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Abstract

Background. In vitro digestion models show great promise in faciligtthe rationale
design of foods. This paper provides a look i ¢urrent state of the art and outlines
possible future paths for developments of digestmadels recreating the diverse
physiological conditions of specific groups of theman population.

Scope and Approach. Based on a collective effort of experts, this papatlines
considerations and parameters needed for develdgprh@ewin vitro digestion models,
e.g. gastric pH, enzymatic activities, gastric eymg rate and more. These and other
parameters are detrimental to the adequate develupaiin vitro models that enable
deeper insight into matters of food luminal breakdoas well as nutrient and
nutraceutical bioaccessibility. Subsequently, wespnt an overview of some new and
emergingin vitro digestion models mirroring the gastro-intestinahditions of infants,
the elderly and patients of cystic fibrosis or gadtypass surgery.

Key Findings and Conclusions. This paper calls for synchronization, harmonizatmd
validation of potential developments in vitro digestion models that would greatly
facilitate manufacturing of foods tailored or evpersonalized, to a certain extent, to
various strata of the human population.

Key words: Food digestionln vitro digestion, gastric, infants, elderly, Gastro-Ititesd
disorders

Abbreviations: CF-Cystic Fibrosis; EFFoST-European FederatiofRaafd Science and
Technology; GBP-Gastric Bypass; Gl-Gastrointesti@dl-Gastrointestinal tract; IBD-
inflammatory bowel disease; IVD- In vitro digestjd?TL:Pancreatic Triglyceride

Lipase; SG: Sleeve Gastrectomy



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

1. Introduction

1.11In vitro models for food research

In vitro digestion (IVD) modelling is a vivid field of reaech that shows great promise in
facilitating the development of foods and oral fatations based on better understanding
of their digestive fate in the stomach and smaléstine in as well as downstream
ramifications to the gut microbiome(Bornhorst, GetusWickham, & Bakalis, 2016;
Guerra, et al., 2012; Hur, Lim, Decker, & McClenwrt011; Payne, Zihler, Chassard, &
Lacroix, 2012). Although human an vivo animal studies are still considered a “gold
standard” for tackling issues of bioaccessibilapsorption, bioavailability, metabolism
and excretion, IVD methods have the advantage iogb@ore rapid, less labor intensive
and having significantly less bioethical restriogoln fact, various IVD models have
been increasingly applied to assess the digesgitee &nd potential toxicity of ingested
natural and engineered nano-materials(Lefebvreal.et2015). This has led to great
variability in scientific efforts, including someotradicting studies, and stimulated the
recent effort of the INFOGEST network of scientigtslevelop a consensus harmonized
staticin vitro digestion model based on physiologically relevamtditions gathered from
humangMinekus, et al., 2014).This harmonized protocol was validated in a widi-
laboratory trial(Egger, et al., 2016) and is cutisepending on-going efforts to correlate
findings of protein digestibility with am vivo trial in pigs and biochemical assays with
human aspirates (yet to be published). Howeveisettend other numerous scientific
publications focus on IVD systems designed for eatihg the digestive fate of foods and

oral formulations in the adult alimentary canal.
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During a dedicated workshop held by the Europeasefation of Food Science and
Technology (EFFoST) in Athens on November 2015fowad that current physiological
literature offers professionals additional oppoities to recreate the unique and specific
gastro-intestinal (GI) functions of other human plagions, such as infants, the elderly
and more. Such intriguing possibilities would opeew opportunities to study and
develop foods and oral formulations better tailoted the needs of such specific
populations. Based on the pooled and accumulatgériexce of the INFOGEST
network, it was decided to help a systematic arsppomlsible orchestration of relevant
global efforts, maximize synergisms between reseasc and harmonize efforts to
develop new IVD models. Thus, this paper provid&so& into the current state of the art
and paves possible future paths for developmehtajith the aim of ensuring adequate
and fruitful endeavors and outputs to the food laealth community.

1.2 Current status of aduit vitro digestion (IVD) models

In vitro digestion models were initially developed to ser® research tools to
characterize and clarify the structural and biodlsahthanges of food components under
physiological conditions, caused by alimentary emey, Gl motility and by the colonic
microbiota. In principle, IVD models of the uppel i&ed to overcome the shortcomings
of in vivo trials (.e. ethical constraints, low throughput, control owbjects and
reproducibility) and account for the most bio-reéet anatomical and physiological
considerations mirroring the mouth, stomach, sraatl large intestine lumen and gut
lining. In fact and in spite of their limitation$yD models are particularly suited for
investigating the luminal physiochemical changefood, matters of bioaccessibility and

some aspects of bioavailability.
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Historically, efforts to develop IVD models beganthe early 1990's with pioneering
works to develop reliable, robust, reproducible dmokrelevant tools like the multi-
compartmental Gl model developed by TNO in the We#mds(Minekus, Marteau,
Havenaar, & Huisintveld, 1995) or the three stagetiouous fermentation systems
recreating the human colon(Macfarlane, Macfarl@&&ibson, 1998; Molly, Woestyne,
& Verstraete, 1993). Since, the field has boometh wiumerous VD models, ranging
from simple static mono-compartmental models to ma@r-controlled multi-
compartmental dynamic IVD models, as reviewed e (Glahn, Wien, VanCampen,
& Miller, 1996; Guerra, et al., 2012; Hur, et &011; McClements & Li, 2010; Payne, et
al., 2012; Yoo & Chen, 2006). Recent studies ewsed the possibility of using human
Gl aspirates in IVD models (Ulleberg, et al., 20bt oupling IVD models with human
cell cultures of Caco-2 epithelial cells or Cacce@-cultures with HT-29 mucus
producing cells (Emmanuelle Deat, et al., 2009D&at, et al., 2009; Vors, et al., 2012).
Yet, the low accessibility and stability of humaspaates and the complexity of coupling
IVD research with cell cultures, challenge the wigpgead use of highly bio-relevant
alternatives over simple protocols currently usedMD models. Furtherin vitro cell
culture systems have been coupled to some IVD mddetnable investigating questions
of cellular uptake and brush border enzymatic lilemk, which better elucidate the
bioavailability of specific substances(EmmanuelkaD et al., 2009; E. Deat, et al., 2009;
Manione, et al., 2015; Vors, et al., 2012).

Concomitantly, various efforts reported to devetoul apply sophisticated IVD models
that are intended to be more realistic, encompgssarious aspects of digestion

dynamics (e.g. physiological acid secretion andtrigagemptying), mass transport



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

phenomenai.e. absorption and diffusion) and rheological aspéasmixing) (Blanquet,
et al., 2004; Dekkers, Kolodziejczyk, Acquistapa€agmann, & Wooster, 2016; Kong
& Singh, 2010a; Levi & Lesmes, 2014; Mercuri, Lor@, Wickham, Craig, & Barker,
2008; Shani-Levi, Levi-Tal, & Lesmes, 2013; ThamakBlorton, Fryer, & Bakalis, 2010;
Yoo & Chen, 2006). To date, both advanced and Isif\D models have be used to
investigate a variety of systems. Examples inclunestigations of simple high purity
protein solutions, multi-component model systenke lemulsions and even more real
foods, like dairy gels and pasta. These and otheestigations have significantly
advanced our understanding of the interplay betvieed ingredients, food products and
the alimentary canal of healthy adults. Such intsighclude not just understanding of
food breakdown but also its impact on gastro-imestfunctions, e.g. gastric emptying
and intestinal motility, as detailed by others (@fy, et al., 2016; Houghton, Hickson, &
Read, 1987; Meyer, Elashoff, & Lake, 1999; Sargsitlal., 2010).

Identified research needs. Despite the various hectic activity in the field o
understanding food's digestion in adults, there stdl much room for further
advancements and breaching of current gaps in laugel and capabilities. The various
discussions held during the Athens workshop idedtif that amongst future
advancements in the field, research should inclefferts: [I] To improve the bio-
relevance of luminal composition and dynamics (g@i. profiles and use of gastric
lipases); [ll] To validate and/or correlate IVD datithin vivo findings; [Ill] To recreate
the 3D micro-architecture of the intestinal liningd mucosa through co-cultures (e.g.

Caco-2 and HT29 cell lines, grown on various sddffp and [IV] To develop predictive
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in silico models. All of these topics were enthusiasticaliycussed in separate work
groups during the workshop and are expected tglumfurther scientific publications.
1.3 Rationale and approach for extending IVD models

Advancements in the field of food science and tetdgy need to address numerous
challenges that humanity is and will be facing e 21 century(Floros, et al., 2010).
These challenges will include feeding the growimgl @ageing world population, better
and sustainable use of natural resources as weti@sving our ability to exploit foods'
potential to prevent diseases and maintain healtimpte wellness. In this respect,
personalized or tailored nutrition seem highly piging and challenging strategies
(Joost, et al., 2007; Qi, 2014; Zeevi, et al., 208Buch endeavors will require bridging
manufacturing capabilities and product engineetimgneet the specific needs of the
consumer. Based on the demonstrated success fielthef infant formula development,
IVD models harbor great potential to facilitateerent developments of foods tailored to
thespecific Gl capabilities of specific human stasuch as elderly people, pregnant
women, patients of various Inflammatory Bowel Rises (IBD) and even diabetics.
Thus, this paper outlines the considerations amdnpeters needed for development of
new IVD models as well as an overview of some efrtew and emerging IVD models
and the relevant physiological information, all twthe aim of stimulating adequate and
fruitful endeavors and outputs to the food and theedmmunity Adapting the consensus
INFOGEST protocol scheme, a basic static modelggssted to comprise of an oral,
gastric and intestinal phase(Minekus, et al., 20Ejch phase should address the
composition of the relevant simulated fluid (iomicd enzymatic composition), the time

of processing and the nature of the bolus/chyngiifli semi-solid or solid and dilution
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ratio with the bodily secretions). The selection tbe quantitative aspects for the
operational parameters should rely on informati@hegred from the most relevant
human studies with good statistical powie. (avoiding studies with less than 10 subjects
as a rule of thumb). In circumstances where no mudsa can be found, developers
should either make their best effort to rationalyproximate the values or attempt to
determine them directly as a part of a human tii&lus, any new IVD model should
clearly define its parameters, justify their salmttand support it with relevant

references.
2. Practical considerationsfor developing VD models

Human Gl physiology is a complicated semi-contirai@et of bioreactors that are
intertwined with the hematological, hormonal andvoes systems and change during
life(L R Johnson, 2007; Remond, et al., 2015; Trart& Derrickson, 2011). This highly
complex nature of the Gl limits the ability to reate its entire functions in an vitro
model. However, many aspects of luminal digestiam lze mirrored in IVD models using
reliable and detailed information on the digestssstem that can be found in the
scientific literature. Therefore, it is imperatite understand the limitations of each
model and ensure they do not collide with the nesehypotheses. To this end, it is also
imperative to be aware of and address the key ameaband physiological parameters of
the relevant Gl organs.

The process of food digestion is an orchestrate@ssef bioprocessing operations that
involve the breakdown of food, the release of eutis, their uptake or downstream
fermentation before their ultimate removal from thedy through defecation. During

digestion in the upper Gl, food structure is brokemn in the mouth, stomach and small
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intestine through complex reactions and interastimwolving chemical and mechanical
processes (Ferrua & Singh, 2010; L R Johnson, 28@nsoy, 2014). Therefore, the
following section discuss the most critical physgital parameters that are essential for
in vitro digestion models.

2.1. Oral phase

Oral processing involves mastication and mechamiedkdown of food into a soft mass,
termed bolus which is a mixture of processed fond aaliva(DeSesso & Jacobson,
2001). This short phase is detrimental to the s@&sperception of food and can be
viewed as a coarse mechanical processing step liitidhn chemical changes(Aken,
Vingerhoeds, & Wijk, 2011; van Vliet, van Aken, dengh, & Hamer, 2009). This first
step of digestion involves mixing food with saliydtuid that contains about 99% water
in addition to various electrolytes and proteimgluding enzymes such as amylase(Aps
& Martens, 2005; Rantonen, 2003). Saliva is cordusly secreted into the oral cavity by
parasympathetic control. While resting, the floweras about 0.5 ml/min; but upon
stimulation, the secretion increases 3 to 4- foldhwmaximal flow rates of 10
ml/min(AC, 1991b). Healthy adults will produce 5000 ml saliva per day(Aps &
Martens, 2005). Salivary fluid composition dependghe flow rate: at higher flow rates,
sodium, calcium, chloride, bicarbonate, amylaseease while phosphate and mucin
concentrations decrease, and the potassium coatiens show little change. Salivary
pH values also fluctuate between fasted to feck stath values of 6.2-7.4 to 7.4-7.6,
respectively(C. H. M. Versantvoort, Van de Kamp,aBd Rompelberg, C.J.M., 2004).
The key salivary enzyme isamylase that hydrolyzes starch and relat€d,4)-linked

polysaccharides(Nagler & Hershkovich, 2005; ShEox, & Li, 1993). Mucin is also an
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important component of saliva with studies indiegtiit to induce emulsion
flocculation(Sarkar, Goh, & Singh, 2009, 2010; $if Ye, 2013; Vingerhoeds, Silletti,
de Groot, Schipper, & van Aken, 2009). Yet, comnanmucins are partially hydrolyzed
mixtures of mammalian mucins which limit their biglevance when applied in VD
models. In addition, there is some debate on tissiple existence and activity of lingual
lipase with a report indicating lingual lipase ige between pH 2-6.4, indicating that
this enzyme is active from the mouth to the snma#stine(Hamosh, 1994).

2.2 Gastric phase

Following bolus formation in the oral phase, thensach further processes the bolus into
a semi-solid chyme within four distinct regionsrdiac, fundic, body and the pyloric
regions (Ferrua & Singh, 2010; Kong & Singh, 20106gstric juice comprises of
hydrochloric acid, enzymes (pepsin and gastricsipa various electrolytes, mucus,
intrinsic factor and hormones with approximatellz #f gastric juice secreted daily and
0.7 L secreted after a typical meal(Kopf-Bolanzakt 2012; Seeley, Stephens, & Tate,
1992). Parietal cellslining the stomach wall aesponsible for the secretion of
hydrochloric acid into the gastric lumen and bicerdte into the bloodstream. The
activity of these cells is responsible for the weigpH of the stomach which dynamically
changes during digestion from 1.5-2.0 in the fasttate to 3.0-7.0 in the fed state.
Gastric acidity induces protein denaturation anecipitation, hydrolytic reactions (e.qg.
breakdown of starch) and significantly reduces dx@al counts in the gastric lumen. The
post-prandial pH rise in the stomach is attributethe buffering capacity of the ingested
food and the Parietal cellgenerate a pH gradient that over the course of temerts

luminal pH back to the fasted state values. Theppdiiles depend on age and clinical

10
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conditions of the consumer éble 1) and can have various ramifications to the progert
of ingested food systems, such as emulsions as{@eKkers, et al., 2016; Shani-Levi, et
al., 2013). Gastric lipolysis and proteolysis aghtly linked(AC, 1991b; Sams, Paume,
Giallo, & Carriere, 2016). The key gastric protémyenzyme, pepsin, is activated from
its precursor pepsinogen (secreted by chief ceilg)acid hydrolysis. The activated
enzyme, which is also equated with commercial perqepsin, has a wide range of
activity with optimal activity at pH 2 and inactiteajust above pH 6.5(Johnston, Dettmar,
Bishwokarma, Lively, & Koufman, 2007). Pepsin ia@-specific protease and therefore
hydrolyses itself (a reaction termed auto-pepssis)yand other enzymes present in the
lumen. Another gastric enzyme is gastric lipasecWhs also activated by the acidic
environment in the stomach(Sams, et al., 2016). tri@adipase presentssn3
regiospecificity thus it hydrolyses triglycerideda sn-1,2diglycerides and one free fatty
acid, pancreatic triglyceride lipase colipase deah which issn1,3 regioselective
lipase (Miled, et al., 2000). However, commerciabtgic lipase is hard to find and is
currently neglected in many IVD models, thoughinitiates lipolysis and release free
fatty acids which activate pancreatic triglycerigase.

The pyloric sphincter controls gastric emptyingithe small intestine and is affected by
three major factors: volume of the meal, its osmgiressure and caloric content.
Approximately 2 kcal/per minute are delivered thgbu the pylorus to the
duodenum(Campbell, 2015; Sams, et al., 2016). Eurtbhre, gastric emptying has been

well described by the Elashoff equation (Elash@#gedy, & Meyer, 1982).

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

2.3 Small intestinal phase

Gastric chyme is gradually emptied into the smatiéstine, where most of the chemical
breakdown and absorption occur mediated by auyilsecretions of the liver, gall
bladder, pancreas and intestinal epithelia. Chymerimg from the stomach to the small
intestine are neutralized using bicarbonate andptHeincreases from 2 to 6.2 in the
duodenum, which is the first segment of the smaksgtine(Kalantzi, et al., 2006). The
main degradation of food starts in the duodenumwttich about 1.2-1.5 L of pancreatic
juice is secreted daily(L.R. Johnson, 2007). ®jenum and ileum are the later sections
of the small intestine where digestion and absonpaire completed before indigested
fractions are pushed into the colon. Due to thetcami@al complexity of the small
intestine one cannot easily find data on food digasn these segments. The pancreatic
juice contains a mixture of enzymes, proenzymeasepse inhibitors, sodium bicarbonate
and other electrolytes that are secreted in phratid gradually over the course of 3-4
hours, depending on the meal ingested. The pamcreatretions contain a variety of
enzymes in their pro-enzyme forms and include ppsin, prochymotrypsin, proelastase,
procarboxypeptidases, pancreatic lipase aminylase in addition to ribonuclease and
deoxyribonuclease(Boivin, Lanspa, Zinsmeister, &®imagno, 1990; Keller & Layer,
2005). Currently, IVD models make use of ill-definmixtures of pancreatin or concoct
enzyme mixtures mainly containing trypsin anghymotrypsin. Every day, the human
liver produces about 0.6-1.0 L of bile, which atered in the gallbladder(Seeley, et al.,
1992). Bile acids are steroid acids composed mdioly taurocholic acid, glycocholic
acid, taurochenodeoxycholic acid and glycochenegidmlic acid which are equal in

concentration(Hofmann, 1999). In addition to enegmdelivered into the lumen,

12
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enzymes located in the epithelial brush borderrdaute to the further digestion of food.
The brush border enzymes include glycosidases ridage, glucoamylase), peptidases
(aminopeptidase, carboxypeptidase, dipeptidase) @maphatases(Holmes & Lobley,
1989). Altogether, the functions of the auxiliamgans in the fasted and fed conditions
are stimuli responsive and are mainly affectedH® composition of the ingested meal
and the physical state of the consumer. Unforelpad wide range of enzyme outputs
and activities (units) are reported due to differéatus of the studies; type of diet
(calories), specific nutrient (lipid, carbohydraggrotein or minerals) or non-nutrients
(pharmaceuticals, drugs etc.) and physical progeif the meal(Armand, et al., 1996;
O'Keefe, et al., 2003). Further, there are incaesises in data on the pancreatic enzyme
activities due to the differences in biochemicabags used to characterize these
secretions: ranging from use of natural or synthetandards such as casein, BAEE,
TAME, BTEE, measurement modes (potentiometric, raletric, spectrophotometric),
calculation methods up to the definition of enzyimanits of activity. Examples for
values found in literature are summarizedlrable 1. Mechanically, the small intestine
has a segmented nature of pushing chyme furthendbe Gl and this segmentation
motion was recently shown to be critical for luminaxing and mass transfer (Tharakan,
et al., 2010)

As denoted, the small intestine is the major sitabsorption of small molecules, which
can occur passively through diffusion or activédyough various transporter systems in
the gut wall(L R Johnson, 2007). Further processihgnaterials can then take place
within epithelia, e.g. lipid packing into chylomars. Transit time through the small

intestine varies according to the diet caloric dgnsthe rheological/mechanical

13



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

properties (e.g. viscosity or gelling) and with somer parameters, such as age and
health (e.g. 2h for healthy adult and 3h for inBtanquet, et al., 2004)).

2.4 Large intestinal phase

Undigested and un-absorbed foodstuffs and bodilyretiens transit into the large
intestine through the ileocecal valve. In this lpatt of the human Gl tract, water and
electrolytes are re-absorbed and bacterial ferrtientaf fiber and un-digestible food
components occurs before bulk material is excreted{n & Jackson, 1992). The colon
Is increasingly recognized for its milieu of bacefungi, protozoa and archaea and rich
metabolic activity equated to that of the humarerjiardone & Malfertheiner, 2011;
O'Hara & Shanahan, 2006; Olszewska & Jagusztynikkgn 2012; Turnbaugh, et al.,
2007). Recent studies of the human colon microbitwaee established various links
between nutrition, the microbiome and health withdence that microbiomes are
affected by age, gender, diet, culture, geograpidy\aarious physiological/pathological
states(Albenberg & Wu, 2014; D'Argenio, et al., 208lint, 2012; Holscher, et al., 2015;
Olszewska & Jagusztyn-Krynicka, 2012). Therefdres no surprise that the field of IVD
models of the human colon are also a vibrant fiaklyeviewed by others(Payne, et al.,
2012). In essence, the colon hosts immense bdctenmmts in three distinct loci: the
proximal, transverse and distal colon, which varyheir steady state pH with values of
5.8, 6.2 and 6.8, respectively with transit timé42-36h. Metabolically, the microbiome
is highly active with both glycolytic and protedlytactivities noted and about 90% of
fermented indigestible polysaccharides being meizdab into short-chain fatty acids. In
addition, the mucosa lining of the colon is a majite for passive absorption of small
metabolites and close interactions with the immsystem(Clemente, Ursell, Parfrey, &

Knight, 2012).
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3. VD modelsfor specific populations
3.1.Infants

The functionality of human gastro intestinal tré@&T) develops in the first year of life
with newborns (< 28 days of life) and infants upst® months possessing an immature
digestive system compared to older infants (>6 mnor the fully mature Gl of an adult
(Figure 1). Moreover, prematurity affects strongly the diges capabilities, with
decreased Gl functionality in preterm babies comgdo full-term newborns(J Bruce,
2012; D. Kelly & Coutts, 2000; E. J. Kelly & Newgll994; Ménard, Monfils, &
Tremblay, 1995). In fact, there are various défezes between infants and adults mainly
in some digestive enzymes and a relatively elevgsstric pH (3.5-6.5), as exhaustively
reviewed(Abrahamse, et al.,, 2012; Bourlieu, et 2014; T. T. Nguyen, Bhandari,
Cichero, & Prakash, 2015a, 2015b). Briefly, infdigestion process neglects oral phase
due to liquid meals rapidly transiting through thal cavity (5-10 sec). Small stomach
storage capacity, affecting meal frequency, traasd volume, increases quickly during
the first month of life from 10-20 mL up to 90-186L per meal(Abrahamse, et al., 2012;
Bourlieu, et al.,, 2014). Infant fasting gastric @bl less acidic than of an adult
(respectively 4-5 vs. 2 in the fasted state) whmehy change gastric proteolysis, as
optimal activity of pepsin is 1.5-2.2(Henderson,ntésh, Armand, Mehta, & Hamosh,
1998; Li-Chan & Nakai, 1989; Schlamowitz & Petersdl959). Reduced pepsin
secretion in newborns, 10-20% from adult levels,arother physiological reason
explaining the limited gastric proteolysis (15%)paeed for infants(Bourlieu, et al.,
2014; Didier Dupont, et al.,, 2010; Romano, GiogafaMasi, & Mariniello, 2015).
Pepsin secretion increases with postnatal age andnare immature in preterm

infants(AC, 1991a).

15



356 In respect to intestinal digestion, proteolysisimfants has similar pH and trypsin
357 concentrations as those in the intestine of adultbereas chymotrypsins and
358 carboxypeptidases-B just account for about 10% @86 6of the activity found in
359  adults(Edginton & Fotaki, 2010; Lebenthal & Lee, 809 Regarding lipid digestion,
360 gastric lipase activity and output are similar ieterm(Roman, et al., 2007), full-term
361 infants and adults(Armand, et al., 1996; Sarlesyddo, & Verger, 1992). However,
362 pancreatic lipases do vary between infants andtseith pancreatic triglyceride lipase
363 (PTL) being the dominant intestinal lipolytic enzgnm adults while PTL-related protein
364 2 and bile salt-stimulated lipase are the key #gas infants(Lindquist & Hernell, 2010).
365 In light of the high fat diet of infants(Hamosh, @), human breast milk contains
366 endogenous lipase (bile salt-stimulated lipase naif.6-5.3 U/mL of milk) that
367 compensates for the low amount of pancreatic Ip#Se€L0% the concentration found in
368 adults) and low concentration of bile salts (50%a0lult values)(Lebenthal, Lee, &
369 Heitlinger, 1983). Regarding carbohydrate digestgmarce data suggests low values of
370 pancreatic amylase are found in the Gl of infargedaless than 6 months. Thus,
371 carbohydrate digestion in infants is believed to Highly facilitated by swallowed
372 salivary a-amylase (at birth average of 10 % of the adultellebut highly
373  variable(Christian, Edwards, & Weaver, 1999; Sewssbn, Holodinsky, & Dawes,
374 1984)) or mammary-amylase. In addition, reports also indicate tifanh Gl performs
375 carbohydrate digestion through lactase, sucrosaedkase and glucoamylase (with
376  activities of ~50% above that of adults)(Bourlieat, al., 2014; T. T. Nguyen, et al.,

377 2015a).
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Another important step in infant GI maturation @amnic colonization of the infant gut
with microbiota, which begins at birth and is arportant player in the maturation and
education of the immune system. Development ofirifent microbiota is characterized
by rapid and large changes in microbial abundadoersity and composition, until
around 3 years of age when the microbiota becomheais-idke(Matamoros, Gras-Leguen,
Le Vacon, Potel, & de La Cochetiere, 2013). Intithn of solid foods into the infant
diet leads to a marked shift in microbial compasitiwith an increase in clostridial
species and a decreaseBifidobacteriumand EnterobacteriaceaeMany factors may
influence the development of the gut microbioténfiants, such as mode of delivery, type
of maternal diet, geographical location and congionpof antibiotics(Arrieta, Stiemsma,
Amenyogbe, Brown, & Finlay, 2014).

Based on the current physiological knowledge of ihiant GI, various static and
dynamic IVD models have been applied by resear(Blnsquet, et al., 2004; de
Oliveira, et al., 2015; D. Dupont, et al., 2010;uBsel C, 2016; Shani-Levi, et al., 2013).
Yet, the development of a harmonized static infiid is needed. One of the most
formidable challenges in this respect is the cléafinition of the consumer being
recreated since digestive parameters are highéectaid by gestational and postnatal age.
For instance preterm newborns compared to full¢eainsame age have higher gastric
pH resulting from more frequent feeding, lower pegctivity (10% of adult activity at
four weeks vs. 30% in full-terms), faster gastriopgying, more limited gallbladder
contraction index, lower concentration of electtesy in pancreatic fluid, no amylase

secretion and lower global pancreatic activity(Bieur, et al., 2014).
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To date, several studies have depicted static tinfdD models applied for studying
various aspects of protein and lipid digestion. SEhearious models are summarized in
Table 2. As can be noted, various discrepancies are faurnkdese models and include
discrepancies in gastric pH, ill-defined enzymairoteolytic activity of enzymes and
large variance in experimental duration. For exangile enzyme activity was most of
the time not checked experimentally or based onstigplier's general characteristics,
which hampered experiment replication in other tabmry. After an estimation of the
pepsin units per mL of milk, a very large rangevalues was observed, ranging from 4 to
18563 U/mL of milk Table 2). An in vivo study by Armand et al. (1996) reported an
average postprandial value of 63 U/mL of gastrintent/kg of bodyweight of preterm
infants, which would correspond to 425 U/mL of mitkt a term newborn of 4.25 kg and
a meal to secretion ratio of 63:39 v/v(Armand, let B996). In respect to the intestinal
phase, pH was homogeneous (6.5 -7.5), but duraéioad largely from 5 to 120 min and
the meal proportion in the total volume varied frathup to 76 %. After an estimation of
pancreatin content within each model, a factor @fb@tween the maximum and the
minimum values was found across models, which resneiwer than that for pepsin (a
4500 fold difference). Bile salts, arising from argine or bovine bile extract or from
purified bile salts, were estimated to vary by @daof 10 across models.

In all models presented ihable 2, no clear definition of the infant stage was given
except for Fogleman et al. (2012)(Fogleman, Col8akamoto, & Allen, 2012), who
aimed to mimic preterm infant digestion. Furthéere are some dynamic IVD models
described in recent literature(Blanquet, et alQ2MMeénard, et al., 1995; Menard, et al.,

2014; Shani-Levi, et al., 2018)le Oliveira, et al., 2015; Havenaar, et al., 2R 8ussel
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C, 2016). In essence, these models try to recreatee of the dynamic aspects of
digestion, e.g. gastric pH profiles post meal itigesand gastric emptying rates. One of
these has even been validated agaimstivo data of proteolysis kinetics obtained in
piglets(Menard, et al., 2014). The TIM model depeld by TNO (Netherlands) was
adapted to simulate the Gl of newborns, infantstaddlers (0-1, 1-6, and 6—24 months
of age, respectively) after ingestion of varioupety of food (formula milk, milk and
cereals) and validated for these three age grog@®sst published pharmacokinetic data
on paracetamol(Havenaar, et al., 2013). Howevethis study, not all Gl parameters
applied to this commercial IVD model have been mpdblicly available. The same
model has been very recently adapted to mimic,dasein vivodata, the gastric and
small intestinal conditions of infant from 6 monttes2 years(Roussel C, 2016). Some
dynamic colonic models have also been developediGuih, Le Blay, Fliss, & Lacroix,
2004; Ceécile Cinquin, Le Blay, Fliss, & Lacroix, @ha, 2006b). The composition and
diversity of the bacterial community, as well as metabolism, was found to be well
correlated with those found vivoin infant feces.

Altogether, infant IVD models are increasing in ithapplicability to food research,
however, the variances and discrepancies founduiremt infant IVD model call for
future efforts to better define a simple, harmodiznd consensus infant static IVD
model, such as that obtained for an adult IVD m@delekus, et al., 2014) as well as
sophisticated dynamic IVD models. All of these ddobe developed with a rationale
similar to that applied by the infant formula inthysi.e. focusing on specific and defined
target populations such as stage one for 0-3 mpsithge 2 for 3-6 months etc.

3.2.Elderly
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Elderly nutrition, pharmacology and overall healtlre have been identified as one of the
rising global challenges(UN, 2013). Ageing is tylig accompanied by a milieu of
changes including substantiated alterations andrideation of gut functions, such as
secretion of digestive fluids and enzymes, salGH, contractions and chyme passage
rates(Di Francesco, et al., 2005; Feldman, CryeAthur, Huet, & Lee, 1996; Laugier,
Bernard, Berthezene, & Dupuy, 1991; Nagler & Hewléh, 2005; Russell, et al., 1993;
Salles, 2007; Vellas, et al., 1988). Due to theviersible nature of the changes in GIT
functions, there is a growing need to deepen oderstanding of foods' digestive fate in
the elderly GI. This would facilitate rational dgsiof foods to accommodate elderly
physiological capabilities, improve nutrient bioassibility and bioavailability and help
combat elderly malnutrition. Despite comprehendimewledge on the Gl deterioration
with age and its ramifications to elderly malnubri{Remond, et al., 2015), there are
scant IVD models of the elderly Gl found in litersg. One most recent study assessed
the antioxidant capacity of a milk protein matrix aged women, botm vitro andin
vivo(Power-Grant, et al., 2016). However, the targgbutetion of the study focused
solely on women in the ages of 50-70. In relationYD models recreating elderly
digestive conditions, two recent studies have hdentified to applyin vivo data to the
modeling parameters (Denis, et al., 2016; Levi &roes, 2014). The first reports the
set-up of a dynamic gastro-intestinal elderly (>y@@ars old) model based on commercial
bioreactors with details on all the parameters used the rationale of their
selection(Levi & Lesmes, 2014). The second, rep@us adaptation of the TNO
gastrointestinal model (TIM) to the specific digestconditions of the elderly (> 65

years old) and is used to study meat protein dyoatgestion(Denis, et al., 2016). A
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summary of the digestive conditions applied in ¢ghe®dels are given iRigure 2, also
summarizes conditions of the elderly populatiothatcolon. Similar to the field of infant
IVD modelling, elderly digestion models require nobnly harmonization but also
validation and clearer definition of the elderlyrigestudied.

3.3.Developing IVDs for humans with Gl disorders
In light of the centrality of the GI system in humbealth and disease, various studies
present information on human Gl disorders. These defined as diseases and/or
conditions that interfere with the intake, digestiand/or absorption of nutrients, causing
various clinical symptoms and are broadly definedmaldigestion. Physiologically, the
spectrum and underlying causes of Gl disordenmsisense from such conditions causing
discomfort (e.g. lactose malabsorption) to thoseym@mising health (e.g. pancreatic
insufficiency in cystic fibrosis patients). All @ll, these conditions arise from altered Gl
functions which lead to various effects on the mdegration, breakdown and uptake of
nutrients and consequently on health(Hogenhauet0)206ome common factors that
interfere with food digestion and related disordengections and surgical procedures
linked to them are summarized ihable 3. In respect to food breakdown and
bioaccessibility, many of the situations describemly be mirrored using IVD models, as
such conditions have been found to arise from madaand abnormalities in digestive
parameters such as changes in gastric/intestinalspetetion of digestive juices and
transit times. Other disorders such as food aksrgautoimmune disorders (celiac sprue),
Crohn’s disease, obesity or diabetes are linkedtésferences with the absorption and/or
metabolism of nutrients from the food(Nolan, Jobnst& Walters, 2012), hence IVD

models for such conditions require much more saichi$on in theirin vitro recreation,
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if at all feasible Yet, efforts to develop IVD models for specificattt of the population
would offer useful tools not only in the developmerf new tailored foods but also
improving relevant nutritional guidelines.

One example for such a potential novel IVD modefas the community of Cystic
Fibrosis (CF) patients that has over 35,000 casgsstered in Europe(Colombo &
Littlewood, 2011). At least 85% of CF patients hgancreatic insufficiency of lipases,
resulting in fat malabsorption and binding patietdsthe use of pancreatic enzyme
supplements. Armand et al. (2004) studied the effédiet on gastric lipase levels and
fat digestion in children with CF and reported tlgaistric lipase was high in cystic
fibrosis patients maintained on fat-rich diets(Andaet al., 2004). Further, Gelfond et al.
(2013) measured the intestinal pH and Gl transifiless in CF patients(Gelfond, Ma,
Semler, & Borowitz, 2013). Based on this and othevivo reports, the development of
an IVD model of a CF patient need to focus on thigjue secretion of pancreatic fluid
and bile, both critical parameters in lipid digesti Analytical studies show a 3.8-fold
higher content of glycoconjugates than taurocoripgya human aspirates(Brodlie, et al.,
2015). Thus, artificial bile should reflect comgasi and imbalances between tauro- and
glycol-conjugates isomers and bile concentratiooughbe low to reflect the decreased
bile secretion (ImM). In respect to enzymatic aptjvCF patients are pancreatic
insufficient when pancreas function is below 10%tlthat of a healthy adult. Then, the
pancreatine activity in a CF model should be 1@-fldwer than that considered in
healthy adults.

Another potential IVD model to be developed is tbhGastric Bypass (GBP) patients

(bariatric surgery patients). GBP surgery is onethed most common and effective
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treatments for morbid obesity but can also be useabldress conditions such as type 2
diabetes or hypertension. Available physiologid@rature data on the digestive process
are limited to indirect, with postprandial serumuwme measurements or scintigraphy
evaluation of gastric emptying. Gastric emptyingeported to be very rapid for liquids,
based on D-xylose in serum, from 18.6£6.9 min pt@rGBP to 7.9+2.7 min after
GBP(Wang, et al., 2012). Extremely rapid pouch gmpgtwas reported for water vs.
whey proteins vs. olive oil as preloads (30 mim)ddiquid glucose drink £ 3.8+0.9 vs.
4.1+0.6 vs. 3.6x£0.5 min, respectively) and for bdsbeef patty meal (1.6+0.7 vs. 1.1+0.6
vs. 1.3£0.5 min, respectively) (N. Q. Nguyen, et 2016). Bojsen-Moller et al. (2015)
(Bojsen-Moller, et al., 2015) observed acceleratageinate digestion and amino acid
absorption (& leucine), resulting in faster and higher but moemsient postprandial
elevation of plasma amino acids. Overall, the iaomke of a dumping syndrome, defined
as a rapid gastric emptying, is also elevated d&BP(Horowitz, Collins, Harding, &
Shearman, 1985).

Sleeve Gastrectomy (SG), whereby the stomach duodeonnection remains intact but
the volume of the stomach is drastically reduced, treen also been used as an option for
surgical treatment of obesity. In such patientstria emptying half times 4§) were
reported to be drastically reduced for both liquadsl solids food (SG vs. control group:
34.9£24.6 vs. 13.6+11.9 min for water and 78+15/68138.3+£18.77 min for solids [egg
sandwich])(Horowitz, et al., 1985)he growing body of evidence on the ramificatiohs o
GBP procedures on Gl function could enable the ldgweent of a relevant IVD model.
Such a modelould require a short gastric phase between 306@nchinutes, probably

coupled with a higher pH of 3.5-4.0 compared toghe3.0 used in an adult IVD model.
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However, without luminal data, only estimates apsgible. Yet, a comprehensive effort
should be done to mine the literature or condactvivo experiments to determine
enzymatic activity of pepsin and pancreatic enzyasewell as bile compositions.

The examples of CF and GBP patients are only twssipdities for novel IVD models
that can be developed and subsequently validatiéebr @I conditions and abnormalities
can be recreated in IVD models pending relevantivo data is collected or found in
scientific literature. These stress out the po&rai expanding the horizons of IVD

models based on the rationale exploitation of ned&search.
4. Conclusion

The current modern food production system is cormplignamic and constantly strives
to fabricate safe and nutritious food products soidtions. Amongst the various efforts,
researchers and manufacturers seek to rationadkgeps, structure and formulate foods
towards healthier outcomes for the consumer. Thaskide development of food
delivery systems for protection of bioactives irdiemts added to food, controlling and
targeting their release in the human gastrointaktract and affecting various dimensions
of consumer well-being, e.g. shaping the colon afimme or inducing satiety and
satiation. All of these efforts rely on understarglithe underlying principles guiding
food's digestive fate. An understanding, which bensignificantly advanced thanks to
the soaring number of studies using in vitro andivo digestion models.

As part of the food-health revolution and evolutioh food manufacturing towards
tailored and personalized foods, the potentialMid imodels could be maximized when
extended to recreate various strata of the humaualaton. The development of IVD

models should rely on better and extensive undaistg ofin vivo digestion conditions
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in different groups of the population but would esffbetter opportunities to develop
relevant products with high bioefficacy. Evidentlguch novel tools for food and
nutritional research would necessitate adequatelatdization and validation to ensure
synchronization of efforts and success. Such affmduld also greatly benefit from the
deposition and gathering of relevant informatiomidatabase where food and health care
professionals could upload vivo data orin vivo in vitro correlations and put together
pieces of puzzles needed in the development ofI@®wmnodels. In light of the concern
over rising prevalence of chronic diseases andeaiinggs in feeding the world, nutritional
management of health and disease prevention allerapes at the footsteps of dedicated
professionals. The authors of this paper hopeithall stimulate relevant progress in the
field and help orchestrate global efforts towartle shared goal of advancing food

science and technology.
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Table and Figure Captions

Table 1. Physiological characterization of human gastrestihal fluids.

Table 2. Literature review of the propose&dvitro static models for infant gastro-

intestinal digestion.

Table 3. Factors interfering with food digestion and reladisbrders.

Figure 1. Summary of the developing digestive physiologyhe human infant. HGL-

Human Gastric Lipase, PTL- pancreatic triglycerlgmse, BSSL-bile salt-stimulated

lipase, PTLRP2- pancreatic triglyceride lipasetesdgrotein 2.

Figure 2. Summary of the developing digestive physiologyha élderly.
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Tableand Figure

13

n,

n,

Tablel
Fasted Fed Suggested References
Oral phase
pH 6;,6.2-74 7;,7.4-7.6 Guyton A.C. 1991(AC, 19914
Fluid output 0.5 mL/h 10 mL per meal Versantvoorf C.H.M. 2004(C|
Transit time of meal 10 sec — 2 min H. M. Versantvoort, Oomen,
Van de Kamp, Rompelberg, 4
Sips, 2005)
Guerra A. 2012(Guerra, et al
2012)
Gastric phase
pH 15-2.0 3.0-7.0 Dressman J.B.1986(Dressma
Gastric lipase 120 - 130 et al., 1990)
Transit time of meal u/mL 15 min — 3 hours Sams L. 2016(Sams, et al.,
2016)
Guerra A. 2012(Guerra, et al
2012)
Small intestine
pH 5.4-6.5 5.5-7.5 Dressman JB. 1990(Dressma
Bicarbonate secretion 15-27 mM/h et al., 1990)
Total fluid output 118 mL/h 9000/24h Ekmekcioglu C.
212/mL 2002(Ekmekcioglu, 2002)
200-300/h Ulleberg E. 2011(Ulleberg, et
al., 2011)
Total proteolytic activity 5.6-25.4 U/mL
Trypsin Output activity 50-100-500 U/mL
33-77 IU/mL
Chymotrypsin Output activity 70-150 U/mL bw/15min
Amylase output activity 500-1000 (U/mL)
97-450 (IU/mL)
Lipase 3000-6000 (U/mL)
100-400 (U/mL)
234-524 (IU/mL)
Bile 1-4.5mM 5.8-39 uM/mL
32.3mN/m TDC? GC, GCDC,
GDC?
Surface tension 2.2-11.2mM
28mN/m
Transit time 2-5h
Largeintestine
pH 6.4-7.0 Payne A.N. (Payne, et al.,

Bacterial load

Short chain fatty acids
Total fluid vol
Transit time

1x10"-10" CFU/g
material

125-139 mM

187 ml

12-24h

2012)
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596 Table2

Refs M eal Gastric phase Intestinal phase
pH Duratio | Meal : Lipase Pepsin | Pepsin | Molar | p Duratio | Meal : Enzyme(s) Pancreati | Bile"
n(min) | secretio | content |° ¢ ratio | H | n(min) | secretio | used® n (mg/m
nratio (/mL of conten | (U/mL | pepsi nratio equivalent | L of
(VIv) meal) t of n/ (VIv) (mg/mL of | meal)
meal) meal meal)
Chatterton | Human 2,3, 60 99:1 supernatant of - - no duodenal phase
et al., milk 3.5, 4, gastric juice from 2
2004(Chat 50r6.5 neonates
terton,
Rasmusse
n,
Heegaard,
Sorensen,
&
Petersen,
2004)
Dupont et | Purified 3 60 85:15 - 22.75 | 273 0.004 | 6.5 30 76:24 | Porcine 5.91" 1.32
al., proteins U/mg 2 trypsin :
2010(D. of 3.45 U/mg of
Dupont, et protein protein
al., 2010) Bovine
chymotrypsin
0.04 U/mg of
protein
Fogleman | Human 5 120 66:34 | 425mg| 25 7500 0.331| 7 120 40 : 60 Pancreatin :| 0.63 3.75
et al., milk mg/mi 7 2 mg/mL of
2013(Fogl of milk SDP
eman, et
al., 2012)
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597

598

599

Lueamsais
uk et al.,
2014(Luea
msaisuk,
Lentle,
MacGibbo
n, Matia-
Merino, &
Golding,
2014)
Lueamsais
uk et al.,
2015(Luea
msaisuk,
Lentle,
MacGibbo
n, Matia-
Merino, &
Golding,
2015)

Infant
formula

2, 120
3.5,45
or5.5

20:50

40 U
(Rhizopu
s Oryzae
lipase)

4.5
mg/mi

SGF
(800-
2500 U
/mg)

18563

0.282

No duodenal phase

Prakash et
al.,
2014(Prak
ash, Ma, &
Bhandari,
2014)

Infant
formula

15 60

50:50

3.2
mg/ml
of SGF

9600

0.146

7 120

25:75

Pancreatin :
1.6 mg/ml of
digesta

3.2

10

Refs

Meal

Gastric phase

Intestinal phase

30




pH Duration | Meal : Lipase Pepsin® | Pepsin® | Molar | pH | Duration | Meal : Enzyme(s) Pancreatin | Bile®
(min) secretion | content | content | (U/mL | ratio (min) secretion | used® equivalent | (mg/
ratio (/mL of of pepsin ratio (mg/mL of | mL of
(viv) meal) meal) / meal (viv) meal) meal)
Wada & | Defatted | 4 15 - - 0.08 |2883 [0020 |7 |5 - Pancreatin: | 0.19 -
Lonnerdal, | bovine mg /mg 0.044 protein ratio
2014(Wad | milk of of 1:62.5
a& Defatted protein
Loennerdal| human
, 2014) milk
Wada &
Lonnerdal,
2015(Wad
a&
Loennerdal
, 2015)
Dall'Asta | Human 4.5 35 15:9 - 0.013 | 4.0 0.0001| 7.5 120 15:20 Porcine 3.6 6
et al., milk mg/ml pancreatin : (bovi
2015(Dall' of milk 9 mg/mL of ne
Asta, et al., SDF bile)
2015)
N-Guyen | Infant 4
etal., formula
2015(T. T. As detailed for Dupont et al., 2010
Nguyen, et
al., 2015a)
Liu etal., | Milk 3 60 50:50 - 113.8 | 113.8 0.0008 6.5 60 25:75 Bovine 2.46 4
2016(Liu, | protein U/ml of trypsin : 8.6
et al., concentrat SGF U/ml of SDF
2016) e
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Table3

Causes of maldigestion Related diseases I mpact
Digestive enzyme Chronic pancreatitis, cystic
deficiency fibrosis, pancreati¢
carcinoma
Digestive enzyme Zollinger-Ellison syndrome

inactivation by excess ¢
HCI

=

Hydrolysis of proteins,
carbohydrates and fats

Dissynchrony of enzymeHyperthyroidism, post
release and inadequateillroth il procedure
mixing (gastrojejunostomy),
gastric bypass
Diminished bile  salt Cirrhosis
synthesis Fat solubilisation
Impared bile secretion Cystic fibrosis, chronic Fat soluble vitamins
cholestasis absorbtion
Increased bile salt loss lleal disease or resectign
Bile salt de-conjugation Bacterial: overgrowth
Bacterial consumption aqfBacterial overgrowth
nutrients associated to B1p
deficiency Bioavailability of specific
Reduced gastric acid Atrophic gastritis nutrients
associated to B1p
deficiency
Reduced intrinsic factor Pernicious anemia
associated to B1p
deficiency

Cofactors deficiency

Gastric surgery
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610 Figurel

v
v

Mouth
v

Frequent and high fat milk-based meal
Limited oral phase

Potential contribution of swallowed salivary
mucins and low amount of a-amylase
compensating faintly immaturity of intestinal
mucus secretions and amylase

v
v

v

Small intestine

Immature PTL

Potential high contribution of BSSL and
PTLRP2 to intestinal lipid digestion

Mature trypsin, immature chymotrypsin and
carboxypeptidase B

Immature a-amylase

Limited gallbladder secretion, low biliary salts
concentration 0.4-1.5 mM with specific
composition and conjugation

Stomach

Limited stomach capacity

Relatively high gradient pH (3.2-6.5)
Mature HGL

Immature pepsin and limited proteolysis

T Y

Colon

v progressive colonization by a resident
microbiota characterized by large
changes in abundance, diversity and
composition
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612 Figure?2

Mouth

v Concentrated saliva

v Changes in ionic composition

v Elevated amylase levels to 150%

Small intestine
v’ Lowered peristaltic movements
v Reduced proteolytic enzymes levels

Stomach to 50%
o Ludrnd perlsltaltlc mavements v Reduced lipase levels to Higher pH
v’ Reduced pepsin levels to 75% (6.5)

v Reduced gastric lipase levels to 15%
v" Higher pH gradient (6.2-2)
¥ Longer transit time (3 hr)

v Longer transit time (3 hr)
v Lowered bile

Colon
v Modified compaosition of microbiota
v’ Longer transit time
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EXTENDING IN VITRO DIGESTION MODELS TO SPECIFIC HUMAN
POPULATIONS. PERSPECTIVES, PRACTICAL TOOLS AND BIO-RELEVANT

INFORMATION

Article Highlights

* Invitro digestion models show great promise in food and nutritional research.
» Paper outlines considerations for development of new in vitro digestion models.
* Human studies elucidate the variance of digestive conditions.

» Digestion models of infants, elderly and patients with Gl disorders are reviewed.



