Received: 4 July 2023

Revised: 2 January 2024

Accepted: 22 January 2024

DOI: 10.1002/fft2.369

REVIEW ARTICLE

FRONTIERS

Human-based new approach methodologies to accelerate
advances in nutrition research

Manuela Cassotta® |
Inaki Elio Pascual®-3# |
Maurizio Battino%7

1Research Group on Foods, Nutritional
Biochemistry and Health, Universidad Europea
del Atlantico, Santander, Spain

2Department of Clinical Sciences, Faculty of
Medicine, Polytechnic University of Marche,
Ancona, Italy

3Faculty of Health Sciences, Universidade
Internacional do Cuanza, Cuito, Bié, Angola

“4Faculty of Health Sciences, Fundacion
Universitaria Internacional de Colombia,
Bogota, Colombia

5Research Group on Foods, Nutritional
Biochemistry and Health, Universidade
Internacional Iberoamerica, Campeche,
Mexico

6Faculty of Health Sciences, Universidade
Internacional Iberoamericana, Arecibo, Puerto
Rico, USA

7International Research Center for Food
Nutrition and Safety, Jiangsu University,
Zhenjiang, China

Correspondence

Maurizio Battino and Francesca Giampieri,
Dipartimento di Scienze Cliniche Specialistiche
ed Odontostomatologiche, Sez. Biochimica,
Facolta di Medicina, Universita Politecnica
delle Marche, Ancona, Italy. Email:
m.a.battino@univpm.it and
f.giampieri@univpm.it

Danila Cianciosi? |
Sandra Sumallo Cano®>¢ |

Maria Elexpuru-Zabaleta® |
Francesca Giampieri®? |

Abstract

Much of nutrition research has been conventionally based on the use of simplis-
tic in vitro systems or animal models, which have been extensively employed in an
effort to better understand the relationships between diet and complex diseases
as well as to evaluate food safety. Although these models have undeniably con-
tributed to increase our mechanistic understanding of basic biological processes, they
do not adequately model complex human physiopathological phenomena, creating
concerns about the translatability to humans. During the last decade, extraordinary
advancement in stem cell culturing, three-dimensional cell cultures, sequencing tech-
nologies, and computer science has occurred, which has originated a wealth of novel
human-based and more physiologically relevant tools. These tools, also known as
“new approach methodologies,” which comprise patient-derived organoids, organs-on-
chip, multi-omics approach, along with computational models and analysis, represent
innovative and exciting tools to forward nutrition research from a human-biology-
oriented perspective. After considering some shortcomings of conventional in vitro
and vivo approaches, here we describe the main novel available and emerging tools
that are appropriate for designing a more human-relevant nutrition research. Our aim
is to encourage discussion on the opportunity to explore innovative paths in nutrition
research and to promote a paradigm-change toward a more human biology-focused
approach to better understand human nutritional pathophysiology, to evaluate novel
food products, and to develop more effective targeted preventive or therapeutic
strategies while helping in reducing the number and replacing animals employed in

nutrition research.
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1 | INTRODUCTION

The use of traditional cell culture and animal model methods in nutri-
tion research throughout the 20th and 21st centuries has been fruitful
in many cases, such as in increasing our knowledge of cellular signaling
pathways, improving our understanding of fundamental mechanisms
related to diet, and allowing for the mechanistic understanding of sev-
eral human diseases as well as helping in finding new candidate drug
targets. However, generalizing findings from these model systems to
humans is a critical challenge. This problem is a crucial cause of the high
proportion of failures encountered in moving candidate drugs from
preclinical studies to clinical research and practice (Hartung, 2013;
Marshall et al., 2023; Seyhan, 2019; Van Norman, 2019). An over-
reliance on these models can significantly limit or even mislead our
comprehension of human complex diseases and the effect of therapeu-
tics, dietary active compounds, and dietary additives or toxins, as well
as diet or nutritional interventions on human health.

The most widely used in vitro models for research, including nutri-
tion research and food safety assessment, are based on monolayer,
static, animal or human cell cultures or co-cultures, which are often not
able to adequately model human/in vivo situations and mimic systemic
responses.

On the other hand, despite the great genetic similarity between
many laboratory animals and humans, animal models are often poor
predictors of human health effects and pathophysiological processes
(Attarwala, 2010; Dimitrov & White, 2016; Eastwood et al., 2010;
Eddleston et al.,, 2016; Fratta et al., 1965; Gaukler et al., 2016; Greek
& Rice, 2012; Hartung, 2009; Lauer et al., 2009; Mak et al., 2014; Mar-
tignoni et al., 2006; Mestas & Hughes, 2004; Pistollato et al., 2020;
Seok et al., 2013; Toutain et al., 2010). Consequently, current drug
development strategies based on animal modeling are increasingly
called into question by the scientific community, recognizing the need
to accelerate the growth of human-focused and human-relevant sci-
ence and research both in toxicology/regulatory testing and in other
fields (Archibald et al., 2018; Bailey, 2018; Bailey et al., 2015; Chan-
drasekera & Pippin, 2015; Greek et al., 2012; Hall, 2020; Herrmann
et al., 2019; Horejs, 2021; Ingber, 2020; Marshall & Willett, 2018;
Nuwer, 2022; Pistollato et al., 2015; Pound, 2020; Pound & Ritskes-
Hoitinga, 2018; Seifirad & Haghpanah, 2019; Van Norman, 2019). In
addition to scientific issues, there are increasing public concerns about
laboratory animal suffering (EuropeanUnion, 2012; Strauss, 2018) and
a commitment to explore alternative methods to replace laboratory
animals in developing new drugs and products (Marshall et al., 2022;
Neuhaus et al., 2022; Nuwer, 2022). However, conducting experiments
on human subjects to test hypotheses and treatments related to human
disease or to evaluate the safety of food or food additives may be
difficult or impossible due to obvious ethical or practical issues.

During the last decade, extraordinary advancement in stem cell
culturing, three-dimensional (3D) cell cultures, sequencing technolo-
gies, and computer science has occurred, which has originated a
wealth of novel human-focused and more physiologically relevant

tools. These tools, also known as “new approach methodologies”

(NAMs), which comprise patient-derived organoids, organs-on-chip
(OoC), multi-omics approach, computational models and analysis,
along with interventional and observational studies on human subjects,
are already yielding profuse and meaningful human-relevant data and
promising results in several fields (Barrile et al., 2018; Ewart et al.,
2022; Kamali et al., 2022; Passini et al., 2017; Pistollato et al., 2021,
2022;Ribeiro et al., 2022; Shi et al., 2017; Tovaglieri et al., 2019; Zheng
etal, 2023).

After considering the most important shortcomings of conven-
tional in vitro and vivo approaches (including conventional studies on
human subjects), in this review, we describe the main available and
emerging NAMs, taking into consideration their current and potential
applications in the field of nutrition, in order to design a more human-
oriented nutrition research (Supporting Information Table S1). Our aim
is to encourage discussion on the opportunity to explore innovative
paths in nutrition research and to promote a paradigm shift toward a
more human biology-focused approach to better understand human
nutritional pathophysiology, to support novel food assessment, and
to develop more effective targeted therapeutic or preventive inter-
ventions, while help in reducing the number and replacing animals

employed in nutrition research and food safety risk assessment.

2 | SHORTCOMINGS OF TRADITIONAL MODELS

In vitro cell cultures, animal models, and human observational and
intervention studies have traditionally been used and still are being
used to study the effects of diet on health and the related physiological
state. In this section, we discuss some of the most important limitations
of conventional models with a particular focus on nutrition research.
Some of the most important shortcomings of traditional in vitro and in
vivo (including animal and human-based) models are visually depicted
in Figure 1.

2.1 | Traditional in vitro models

Conventional cell-based in vitro models, including HT-29 and Caco-2
cells, have been widely used to study intestinal barrier functions and
host-microbiota-pathogens interactions (Hilgendorf et al., 2000), as
well as the effects of dietary bioactive compounds (E. Y. Kim et al,,
2008; Zhai et al., 2013). Human cell lines have been instrumental in
gaining insights into the immune function, the effect of food bioactive
compounds, and for studying the beneficial effects of probiotics (Yu
et al., 2015); however, transformed cell lines of cancerous origin differ
dramatically in their genetic repertoire and thus physiology (Pamies &
Hartung, 2017).

These models also do not succeed in supporting the co-culture with
commensal microbiota, which is very important for intestinal and sys-
temic physiology (Lopez-Escalera & Wellejus, 2022). In contrast to the
in vivo intestinal epithelium, Caco-2 cells do not use butyrate as an

energy source, leading to an accumulation of butyrate and making it
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- Lack of mechanical cues from a
tridimensional environment,
flux and movement

- Lack of biochemical cross-talk
with other cell types

- Static environment

- Accumulation of waste

- Oxygen and nutrient scarcity
- No systemic responses

- Non-human or tumor origin of
cells

Scarce relevance to human in Low translatability to humans and to
vivo situation real-world scenarios

SEthical'concerns for animal suftering PRt NI REEITELT

- Divergences in absorption,
distribution, metabolism, and
excretion of food-derived compounds [N AE  F = oTelg e

- Different anatomy and physiology of
the gastro-intestinal tract

- Different microbiota
- Divergent gene expression
- Low reproducibility of experiments

- Artificially induced conditions in
animals, artificial environment

nutritional status in humans

- Dietary intake is usually

questionnaires: risk o biases

- The background intake and
status of a nutrient of interest
usually are not assessed

- Ethical constraints limiting the
scope and depth of research

- Finding a path through a
convoluted approval process

Limited applicability, poor
results

FIGURE 1 Graphical view of the main limitations of traditional in vitro and in vivo (animal and human) models used for nutrition research.

difficult to study the effects of short-chain fatty acids (SCFAs; Grouls
etal., 2022).

Another limitation of these cell models is the absence of special-
ized cell types that can be differentiated from cell lines: The intestinal
epithelium in vivo includes different cell types, such as enterocytes,
stem cells, goblet cells, microfold cells, enteroendocrine cells, Paneth
and tuft cells, which are not accurately represented.

A major drawback linked to the use of human primary cells and
fresh tissues is the scarce availability of them. This is especially true
for relatively inaccessible tissues such as the brain, heart, and kidneys.
Furthermore, to obtain human specimens, invasive procedures such
as biopsies or surgery are often required, and the samples frequently
come from pathological findings, which may not be representative of
human physiology.

Primary animal-derived cell and tissue cultures have been tradition-
ally used in nutritional research (Naik et al., 2004; Sato & Clevers, 2013;
Zietek et al., 2015); however, cells and tissues derived from nonhuman
species might provide unreliable results for humans (Andersson et al.,
2012; Dimitrov & White, 2016; Ginis et al., 2004; J. H. Kim et al., 2020).

Moreover, simplistic bi-dimensional (2D) cell cultures (e.g., Tran-
swell models) could not reflect the human in vivo intestinal tissue
morphology nor mimic other essential intestinal structures and func-
tions, including villi formation, mucus production, and cytochrome
P450 metabolism (Li et al., 2016).

Utilizing cells on a 2D monolayer and under static non-physiologic
conditions could seriously impact the reliability of the results. In par-
ticular, the relevance of conventional static monolayer models may
be reduced by the lack of physiological cues, such as the biochem-
ical signals from other cell types, the physical stimuli from the 3D
microenvironment, and the mechanical cues derived from movement
(e.g., peristalsis) and the fluid fluxes (Pamies & Hartung, 2017). Static

cultures have been proven to cause the inharmonious growth of cells
and the accumulation of detrimental cellular metabolites, ultimately
causing the death of intestinal epithelial cells and bacterial overgrowth
(H.J.Kimetal,, 2012).

The extensive use of animal-derived ingredients (e.g., serum, coat-
ing materials, growth factors) may cause additional problems, including
experimental reproducibility issues and ethical concerns (Cassotta
etal., 2022).

In addition, the great number of conditions to monitor and the
numerous parameters to evaluate lead to artifacts as a consequence
of cell culture procedures (Pamies & Hartung, 2017).

2.2 | Animal models

Animal models (e.g., mouse model, dog, pig, etc.) have been tradi-
tionally used as a gold standard in nutrition research and for human
safety studies (Baker, 2008). Some other nonmammalian models have
been increasingly used in nutritional studies, such as birds (Baxter
et al, 2018), zebrafish (Ulloa et al., 2011), insects (e.g., Drosophila
melanogaster, Apis mellifera; Tonk-Riigen et al., 2022), and the worm
Caenorhabditis elegans (Y. Wang et al., 2022). Animals have been used
and still are being used for several studies including nutrient-nutrient
interactions, assessment of bioavailability (SimoliGnas et al., 2019)
and the safety margins of nutrients (Baker, 2008), tolerance and
safety tests of food and food additives (EFSA, 2008; Lin et al., 1992),
host-diet-microbiota interactions (Rangan et al., 2019), studies of
the impact of diet on health and disease, and the effect of potential
therapeutic/dietary interventions (Yue Guo et al., 2018).

Among mammalian models, the mouse is the most commonly used

model in nutrition research. Compared with other mammalian models,
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mice are small-sized, they have a lower cost of maintenance, their diet
and environment can be effortlessly controlled, they are amenable to
genetic manipulation, there are several genetic models already exist-
ing, and the use of inbred colonies reduces inter-individual variability
(Nguyen et al., 2015). However, despite some similarities, there are
important differences between human and rodent body size and lifes-
pan, feeding patterns, dietary behavior, absorption, bioavailability and
metabolism of dietary compounds or drugs, anatomy, and physiology of
the digestive tract, as well as in microbiota composition and abundance.

For instance, it is important to note that mice and rats are
coprophagic. Coprophagy influences the nutritional value of their diet
by ensuring that some nutrients (e.g., vitamins and fatty acids) are
not lost by defecation but reenter the intestine to be absorbed (Sak-
aguchi, 2003). Self-reinoculation with fecal microbes alters microbiota
abundance and composition leading to a changed bile-acid profile
in the mouse small intestine (Bogatyrev et al., 2020). Moreover, it
has been shown that coprophagy prevention modifies microbial com-
munity structure, energy metabolism, neurochemistry, and cognitive
behavior in Lasiopodomys brandtii, a small mammal (T. B. Bo et al., 2020).

Furthermore, mice and rats fed ad libitum and, especially, under
dietary restrictions tend to consume cage bedding. The bedding type
and the ability of mice to extract energy from the bedding may critically
impact the results of several studies, including metabolic tests. An even
greater impact is expected in the case of experiments that implicate
caloric restriction (Gregor et al., 2020).

Considering that rodent models are extensively used to study the
influences of diet and microbiota on human physiology and disease
phenotype, as well as for compositional, spatial, temporal, and func-
tional interrogation of the gut microbiota, coprophagy and bedding-
eating may have profound implications on the reproducibility of the
experimental results and their translatability to humans.

Much of nutrition research has been focused on the etiopatho-
genetic mechanisms of obesity, diabetes, and associated comorbidities
(e.g., nonalcoholic fatty liver disease [NAFLD] and nonalcoholic steato-
hepatitis [NASH]) using rodent models, either genetically engineered
or mutant mice or rats in which adiposity is induced through prolonged
feeding on high-fat or high-density diets (Doulberis et al., 2020; Lutz &
Woods, 2012). The choline- and methionine-deficient diet is one of the
most researched models of NAFLD (Ibrahim et al., 2016).

However, despite the massive use of these rodent models, many
mechanistic details of human metabolism remain poorly understood
and therapeutic interventions for humans are limited and largely
inadequate (B. Wang et al., 2014).

In genetic models, such as the leptin-deficient obese mouse (ob/ob
mouse), due to the lack of action by the satiety factor leptin (or
its associated receptor), the rodents spontaneously develop severe
hyperphagia resulting in obesity and manifest some obesity-related
conditions, including diabetes-like condition and hyperlipidemia.

Although such models are extensively used to study obesity-
associated comorbidities, as well as to test novel drugs and/or dietary
interventions, the disease manifestations in these models are the con-
sequence of genetic mutations that do not mirror disease etiology

in humans. One of the most striking characteristics of these models

approximations is their monogenic inheritance pattern. Furthermore,
these rodents have been inbred for many generations, and their genet-
ics are homogeneous (B. Wang et al., 2014). This is in contrast to
the etiology of complex human diseases, including human diabetes
and NAFLD, which are not only polygenic but also multifactorial, with
different genetic backgrounds.

Not surprisingly, important differences exist in the transcriptomic
profile of the liver tissue, the way in which triglycerides accumulate
within the liver, and the extent of hepatic fibrosis between human
NAFLD and both genetic and dietary rodent models (Teufel et al.,
2016).

Notably, although a methionine- and choline-deficient diet in mice
reproduces several key clinical hallmarks of NASH, the metabolic pro-
file induced by this dietary restriction is very dissimilar to human
NASH, with observed weight loss rather than obesity, as well as a lack
of insulin resistance and dyslipidemia (Ibrahim et al., 2016).

Compared with humans, rodents synthetize high quantities of
cholesterol and bile acids, and they have faster clearance and lower lev-
els of serum Low Density Lipoprotein (LDL) cholesterol (Straniero et al.,
2020). Subsequently, since mice have very low levels of atherogenic
lipoproteins, unlike humans, they do not develop significant athero-
genic lesions when fed a Western-type high-fat, high-cholesterol diet
(von Scheidt et al., 2017).

Definitely, we currently know much about rodent metabolism but
still lack a comprehensive understanding of the mechanisms under-
lying glucose and lipid homeostasis in humans and the impact of
chronic over-nutrition, as well as human obesity-associated diseases
and responses to nutrition/therapeutic interventions (Lai et al., 2014).

Moreover, Musther et al. (2014) reported an extensive analysis of
the published data to clarify the relationships between human and ani-
mal oral bioavailability. The lack of correlation in this extended dataset
showed that animal bioavailability is not predictive of bioavailability in
humans (Musther et al., 2014).

Animal models with considerable levels of genetic similitude to
humans have been established to investigate the effects of food,
dietary bioactive compounds, and drugs on digestion, absorption, and
intestinal inflammation (Fois et al., 2019). These animal models can
mimic certain aspects of the physiological processes occurring in vivo
and may provide some mechanistic insights into the host-microbiota-
diet interactions. However, there are several important differences
between animal models and human systems, including the anatomy
and physiology of the rodent and human gastrointestinal tract, which
might be shaped by their diverging diets, nutrition patterns, metabolic
demands, and body sizes. For instance, the human stomach is cov-
ered with a glandular mucosa that secretes gastric acid, whereas the
mouse stomach is compartmentalized into two regions, a glandular gas-
tric acid-secreting stomach and a nonglandular or fore-stomach that
functions as a temporary site of food storage and digestion. The aver-
age proportion of the gut surface area and body surface area diverges
substantially between mice and men over different sections of the
gut (Casteleyn et al., 2010; Treuting et al., 2017). For example, the
cecum is larger in the mouse, and it represents an important site for
the fermentation of plant materials as well as for the production of
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vitamins B and K, which the mouse reabsorbs via coprophagy (Treuting
etal, 2017).

These morphologic divergences suggest murine adaptation toward
an increased capacity to extract nutrients from the significatively
higher proportion of indigestible food components in their diet as
compared with humans.

Mice and humans’ gastrointestinal tract also differs in histological
features: For example, the colon of the mouse is composed of thin mus-
cularis mucosae lacking an evident sub-mucosa, while the human colon
is coated with a thicker mucosal wall. Another difference is the limited
presence of transverse folds to the cecum and proximal colon in mice,
whereas these folds are present in humans along the entire length of
colon mucosa (Treuting et al., 2017). These differences in the gut micro-
compartmentalization structure may result in important quantitative
and qualitative divergences in the intestinal microbial communities.
Indeed, only a limited percentage of the microbial genes are shared
between mice and men (Hugenholtz & de Vos, 2018). In humans, three
enterotypes can be detected, whereas only two can be identified in
mice (Hildebrand et al., 2013; J. Wang et al., 2014), and 85% of the
murine sequences concern species that have not been detected in
humans (Ley et al., 2005).

There are also some crucial differences at the cellular level, for
example, the distribution of mucin-producing goblet cells and Paneth
cells that suggest differences in intestinal barrier functions and local
immune responses.

In addition to the anatomy and histology, the gastrointestinal tract
physiology of mice and humans are also different, for example, the
intestinal transit time in mice is up to 10 times as fast as in humans. This
is consistent with the overall metabolic rate, which is roughly seven
times higher in mice, compared to humans (Treuting et al., 2017).

A study by Seok et al. (2013) revealed crucial differences in genomic
inflammatory responses between humans and mice and among genes
changed substantially in humans, and the murine orthologs are not
far from random in matching their human counterparts (Seok et al.,
2013). Considering that inflammation is an essential part of body
defense/healing processes and is involved in several human condi-
tions including obesity, diabetes, atherosclerosis, and cancer, relying
on mouse models to study these conditions and their relations with
nutrition may provide misleading results (Leist & Hartung, 2013).

Significant inter-species differences exist pertaining to vitamins,
amino acids, lipids, and xenobiotics metabolism (Table 1).

Moreover, receptor activation and metabolic enzymes inducibil-
ity by chemical/food compounds substantially differ between animal
models and humans (Hammer et al., 2021).

Zebrafish (Danio rerio) has emerged as a valuable model organ-
ism in nutritional research and for food toxicology assessment (Caro
et al,, 2016; Hou et al., 2023), offering unique advantages in studying
various aspects of human health, including the intricate relation-
ship between nutrition and the human microbiota. The transparency
of zebrafish embryos and larvae facilitates real-time visualization,
enabling researchers to track digestive processes and microbial inter-
actions in vivo. These features have propelled zebrafish into the

forefront of microbiota-related investigations, shedding light on how

dietary components influence microbial colonization and subsequent
host responses.

Although remarkable conservation exists between zebrafish and
human genes associated with nutrient metabolism, gut development,
and immune functions, zebrafish models possess inherent limitations
that warrant careful consideration. Zebrafish have a simplified gut
anatomy and lack certain complexities present in mammalian gastroin-
testinal systems, potentially limiting the direct translation of findings
to humans. Differences in microbiota composition and metabolic path-
ways between zebrafish and humans necessitate cautious extrapola-
tion of results. The microbial diversity and functionality of zebrafish gut
flora differ substantially from humans, potentially affecting the applica-
bility of zebrafish models in elucidating complex microbial interactions
relevant to human health (Lu et al., 2021).

All these differences, together with the requirement to combine or
alter animal models to suit precise nutrition research needs, make the
extensive use of animal models in nutrition research extremely com-
plex, difficult to validate and time-consuming, and the data resulting
from using them still may not consistently translate into clinical out-
comes. Table 2 outlines the key limitations linked with prevalent animal

models frequently employed in nutrition research.

2.3 | Human studies

The human subject is the quintessential model for scientific research
aimed at studying human physiopathology, including research in nutri-
tion. Since research is carried out in humans, clinical nutrition studies
can be promptly translated into public health messages. However,
there are many challenges unique to the field, and it has always been
difficult to study diseases and the effect of therapeutics and/or nutri-
tion in humans in vivo (Hall, 2020). Although strong links between
dietary habits and human health or disease are apparent from tradi-
tional epidemiology, the conclusions of extensive intervention studies
exploring the causality of those relations have frequently proved
unconvincing or have failed to establish causality, including nutri-
tion interventional studies related to diseases (Backlund et al., 2023;
Dominguez-Lépez et al., 2020). This evident conflict may be related
to the well-known difficulties in evaluating nutritional status and
assessing habitual dietary intake that may result in confounding in
observational and intervention epidemiology. Indeed, dietary intake is
usually assessed by self-reported questionnaires, which have intrinsic
limitations (Allison et al., 2015; S. Liang et al., 2022). Moreover, the
background intake and status of a nutrient of interest usually are not
assessed, and this can greatly influence the response being studied
(Weaver & Miller, 2017). The most important drawbacks of traditional
human studies are summarized in Table 3.

3 | NAMs FOR NUTRITION RESEARCH

Recent advancements have brought up an astonishing array of

research tools and approaches that are offering bold new ways to
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TABLE 1 Some of the most important shortcomings of traditional in vitro models.
1 Lacking of biochemical signals from other cells and the extracellular matrix (Di Nardo et al., 2011; Pamies & Hartung, 2017)

Lacking of physical and structural stimuli from the three-dimensional microenvironment (Di Nardo et al., 2011; Pamies & Hartung, 2017)

w

Absence of mechanical stimuli derived from movement and the physicochemical fluxes originating from temperature, concentration, or

momentum gradients (Di Nardo et al., 2011; Pamies & Hartung, 2017)

O 0 N o b

Metabolites and nutrients transport are limited by diffusion (Pamies & Hartung, 2017)

Difficulty in creating and maintaining controlled concentration gradients (Pamies & Hartung, 2017)

Impossibility of providing shear forces to maintain epithelial and endothelial polarization (Pamies & Hartung, 2017)

The microenvironment at the outer circumference of a well in a plate may differ from that at the center of the well (Hartung, 2007)

Lack of well-to-well connections with controlled flow to appropriately model organ- interactions (Pamies & Hartung, 2017)

10 Cancer origin of cell lines: drastic reduction of the expression of organotypic function and favoring of cell growth and division over other
cell functions. Chromosomal aberrations and losses (Hartung, 2007);

absence of specialized cell types that can be differentiated from cell lines (Pamies & Hartung, 2017)

11 Scarce availability of human-derived primary cells and fresh tissues; samples obtainable only through invasive procedures

12 Animal origin of cell cultures: may not reflect human physiopathology (Andersson et al., 2012; Dimitrov & White, 2016; Ginis et al.,

2004; J. H. Kim et al., 2020)

13 The use of animal-derived and chemically undefined ingredients: reproducibility and contamination issues, ethical problems (Cassotta

etal., 2022)

study human diseases and responses in a more human-relevant set-
ting. These techniques include: i. human pluripotent stem cells (PSCs)
and their differentiated derivatives (e.g., organoids), ii. dynamic cell
cultures and OoC, iii. multi-“omics” technologies and approaches
(e.g., transcriptomics, metabolomics, nutrigenomics) deriving from
global analyses of biological samples by high-performing analytical
approaches and databases, and iv. computational models.

Additionally, chemically defined nonanimal alternatives to animal-
derived materials and reagents for in vitro experimentation are becom-
ing more and more available, thus ameliorating the reproducibility of
the experiments and solving both ethical and methodological problems
associated with such materials and reagents (Cassotta et al., 2022).

Broad multi-scale and systems biology approaches are becoming
crucially important as a result of the need to integrate the vast amount
of incoming data. These approaches must consider all the different
levels of biological complexity (including molecular, gene, and cellu-
lar level, organ/tissue, individual, and population level), thus allowing
for the description of adverse outcome pathways (AOPs) as already
envisaged for toxicology (Edwards et al., 2016) and proposed for sev-
eral fields of biomedical research (Hogberg et al., 2022; Langley, 2014;
Langley et al., 2015; Luettich et al., 2021).

3.1 | Human-induced PSCs (hiPSCs) and organoids

Stem cells have the ability to self-renew and differentiate toward com-
mitted progenitor cells and mature specialized cells of multiple organ
systems. They are generally categorized into embryonic stem cells
found in the inner cell mass of the blastocyst, adult stem cells obtained

from adult tissues, and iPSCs reprogrammed from adult somatic cells.

iPSCs not only have the ability to undergo self-renewal and differen-
tiation into any cell type of the body but can be also generated from
quite easily accessible somatic cells, including skin-derived fibroblasts,
blood-derived erythroblasts, or urine-derived epithelial cells (Raab
et al, 2014), and their derivation does not involve destruction of
embryos, thus avoiding ethical problems.

Moreover, there is no dependence on biopsy material derived
from invasive endoscopic procedures. This enables the collection of
source material from both healthy individuals and patients, allowing
the study and the comparison between different genetic backgrounds.
Subsequently, patient-specific iPSCs could provide unlimited disease-
relevant cells in a personalized manner, serving as a valuable supply of
previously inaccessible cell types, including cardiomyocytes (Karakikes
etal.,, 2015), neurons (Alciati et al., 2022), intestinal (Grouls et al., 2022;
Yoshida et al., 2021), hepatic (Inoue et al., 2020; Vallverdu et al., 2021)
and pancreatic cells (Balboa et al., 2021; Choi et al., 2021; Genovaet al.,
2021).

Grouls et al. (2022) used iPSCs-derived intestinal epithelial cells,
grown as a cell layer, to study the effects of the SCFAs butyrate, pro-
pionate, and acetate, on whole genome gene expression in the cells.
Through this study, the authors have confirmed several known effects
of SCFAs on intestinal cells, such as effects on immune responses
and metabolism. The variations in metabolic pathways in the intesti-
nal epithelial cell cultures in this study prove that there is a change in
energy homeostasis, possibly linked to the use of SCFAs as an energy
source by the iPSCs-derived intestinal epithelial cells mimicking in vivo
intestinal tissues where microbiota-produced butyrate is a significant
energy source (Grouls et al., 2022).

However, there are major challenges that need to be addressed to
unleash the full potential of iPSCs. Although cost will likely decrease
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TABLE 2 Some of the most important drawbacks associated with animal models in nutrition research. Some relevant differences between the

most commonly used animal models and human anatomy/physiology are also summarized.

Metabolic divergences

* The overall metabolic rate is roughly seven times higher in mice, compared to humans (Treuting et al., 2017)
 Differences in the metabolism of vitamins: for example, vitamin D (Hurst et al., 2020)
* Vitamin C (Hornung & Biesalski, 2019)

» Differences in the metabolism of LDL (Straniero et al., 2020)

* Bile acids (Straniero et al., 2020)

* Ethanol (Carriganet al., 2015)

* Sucrose and fructose (Baker, 1997)

* Glucose (Laietal.,2014)

* p-carotene and other carotenoids (Erdman et al., 1988; C. M. Lee et al., 1999)

* D-tryptophan and D-methionine (Baker, 1994)

* Drugs and toxic compounds (Leist & Hartung, 2013)

Differences in dietary behaviors

* Coprophagy (Bogatyrev et al., 2020)
* Cage-bedding eating (Gregor et al., 2020)

Differences in the gastrointestinal tract anatomy/histology/physiology

* The mouse stomach is compartmentalized into two regions with different functions (Treuting et al., 2017)

* The mouse cecum represents an important site for the fermentation of plant materials as well as for the production of vitamins B and K
(Treuting et al., 2017)

* The mouse colon is composed of thin muscularis mucosae lacking an evident sub-mucosa, while the human colon is coated with a thicker
mucosal wall (Treuting et al., 2017)

* Limited presence of transverse folds to the cecum and proximal colon in mice, whereas these folds are present in humans along the entire
length of colon mucosa (Treuting et al., 2017)

» Differences in the distribution of mucin-producing goblet cells and Paneth cells

* The intestinal transit time in mice is up to 10 times as fast as in humans (Treuting et al., 2017).

» Zebrafish and fruit flies have a simpler gastrointestinal system than mammals (Lu et al., 2021)

Differences in gut microbiota composition and abundance

* In humans, three enterotypes can be detected, whereas only two can be identified in mice (Hildebrand et al., 2013; J. Wang et al., 2014), and
85% of the murine sequences concern species that have not been detected in humans (Ley et al., 2005)

* Only alimited percentage of the microbial genes are shared between mice and men (Hugenholtz & de Vos, 2018)

* The gut microbiome structure of zebrafish and fruit fly differs significantly from humans

Differences in immune response

* Inbred strains of mice can dramatically skew the immune responses (Khanna & Burrows, 2011)

» Differences between humans and mice are evident across various aspects of both innate and adaptive immunity, such as T-cell subsets,
cytokine receptors, costimulatory molecule expression and function, Th1/Th2 differentiation, Toll-like receptors, the NK inhibitor receptor
families, and so forth (Khanna & Burrows, 2011)

* When sensitized by oral allergens guinea pigs generate anaphylactic IgG1a instead of Immunoglobulin E (IgE) antibodies, which are the main
physiological antibody responses in allergic humans (Fritsché, 2003)

Differences in disease etiopathology

* The disease manifestations in genetically engineered or mutant animals are a consequence of genetic mutations that do not mirror complex
disease etiology in humans (B. Wang et al., 2014)

* Genetic homogeneity of animal models due to inbreeding does not reflect human variability (B. Wang et al., 2014)

* Crucial differences in genomic inflammatory responses between humans and mice (Seok et al., 2013)

* Rodents do not develop significant atherogenic lesions when fed a Western-type high-fat, high-cholesterol diet (von Scheidt et al., 2017)

* Fruit fly models often express only particular components of diseases (Abiola et al., 2023)

General limitations

» Differences in oral bioavailability (Musther et al., 2014)
* Nutrient losses in menstruation (e.g., Fe) and sweat (e.g., Na) occur in humans, but these losses are of little consequence in rodents, pigs, and
dogs (Baker, 2008)

over time and several iPSC lines are commercially available, generating Our ability to generate complex tissues in vitro from human stem
high-quality iPSCs is still expensive and time-consuming, and there is a cells continues to make rapid progress. Three-dimensional-cultured
lack of robust and reproducible iPSC differentiation protocols for the human organoids have become a compelling in vitro research tool
derivation of several cell types (Doss & Sachinidis, 2019). that maintains genetic, phenotypic, developmental, and behavioral
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TABLE 3 Main limitations and challenges of traditional human (in vivo) studies in nutrition research.
1 Bias of self-reported dietary assessment, monitoring compliance with dietary protocols is difficult (Picé et al., 2019)
2 Difficulties in determining the biological effects of foods and their impact on health (Picé et al., 2019)
3 The background intake and status of a nutrient of interest (usually not assessed) can greatly influence the response being studied (Weaver
& Miller, 2017)
4 Ethical constraints: navigating a complex maze of approvals (Weaver & Miller, 2017) and ethics limit the types of experiments and
interventions that can be performed on human subjects, affecting the depth and scope of research
5 Potential for confounding factors: External factors like environmental influences or coexisting health conditions might confound research
outcomes, complicating the interpretation of dietary effects
6 Interindividual variability: Humans exhibit wide variations in genetic makeup, metabolism, and responses to diet, complicating the
generalization of findings
7 Difficulty in isolation: It is intricate to segregate the effects of individual nutrients or dietary components amidst the complexity of a
person’s overall diet and lifestyle
8 Cost and duration: Long-term human studies are costly, time-consuming, and subject to compliance issues, affecting the feasibility of
extensive research
9 Complexity of variables: Human studies involve numerous uncontrollable variables such as genetics, lifestyle, and dietary habits, making it

challenging to isolate specific factors

characteristics of in vivo organs, addressing some of the limitations of
traditional culture systems. An organoid may be basically defined as a
miniaturized organ that can be established from human stem cells in
vitro, including iPSCs, and studied at the microscopic level. Today, we
are able to generate functional cell types or organoids for most organs
involved in nutrient regulation or metabolic organs, including (but not
limited to) the stomach (McCracken et al., 2014; Seidlitz et al., 2021),
intestine (Glinther et al., 2022), liver (Guan et al., 2021; Thompson &
Takebe, 2020), adipose tissue (W. Hu & Lazar, 2022; Mandl et al., 2022),
skeletal muscle (J. H. Kim et al., 2022), pancreas (Hirshorn et al., 2021;
Jiang et al., 2022), brain (Agboola et al., 2021), and heart (Xuan et al.,
2022; Figure 2).

Human intestinal organoids (h1Os) have already been used to model
nutrients transport physiology during digestion and drug uptake and
metabolism (Foulke-Abel et al., 2016; Zietek et al., 2020) and epithe-
lial barrier function (Holthaus et al., 2022; Leslie et al., 2015), as well
as complex human diseases including celiac disease (Dieterich et al.,
2020; Freire et al., 2019) and inflammatory bowel disease (IBD; Sar-
vestani et al., 2021). Pearce et al. (2020) have studied the effects of
SCFAs on biomarkers of intestinal stem cells differentiation, barrier
function, and epithelial defense in the gut using mouse and hlO models,
showing that individual SCFAs are powerful stimulators of cellular gene
expression and cell differentiation (Pearce et al., 2020). Intestinal stem
cell-derived organoids from morbidly obese patients have been shown
to preserve patient-specific obesity-related abnormalities in carbohy-
drate absorption and metabolism, providing an innovative preclinical
platform to understand the physiopathology of obesity, and to analyze
the heterogeneity of obesity mechanisms, as well as to identify novel
therapeutic or nutritional interventions (Hasan et al., 2021). hlOs are
also giving new opportunities to study the influence of diet on tumori-
genesis. Toden et al. recently reported a strong chemoprotective role
of flavan-3-ols (a commercial grape seed extract) in colorectal cancer
by studying hlOs generated from colorectal cancer lesions as a preclin-
ical model system (Toden et al., 2018). Deval et al. (2021) investigated

molecular mechanisms underlying the risk of colorectal cancer from
various carcinogens, including red/processed meat-derived carcino-
gens, by modeling exposure in normal human colon organoids (Devall
etal,2021).

Perlman et al. (2023) used human gastrointestinal organoids and
organoid-derived monolayers to study the effect of malnutrition on the
function of the gastrointestinal epithelium (Perlman et al., 2023).

By selectively limiting different macronutrient components of cul-
ture media, they were able to effectively culture and assess malnour-
ished organoids. This study has shown that the malnourished media
formulations and organoid culturing conditions are achievable and rep-
resent significant features of human malnutrition. This model raises
several possibilities for nutrition research. For example, it would be
possible to examine mechanistic underpinnings of common bacterial
and viral gastrointestinal pathogens that behave differently in obese
or malnourished patients. Moreover, the model could also be used to
target high-impact nutritional supplements that could be provided in
order to reduce morbidity.

hlOs integrated with human intestinal bacterial cells have been
developed. These systems provide a microenvironment to model
intestinal diet-microbiota-host interactions, giving new insights into
the mechanisms by which microbiome dysbiosis and gut microbial
metabolites may prevent or trigger diseases (M. B. Kim et al., 2022;
Rubert et al., 2020).

Human midbrain organoids have been successfully used to study
the association between aging and the gut microbiota-derived metabo-
lite trimethylamine N-oxide (TMAO), derived from choline, betaine,
phosphatidylcholine, and I-carnitine, which are abundant in some foods
such as meat, egg yolks, and dairy products. Midbrain organoid treated
with TMAO displayed aging-associated molecular changes, including
increased senescence marker expression and epigenetic alterations.
Moreover, TMAO-treated midbrain organoids have shown neurode-
generation phenotypes, including loss of dopaminergic neurons, neu-

romelanin accumulation, a-synuclein, and Tau proteins modifications.
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FIGURE 2 Generation of organoids and their possible applications in nutrition research. (a) Organoids can be derived from tissue adult stem
cells as well as embryonic and induced pluripotent stem cells (generated from fibroblasts of skin biopsies). (b) Organoids established in culture can
resemble the basic architecture and biological function of the tissue/organ from which they are derived. Organoids can undergo genetic editing,
aging can be induced, or in the case of intestinal organoids, specific components of the human microbiota can be injected internally. (c) Some
relevant examples of possible applications of organoids to nutrition research and food safety assessment.

These results have suggested a role of TMAO in the aging and
pathogenesis of the midbrain, providing insight into how nutrition
or intestinal dysfunction may increase the risk of neurodegenerative
diseases such as Parkinson’s.

Since organoids recapitulate human development, they can be used
to observe cellular responses to genetic or environmental perturba-
tions at different stages of cellular development and differentiation.
For example, Adams et al. have recently used human cerebral cortical
organoids to study the impact of alcohol exposure on neurogen-
esis. Alcohol-exposed cortical organoids showed compromised cell
growth and viability, characteristic alterations in their epigenomic and
gene expression profiles in regions crucial to neurodevelopment, and
underwent dysfunctional neuronal network formation, mimicking the
developmental neuropathology of prenatal alcohol exposure (Adams
etal, 2022).

The opportunity to genetically modify stem cells that are employed
to establish 3D complex in vitro models will be highly useful in defining
which genes function in which cells to influence phenotype. Advances
ingene editing by TALEN and CRISPR technologies allow us to test both
gain and loss of function for specific genes and organs (De Masi et al.,
2020).

Despite these model systems being very promising, they have still
some critical limitations. An important limitation of organoid-based
models is the lack of a vascular system. In vivo, tissues are perme-

ated with complex vascular networks to allow the exchange of oxygen,

transport of nutrients, waste, metabolites, growth factors, hormones,
and so forth, whereas in vitro, the microenvironment of organoids is
still incomplete, making large sizes and long-term cultures difficult to
maintain. Moreover, current organoids lack some cellular populations
found in the native organ including immune, nerve, and mesenchymal
cells, not being able to completely simulate the in vivo microenviron-
ment of several tissues or diseases. Another important limitation is the
lack of the physiological process of mutual communication between
different organs, so they cannot reflect systemic responses.

However, the field of applications for organoids is rapidly devel-
oping, and there is progress toward more complex and sophisticated
organoid-based model systems. For example, co-culture with mes-
enchymal stem cells, endothelial cells, and specific growth factors on
innovative 3D substrate matrix, as well as 3D bioprinting, allow to gen-
erate latest generation vascularized organoids (Dellaquila et al., 2021;
Ren et al., 2021; S. Zhang et al., 2021). Co-cultures with different cell
types, including immune and nerve cells (Schreurs et al., 2021; Tom-
inaga et al., 2022; Tsuruta et al., 2022), the combination of multiple
organoids or the integration of organoids with missing cell types or pri-
mary tissue explants (assembloids; Kanton & Pasca, 2022; Shek et al.,
2021), as well as approaches to replicate the complex dynamic tissue
environment encompassing continuously flowing fluid systems or to
replicate multi-organ interactions have been established (Park et al.,
2019), for example, fluidic bioreactors or OoC/microphysiological sys-

tems (MPS). An overview of the main current or potential applications

25UB017 SUOWILLIOD 3A1IEB10 3|eatdde aU) Aq pouaA0B a1 Sap 11 WO ‘3N 10 S3|N1 10} ARIGITBUIIUO A3 IAA UO (SUONIPUOD-PUE-SWSIW0Y" 4B 1 AJq]fou|uoy//:Sdu) SUOTIPUOD PUe S | 841395 *[7Z0Z/80/T] U0 ARIqiTauliuO AB11A (0] BANGET) 5Gnopesy Ad 698 Z14/200T 0T/10p/w0d" 8| Aeiqjpuuo//Sdiy o1 popeojuMoq ‘0 ‘6Z78E79Z



10 FRONTIERS

CASSOTTAET AL.

TABLE 4 Anoverview of the main current or potential applications of human induced pluripotent stem cells (iPSCS) and iPSCs-derived
organoids in nutrition research, along with their most important limitations and the possible ways to overcome these limitations.

Examples of applications to nutrition
research

New approach methodology (NAM)

- Studying developmental effects of
nutrients

- Investigating relevant pathogenetic
mechanisms of diet-related diseases:

deciphering risk factors

- Exploring genetic and sex differences,
gene-environment interaction

- Identifying food bioactive compounds;
high-throughput screening for
compounds that can inhibit or
ameliorate diet-related human

iPSCs-derived organoids
(gastro-intestinal, pancreatic, hepatic,
cardiac, etc.)

Limitations Possible ways to overcome

limitations

Cost will likely decrease over
time; iPSC lines are
commercially available;

generating more
characterized and
sophisticated models of
organoids

Generating high-quality iPSCs is
expensive and time-consuming

diseases
- Personalized medicine

- Studying the host-diet-microbiota

relations

of iPSCs and iPSCs-derived organoids in nutrition research, along with
their most important limitations and the possible ways to overcome

these limitations, is presented in Table 4.

3.2 | Multi-compartmental modular bioreactors
(MCMBs)

In an effort to create and optimize more human-relevant in vitro mod-

els and increase predictive capacity, a wide range of in vitro dynamic

Lack of robust and reproducible
iPSC differentiation protocols for
derivation of the several cell types

Organoids represent an early stage - Inducing an overexpression
of embryonic development, while  of aging-related genes (such
many human diseases are as progerin) to recapitualate
late-onset conditions aging and late-onset

diseases
- Direct conversion of aging
donors’ fibroblasts into
specialized cells can help
retain aging-related
transcriptional signatures
(Torrens-Mas et al., 2021)

Combine with patients’ in vivo
and postmortem studies

Organoids may not recapitulate
diseases progression
Gut-organoids: Basal-out structure Utilizing apical-out organoids
may cause difficulties in research (Coetal., 2021)
on the intestinal apical side

Intestinal organoids: - Co-culturing with

- Lack of complex mesenchymal mesenchymal, endothelial,
heterogeneity, architecture, immune, glial, and microbial
vasculature, neuronal connections  cells, adding vasculature
and interaction with immune cells, (Wérsdorfer et al., 2020);
and the intestinal microbial flora - Combining with fluidic

- Lack of adequate oxygen and technologies (Park et al.,
nutrient supply and the 2019)
accumulation of metabolic waste

Random and uncontrolled nature of Better characterization of the
organoids’ growth models and standardization
of culture protocols

fluidic culture systems have been developed. Unlike static culture
conditions, the use of bioreactors carries the potential to achieve a
more tissue- or organ-specific dynamic culture by providing mechan-
ical stimulation, better nutrient transport, oxygenation, and waste
removal.

The MCMB system consists of modular cell culture chambers made
of transparent, flexible bio-compatible silicon polymer, with shape and
dimensions similar to the 24-MultiWells. The modular chambers can

be connected together to a hydraulic circuit that perfuses the culture
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FIGURE 3 Design of a multi-compartmental modular bioreactor system tailored for nutrition research. The modular chambers interconnect
through a hydraulic circuit, circulated by a pump to perfuse the culture medium. This particular setup incorporates three modules representing the
intestinal epithelium, endothelium, and liver. Within this system, a double-flow membrane bioreactor mimics the intestinal barrier, creating two
distinct chambers for evaluating the absorption, metabolism, and biological effects of orally ingested compounds such as food bioactives,

supplements, and food additives.

medium with a pump, in series or in parallel, in order to allow cell-
cell cross-talk or to model in vivo systemic responses, using allometric
design principles (Guzzardi et al., 2011; Sbrana & Ahluwalia, 2012;
Schmelzer & Gerlach, 2016). The membrane bioreactor is a double-
flow system suited to model physiological barriers, which associates
a transwell-like structure with fluidic flow and multi-compartmental
systems. A porous membrane, whose features and permeability may
differ according to research needs, separates the bioreactor into two
individual chambers for dynamic in vitro investigations of nutrients or
drug diffusion through physiological barriers, including intestinal bar-
rier (Cacopardo et al., 2019; Giusti et al., 2014; Lombardo et al., 2021).
These platforms can be employed to assess the passage and biodistri-
bution of orally administered compounds, with high predictability and
reproducibility (Figure 3).

Colombo et al. (2019) used MCMBs to develop a model of human
gastrointestinal tract in order to evaluate the effects of dietary methyl-
glyoxal, an extremely reactive a-oxoaldehyde responsible for the
formation of advanced glycation end-products associated with several
chronic diseases. They found a new role of gastric cells in the metab-
olization of methylglyoxal and other toxic compounds (Colombo et al.,
2019), underscoring the importance of these advanced in vitro systems
as high-throughput compound screening tools in food analysis, drug
discovery, and toxicity tests.

Marrella et al. (2020) have developed an in vitro perfused model of
the small intestinal barrier utilizing a 3D human reconstructed intesti-
nal epithelium incorporated into a fluidic bioreactor mimicking the in
vivo stimuli of the intestinal environment. This platform could be used

as an innovative model of the small intestinal barrier to study the pas-

sage of molecules in both healthy and pathological conditions, as well
as to test the effects of dietary compounds or therapeutics on intestinal
tissue barrier function (Marrella et al., 2020).

Multi-organ platforms supporting the fluidic connection of the gut
compartment and other organs (such as liver, adipose tissue, and kid-
ney) can make these models even more predictive on Absorbtion,
Distribution, Metabolism, Excretion (ADME), pharmacokinetic assays,
and in the study of human disease and the effect of dietary bioactive
compounds.

Connected cultures of hepatocytes, adipose tissue, and endothe-
lial cells in MCMBs have already been successfully used to investigate
the regulation of systemic glucose and lipid metabolism in vitro.
Metabolite dynamics have been analyzed in four different physiological
and pathological conditions including fasting and the postabsorp-
tive state and the postprandial state in type 1 and type 2 diabetes,
respectively. The results demonstrated that connected cultures can
recapitulate complex physiopathological systemic processes includ-
ing the key features of human metabolism and systemic inflammation
in the presence of nutritional overload (lori et al., 2012; Vinci et al.,
2012).

3.3 | OoCs and MPS

OoCs are microfluidic cell culture platforms in which cells are cul-
tured in engineered devices that mimic the key aspects of multicellular
architectures, tissue-tissue interfaces, physicochemical microenviron-

ments, dynamic, flow, and gradients observed in the human body.
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FIGURE 4 Azoom-inschematic shows the structure of an advanced, mechanically active human gut-on-chip. Patient-derived intestinal
epithelium with resident microflora, immune cells, and vascular endothelium are lined on opposite sides of an ECM-coated flexible porous
membrane under fluid flows and peristalsis-like strains. Abbreviations: ECM, extracellular Matrix; hiPSCs, human-induced pluripotent stem cells;

HUVECs, human umbilical vein endothelial cells.

OoCs can be considered miniaturized versions of multi-compartmental
bioreactors.

A wide range of human tissues and organs have been modeled,
including stomach (K. K. Lee et al., 2018), gut (Bein et al., 2018), immune
cells and organs (Morsink et al., 2020), liver (Deng et al., 2019), pan-
creas (Venis et al., 2021; Yin et al., 2022), fat (Pope et al., 2020), heart
(Criscione et al., 2023), brain (Nandi et al., 2022), and blood-brain
barrier (Peng et al., 2022).

Microfluidic intestine-on-chip models have emerged as innovative
platforms to study intestinal functions through the incorporation of
different cell types into the system (Donkers et al., 2021; Marrero
et al.,, 2021). The precise control of differentiation conditions offered
by microfluidic perfusion combined with advanced cell substrates has
great potential for improving stem cell differentiation and maturation
to faithfully mimic in vivo human region-specific intestinal architecture
and cellular and molecular composition (Siwczak et al., 2021).

Human colon-on-chip provides valuable innovative models to study
colonic physiopathology and the effect of drugs or nutraceuticals in
a complex yet controllable manner. A typical colon-on-chip model
includes two parallel channels separated by an extracellular-matrix-
coated porous membrane, allowing cell-cell communications between
epithelium and vasculature. Vacuum channels along with the cell cul-
ture channels enable the application of cyclic stretch to simulate
intestinal peristalsis (Morelli et al., 2023). In more sophisticated gut-
on-chip models, human intestinal epithelium, capillary endothelium,
immune cells, and the microbiota, functionally coexist and interact with
each other (Figure 4).

Although the applications of gut-on-chip models are still at the ini-

tial phases of development, they hold great potential for exploring

the interactions between host, microbiome, and nutrition (Garcia-
Gutierrez & Cotter, 2022; D. Liang et al., 2022; Siwczak et al., 2021; Wu
etal., 2023).

Fluidic flow and peristalsis have been found to be a critical factor in
modulating active host-microbiota interplay (H. J. Kim et al., 2012).

Human gut-on-chip models must accurately reproduce in vivo oxy-
gen concentration gradients to mirror metabolism, gene expression,
and host-microbiome interactions (Chikina & Matic Vignjevic, 2021).
While Grant et al. (2022) described a simple strategy to obtain phys-
iologically relevant oxygen tension in a two-channel human small
intestine-on-a-chip, Liu et al. (2023) recently proposed a gut-on-a-chip
model simulating an in vivo-like controllable oxygen gradients across
the intestinal epithelium to study the effect of Bifidobacterium bifidum
supplementation on IBD. This probiotic supplement, which has already
been shown to aid in the prevention, easing, and treatment of IBD in
humans, has been validated to contribute to the integrity of the intesti-
nal epithelial barrier, by preventing epithelial barrier disruption and
promoting the repair of damaged intestinal epithelial cell monolayers.

A modular, microfluidics-based gut-on-chip model has been recently
used to investigate the effects of SCFAs released by probiotic Lac-
tobacillus rhamnosus on colorectal cancer (Greenhalgh et al., 2019).
In particular, it has been shown that SCFAs and lactate production
were altered by a simulated high-fiber intake, compared to a reference
medium containing only simple sugars. The simulated high-fiber diet
increased the expression of oncogenes and proinflammatory signaling
in the absence of L. rhamnosus supplementation, while in the presence
of the probiotics, both gene clusters were shown to be considerably
downregulated and correlated with a decreased cell proliferation rate

of primary colorectal cancer cells. This study demonstrates the ability
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of gut-on-chip systems to accurately dissect the distinct aspects of the
microbiota-host interaction at the metabolic level.

The microbiota can also be obtained from distinct patients or food
consumers, enabling potentially valuable studies related to personal-
ized diagnostics and treatments (Garcia-Gutierrez & Cotter, 2022).

K. W. Lee et al. (2023) recently suggested the development of
a novel research design using a synthetic bacterial community in
gut-on-chip to analyze bacteria-bacteria interactions and the diet-
microbiota relationship (K. W. Lee et al., 2023). This approach will
allow to discover under-recognized functionalities of food substances
and investigate metabolic interactions in the gut microbiota affected
by dietary patterns. Arranging synthetic gut microflora using various
bacterial species and tailoring these models to match individual gut
microbiome compositions could offer support in creating personalized
food items and nutraceuticals.

Gut-on-a-chip models may prove particularly useful for food safety
assessment (S. H. Lee et al, 2019) as well as for the evaluation
of bioactive components and novel food product development (Wu
et al., 2023). A gut-on-chip model coupled to an ultra-performance
liguid chromatography quadrupole time-of-flight mass spectrometer
has been recently used for alternated analytical evaluations of the
apical and basolateral concentrations of ergotamine epimers, natural-
occurring toxins in food. This study showed for the first time, epimer-
specific ergotamine transport across gut epithelium (Santbergen et al.,
2020).

Recently, a flexible and reconfigurable microfluidic chip has been
successfully tested for human immune cell culture, activation, and
quantification of inflammatory cytokine secretion with the aim of
assessing dietary supplements for anti-inflammatory properties. The
chipincluded three fluidic layers for perfusion, immune cell culture, and
cytokine capture and quantification. The perfusing media were sepa-
rated from the cell culture by utilizing a biomimetic membrane to simu-
late the intestinal epithelial layer. A human peripheral blood monocytic
cell line and its induced macrophages were employed as a model of
immune-responsive cells. The cells were consecutively stimulated by
lipopolysaccharides and two well-known inflammasome-modulating
dietary supplements, that is, curcumin and docosahexaenoic acid
(DHA\). Both curcumin and DHA have shown anti-inflammatory effects
by downregulating the secretion of Tumor Necrsis Factor (TNF)q,
Interleukin (IL)-6, IL-18, and IL-10, demonstrating the potential of this
system for the screening of anti-inflammatory/inflammatory proper-
ties of supplements or dietary compounds (Ramadan et al., 2022).

While fat-on-chip models are very promising to study obesity and
its metabolic comorbidities (McCarthy et al., 2020), liver-on-chip tech-
nology is providing long-term (>1 month) in vitro cultures of primary
human hepatocytes, Kupffer, and stellate cells in 3D constructs that
capture key NAFLD/NASH hallmarks such as intracellular fat accumu-
lation, inflammation, and fibrosis. It could enable the specific mech-
anistic effects of compounds (including dietary-derived compounds)
to be teased out and for models to be easily manipulated to suit
research needs (Kostrzewski et al., 2020). This is very important con-
sidering the scarce clinical relevance of animal models of obesity and
obesity-related pathology, including NAFLD and NASH.

While each OoC is a limited representation of the single organ it
mimics, it can be employed in connection with other OoC systems. As
the human digestive system depends on the full functioning of all its
organs involved, in the same manner, it is possible to establish a com-
plex network of microfluidic systems reflecting the whole path of a
specific administered substance from one organ to the next. With such
tools, it would become feasible to determine in vitro the influences of a
dietary bioactive compound or nutraceutical after its ingestion. Miller
and Shuler (2016) described a human “body-on-a-chip” MPS including
13 multiple chambers representing different organs (Miller & Shuler,
2016). The connection of different OoCs on multi-organs-on-a-chip
platforms, namely, MPS, mimicking the interface and communication
among barriers, parenchymal tissues, and the systemic circulation,
has already offered new chances to study the absorption, distribu-
tion, metabolism, and bioactivity of nutritional compounds in vitro
with unprecedented physiological accuracy (Picollet-D’hahan et al.,
2021).

The complex cross-talk between the gut microbiota and the host’s
immune system unavoidably influences the function of other organs,
creating an “axis” between them. MPS are being developed to reca-
pitulate the gut-microbiota-organ axis (Yuxi Guo et al., 2023). Since
receptors for hormones produced by intestinal enteroendocrine cells
have been identified in the gut and distinct brain regions, and con-
sidering that these hormones have a pivotal role as signaling systems
in satiation mechanisms (D’Agostino & Small, 2012; Neary & Bat-
terham, 2010), MPS could provide, for example, a robust platform
for evaluating the potential of macronutrients as modulators of the
microbiota-gut-brain axis, in order to design functional foods based
in bioactive compounds, which may offer effective, alternative treat-
ments for obesity and/or associated metabolic diseases (Pizarroso
etal, 2021).

Slaughter et al. (2021) developed an MPS consisting of human
hepatocytes and adipose tissue chambers suitable for modeling the
metabolic factors that contribute to NAFLD development and pro-
gression and evaluation of therapeutic compounds (Slaughter et al.,
2021).

By combining hiPSC and OoC technologies, in vitro models can now
be established that integrate the genetic background of complex dis-
eases, the different interacting cell types involved in a specific disease
process, and the modulating environmental factors such as diet-
derived compounds (e.g., gluten) and the gut microbiome (Moerkens
et al.,, 2019; Palasantzas et al., 2023).

Janssen et al. (2023) recently proposed an engineered gut-
immune-skin axis multi-organ-on-chip to better evaluate food aller-
gen sensitization and advance mechanistic insight into the cross-talk
between the gut, skin, and immune cells essential for food proteins
allergy prediction (Janssen et al., 2023).

Although OoC model systems have great potential to expand our
understanding of complex diseases etiology and accelerate the devel-
opment of novel therapies, nutritional interventions, and preventive
measures, there are still some limitations to overcome. While advanced
microfluidic OoCs models can simulate various human phenotypes and

organ responses, they currently fall short of fully replicating all aspects
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of organ tissues. For instance, in current gut-on-chip models, the four-
layered intestinal wall is not entirely mimicked, yet all these layers are
crucial for accurately simulating certain disorders that involve coordi-
nated actions among them. To adequately replicate these disorders, it is
imperative to incorporate all four layers and their defining characteris-
tics into intestinal-organ-on-chips. Hence, enhancing these models by
including additional components becomes crucial for achieving more
sophisticated applications in the future.

Moreover, developing and maintaining OoC models can be techni-
cally challenging and labor-intensive, demanding expertise in micro-
fabrication, engineering, and biology. In addition, the upfront expenses
associated with establishing these systems can be substantial (Candar-
lioglu et al., 2022).

An outline of the current or prospective uses of MCMBs, OoC,
and MPS in nutrition research, their primary limitations, and potential

strategies for addressing these constraints is depicted in Table 5.

3.4 | Omics and multi-omics approaches

Novel high-throughput/high-content techniques, together with the
evolution of new computational models and statistical tools have led
to the opportunity to analyze and filter great amounts of data and
details at the molecular level. Advances in next-generation sequenc-
ing (NGS), mass-spectrometry, nuclear magnetic resonance, high-
throughput platforms, and bioinformatic tools allowed the simultane-
ous comprehensive study of large numbers of genes (genomics), RNA
(transcriptomics), metabolites (metabolomics), proteins (proteomics),
epigenetic factors (epigenomics), lipids (lipidomics), and human micro-
biota (microbiomics) with the ability of merging different types of
“omics” data (“multi-omics” or “system biology”).

A primary objective within nutritional research involves elucidat-
ing nutrition’s role in metabolic regulation and its impact on overall
health. Conventionally, the correlation between nutrition and health
has been explained by the body’s energetic and structural needs
fulfilled by essential nutrients. However, beyond essential nutrients,
foods contain numerous secondary bioactive compounds that play
a role in preventing and potentially treating various chronic dis-
eases. Epidemiological studies have established links between nutri-
tion and the incidence of conditions such as type 2 diabetes (Baleato
et al., 2022; Popkin, 2015), cardiovascular diseases (Becerra-Tomas
et al., 2019; Papier et al., 2023), cancer (Bouvard et al., 2015; Key
et al., 2020), and neurodegenerative disorders. Despite these asso-
ciations, understanding the precise components and mechanisms
underlying their beneficial or detrimental effects remains incom-
plete.

Modern high-throughput omics approaches have revolutionized the
exploration of connections between dietary intake and health out-
comes at a molecular level, accelerating the identification of molecular
events associated with nutritional effects on health or diet-related
diseases (Trujillo et al., 2006).

Nutrigenetics, a field identifying gene variants influencing

responses to nutrients and their connection to disease states, has

gained prominence. NGS enables rapid, cost-effective reading of vast
quantities of DNA or RNA fragments simultaneously, facilitating the
identification of genetic variations. Integrating genetic polymorphisms
into nutritional epidemiological studies has addressed inherent lim-
itations, such as genetic variability impacting nutrient absorption,
metabolism, or elimination (EI-Sohemy, 2007; Gomez-Delgado et al.,
2014).

An example highlighting the synergy between nutrigenomics, NGS
technologies, and precise dietary factors involves the investigation of
coffee’simpact on heart disease (Cornelis et al., 2006). While studies on
coffee’s effects yielded conflicting results—suggesting risk reduction,
neutrality, or increased risk (Ordovas & Corella, 2004)—caffeinated
coffee was found to elevate heart attack risk in individuals with a gene
variant linked to “slow” caffeine metabolism, with no effect on “fast”
caffeine metabolizers (Cornelis & EI-Sohemy, 2007).

NGS and omics-based applications in nutrigenetics offer crucial
insights that will aid clinicians in tailoring personalized nutrition plans
for individuals.

Transcriptomics studies, facilitated by technologies like real-time
Polymerase Chain Reacion (PCR) and RNA sequencing, provide com-
prehensive views of intracellular RNA expression under specific nutri-
tional conditions (Tachibana, 2015; Zhao et al., 2014). Transcriptomics
has been pivotal in investigating the effects of compounds like antho-
cyanins on obesity-associated gene expression in human adipocytes
(Tsuda et al., 2006) and in studying gene expression changes in blood to
explore nutritional influences in human intervention studies (van Erk
etal,, 2006).

Nutriproteomics, a branch of proteomics within nutrition science,
utilizes advanced proteomic technologies to comprehensively analyze
variations in protein expression and function. It investigates how food
components interact with proteins within the body, potentially induc-
ing post-translational modifications that alter their original functions.
Understanding and characterizing these modifications can provide
deeper insights into the interplay between bioactive dietary compo-
nents and diseases related to diet (Ganesh & Hettiarachchy, 2012;
Schweigert, 2007). For instance, nutriproteomics holds promise in
uncovering potential connections between food antigens and autoim-
mune disorders (Vojdani et al., 2020).

The integration of different “omics” layers can be harnessed to
establish a more realistic and multi-tiered view of biological systems
and complex diseases. They have revolutionized the way human dis-
eases are studied, providing a holistic understanding of basic functional
mechanisms, and interactive molecular regulatory information flow for
disease susceptibility, risk, and traits (Chen et al., 2020; Lloyd-Price
et al.,, 2019; Q. Zhang et al., 2022), also allowing for patient stratifica-
tion for treatment and response (C. Hu & Jia, 2021; Mars et al., 2020;
Figure 5).

Leonard et al. (2020) leveraged multi-omics analysis to show
the influence of genetic and environmental risk factors on devel-
oping gut microbiota in infants at risk of celiac disease. Among
their noteworthy findings, the authors found that cesarean sec-
tion delivery was associated with a decreased abundance of

specific gut bacteria and folate biosynthesis pathway and with an
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Genomics Epigenomics Transcriptomics Proteomics Metabolomics
DNA, SNP, DNAm, MRNA, ncRNA, Proteins, Protein Small molecules,
CNV, Rare Histone alternative splicing Expression, PTM profiling in serum,
varlants modifications © ‘ saliva, etc

; %\jﬂ“‘ “\

-Studying the impact of food on
epigenetics, gene and protein
expression

- Deciphering the influence of
genetics and epigenetics on
nutrient metabolism
-Uncovering the molecular
processes driving the development
of diseases linked to diet

-Categorizing patients based on their
response to treatment and individual
risk factors

-Discovering markers indicative of
dietary intake to aid studies in
human nutrition

-Unraveling the structure, variety,
and role of the human microbiome
-ldentifying both genetic and
environmental (dietary) elements
that pose risks

FIGURE 5 Omics and multi-omics approaches along with examples of their possible applications to nutrition research. Studying
comprehensive biological processes holistically demands an integrative approach, combining individual omics data into system biology to spotlight
the interplay between biomolecules and their functions. Abbreviations: CNV, copy number variations; DNAm, DNA methylations; ncRNA,
noncoding RNA; PTM, post-translational modifications; SNP, single nucleotide polymorphisms.

increased abundance of specific microbial metabolites, linked to
alterations that are implicated in immune system dysfunction and
inflammatory conditions.

Moreover, multi-omics approaches can provide unprecedented
insights into species-specific mechanisms of disease pathogenesis.
For example, by combining microfluidic in vitro culture technolo-
gies (colon-on-chip) and multi-omics approach, Tovaglieri et al. (2019)
explained the mechanisms underlying the increased susceptibility of
humans to enterohemorrhagic Escherichia coli (EHEC) infection, com-
pared to mice. In particular, they discovered four human-specific
microbiome metabolites that mediate this effect, preferentially induc-
ing the expression of flagellin, a bacterial protein linked with the
motility of EHEC and enhanced epithelial damage.

Applications of the multi-omics approaches also accelerated
molecular nutrition understanding. Consequently, nutrigenomics has
emerged as an interdisciplinary research field in nutrition science
that aims at clarifying how nutrition can affect human health (Sales
et al.,, 2014). Novel high-throughput “omics” approaches are helping
to understand the links between dietary exposure and health at
the molecular level, from the perspective of personalized nutrition
2019; Valdés et al.,
are very promising for personalized disease-risk stratification, for

(Aruoma et al., 2017). Multi-omics approaches
example, they are being employed to study the associations between
metabolites, novel biomarkers of cancer, and dietary patterns in the
context of colon cancer prevention (Amani Mohammad et al., 2022).
The combination of in vitro complex technologies, for exam-
ple, intestinal organoids, and multi-omics approaches, principally
metabolomics and comprehensive lipidomics, could allow for new

insights into the mechanisms through which nutrient-gene or

microbiome-gut interplay may impact the intestinal stem cell niche.
This could help researchers to understand the role of microorganisms
and gut microbiome-metabolites in personalized nutrition as well as
the initiation, progression, and prevention of diet-related diseases
(Rubert et al., 2020).

Theintegrated use of several “omics” approaches is also enabling the
discovery of new biomarkers correlated with specific dietary intake or
food, significantly facilitating human nutritional studies. To process the
assessment of a person’s dietary intake, and thus elucidate the possible
relationships between diet and disease, relevant and accurate dietary
assessment methods are critical. Dietary biomarkers have emerged
as a complementary tool to the conventional methods in nutrition
research, and in the few past years, metabolomics has arisen as a high-
performance and sensitive approach for evaluating metabolite profiles
resulting from specific dietary intake, as well as for the identification of
new dietary biomarkers (Collins et al., 2019).

Dietary biomarkers may allow to accurately and objectively eval-
uate food intake by measuring urine/fecal/blood metabolites thus
avoiding the biases that self-reporting of food consumption may intro-
duce. There are various metabolomics and proteomics studies that
have identified candidate biomarkers for distinct dietary behaviors and
for several kinds of foods, including vegetables, fruits, and meat. Some
studies have also described metabolites linked to particular dietary
patterns (Coras et al., 2020), such as high-fat diet and Mediterranean
or Western diets. The discovery of food biomarkers is in progress; how-
ever, several results are just associations, and they lack the desired
validation including dose-response studies.

The application of biomarkers in nutrition research will be very

important in the near future to improve the assessment of dietary
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intake, to classify individuals into consumers/nonconsumers of
specific foods, or into dietary patterns. Food intake biomarkers can
also play a role in assessing compliance with dietary interventions, as
well as in providing information on interindividual variations in dietary
responses (McNamara & Brennan, 2020).

The progress of high-throughput NGS technologies has enabled
omics investigation at single-cell resolution. For example, single-cell
transcriptomics has emerged as an innovative approach to decompose
tissues into different cell types for the study of transcriptional profiles
of individual cells. The expanding role of single-cell RNA sequencing
in nutrition research may decipher the variation of cell specifications
for diet interventions and comparing healthy and disease-associated
tissues at single-cell resolution, with an ultimate goal to enhance our
understanding of the links between diet and health. Using single-cell
transcriptome analysis of epithelial cells from human ileum, colon,
and rectum, Wang et al. (2020) revealed different nutrient-absorption
preferences in the human large and small intestine, providing a great
potential for further characterization of human intestine cell consti-
tution and functions. By comparing the transcriptomes of human and
mouse ileum epithelial cells, the authors also found dissimilar gene
expression patterns in human and mouse ileum (Wang et al., 2020).

In recent years, with the advancement of high-resolution and accu-
rate mass spectrometry, also metabolomics entered a new “era,”
promoting its broader applications in nutrition research. Li et al.
(2022) recently discussed the emerging roles of next-generation
metabolomics, including single-cell metabolomics, in advancing our
understanding of critical care nutrition, such as metabolic mecha-
nisms of nutritional therapies, nutritional deficiency risk evaluation,
and novel nutrition target identification (Li, Tong, Chen, Sun, & Wang,
2022).

The application of the omics approach to single cells has developed
into a new and exciting field of research where multi-omic layers of
DNA, RNA, proteins, methylated DNA, or metabolites can be simul-
taneously profiled in the same cell to analyze the causal mechanisms.
Sequencing of bulk tissues is being replaced by single-cell multi-omics,
where physiopathological processes can be dissected at single-cell res-
olution, enhancing our understanding of the cellular characteristics
and population architectures of heterogeneous tissues. This can pro-
vide snapshots of the relationship between these multi-omic molecular
layers and the complexity encompassing different levels of biolog-
ical organization. Although single-cell omics has a broad array of
applications in biomedical research to compare healthy and disease-
associated tissues, this approachis still inits infancy in nutrition science
and food toxicology (X. Wang et al., 2024).

Despite the omics and multi-omics approaches bringing great
opportunities for nutrition research, there still remain several chal-
lenges that require attention to realize the full potential of combining
high-throughput data obtained from different molecular layers. These
challenges comprise the heterogeneity among omics technologies, the
handling of missing values, the difficulty of interpreting multilayered
systems models, and the issues pertaining data annotation, storage,

and computational resources (Tarazona et al., 2021).

3.5 | Computational models

Computational models (also known as in silico models) combine
mathematics and computer science methods. They include, but are
not limited to, machine learning (ML), artificial intelligence (Al), and
quantitative structure-activity relationships (QSAR) models. The use
of computational modeling and simulation has expanded in many
fields, including nutrition research. A great variety of computational
modeling approaches have been applied to broad-ranging biologi-
cal levels of organization, from molecules to human organisms. The
processes that can be modeled comprise molecular interactions, sig-
naling and metabolic pathways, cell growth, anatomical structures, and
physiological processes. Moreover, computational tools can support
complex in vitro models for system-level understanding of complex
processes and/or for human-relevant in vitro-in vivo extrapolations
(Algharably et al., 2022; Andreoni et al., 2014; Casas et al., 2022).
Computational modeling approaches are essential for quantitatively
analyzing OoC systems and predicting their complex responses (Sung,
2022).

Therefore, computational approaches vary broadly with application.

Nutritional science is currently undergoing a data explosion as a
growing number of studies are integrating methods from genomics,
transcriptomics, proteomics, metabolomics, and so forth. Accordingly,
an important challenge for nutrition research is to connect high-
dimensional datasets that are collected at vastly different spatial,
temporal, and dimensionality scales. Computational modeling provides
a means to formulate novel solutions to such systems-level problems,
allowing to analyze/integrate great amounts of multi-dimensional
datasets, and/or massively interacting systems, such as the relationship
between nutrients, human microbiome, metabolism, immune response,
health, and disease (Allison et al., 2015; Verma et al., 2016).

In silico tools have been utilized to model the digestion and absorp-
tion of several drug molecules, and they can be applied also to
nutrients, including lipophilic micronutrients, taking into consideration
the parameters as human digestion conditions or food matrix (Marze,
2014). Computational modeling of digestion is a promising tool to
advance our understanding of the interactions between diet and the
comprehensive functioning of the human gastrointestinal tract and
post-absorptive processes. In the same way as drugs, the dose and
timing of nutrients entering the bloodstream during digestion have sig-
nificant metabolic repercussions. Examples comprise both harmful and
beneficial consequences, for instance, the enhanced risk of type 2 dia-
betes for diets with high glycemic index (Bhupathiraju et al., 2014),
or the stimulation of muscle proteins synthesis over a threshold of
leucine in the bloodstream (Rieu et al., 2006). Computational models
can be employed to address the variety of the processes that take place
during digestion and could be very important for predictive purposes.
This has already occurred in the field of pharmacology, where the con-
cept of “in silico clinical trials” has developed as a novel approach in
drug regulatory procedures (Pappalardo et al., 2019; Zhuang & Lu,
2016). Advancing toward establishing models of nutrient digestion and

absorption could help predict the metabolic responses to nutritional
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compounds, diet, and nutritional interventions (Le Feunteun et al.,
2020).

Computational tools such as DIANA-mirPathv3 software can enable
a holistic integration of interconnected aspects, including nutritional
components, metabolic pathways, and physiopathological processes,
providing the foundation for hypotheses to plan experimental studies
for novel therapies or interventions (Carotenuto et al., 2016; Vlachos
etal, 2015).

Pirim and Dogan (2020) used in silico tools to identify the puta-
tive roles and possible implications of selected Xeno-miRNAs in human
diseases. They found that 13 human genes were shared targets of
the miRNA groups sorted by species and brought proof of correla-
tions with several cancer types, specifically in colon adenocarcinoma
by Ingenuity Pathway Analysis. miRNA functional enrichment analy-
sis also emphasized the putative implications of the dietary miRNAs in
cancer pathways. This study provided in silico evidence for the involve-
ments of animal-derived dietary miRNAs in cancer-related pathways,
bringing to light the need for future study design to explore the roles
of dietary Xeno-miRNAs in cancer and nutritional interventions for
cancer prevention and management.

The development of in silico models is vital to understand and
predict the complex human host-microbiota interaction and environ-
mental factors involved. Heyde and Ruder (2015) created a unique
in silico tools of a living intestinal microbial community, engineered
with synthetic biology, that interacts with a biomimetic, robotic host.
By modeling and computationally mimicking engineered gene cir-
cuits in these microbiota communities, the authors replicated complex
behaviors in the host (Heyde & Ruder, 2015).

Computational models integrated with high-throughput data
(metagenomics data) of individual microbiotas from IBD—patients
and healthy subjects, with genome-scale metabolic models, have been
proposed for predicting personalized dietary treatments for Crohn’s
disease (Bauer & Thiele, 2018).

The QSAR, a quantitative method used to describe the structure-
activity relationship of compounds, has been widely employed in drug
design, material science, and chemistry and is beginning to be used in
nutritional science. For example, QSAR has been employed to discover
and screen food-derived bioactive peptides (W. Bo et al., 2021; Song
et al., 2023) and can be used to assess toxicity and functionalities of
food ingredients, as well as in the development of food supplements
(Karetal., 2017).

ML and Al combined with human-derived toxicological big data
could be valuable tools for food safety assessment (Coecke et al., 2022).
A recent study proposes the development, and further training, of a
read-across structure-activity relationship, using an ECHA database.
The authors suggested that this model had better reproducibility than
animal tests (Luechtefeld et al., 2018).

Digital twin (DT) technology is emerging as a transformative force in
healthcare systems, revolutionizing the way patient care is delivered.

DT is a virtual replica of living or nonliving physical entities, which

can be used to simulate their behavior and performance in real time.

Functioning as a dynamic concept, DT embodies a virtual replica of
human organs, tissues, cells, or microenvironments that continually
adapts to real-time data variations and predicts corresponding future
scenarios (Vallée, 2023).

DTs enable healthcare providers and researchers to gather and
analyze a large amount of patient data from different sources, includ-
ing electronic health records, wearables, and medical devices (Armeni
et al., 2022), representing a great opportunity for nutritional science
innovation.

The tool can correctly predict new independent data, including, for
instance, hepatic glycogen and gluconeogenesis, and quantify person-
alized expected differences in outcome for any diet (Silfvergren et al.,
2021).

By leveraging advanced analytics, real-time data integration, and
virtual simulations, DTs allow for a holistic view of the patient, leading
to personalized treatments or nutritional interventions, considering
individual characteristics, real-time physiological data, and medical his-
tory. DT technology could predict the risk of nutrition-related diseases,
for example, diabetes or cardiovascular conditions in a personalized
manner, based on individual genetics, dietary habits, lifestyle, and other
factors. This information could then be used to develop a personalized
prevention plan, which could include changes in dietary habits, food
supplements, and so forth.

One of the most promising applications of DTs in nutrition science
is in the field of diabetes research. In 2019, Shamanna and his team
published a study on the use of DTs to predict the progression of
type 2 diabetes. The study used data from over 1000 patients, includ-
ing their genetics, medical history, and lifestyle factors, including diet.
The researchers then created personalized DTs for each patient, which
were used to simulate the progression of their disease over time. The
DTs were able to accurately predict the progression of diabetes in over
80% of cases, and they identified several key risk factors that were
previously unknown. This information could be used to develop more
effective prevention and treatment strategies for diabetes patients
(Shamannaetal.,, 2021).

Wageningen University recently completed a DT project in
metabolic health. The aim of the project called “Me, my diet and 1"
was to develop a personalized DT that can predict changes to an
individual’s blood values such as glucose and triglycerides to provide
dietary advice with the goal to reduce cardiometabolic disease risk
(Knibbe et al., 2022).

The main limitation of computational models is that they are depen-
dent on the data they are trained on or are called upon to analyze, their
value depends on the quality of the data, and their performance will
degrade if they are not regularly updated. Consequently, feeding and
updating these models using novel, emerging, human-relevant data are
crucial.

Some examples of possible applications of omics/multi-omics
approaches and computational models to nutrition research, their
main limitations and possible ways to address these limitations are

summarized in Table 6.
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TABLE 6 Examples of possible applications of omics/multi-omics approaches and computational models to nutrition research, their main
limitations, and possible ways to address these limitations.

NAM Examples of applications to nutrition research Limitations Possible ways to overcome
limitations
Omics/multi-omics - To define the molecular mechanisms underlying Integration of different omics Establishing committed consortia with
approaches (e.g., diet-related diseases pathogenesis datasets is a challenging task a multi-disciplinary approach (e.g.,
transcriptomics, - Defining genetic and environmental (dietary) risk that relies heavily on data joining molecular biology and
metabolomics, factors mining and machine learning bioinformatics expertise
nutrigenomics) - Patient stratification for treatment and response (ML) algorithms (Krassowski et al., 2020)

(C.Hu & Jia, 2021; Mars et al., 2020)

- Finding biomarkers for dietary intake to facilitate
human nutritional studies (Collins et al., 2019)

- Disentangling the composition, diversity, and
function of human microbiome

(https://hmpdacc.org/)
Missing data: Due to either Recent methodological developments
cost, instrument sensitivity, in artificial intelligence (Al) and
or other experimental statistical learning have greatly
factors, data for a biological facilitated the analyses of
sample may be missing for multi-omics data (Flores et al.,
one or more omic layers 2023)
Computational models - Modeling molecular interactions, signaling and Results based completely on Updating models using novel,
metabolic pathways existing knowledge and input emerging, human-relevant clinical
- To support complex in vitro models for data and preclinical data

system-level understanding of complex processes

- In vitro to in vivo extrapolations

- To analyze/integrate multi-dimensional datasets

- Analyzing the relationship between nutrients,
human microbiome, health, and disease (Allison
etal,2015; Vermaetal., 2016)

- Modeling the digestion and absorption of several
drug molecules and/or nutrients

- “Inssilico clinical trials” for regulatory procedures
(Pappalardo et al., 2019; Zhuang & Lu, 2016)

- To predict the metabolic responses to nutritional
compounds, diet, and nutritional interventions
(Le Feunteun et al., 2020)

- QSAR: To understand and predict complex human
host-microbiota interactions (Heyde & Ruder,
2015); discovering and screening of food-derived
bioactive peptides (W. Bo et al., 2021; Song et al.,
2023); assessing toxicity and functionalities of
food ingredients

- To develop food supplements (Kar et al., 2017)

- ML and Al: food safety assessment (Coecke et al.,
2022)

- Digital twins: food safety assessment,
personalized nutrition, disease prevention

Performance impaired by
low-quality data

Abbreviation: QSAR, quantitative structure-activity relationships.

36 | AOPs This has given rise to the concept of AOPs, which is a linear sequence of
events, including a molecular initiating event (MIE) induced by a stres-

The science of toxicology and risk assessment is currently undergoing sor that interacts with a molecular target, followed by intermediate key

a paradigm change moving away from the use of apical toxicity end- events (KEs) at the cellular level, and eventually resulting in an AO at an

point in animal models, such as organ pathology, to an approach that is organism or population level (Ankley et al., 2010).

more reliant on understanding the mechanism of action underlying the The development of AOPs facilitates the gathering of mechanis-

adverse outcome (AO) in humans (National Research Council, 2007). tic information in an organized way, to help establish fundamental

25U01] SUOWILLIOD) AR 3| (ddle aU) Aq pauiA0B 21 SBPILE O ‘88N J0 S3IN. 10} AZeIq1 8UIIUO 43| U (SUOIIPUOD-PLEE-SWULIR}WI0D"AB] 1M ARe.q 1 UI|UO//:ScIL) SUOTIPUOD PLE SULB | 3L 305 *[r20Z/80/¢T] UD ARIqITBUIIUO AB|IM (-0Ul RANGET) 3GNopea Aq 69 ZH}/200T OT/10p/LI0Y" &3] v ARG [puI|UO//'ScY L1 PAPRO|UMOQ ‘0 ‘62Y8EVIZ


https://hmpdacc.org/

RONTIERS

20

CASSOTTAET AL.

relations between the molecular/cellular events that lead to adverse
effects and allow to identify critical data gaps in understanding these
pathways.

As proposed by Blaauboer et al. (2016), these new toxicological
approaches can be applied to foods and food ingredients, providing
an opportunity for integrating data from studies on food substances,
from novel advanced in vitro systems, in silico, and human studies, and
for developing a mechanistic understanding that can be applied to risk
assessment. These approaches should be used that provide relevant
information for the mechanism of action in humans.

The development of AOP networks has been suggested not only
to enhance understanding but also to predict AOs in the field of risk
assessment, research, and regulatory decision-making (Knapen et al.,
2018; Villeneuve et al., 2018).

Since consumers are increasingly exposed to novel proteins or
protein-containing products, the AOP framework could be useful to
support acomprehensive and human-relevant risk assessment comply-
ing with the European “Novel Food” law, for example, to assist in the
prediction of the risk for food allergy development. This could be done
by harnessing the considerable body of (human) in vivo and in vitro data
describing molecular and cellular events potentially involved in food
sensitization (van Bilsen et al., 2017).

Importantly, the AOP concept has been more recently recom-
mended as a tool for mapping the perturbation of normal human
physiology during disease development (Langley et al., 2017; Marshall
et al, 2018). In particular it has already suggested for the descrip-
tion of critical endpoints in the human pathogenesis of COVID-19
(CIAO-Covid, 2020) and Alzheimer’s disease (Tsamou et al., 2021).

A disease AOP, similarly as AOP in toxicology, describes a sequence
of causally related KEs triggering downstream effects at different bio-
logical levels and provides strong mechanistic bases for preventive,
diagnostic, and therapeutic interventions. The key steps are similar,
although the MIEs may be different. For example, analogously as for
chemical perturbations, food and/or microbiota-related factors may
trigger a disease process. Through an AOP conceptual framework, it
could be possible to congregate existing knowledge about signaling
pathways that are perturbed during the different stages of a spe-
cific disease and to link genetic determinants and lifestyle factors,
including dietary habits, with adverse health effects (Pistollato et al.,
2015).

The AOPs framework, fed by the ever-increasing amount of human-
relevant data coming from novel in vitro and in silico tools, as well
as in vivo human studies, represents a great opportunity to support
food safety assessment processes and to advance biomedical research,

including nutrition research.

4 | DISCUSSION

It is now clear that traditional animal and cell culture models may not
be reliable for studying complex pathophysiological aspects of human
diet-related diseases, for designing effective therapeutic interventions

or for food safety assessment. This deep gap in translational research

highlights the necessity for a paradigm change in nutrition research,
from animal models and suboptimal in vitro cell systems, toward amore
reliable and reproducible human conceptual framework.

Importantly, opportunities for using NAMs have been highlighted in
recent European Food Safety Authority (EFSA) risk assessment guide-
lines. Moreover, EFSA’s 2027 Strategy encourages a more regular
reliance on NAMs in support of food safety assessments, recogniz-
ing the need for paradigm evolution and guidance from apical effects
measured in animal studies to use NAM-based results in food risk
assessment (Cattaneo et al., 2023).

Additionally, the introduction of novel protein sources into the
human diet, including recently developed original foods or foods pro-
duced by means of new production processes or technologies, (e.g.,
algae, insects, duckweed, creates the opportunity for the development
of new food-associated health risks, and this in turn is creating the
necessity to develop and apply human-relevant test methods suitable
for characterizing the allergenic potential of novel foods.

Here, we have detailed some of the most promising nonani-
mal NAMs that can be leveraged to explore cellular and molecular
mechanisms related to dietary-associated diseases, nutraceuticals,
effective preventive strategies, and food risk assessment, toward
a more human-based conceptual framework, as already happening
in toxicology and regulatory testing (Fischer et al., 2020; Krewski
et al,, 2010). The envisioned human-oriented framework will not only
improve human relevance and translatability but also contribute to the
reduction/replacement of animals traditionally employed in nutrition
research. Currently, in Europe, about 45,000 animals per year are used
only for regulatory testing in the food sector (de Boer et al., 2020). In
this epoch of growing concern for the ethical justification of the use
of animals in research, it is vital to consider not only the methodolog-
ical dimensions but also the ethical implications of the use of sentient
beings in nutrition research, in line with the Directive 2010/63/EU
on the protection of animals used for scientific purposes, whose ulti-
mate aim is to replace all animal research with nonanimal methods
(EuropeanParliament, 2010, Recital 10).

On December 2022, the FDA Modernization Act 2.0 was signed
into law. The law fundamentally negates the Federal Food, Drug, and
Cosmetics Act of 1938, which mandated animal testing for every new
drug development protocol. Since this bill allows companies to sub-
mit nonanimal data employing alternative methods to demonstrate the
safety and efficacy of investigational drugs prior to human trials, it is
expected that it will facilitate the adoption of nonanimal NAMs (Han,
2023).

However, one of the biggest barriers to extensive NAMs adoption
seems to be associated with biases, for example, most scientists who
submit a grant application or paper based on in vitro findings usually
expect to find at least one reviewer who asks that supplementary ani-
mal experiments be performed to validate their results before the work
could be suitable for publication or funding (Ingber, 2020). The so called
“animal-methods bias” in scientific publishing is a recently defined kind
of publishing bias describing a preference for animal-focused meth-
ods where nonanimal human-based NAMs may already be suitable or

where they may not be necessary, which influences the likelihood or
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FIGURE 6 Schematic view of how human-based new approach methodologies (NAMs), technological approaches, and readouts can be applied
in nutrition research to promote a systems biological understanding of human health and disease. Abbreviations: GWAS, genome wide association
studies; iPSCs, induced pluripotent stem cells; MCMBs, multi-compartmental modular bioreactors; MPS, microphysiological systems; MRI,
magnetic resonance imaging; OoCs, organs-on-chip; PET, positron emission tomography.

timeliness of a manuscript being accepted for publication (Krebs et al.,
2022).

As described by Ingber (2020), “the problem mainly lies in the fact
that many animal models are physiologically irrelevant when consid-
ering human disease, and thus, demanding use of a poor animal model
for the sole sake of satisfying Reviewers should be discouraged.” The
author suggested that given recent advances in OoCs technologies,
these innovative tools provide more physiologically and clinically reli-
able in vitro preclinical models for assessing both physiopathology and
pharmacological responses than many animal studies (Ingber, 2020).

However, it is important to note that OoCs, iPSCs-derived human
organoids, and other sophisticated cellular models—while addressing
human relevance—would still constitute the lower scale/level of “wet
lab” research. Therefore, computational approaches together with
global epidemiological datasets represent the key tools necessary to
account for higher scale/level and to determine systemic correlations
among diet, health, and disease. In this regard, it should be consid-
ered that the progress in NAMs, including in vivo imaging technologies,
omics approaches, and the discovery of new biomarkers of dietary
intake, are increasingly facilitating human in vivo studies (McNamara
& Brennan, 2020; Senekowitsch et al., 2022).

The feasibility of the envisioned human-oriented strategy in nutri-
tion research necessarily requires the integrated application of dif-
ferent NAMSs, approaches, and readouts, accounting for different
levels of biological complexity, from molecular/gene level to organ-
ism/population scale (Figure 6).

This consequentially requires several fields of expertise and labo-

ratory facilities: The creation of a collaborative scenario is needed to

determine the complex relations between human health and diet and
for food safety assessment.

Clearly, we recognize that some forms of animal testing will be prob-
ably carried out for many years to come, in order to cross-validate
NAMs results with human data and to gradually persuade animal
researchers and regulatory scientists of their value.

Obviously, currently, no NAM taken individually constitutes an ideal
model, and we know that a perfect model does not exist; however, using
NAMs in an integrated or tiered way (Andersen et al., 2019) and in
combination with human observational and intervention studies would
greatly benefit nutrition research. It should also be considered that
while we have seen a rapid evolution of NAMs, in a manner incompa-
rable to that of animal models, and that NAMs have great development
potential, it has been suggested that animal models can be improved
only to a limited extent, and they can never be completely externally
valid due to the uncertainty introduced by animal-human species dif-
ferences (Pound & Ritskes-Hoitinga, 2018). It is not possible to change
the biology of the mouse, which however humanized and perfected will

always remain a mouse.

5 | CONCLUDING REMARKS

Human stem-cell in vitro models, OoC and MPS, high-throughput
“omics” readouts, in silico/computational models, together with data
obtained from meta-analysis of observational and interventional stud-
ies, and the description of AOPs, are among the ideal tools to eluci-

date the complex relations between nutrition and human health and
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disease, accounting for multiple levels of complexity, from popula-
tion/individual level down to molecular level. The extensive adoption
and further development of human-based NAMs would allow a better
understanding of human nutritional pathophysiology and the devel-
opment of more effective targeted therapeutic or preventive inter-
ventions while helping in reducing the number and replacing animals
employed in nutrition research and food safety risk assessment. Since
consumers are increasingly exposed to novel food products, these tools
and approaches may prove particularly useful to support research in
this emerging field.
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