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ABSTRACT

Studying the composition of a certain food is not enough to predict its health benefits. Research over the past
decades has decisively strengthened the notion that any putative health benefit is best related to the fraction of
compounds transferred from ingested foods into the body since the absorption may be incomplete after oral
consumption. In other words, the bioavailability of food components is crucial information. Therefore, a variety
of in vitro models have been developed to predict their bioaccessibility and bioavailability in the most diverse
food matrices and food products. These models can also be applied to study the impact of several endogenous or
exogenous factors on the bioaccessibility and bioavailability of nutrients and bioactive compounds, guiding
nutrition and food scientists, technologists, and engineers towards the development of strategies to optimize the
positive impact of the diet on well-being and quality of life. While bioavailability is ideally examined in human
volunteers, in vitro digestion methods, as well as intestinal absorption and microphysiological models, simulate
human physiological conditions. Additionally, in vitro methods are alternatives to offset ethical, economical, and
experimental limitations associated with in vivo studies conducted either with individuals or animals. This
graphical review draws parallels between in vitro models mimicking digestion processes, uptake, absorption,
metabolism, and distribution of dietary compounds and human physiology.
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Figure 1. Background and definitions. Bioaccessibility measures the
proportion of a compound consumed in a meal that is released from the
food matrix during digestion in the luminal content and is accessible for
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fects on the body. Lastly, bioavailability refers to the amount of com-
pounds that completes the route passing through the digestive tract, is
absorbed, and reaches the target tissues in the intact or metabolized
form to perform its bioactivity or to be stored. Created with BioRender.

Dynamic in vitro
digestion - SHIME
Feed
e Tadil

- Peristaltic
pump
Stomach

.@

Pancreatic = 5
juice e — DN |

- - O,
ue 3

Duodenum  lleum

&~ o

@8 rormented at 37 °C .

o | J
Fecal Basal culture  Intestinal
suspension medium digestion

229

o 1 (B
for 0, 4, 8, 12 and ¥ | ¥
= 24 h at anaerobic <‘1 J = J =)
conditions Ascending  Transverse Descending
colon colon colon


http://BioRender.com
http://BioRender.com

D.B. Rodrigues et al.

Figure 2. Comparison between physiological human digestion and
in vitro digestion (IVD) methods. Diverse IVD models are described in
the literature, with variable degrees of complexity, automation, and
experimental conditions for digestion. To harmonize these conditions
and facilitate the result comparison throughout the scientific commu-
nity, the INFOGEST network (an international network of excellence on
the fate of food in the gastrointestinal tract) has proposed a standard-
ized, consensus protocol for both static and semi-dynamic simulated
digestion, largely adopted by research groups worldwide and repre-
sented in this figure (Minekus et al., 2014; Brodkorb et al., 2019;
Mulet-Cabero et al., 2020). These methods simulate the physiological
conditions of the oral, gastric, and small intestinal phases of digestion. In
the static method, these steps are all carried out or set up by the analyst,
whereas in the semi-dynamic method the gastric phase is dynamic, with
the pH variation occurring gradually by using a pump and an automatic
titrator (Brodkorb et al., 2019; Mulet-Cabero et al., 2020). The digestion
process starts with the oral phase that comprises mechanical (chewing)
and chemical (a-amylase activity) steps. A and B - The chewing in static
and semi-dynamic methods is represented by the maceration of food and
the chemical step by the enzyme addition. C and D - In the gastric phase,
simulated fluid containing inorganic salts, pepsin, and gastric lipase is
added, and the pH is adjusted to 3. The digestive mixture is incubated at
37 °C under shaking to simulate the peristalsis. E and F - The pH is
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adjusted to 7, and pancreatic enzymes and bile are added, the digestive
mixture is incubated at 37 °C under shaking. The chyme obtained after
completion of the simulated duodenal phase can be used to estimate the
bioaccessibility of compounds of interest, their uptake and transport in
cellular models, or for further bioactivity assays. Moreover, it is possible
to proceed with the simulation of G - colonic fermentation, in which
fecal material from healthy donors is added as a source of gut microbiota
(Mosele et al., 2016). Besides the static and semi-dynamic methods, in
vitro digestion can be conducted by using dynamic models in either
mono- or multi-compartmental configurations that take advantage of
the automatized regulation of the flux of simulated digestive fluids,
enzymes, and pH adjustments (Dupont et al., 2019). The schematic
representation of the Simulator of the Human Intestinal Microbial
Ecosystem from Ghent University, Belgium (SHIME®) is shown in the
figure as an example of a dynamic model that includes the colonic
fermentation stage. This system allows the inoculation of the microbiota
from specific population groups adapted to different conditions and
monitoring specific colon regions (Verhoeckx et al., 2015). Although the
dynamic models better replicate the in vivo digestion, the need for spe-
cific instrumentation, their complexity, and the associated costs limit
their use by many research groups (Brodkorb et al., 2019). Created with
BioRender.com.
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Figure 3. Changes in gastrointestinal function throughout the
lifespan to be considered when developing human population-
specific IVD models. The gastrointestinal tract of an individual grad-
ually changes since the gestational period but three main life stages with
specific characteristics can be defined: early age, adult, and elderly
(Bourlieu et al., 2014; Shani-Levi et al., 2017). For infants, the oral phase
(A) of digestion is almost negligible due to the exclusive liquid diet
(breast milk or similar) of very short residence time, but also due to the
characteristic low enzyme activity of salivary a-amylase (Bourlieu et al.,
2014). In adults, the oral phase is complete, and during aging, there is a
reduction in salivary flow and an increase in a-amylase content (Sha-
ni-Levi et al., 2017), combined with difficulty chewing due to weakened
dentition (Nomura et al., 2020) and reduced muscle strength (Shani-Levi
etal., 2017). The gastric phase (B) of infants is characterized by the high
PH, low pepsin activity, and slow gastric fluid secretion (Bourlieu et al.,
2014), while human gastric lipase is already fully active (Shani-Levi
et al., 2017). The release rate of gastric secretion in adults decreases
gradually with aging (Shani-Levi et al., 2017); thus, the stomach pH of
elderlies is elevated. Gastric emptying (C) is modulated by food char-
acteristics and related to gastrointestinal motility, which develops from
the first weeks of life (Shani-Levi et al., 2017), and is diminished in older
people, extending the emptying time (Blechman and Gelb, 1999). The
contribution of the duodenal phase (D) is minimal in infants due to the
immature pancreatic and biliary secretagogues in this stage of life
(Bourlieu et al., 2014). The gut bacteriota (GB) undergoes ecological
changes over age (E) that directly impact the bioaccessibility and
bioactivity, mainly of functional compounds (Danneskiold-Samsge
et al.,, 2018). In neonates, GB is less diverse and quite unstable; in
adulthood, GB is stable and shows greater diversity; while in senescence,
we observe low diversity and stability of GB (DeJong et al.2020). The
ecological diversity addresses a bacterial signature for each life stage
generating specific metabolites (short-chain fatty acids, aglycone
phenolic compounds, and vitamins) to be absorbed, so nutrients and
non-nutrients can undergo divergent biotransformation and end routes
(Danneskiold- Samsge et al., 2018). Created with BioRender.com.
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Figure 4. Intestinal uptake, metabolism, and absorption of nutri-
ents in vivo and intestinal cell models of varying degrees of
complexity, potential throughput, and physiological relevance.
After food digestion, water-soluble (A) and micellarized fat-soluble (B)
nutrients that are bioaccessible in the intestinal lumen diffuse through
the mucin layer for uptake across the apical membrane of enterocytes,
absorptive epithelial cells lining the mucosa of the small intestine. Once
within the cells, nutrients may be utilized, metabolized, effluxed back
into the lumen, and a portion of these compounds is transported across
the basolateral membrane of enterocytes for absorption. Amino acids,
monosaccharides, minerals, water-soluble vitamins, and their metabo-
lites are absorbed into blood capillaries to be transported to the liver,
whereas fat-soluble molecules are incorporated into chylomicrons and
secreted into lacteals, central lymphatic vessels of villi (Wielen et al.,
2017; Ko et al., 2020; Koepsell, 2020). Intestinal cell culture models vary
in the extent to which they recapitulate the in vivo conditions. They
range from technically simpler two- and three-compartment systems
seeded with a monolayer of mono or co-cultured transformed intestinal
cells through the novel 2D and 3D self-organizing enteroids, generated
from crypt-derived or induced pluripotent stem cells, and gut chip de-
vices containing either transformed cells or enteroids grown under dy-
namic conditions (Rodrigues and Failla, 2021). In the schematic,
monolayers of enterocyte-like Caco-2 cells, a transformed cell line
originating from a human colonic adenocarcinoma and established as
the most widely used intestinal cell model, are represented in mono-
cultures or co-cultured with the also transformed goblet-like HT-29
cells. Monolayers of intestinal cells can be grown adhered to the bottom
of culture vessels, in a two-compartment configuration, or on
semi-permeable membrane inserts to generate three-compartment
(apical, cellular, and basolateral) systems. The access to the baso-
lateral region of the monolayer allows the study of the absorption of
dietary compounds. In contrast to the classical cultures of transformed
cells adhered to static, flat surfaces, enteroids and gut chips better
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recapitulate the morphology and the dynamic microenvironment of the
human intestine, respectively, and are expected to provide results with
improved predictive reliability (Rodrigues and Failla, 2021). In vitro, the
compounds and their digested products are primarily delivered to the
apical compartment of the cellular model in mixtures of cell culture
medium with either soluble or micellar fractions obtained from the
chyme upon completion of in vitro digestion, as well as with extracts or
solutions containing compounds of interest, or artificial micelles pro-
duced in the laboratory. As in vivo, nutrients are apically taken up by
absorptive enterocytes through active or passive transport mechanisms
and intact or metabolized transported to the basolateral compartment.
Nonetheless, differentiated human Caco-2 parenteral cells and clones
such as TC7 can differ from normal enterocytes in the expression of some
transmembrane transporters and enzymes (Sambuy et al., 2005). It is
important to note that the uptake into the cellular compartment of these
systems does not necessarily mean that the compound of interest is
absorbed, which requires basolateral transport. Besides passive and
active transcellular transport mechanisms, absorption of some nutrients
and ions can occur through paracellular diffusion. Created with BioR
ender.com.
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Figure 5. Overview of nutrient distribution between systemic cir-
culation and tissues after intestinal absorption, in vivo and micro-
physiological systems. Absorbed hydrophilic molecules and ions are
transported freely or associated with transporters in the bloodstream
directly to the liver. In contrast, lymph carries chylomicrons containing
lipophilic compounds, moving upwards through the lymphatic system
before eventually entering the bloodstream at the connection of the
thoracic duct with the left subclavian vein, bypassing the liver. Chylo-
microns flow through the venous system delivering triacylglycerides
from diet to peripheral tissues, being converted by lipoprotein lipase
into chylomicron remnants that are finally taken up by the liver. This
central organ regulates the metabolic homeostasis of all ingested nu-
trients, storing and distributing these compounds and their phase I or
phase II metabolites appropriately (Ghanemi et al., 2018). The cargo of
cholesterol and fat-soluble vitamins is incorporated into VLDL (Very
Low-Density Lipoprotein) particles for secretion into the systemic cir-
culation to be delivered to target tissues, whereas a portion of these
compounds may be effluxed to bile (enterohepatic pathway) (Ko et al.,
2020). From the bloodstream, nutrients or conjugated products reach
target tissues and can be either utilized to exert their bioactivity or
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stored to be mobilized upon necessity, and later, they are excreted by the
kidneys in the urine. Compounds from consumed foods that are either
not absorbed by the small intestinal epithelium, effluxed back to the
lumen, or excreted via the bile into the duodenum may be transferred to
the large intestine to be excreted into feces as gut microbiota
end-products or unconjugated forms (Van der Wielen et al., 2017;
Danneskiold-Samsge et al., 2019). Nonetheless, some non-absorbable
compounds in the small intestine are biotransformed by the host
colonic microbiota to metabolites that are possibly used in situ or
absorbed from the colon epithelial cells (Danneskiold-Samsge et al.,
2019). The coupling of different organ chips on multi-organs-on-a-chip
platforms or microphysiological systems (MPS), simulating the interface
and communication among barrier and parenchymal tissues and the
systemic circulation, has provided new opportunities to study not only
the absorption but also the distribution, metabolism, and bioactivity of
dietary compounds in vitro. It is important to emphasize that MPS is a
new tool in the initial development stage and available only for some
specific research groups. MPS may be established through (1) the
combination of individual chips, each one modeling a distinct organ, via
capillary tubing into a flexible platform (Herland et al., 2020); (2) the
connection of multiple organs into a static microfluidic board of per-
manent configuration with a fluid stream (Kimura et al., 2015), and (3) a
semi-static, reconfigurable platform, consisting of a single plate in which
individual and possibly pre cultured organ chips are accommodated and
connected via microfluidic channels (Maschmeyer et al., 2015; Edington
etal., 2018). One such example of the latter approach is illustrated in the
lower panel with the schematic representation of the Humimic Chip4
(TissUse GmbH), a commercially available MPS that enables the inte-
gration of up to four different organs represented herein by the intestine,
liver, and kidney, in addition to another tissue of interest (Marx et al.,
2020) [https://www.tissuse.com/en/humimic/chips]. Organ chambers
indicated with zoom may support monolayer cell cultures to organo-
typic models, including organoids and spheroids. They are linked via a
microfluidic network with built-in micropumps and composed of two
separated circuits simulating the circulatory (in pink) and urinary (in
yellow) systems. These circuits, in their turn, are connected through the
tubular reabsorption and glomerular filtration units of the kidney chip
that consist of renal tubule cells and podocytes, respectively, both
illustrated in the enlarged detail. Similar platforms replicating key as-
pects of the intestinal barrier, metabolic activity, blood circulation, and
the dynamic molecular transport against gradients are being developed
by different research groups as particularly useful tools for the deter-
mination of ADME (absorption, distribution, metabolism, and excretion)
profiles of compounds of interest. Whereas applications of these inno-
vative models to address bioavailability questions are still concentrated
in pharmaceutical research and development, we highlight that there
are great possibilities for their utilization to advance investigations in
the context of Nutrition and Food Science. Created with BioRender.com.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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