.1% 0.99

Saliva Healthy adult 0.118 + 0.032° 25.2 +0.9° 0.99 0.056 + 0.007° 85.0 + 2.3% 0.99
Older adult 0.054 + 0.006° 48.7 £ 1.9% 0.99 0.077 £ 0.023% 80.7 + 2.6% 0.99

slightly preceded the healthy adult simulation, although this
difference was not significant based on both rate constant k
and final amylolysis extent Cy. Similar final amylolysis levels
were obtained earlier for lentil puree, applying a semi-dynamic
digestion protocol considering gradual addition of both gastric
and small intestinal enzyme solutions.**

Expectedly, starch digestion patterns were significantly
affected by saliva incorporation under semi-dynamic con-
ditions, due to gastric pH-profiles allowing and determining
salivary amylase activity. For the healthy adult simulation,
gastric amylolysis levelled off at ~25% after around
30 minutes. At this time point, the pH inside the reactors
dropped below 3.8 (Appendix A), at which salivary amylase
activity is significantly decreased.*"®* Gastric amylolysis under
semi-dynamic older adult conditions, reached a plateau ~50%.
A significantly higher rate constant k and final extent Cy of
gastric amylolysis compared to the healthy adult model could
be explained by the slower pH decrease, and thus higher
activity of salivary amylase, compared to the healthy adult con-
dition. These differences in amylolysis extent were compen-
sated during the small intestinal phase, reaching high final
amylolysis levels under both healthy and older adult semi-
dynamic conditions.

3.3.4 Amylolysis kinetics obtained using semi-dynamic
versus static simulations. The course of amylolysis during
semi-dynamic digestion (Fig. 5) can be compared with the
static simulations (Fig. 3), as displayed in Appendix C.

For the healthy adult simulations in absence of saliva, logi-
cally, no effect of gradual gastric acidification and pepsin
addition on starch digestion (Fig. 5) could be observed compared
to the static condition (Fig. 3). In contrast, upon saliva incorpor-
ation, the consideration of a gradual acidification of the gastric
reactor (Z.e., semi-dynamic simulation) had a significant effect on
gastric amylolysis (reaching ~30% versus ~0% for static simu-
lation at gastric pH 3). As explained above, this difference can
directly be linked to the pH-dependent activity of salivary
amylase.*** These differences were compensated by the end of
small intestinal phase. While similar final levels (~100%) were
reached, the path of amylolysis (kinetics) was strongly affected by
applied (semi-dynamic) digestion conditions.

A comparison between static and semi-dynamic simulations
relevant for the older adult population should be made here as
well. In absence of saliva, small intestinal amylolysis proceeded
faster for the semi-dynamic compared to the static simulation. It

This journal is © The Royal Society of Chemistry 2023

is possible a more efficient proteolysis under generally more
acidic gastric semi-dynamic conditions®> could reduce the
protein barrier hindering starch-amylase interactions,*® in turn
facilitating amylolysis. In the previous section, a more efficient
proteolysis was indeed observed for semi-dynamic versus static
older adult conditions (Appendix B).

Upon saliva incorporation, a clear difference between the
static and semi-dynamic simulations could be observed during
the gastric phase once again. In the presence of saliva, a static
pH of 6 lead to continuous gastric amylolysis, reaching ~65%
after 120 min of the gastric phase. In contrast, gastric amyloly-
sis under semi-dynamic conditions gradually slowed down,
levelling off at ~50%, due to the continuous and gradual
decrease of salivary amylase activity (with the pH decreasing to
4). While static and semi-dynamic older adult simulation
showed clearly different paths of gastrointestinal amylolysis,
similar (high) levels of starch hydrolysis were again reached
upon 120 min of simulation.

These data confirm that the applied in vitro digestion con-
ditions affect the kinetics of starch (and protein) digestion,
rather than the final extent of hydrolysis. As noted for the case
of (static versus semi-dynamic evaluations of) proteolysis,
semi-dynamic evaluations can therefore play a pivotal role in
better understanding macronutrient digestion kinetics under
more realistic conditions. As discussed in section 3.2, these
macronutrient hydrolysis patterns can have physiological con-
sequences since higher rates of in vitro amylolysis (highly
affected by the gastric pH profile) can be hypothesized to lead
to faster amylolysis in vivo.*

Generally, conditions relevant for the altered physiological
conditions of older adults gave rise to a more rapid amylolysis
compared to healthy adult conditions, while this population
group is characterized by a higher prevalence and risk of devel-
oping nutrition-related diseases to such as type 2 diabetes.
Especially in the context of population groups with delayed
gastric acidification, digestion simulations considering sali-
vary amylase combined with more realistic gastric pH profiles
can therefore be of importance.

4 Conclusions

The current study aimed to evaluate the effects of gastrointesti-
nal changes occurring upon aging (>65 years of age) on in vitro
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starch and protein digestion kinetics, by applying static to
semi-dynamic in vitro simulation approaches. Therefore,
firstly, static in vitro simulations were employed to evaluate
macronutrient digestion in lentils versus white bread, consider-
ing conditions relevant for healthy adults®® versus digestion
conditions adapted for older adults. Secondly, more advanced
semi-dynamic simulations adapted to healthy and older adult
populations were evaluated, considering gradual gastric acidi-
fication and pepsin addition. Thirdly, the relevance and
importance of saliva (and salivary amylase) incorporation into
static to semi-dynamic digestion simulations relevant for
healthy and older adults was evaluated.

As expected, applied in vitro conditions significantly
affected gastric amylolysis. Especially under the (more realis-
tic) simulation conditions considering saliva incorporation
and a gradual gastric pH decrease, amylolysis was accelerated
under conditions relevant for older adults compared to healthy
adults. However, amylolysis profiles obtained under (static)
older adult conditions confirmed significantly slowed diges-
tion of lentil compared to white bread starch, plausibly with
important consequences for postprandial blood glucose levels.
Therefore, future in vivo studies should investigate to what
level these gastrointestinal changes occurring upon aging are
translated into changes in physiological response (i.e., through
blood glucose and GI measurements).

Proteolysis patterns were affected by applied static and
semi-dynamic digestion conditions as well, mostly due to the
pH-dependency of the pepsin activity. Generally, (static and
semi-dynamic) conditions relevant for the older population
caused a decrease in the extent of gastric proteolysis.
Differences in proteolysis patterns induced during the gastric
phase were compensated during small intestinal digestion,
reaching similar proteolysis endpoints regardless of simu-
lation conditions (both in terms of BAC protein and hydrolysed
BAC protein). Though the final extent of proteolysis may be
similar regardless of applied digestion model, differences in
proteolysis kinetics and peptide release patterns are expected
to induce different physiological responses. A follow-up study
could aim to quantify time-dependent peptide®” and amino
acid">?® release patterns using more in-depth advanced
quantification methods.

Importantly, semi-dynamic digestion simulations gave rise
to very different macronutrient digestion behaviour as com-
pared to static simulations. On the one hand, final levels of
amylolysis and proteolysis were generally similar for static and
semi-dynamic simulations. For simulations relevant for both
healthy and older adults, simple static simulations are there-
fore suitable for initial screening and ranking of samples with
regards to their macronutrient digestibility. On the other
hand, semi-dynamic simulations deliver additional insight
into more physiologically relevant digestion processes. In that
regard, the complexity of applied digestion simulations should
therefore be selected based on the aim of the study and
required information level**°

Since the focus of this work was to study the effect of
altered gastrointestinal conditions, a standardized bolus was
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used throughout all simulations. However, development of an
oral phase relevant for the oral situation of older adults, as is
increasingly being considered in literature,"'® can ensure
more realistic simulations and resulting digestion kinetics.
Importantly, the current work proves the importance of incor-
porating saliva (or salivary amylase) in such improved oral
simulations, in particular when low or gradual gastric acidifi-
cation is considered in the digestion simulation of starch-rich
foods.
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