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ABSTRACT

Limiting animal experiments is essential for ethical issues and also because scientific evidence
highlights the discrepancies between human and animal metabolism. This review aims to provide
a critical discussion of the strengths and limitations of the most appropriate in vitro intestine
model to answer complex research questions in pharmaceutical and nutraceutical fields. This
review describes the components contributing to the definition of the gut barrier structure, from
the outer mucus layer to the inner part of lamina propria, including endothelial and neuronal
networks. We conclude that the main advantage of these co-culture models is their versatility
since they are modulable systems in which each component can be added, changed, or removed
to reproduce a specific physiological condition each time. Additionally, we compare intestinal
organoid models and microfluidic systems with well-established co-culture models.

Introduction

Although societal trends call for animal-free experi-
ments, in vivo models continue to be the gold standard
for the assessment of toxicity and efficacy evaluation in
the drug development field. Many pharmaceutical com-
panies are directing research toward the development
of in vitro models to replace animal studies [1]. To sup-
port this trend, in 2022 the US. Food and Drug
Administration (FDA) é passed the FDA Modernization
Act 2.0, which allows for the use of new approach
methodologies (NAMs) to reduce or replace animal
testing [2]. It is expected changes will be achieved
gradually and only over several years. To reduce animal
testing, in vitro models strictly simulate human physiol-
ogy and reproduce the most important biological pro-
cesses related to health and disease conditions. During
the last decades, complex in vitro models have been
set up by the co-culture of different cell lines that
communicate with each other through synthetic sup-
ports, such as transwell membranes or scaffolds [3].
Most of the in vitro models currently available focus on
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the intestine because it is a key organ in human met-
abolic processes. Indeed, the absorption and permea-
bility of compounds across the intestinal barrier are
key prerequisites in preclinical studies. In Figure 1, the
key elements defining the gut environment are depicted
from the inner cavity of the gut (such as the lumen)
outwards. The gut lumen harbors microorganisms that
define the commensal gut microbiota, while a mucus
layer separates the microbes from a monolayer of intes-
tinal epithelial cells. The mucus layer could be defined
as the first layer of the intestinal barrier that, together
with the other components below, is responsible for
the selective absorption of nutrients, and secretory cells
release specific compounds to protectagainst:toxins,
pathogens, foreign substances, and food antigens.
Underneath the intestinal epithelium, we can find the
lamina propria, a slender layer of connective tissue har-
bouring the mucosal immune system [4], the endothe-
lial system directly related to the transport of nutrients
or inflammatory molecules (Gut Vascular Barrier) [5],
and the neuronal network that defines the Enteric
Nervous System (ENS) [6].
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Figure 1. Description of intestinal epithelial barrier. Schematic representation of Intestinal epithelial barrier. On the top, the intestine
lumen is populated by the gut microbiota, which could be considered as the rst element of gut barrier. Bacteria are harbored in
the lumen and however, a relevant portion of them adheres to the mucus layer. The second component of gut barrier (green area)
is the mucus layer, mainly composed of glycoprotein, which has the role of avoiding the direct contact between microbiota and
intestinal epithelium. The key component of gut barrier is the intestinal epithelial monolayer composed of several specialized cyto-
types, enterocytes with adsorptive function, enteroendocrine cells producing hormones, Tuft cells with immunological and
anti-parasitic functions, Paneth cells, the intestinal stem cell niche, and Goblet cells specialized in the production of mucus layer.
These cells are sealed together leading to a physical separation of lumen from vascular system. However, several classes of molecules
(i.e., nutrients, microbial antigens and metabolites, cytokines) could be transported from the lumen to the systemic circulation. Under
the gut epithelium there is the lamina propria (light-yellow area), a thin layer of connective tissue containing cells of mucosal
immune system (i.e., macrophages, monocytes, lymphocytes, and dendritic cells) involved in the immunological response by produc-
ing both anti and pro-in ammatory molecules, endothelial cells de ning the Gut Vascular Barrier (GVB) and the enteric neurons

forming a neural network called Enteric Nervous System (ENS). The gure was created using BioRender (www.biorender.com).

The intestinal epithelium represents the first defen-
sive mechanism for the immune system. Thus, the
alteration of gut barrier permeability, also known as
“leaky gut’, was related to the onset of several dis-
eases. A leaky gut is characterized by permeable tight
junctions that cause the undesired flow of molecules
into the blood [4].

The purpose of this review is to provide an up-to-
date summary of the currently available in vitro intesti-
nal models. We aim to provide a tool that researchers
and experts can use to rapidly select the most suitable
model for the evaluation of a specific biological activ-
ity. In addition, this review also offers a comparison
between in vitro 2D models and model systems with
more complex architecture (i.e. organoids), highlighting
their pros and cons from an applicative point of view.
In Table 1, the key features of the various in vitro mod-
els are described in the following, together with the
key targets and the typical biological assays used to
assess their functionality.

Basic model of intestinal barrier

Caco-2cells are one of the leading models for repro-
ducing intestinal epithelium in vitro. In this cell model,

epithelial cells were isolated from colorectal adenocarci-
noma, and Caco-2 cells are usually used for evaluating
the ability of chemicals, drugs and food components, to
cross the intestinal barrier and also for studying their
biological mechanisms. The use of the Caco-2 cellular
model as a permeability assay has been used to predict
oral absorption in humans, and its importance as a
screening tool in drug-discovery strategies to predict
intestinal drug permeability has increased [7,8]. Caco-2
cells spontaneously differentiate into a monolayer
expressing typical specific characteristics shown by
mature enterocytes in a microvilli structure, represent-
ing the main intestinal cytotype of the gut epithelium
and are one of the most used models to study the
adsorptive process [9]. As shown in Figure 1, the intes-
tinal epithelial monolayer consists not only of entero-
cytes but also enteroendocrine cells acting as food
chemo-sensors and hormone producers [10]. Tuft cells
operate as sentinels with immunological and anti-
parasitic functions [11], Paneth cells which define the
intestinal stem cell niche [12,13] and Goblet cells, spe-
cialize in the production of a mucus layer covering the
epithelial barrier [14]. These cells are sealed together,
leading to a physical separation of the lumen from the
systemic circulation, in which several kinds of molecules
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Table 1. Summary of speci c-gut model-related outcomes.
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Main outcome(s)

In ammation Permeability
Lucifer ~ Fluorescein Tigh
Intestinal NFkB NO Cytokines ~ VCAM-1 Yellow isothiocyanate  Junction Other speci ¢
models pathway production pattern  production TEER  assay dextran expression outcome(s) Target diseases  Ref
Basic X IBS, IBD and [19]
leaky
gut-related
diseases
Mucus- X X X Mucin production IBS, IBD and [21,22]
secreting leaky
gut-related
diseases
Vascularized X X X X Expression of IBD and leaky [5]
V V V V speci ¢ gut-related
endothelial diseases
markers
(Endothelial
adhesion
proteins and
Dipeptidyl
peptidase 1V)
Enteric X X X Neurotrasmitters IBS, Alzheimer [72-74]
nervous production and
Parkinson
Hormene- X X X X X X X X Hormone(s) Metabolic [61]
secreting production diseases

X Can be performed.

could be transported (i.e. nutrients, microbial antigens,
metabolites, and cytokines, among others). Outwards,
there is a thin layer of connective tissue that is defined
as the lamina propria and contains the cells of the
mucosal immune system (i.e. macrophages, monocytes,
lymphocytes, and dendritic cells) responsible for the
immunological response in the gut by producing both
anti and pro-inflammatory molecules. The gut barrier
integrity is essential to prevent pro-inflammatory com-
pounds, particularly bacterial Lipopolysaccharide (LPS),
which is abundant in the gut lumen, reaching the lam-
ina propria [4], activating inflammatory processes.
Intestinal cells, such as Caco-2, can grow alone or
in a co-culture system; in both cases, specific sup-
ports are needed to reproduce intestinal monolayer.
These cells are mainly cultured in a commercial
structure called Transwell (TW), which is a plastic
support containing a membrane insert composed of
polyester, polycarbonate, or polytetrafluoroethylene
(PTFE), each type being useful for specific application
insert [15,16]. As reported in Figure 2A, the TW sup-
porting the cell layer has well plates, defining two
different compartments, the apical and basolateral. A
Caco-2 differentiated monolayer can be treated on
the apical side with different stimuli to evaluate their
passage through the intestinal compartment. This
model represents the *“gold standard” for the
high-throughput screening of intestinal drug delivery
[17]. The measure of the adsorption coefficient
defines the specific concentrations of the tested
compounds reaching the basolateral compartment

[8]. In this vein, Caco-2 monolayer has also been
used to study intestinal transporters, especially
P-glycoprotein [18], and to explore the whole trans-
port process, including endocytosis, intracellular
trafficking, exocytosis, and transcytosis, also using
various labeled molecules [9].

In Figure 2B, we illustrate a co-culture system using
Caco-2 cells together with immune system cells
(macrophage-like THP-1 cells [19], primary human-derived
macrophages, murine macrophages [20], or Raji cells).
TW is semipermeable, allowing bidirectional communi-
cation between the cell lines mediated by molecules
secreted in the medium.

In all these models, the barrier integrity is assessed
by different assays, such as transepithelial electrical
resistance (TEER) analysis on the Caco-2 cells layer
[20,21], Lucifer Yellow assay, or fluorescein isothiocya-
nate dextran assay [22]. TEER, measured with a special
voltameter, is a robust marker of epithelium integrity.
TEER decreases when the integrity of the epithelium
monolayer is compromised due to inflammatory or
toxic insults. A co-culture of Caco-2 and Phorbol
12-myristate 13-acetate (PMA)-differentiated THP-1 cells
mimics a gut homeostatic state. The addition of THP-1
cells in the basal compartment leads to a reduction of
TEER in the untreated state, which confirms cell line
interference [19]. In other words, a coculture of Caco-2
cells with murine macrophages RAW 264.7 was per-
formed to mimic an inflamed gut barrier as a screening
tool to test the anti-inflammatory effect and
barrier-reinforcing activity of food factors [20].
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Figure 2. Basic model of the intestinal barrier. (A) At the top left is the full structure of the intestinal barrier. The colored region
shows the elements reproduced in the current model. "Basic model" of the intestinal Barrier was made up of a Transwell (TW)
support that de nes two compartments, apical (AP) and basolateral (BL), which are separated through a polyester membrane. The
gold standard of in vitro intestinal model is represented by an intestinal epithelial monolayer performed by di erentiated Caco-2
cells in the apical side of TW support. The mature monolayer shows adsorptive functionality, leading to the passage of parent
compounds (blue circles), which can cross the epithelium and reach the basolateral compartment with or without chemical trans-
formation (green circle). (B) Caco-2 and immune cells model of the intestinal barrier. The Caco-2 cells are grown in a co-culture
model in which immune cells are added to the basolateral compartment of the TW. The integrity of Caco-2 monolayer is measured
by Trans Epithelial Electrical Resistence (TEER) using a volt ohmmeter inserted across the monolayer. (C) Caco-2 immune cells
co-culture could be treated on the apical side with di erent stimuli (such as LPS, Lipopolysaccharides, or in ammatory cytokines)
a ecting barrier integrity or modulating the barrier permeability. The tight junctions can change their conformation, switching

from a "integral barrier" to a ‘leaky gut’ status. The gure was created using BioRender www.biorender.com.

As shown in the insert of Figure 2C, changes in
TEER are related to the opening of tight junctions
involving proteins like claudins (CLDNs), occludin
(OCLN), and zonula occluden-1(Z01) [23]. Western blot
or immunofluorescence can be used to investigate the
expression of these tight junction proteins, thus rein-
forcing the TEER results.

The main application of this model system is the sim-
ulation of inflammation causing a partial disruption of
intestinal barrier integrity. To elicit the ‘leaky gut’ inflamed
model, the immune cells, seeded in the basal compart-
ment, can be treated with E. coli LPS or interferon-gamma
(INF-y)or other proinflammatory cytokines measuring the
TEER at different times [20,22] (see Figure 2C). The
inflammatory pathway was studied through evaluation

of the nitric oxide production with Griess assay [19],
nuclear factor kappa-light-chain-enhancer of activated
B cells (NFkB) activation, and inflammatory cytokines
production. To validate the system and its biological
response, Budesonide, a drug with a specific anti-
inflammatory activity [24], is commonly used as a pos-
itive benchmark in most studies.

Many studies have reported that these models
properly resemble the major pathophysiological mech-
anisms of intestinal inflammation, offering experimen-
tal possibilities to study the pro- or anti-inflammatory
properties of various drug molecules or natural sub-
stances [19,20]. In our experience, the basic model of
the intestinal barrier represents a good tool to screen
and/or validate the intestinal biological efficacy of
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bioactive compounds. However, a better understand-
ing of biochemical pathways and a more accurate
investigation of intestinal physiological response
requires a more accurate model system, including
other cell lines such as those secreting mucus and sim-
ulating enteric or vascular.

Mucus secreting intestinal barrier model

Intestinal mucus plays a fundamental role in protecting
the intestinal mucosa. It also offers a living space to
intestinal microorganisms, especially to the commensal
bacteria contributing to the proper functioning of the
intestine [25]. The mucus is also instrumental in regu-
lating the absorption of food-derived compounds.
Mucus is a transparent viscous mass, and its main
component is heavily glycosylated proteins called
mucins. The main mucin present in the small and large
intestinal compartments is Mucin2 [26]. As reported in
Figure 3, a few gut microorganisms develop a physical
interaction with the mucus layer, binding directly to
the mucins through adhesins or lectins recognizing
specific O-glycan motifs. A well-functioning colonic

CRITICAL REVIEWS IN BIOTECHNOLOGY e 5

mucus allows the proliferation of healthy bacteria. In
contrast, a defective mucus layer, as occurring, for
instance, during aging, could alter gut permeability,
and it has been associated with dysbiosis conditions
[27,28]. The right level of mucin is fundamental for
intestinal health: a continuous cycle of mucus secretion
and degradation is essential for strengthening the epi-
thelial barrier. The excessive degradation may induce
an increased susceptibility to pathogens and can be
related to the onset of inflammatory intestinal diseases
and colorectal cancer. An excessive presence of mucus
may be symptomatic of mucosal inflammatory pro-
cesses [29].In this way, Akkermansia muciniphila, a com-
mensal mucin-degrading bacteria, plays a crucial role
in preventing inflammatory and metabolic disorders;
its reduction appears to be directly correlated with var-
ious dysfunctions, such as obesity, type 2 diabetes
mellitus, cardiovascular disease, and nonalcoholic fatty
liver disease [30,31]. In fact, some Akkermansia’ pro-
teins seem to act through Toll-like Receptor 2 (TLR2)
improving barrier integrity [32] that in turn, links to
improve the metabolic and gastrointestinal condition.
However, it is also reported that excessive levels of A.

Figure 3. Mucus-secreting intestinal barrier model. At the top left the gut barrier structure highlighting the mucus layer (green
area) on the apical side of gut epithelia was represented. The mucus layer plays a fundamental role to protect the intestinal
mucosa while o ering a living space for intestinal microorganisms, especially the commensal bacteria, contributing to the proper
functioning of the intestine. The Mucus-secreting intestinal model on the right is an upgrade of "Basic model" Caco-2 cells are
co-cultured with HT29 Goblet cells on the apical side of TW support placing the immune cells on the basolateral compartment.
The enlargement at the bottom of the gure shows the mucus layer and the formation of tight junctions. Also in this model, it
is possible to mimic the condition of "leaky gut" by perturbing the integrity of the monolayer. In the basolateral compartment,
di erent types of immune cells can be seeded. Gut bacteria develop a physical interaction with the mucus layer binding directly
to the protein mucin through adhesins or lectins recognizing speci ¢ O-glycan motifs. Colonic mucus allows the proliferation of
healthy bacteria, while a defective mucus layer could promote a condition of dysbiosis. The gure was created using BioRender

(www.biorender.com).
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muciniphila could exacerbate local inflammation caused
by damage to the epithelial barrier [33].

An in vitro model system to mimic the mucus layer
on the intestine has been developed- co-culturing
Caco-2 cells and HT29 Goblet cells. Specifically,
HT29-MTX cells, a sub-strain of the colorectal
carcinoma-derived cell line HT29 cultivated in a mono-
layer structure can produce MUC5AC and only a lim-
ited quantity of MUC2. Nevertheless, several protocols
were performed to increase MUC2 production and to
better mimic the intestinal mucus layer [34]. This
co-culture is ideal for testing intestinal drugs, nutrient
transport, and metabolism, considering the fundamen-
tal role played by the mucus layer on the barrier per-
meability [35-37]. On this basis, this co-culture can be
used to investigate the absorption of compounds or to
determine drug permeability coefficients [38].

Loo et al. [39] also reported a comparison between
different models (Caco-2, Caco-2-HT29-MTX co-culture
and Caco-2-Raji co-culture) used to evaluate the trans-
port efficiency of several classes of nanoparticle deliv-
ery systems. Specifically, Caco-2-HT29-MTX showed a
reliable reproduction of the gastrointestinal barrier his-
tology, characterized by a continuous absorbative
monolayer interspersed by mucus-secreting cells.
However, this structure allows for a more physiological
representation; the mucus layer appeared as an obsta-
cle against the nanoparticle’s transfection, which
should relate, more in general, to a lower absorption
efficiency compared to the Caco-2 alone.

Mucin-secreting HT29-MTX cells are co-cultured with
Caco-2 absorptive cells in the apical side of transwell
support at different time intervals with an optimal ratio
of 9:1 [22]. Mucin 2 production can be quantified by
western blot analysis [40] or Enzyme-linked immunosor-
bent assay(ELISA) [41]using positive control molecules
that are known to induce mucin secretion, such as car-
bachol [42], Histamine [43], or PMA [44]. Moreover, as
described in paragraph 2 for the basal model of the gut
barrier, the inflammatory-sensing cellular component
can also be combined with the mucus-secreting system.
In Figure 3, a triple co-culture model (Caco-2/HT29-MTX
and Immune cells)is represented: the leaky gut can be
induced with the addition of LPS or IFNy [21], to allow
the evaluation of both barrier integrity and inflamma-
tion [22]. The main advantage of this co-culture model
is that the addition of a mucus layer better mimics a
physiological condition and allows the study of the
adsorption of molecules or drugs, giving more informa-
tion about the delivery system’s ability to cross the epi-
thelial barrier. On the other side, HT29 cells can produce
only a thin layer of mucus that is not able to represent
the high complexity of the physiological human

intestinal mucus layer. Although other models (i.e.
organoids or organ on chip) can reproduce a more
physiological mucus layer, these methods remain more
expensive and need specialized expertise.

Vascularized intestinal barrier model

The endothelial cells define the wall of the vessels
under the epithelial layer, having a key role in the con-
trol of the passage of antigens and gut microbial
metabolites into the bloodstream. These cells can
secrete various immunological mediators, leading the
immune system to pro or anti-inflammatory responses
against intestinal microbes [5]. The communication
between the intestinal epithelium and the endothe-
lium of underlying blood vessels is heeded for immune
response. Human umbilical vein endothelial cells
(HUVEC) [45] and intestinal microvascular cells
(ISO-HAS-1) [46] can be used to develop an in vitro
model system, mimicking the Gut Vascular Barrier
(Figure 4A), as illustrated in Figure 4B and C. Due to
their localization in the wall of the vessels, endothelial
cells should be added in the basolateral compartment
of the in vitro model, replacing immune cells [45].
Since endothelial cells perform their function in direct
contact with the epithelial cells, HUVEC cells could also
be attached to the opposite side of the transwell
membrane insert (see Figure 4C). In this way, the direct
interaction between these two cell lines determines a
better sensitization of Caco-2 cells localized on the api-
cal side of the transwell support, giving them a higher
responsiveness to external stimuli [46,47]. This setting
is particularly useful for evaluating the effect of com-
pounds that pass the epithelia, reaching the vascular
compartment and triggering systemic biological effects.

Also, in the vascularized model, it is possible to
mimic an inflammatory condition using different stress
stimuli, such as LPS, H202, or Tumor Necrosis Factor
(TNF) alpha, which leads to an inflammatory-related
leaky gut state.

Moreover, the ability of TNF alpha and the other
stress stimuli can be tested to induce in vitro increase
of Vascular Cell Adhesion Molecule-1 protein (VCAM-1)
production, a molecule involved in the formation of
atherosclerotic plagues. TNFalphacan induces the pro-
duction of VCAM-1 (see Figure 4A), which can be eval-
uated by a bead-based chemiluminescent immunoassay
(Alpha-LISA) [48] or gene expression. To validate the
biological activity detected using all the assays related
to this model, several kinds of anti-inflammatory mole-
cules, such as Budesonide [24], N-p-Tosyl-L-phenylalanine
chloromethyl ketone(TPCK) [49] or T091317 [50] can
be used.
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Figure 4. Vascularized Intestinal barrier model. (A) Top left: Gut Vascular Barrier associated with the gut epithelium. The zoom
shows the in ammatory condition of cytokines production a ecting the epithelial barrier integrity. The luminal pro-in ammatory
factors trigger the damage to the barrier integrity, they cross the barrier, reaching the bloodstream. Following the the dashed line
to the right the induction of Vascular Cell Adhesion Molecule-1 protein (VCAM-1) expression on the surface of endothelial cells
during in ammation and the Nitric Oxide (NO) production was illustrated. (B) Vascularized barrier model consisting of Human
umbilical vein endothelial cells (HUVEC) forming an endothelial monolayer in the basolateral compartment of a TW in co-culture
with Caco-2, di erentiated in the apical side. This model can simulate an in ammatory condition leading to an in ammatory-related
leaky gut state. (C) Same as 4B but with endothelial cells in direct contact with the epithelial cells. The HUVEC are attached on
the opposite side of the transwell membrane on which intestinal cells are seeded. The gure was created using BioRender (www.

biorender.com).

The endothelium defines the wall of blood vessels,
acting synergically with other cytotypes to regulate
permeability and coordinate immune/inflammatory
responses and blood supply. In blood vessels, endothe-
lial nitric oxide synthase (eNOS, NOS Ill) is constitu-
tively activated on laminar flow. Nitric oxide (NO) is the
primary regulator of local vascular tone and inhibits
other vasoactive factors [51]. It is known that the alter-
ation of gut microbiota homeostasis can be associated
with several causes, including overproduction of nitric
oxide (NO) in the intestinal lumen [52]. Moreover, NO
could also be associated with the eNOS uncoupling
state, reported in many disease conditions, such as dia-
betes [53] or hypertension [54]. In both, the eNOS
uncoupling leads to the downregulation of NO produc-
tion and an increase in reactive oxygen species (ROS)
levels [55]. Nitric Oxide measurement in the vascular-
ized model could be relevant to understanding health
and disease pathways. At the same time, to study the
nitric oxide production by endothelial cells, it is

necessary to analyze the production of inorganic
anions of nitrate (NO3 -) and nitrite (NO2 -), both of
which are the products of the endogenous metabolism
of nitric oxide (NO), implicated in pathological condi-
tions, such as myocardial infarction, stroke, hyperten-
sion systemic and pulmonary and gastric ulcers [56,57].

The main advantage of this model is that the endo-
thelial component is a fundamental player in many
processes, such as inflammation and immune response,
and its addition allows for better physiological repro-
duction of the intestinal barrier. This component gives
the possibility to study the impact of molecules cross-
ing the epithelial barrier on the endothelial structure,
studying several readouts (i.e. vasodilatory or vasocon-
strictor effects), and on the contrary, the effect induced
by the endothelial metabolites on the intestinal barrier,
mimicking a bidirectional communication like the phys-
iological gut vascular interface. The main limitation of
this co-culture is that the endothelial cells only mimic
the endothelial wall without allowing the possibility to
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reproduce a complete vascular structure with circulant
components (i.e. immune cells, cytokines, etc.). As sug-
gested above, to reproduce this level of complexity
additional structures and elements (i.e. scaffolds) are
required. The choice of one of them depends on the
specific target, as the development of sophisticated
models is time-consuming and they are often not use-
ful for high throughput screening applications.

Hormone-secreting intestinal barrier model

Enteroendocrine cells (EECs) represent about 1% of the
intestinal cells forming the epithelial monolayer along
the gastrointestinal tract. EECs are divided into highly
specialized subcategories that respond to luminal stimuli
through the production of a variety of hormones, usu-
ally peptides. Among them, L-enteroendocrine cells are
mainly specialized in the production of the Glucagon-like

peptide 1 (GLP-1) [58], a satiety signal that reduces food
intake and regulates gastric emptying while inducing
insulin secretion in pancreatic islet cells [59]. NCI-H716
cells are currently the only human model available to
mimic EECs for the in vitro study of GLP-1 regulation
[60]. Only one work reported the setup of in vitro model
co-culturing EECs with other intestinal epithelial cells,
thus far. A co-culture of enterocyte Caco-2 and entero-
endocrine NCI-H716 cell lines was established using
transwell inserts, as reported in Figure 5, to evaluate the
effects of artificial sweeteners on the glucose transport
rate, evaluating sodium/glucose co-transporter member
1 (SGLT1) and glucose transporter 2 (GLUT2) mRNA
expression levels [61]. This model could also be used to
mimic a hyperglycemic condition measuring GLP-1
secretion triggered by the tested compounds.

To validate the efficacy of this model, Metformin,
the currently most used drug for the treatment of

Figure 5. Hormone-secreting intestinal barrier model. Top left: two speci c cell types enterocytes and entero-endocrine cells are
used to simulate the hormone-secreting intestinal barrier. Top right: schematic representation of a co-culture of Caco-2 and entero-
endocrine NCI-H716 cell lines grown on the apical side of TW inserts. In the zoom, the formation of tight junction protein complex
by these two cell lines is highlighted. Bottom part: NCI-H716 cells are currently the only human model to study Glucagon-like
peptide-1 (GLP-1) regulation in vitro. GLP-1 controls gastrointestinal motility and has several e ects mediated by its receptors
(GLP-1R) expressed on neuronal cells in the gut and the brain. GLP-1 is metabolized by dipeptidyl-dipeptidase 4 (DPP4), also
known as GLP-1 inhibitor, expressed in vascular endothelial cells. The gure was created using BioRender (www.biorender.com).
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diabetes, can be used as a positive control. This activity
is reported to be related to a secondary induction of
GLP-1 levels [62].

GLP-1 also controls gastrointestinal motility and can
induce metabolic actions by interacting with its recep-
tors (GLP-1R) expressed on neuronal cells in the gut
and the brain, as shown in Figure 5, playing a key role
in the communication between the gut and the brain
[63]. GLP-1 is quickly metabolized by dipeptidyl-
dipeptidase 4 (DPP4), also known as GLP-1 inhibitor,
expressed in vascular endothelial cells (see Figure 5)
and is a well-known drug target for diabetes [64]. This
model can also be upgraded by adding other compo-
nents of the gut barrier (i.e. endothelial cells, enteric
neurons), giving a better reproduction of the endo-
crine physiology of the gut barrier. As GLP-1 is reduced
in type 2 diabetes mellitus (T2DM) and obesity [65],
the development of a functional in vitro model of
hormone-secreting intestine capable of producing
GLP-1 represents a very important tool to perform
screening of anti-diabetic or anti-obesity candidate
molecules.

The main advantage and, at the same time, the
higher limitation of this model could be the novelty of
its structure, as in literature, only a few papers are
available about enteroendocrine cells co-cultured with
other intestinal epithelial cells. Based on the most
recent targets of clinical research related to metabolic
issues, this model could be useful for testing com-
pounds in the area of glucose management and with
potential weight loss activity.

Enteric nervous system model

The Enteric Nervous System (ENS)is in the inner part of
the gut barrier. ENS is also known as a “second brain”
being independent of the Central Nervous System
(CNS) [66]. It is a very intricate neural network com-
posed of hundreds of millions of neurons and glial
cells interacting with each other and with the intesti-
nal epithelial barrier. The ENS plays a critical role in the
regulation of many gastrointestinal processes, such as
gastric secretion, mucus production and renewal,
absorption of nutrients, and motility through the phys-
iological production of several neurotransmitters [67-
69]. On this basis, a reliable in vitro model of ENS
would be a very useful tool for drug discovery (neuro-
degenerative diseases affecting or potentially starting
in the gut, i.e. Parkinson’s disease). ENS contributes to
regulating energy and glucose homeostasis through
the hormones secreted in the lower part of the gut.
They act as satiety signals by inhibiting both gastric
emptying and eating via enteric neurons, allowing

CRITICAL REVIEWS IN BIOTECHNOLOGY e 9

gut-brain communication directly through the blood
system or indirectly through a paracrine action on the
local vagal nerve [70]. Alteration of ENS, which could
be related to the alteration of barrier integrity and
inflammatory process, can lead to several disorders,
such as irritable bowel syndrome (IBS), inflammatory
bowel disease (IBD) or neurodegenerative (i.e.
Parkinson's and Alzheimer’s disease) and metabolic
syndrome (diabetes) [71].

To date, only a few in vitro models of ENS have
been established co-culturing intestinal epithelial cells
with neuronal-like cells such as human neuroblastoma
cells (SHSY5Y), rat pheochromocytoma cells (PC12) and
induced neural stem cells (hiNSCs). All need to be dif-
ferentiated to correctly express ENS-related characteris-
tics but are far from ideal:PC12 is a rat cell line, hiNSCs
are difficult to manipulate and both hiNSCs and
SHSY5Y show also high differentiation costs. As shown
in Figure 6, to set up the enteric intestinal model, fully
differentiated Caco-2 cells can be seeded on the apical
side of transwell inserts and co-cultured with enteri-
cally differentiated PC12 neuronal cells seeded in the
basolateral compartment. In this way, the change in
epithelial barrier permeability as a function of the
neuro-enteric component can be measured. This model
allows the TEER measure and the Lucifer Yellow para-
cellular flux assay for the measurement of barrier
integrity, as well as the valuation of production of neu-
ronal growth factor (NGF) by Caco-2 cells, both by
gene expression and ELISA analysis using the growth
medium of the basolateral side [72]. Given the ability
of PC12 cells to produce neurotransmitters (dopamine,
norepinephrine, epinephrine, serotonin, acetylcholine,
L-glutamic acid and y-amino-isobutyric acid) this model
can also be used to mimic specific pathological condi-
tions associated with the alteration of the secretion of
particular neurotransmitters [73].

A similarco-culture model was proposed by Piletzet
al. [74] to evaluate the transepithelial anti-cancer activ-
ity of tested extracts: Caco-2Bbel cells (subclone of the
most common Caco-2 cell line)were cultured on the
apical side of a transwell insert for two weeks; after
nine days human neuroblastoma cell line SHSY5Y are
seeded in the basolateral side of the TW to reach con-
fluency for four days; finally, at the end of this period,
the insert with Caco-2 cells are physically transported
on TW support preloaded with SHSY5Y to start the
co-culture. Also, this model could be represented by
Figure 6, in which a co-culture model of enterocytes
and neurons-like cells was reported. Moreover, although
this model is far from mimicking ENSphysiologically
[74], it offers many interesting read-outs, such as mea-
suring barrier integrity using the TEER assay, assessing
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Figure 6. Enteric nervous system model. Top: the interface between the gut epithelium and neurons of Enteric Nervous System
(ENS). In vitro ENS model is made by co-culturing intestinal epithelial cells with neuronal-like cells such as human neuroblastoma
cells (SHSY5Y), rat pheochromocytoma cells (PC12), or induced neural stem cells (hiNSCs). Caco 2 cells are seeded on the apical
side of TW inserts and co-cultured with enterically di erentiated neuronal cells seeded in the basolateral compartment. The change
in epithelial barrier permeability as a function of the neuro-enteric component can be measured. Bottom: the Caco2- neurons-like
co-cultures could be improved by adding mucus secreting and/or hormone secreting cells in the epithelial monolayer. In this way
it is possible to study the e ect of ENS on mucus secretion and EEC hormone regulation. EECs produce di ent hormones (GLP-1,
Glucagon-like peptide; CCK, Cholecystokinin; GIP, Glucose-dependent insulinotropic peptide; PYY, Peptide YY) triggering the pro-
duction of speci ¢ factors (Ach, Acetylcholine; VIP, Vasoactive Intestinal Peptide) by neuron-like cells. Also Globet cells are stumi-
lated with the bene cial e ects of the mucus production. The gure was created using BioRender (www.biorender.com).

the expression levels of tight junction proteins, and
assessing the production of specific neurotransmitters.
These 2D systems allow the study of the expression of
the neuronal serotonin transporter (SERT) (also shown
in Figure 6), directly related to barrier integrity, and
altered in several pathologies. To validate the regula-
tion of SERT expression, the Transforming Growth
Factor beta (TGFP) was used as a positive control [75]
being a well-known molecule able to act directly to
induce the SERT expression at the gut level. Also, in
this model, by adding appropriate stressors, it is possi-
ble to mimic specific pathological conditions, such as
an IBS-like condition associated with serotonin accu-
mulation [76].

Following the physiological and bidirectional relation-
ship of ENS with mucus layer [69] and hormone-secreting

cells [70] mentioned above, the Caco-2- neurons-like
co-cultures could be improved also by introducing
mucus-secreting and/or hormone-secreting cells, in the
epithelial monolayer, to better reproduce a ENS model
(see Figure 6). Manousiouthakis et al. [77] established a
complex 3D innervated tissue model using a co-culture
of Caco-2 and HT29-MTX mucus-secreting cells. They
were seeded on a silk scaffold to define the intestinal
monolayer, interconnected to intestinal myofibroblasts
used in the porous space in the presence of NGF to sim-
ulate the stromal layer, and differentiated enteric neu-
rons, obtained from human-induced neural stem cells
(hiNSCs). Epithelial cells and myofibroblasts defined a scaf-
fold to support subsequent enteric hiNSC differentiation,
leading to the development of neuronal Nitric Oxide
Synthase (nNOS) positive enteric neurons. Also, in this


http://www.biorender.com

case, the introduction of neuronal cells seems to act on
the epithelial cells, inducing an increase in Mucin2 secre-
tion [77]. Although this model is more representative of
ENS, it does not allow assessment of barrier integrity, but
only cell lysis and RNA extraction to assess gene expres-
sion of specific enteric markers. This 3D model is, there-
fore, not suitable for a high throughput screening
application, offering fewer read-outs compared to easily
manipulated 2D models.

Intestinal organoids: from 3D to 2D intestinal
organoids

The discovery of intestinal organoids has significantly
advanced the field of biomedical research, offering
powerful tools for studying: intestinal development
[78], function [79,80], disease [81-83], and microbiome
[84]. In the late 2000s, Hans Clevers and his team pio-
neered the creation of intestinal organoids. A ground-
breaking study published in 2009 showed that single
Lgr5* stem cells taken from the mouse intestine could
be grown in culture to form self-organizing 3D struc-
tures that resembled the intestinal epithelium [85].
These structures, known as organoids, contained all
the major cell types found in the intestine and dis-
played a crypt-villus architecture. Later, several research
groups extended these findings to human tissues
[86,87]. Intestinal organoids can be derived from two
sources: pluripotent stem cells (PSCs) replicating human
development and organ-specific adult stem cells (ASCs)
isolated from normal or diseased tissues. At the intes-
tinal level, both types of organoid cultures reflect the
architecture, regional specification, and cell composi-
tion of the epithelium in vivo. PSC-derived organoids
are used to study development processes and fetal
infections, while ASC-derived organoids may be better
suited for modeling the intestinal epithelium in homeo-
stasis and disease. As reported in Figure 7A, in
ASC-derived organoids, isolated crypts are placed into
a hydrogel that provides a nurturing environment for
growth. The hydrogel is a gelatinous protein mixture
derived from mouse tumor cells and polymerizes rap-
idly at 22-35°C. Then, special tissue-specific growth
factors (Wnt3a, R-spondinl, Noggin, and EGF, among
others) are added [88-90]. Intestinal crypts and cell
clamps begin to form spherical clusters, which soon
bud into structures mimicking the crypt-villus archi-
tecture. After a few passages, intestinal organoids are
morphologically and genetically stable, mirroring
structural alterations, mutational signatures, and
gene expression between patient and patient-derived
intestinal organoids. The experimental design typically
includes (i) negative controls, untreated organoids, (ii)
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positive controls, organoids treated with a known
modulator, (iii) technical replicates, repeated measure-
ments performed on the same biological sample, and
(iv) biological replicates, independent samples derived
from different biological entities. However, in certain
occasions due to the lack of intestinal tissues, indepen-
dent experiments from the same biological replicate
are also considered biological replicates. Note that
organoids must belong to the same intestinal region.
During the last decade, basal-out intestinal organoids
have been used to study: nutrient transport, nutrient
sensing, and hormone secretion [89,91], mucin 2
expression after probiotic exposure [92], inhibition of
growth of patient-derived tumor organoids using phy-
tochemical exposure [93], and exploration of the role
of nanoplastics on the epithelial compartment [94],
among other studies investigating the key role of gut
microbial metabolites, nutrients, and drugs as described
elsewhere [95-97]. Several in vitro co-cultures of human
intestinal organoids and immune cells have been
developed in the last few years, allowing the study of
complex cell-cell interactions between the immune
system and the gut. An early study jointly co-cultured
intestinal organoids and lamina propria lymphocytes to
explore the protective effect of Lactobacillus reuteri D8
[98], which is considered a key player in protecting the
integrity of intestinal mucosa. More recently, a detailed
protocol for an autologous in vitro long-term 3D
co-culture system of human intestinal CD4+ T cells and
intestinal stem cells has proved to reduce variability in
donor tissue [99,100].

Basal-out organoids (Figure 7A) have a main limita-
tion since the lumen is in the interior of the organoid.
Therefore, it is important to consider the correct polar-
ity of the gut when conducting experiments with
drugs, metabolites, and dietary components targeting
either the apicobasal membrane to mimic systemic
exposure or the apical membrane to expose the lumen.
The work of the Amieva laboratory has enabled the
development of apical-out organoids (Figure 7A), giv-
ing direct access to the lumen-facing side of the intes-
tinal epithelium [101,102]. This new protocol has
enhanced the study of host-pathogen interactions
[101], host-microbiome interactions [103], and nutrient
and drug absorption studies [104], bypassing the need
for microinjections and gel diffusion for basal-out
organoids. Although apical-out organoids expose the
apical membrane for luminal exposure, these models
come with several limitations that researchers need to
consider: (i) mixed polarity organoids in suspension
culture, (ii) significant structural differences between
organoids, and (iii) scalability and maintenance of
apical-out organoids, can be challenging and
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Figure 7. Procedures to obtain cultured intestinal organoids. (A) The process of deriving ASC intestinal organoids begins with the
encapsulation of intestinal crypts and intestinal stem cells obtained from healthy tissues within a hydrogel matrix. This matrix
provides a supportive environment for the cells. Subsequently, a growth factor-containing media is introduced. Conversely,
PSC-derived intestinal organoids are di erentiated through typical developmental stages to establish intestinal epithelium. (B)
Organoids are generated from primary human intestinal tissue and have the ability to grow long-term in vitro, thanks to the
presence of the intestinal stem cell niche. The 3D basal-out intestinal organoids are trypsinized into single cells and seeded on
coated plates or inserts. Subsequently, the media supports cell proliferation and di erentiation to study intestinal physiology, drug
screening and personalized approaches. The gure was created using BioRender (www.biorender.com).

technically demanding. As an alternative, several
groups have begun developing 2D intestinal organoid
monolayers (as shown in Figure 7B) to study intestinal
physiology using porcine [105,106], mice [107], and
human intestinal organoids [108]. Although 2D intesti-
nal organoid monolayers have successfully developed
functional in vivo-like cellular organization and have
demonstrated to be a platform for evaluating bioavail-
ability and metabolism [109], more needs to be done
to translate these emergent protocols into applications.
To tackle translatability and applicability, Jelinsky and
coauthors optimized a 2D intestinal organoid mono-
layer and a preferred media to support modeling of
human biology and barrier function in vitro, a repro-
ducible model for examining disease-relevant stimuli
and barrier-
protective therapies [110]. It is not only growth factors
that need development. Coating plates and inserts also

need optimization. After optimizing a protocol for cul-
turing intestinal epithelial cells on laminin 511, Jensen’s
laboratory exposed the differentiated intestinal epithe-
lium to probiotic bacterial strains. RNA was subse-
quently isolated to assess the impact of the individual
strains on gene expression [108]. The most differen-
tially expressed genes contained secreted inflamma-
tory signaling molecules implicated in bacterial sensing
and immune surveillance. Interestingly, parallel experi-
ments using the Caco-2 cell line did not show any
acute response to the same probiotics. In this frame,
Kwon and coauthors asserted that Caco-2 cells posed
challenges in evaluating drug metabolism and perme-
ability of hydrophilic drugs compared to 2D intestinal
organoid monolayers [109]. Based on these results, the
2D intestinal organoid monolayers should complement
Caco-2 monolayer studies, the gold standard for study-
ing absorption and microbial interactions, to rapidly
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translate laboratory results to in vivo studies. In this
frame, future studies need to carefully design experi-
ments and consider that the results may provide valu-
able insights related to in vivo models rather than in
vitro 2D cell lines, with observed responses limited to
the intestinal epithelial component. To overcome this
limitation, one of the first co-culture systems employed
inserts to seed intestinal epithelial cells. The inserts
were transferred onto wells containing macrophages
[111]. Subsequently, a supernatant containing micro-
bial metabolites of L. murinus was used to stimulate
the upper chamber and confirm further that L. murinus
may require the participation of macrophages to res-
cue intestinal injury in vitro. Indeed, L. murinus reduced
morphological damage of intestinal organoid levels in
the co-culture system but had no obvious effect in
intestinal organoid monolayer cultured alone. Thus, the
protective effect of L. murinus on injured organoids
depends on the participation of macrophages, and the
use of a co-cultures system is key to deciphering this
complex cell-cell crosstalk.

Overall, the discovery and evolution of intestinal
organoids have been transformative in biomedical
research. From their initial discovery, 3D basal-out
organoids, to the latest technological advancements,
2D intestinal organoid monolayers, organoids have
become indispensable tools for studying intestinal
physiology, modeling diseases, and developing new
therapies. Standardizing organoid cultures, especially
2D intestinal organoid monolayers, is crucial for consis-
tency across laboratories and studies. Collaborative
efforts and standardized protocols are needed to
ensure reproducibility due to potential variations in
culture conditions and techniques.

Micro uidic systems

Microfluidic devices use small channels and chambers
to culture cells or tissues under controlled conditions
resembling the physiological environment. Microfluidic
systems can be used to study various aspects of human
physiology and pathology, such as drug metabolism,
toxicity, organ function, and vascular dynamics.
Currently, there are several microfluidic devices on the
market that allow the use of: single or co-culture cell
lines, cells derived from spheroids, organoids, biopsies,
or reconstructed tissues, inserted inside a multi-chamber
platform composed of a transwell system intercon-
nected by channels with modulable bidirectional flow.
These platforms allow the passage of molecules
through a barrier of more relevant dimensions, mim-
icking both healthy and pathological conditions [112].
Some platforms are characterized by a dual-flow
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system that associates a vertical flow in the apical
compartment of the transwells with a horizontal flow
in the basolateral compartment. In this way, many
applications can be envisaged, including the use of
bacterial cultures to mimic the microbiota, whose
absence is a major weakness of all the current in vitro
systems. In principle, a multi-organ system connecting
multiple chambers can be realized to mimic intestinal
axes (i.e. gut-skin axis, gut-brain axis, gut-bone axis)
associating different in vitro models of organs in the
different chambers [113] (Figure 8).

Another typical example of microfluidic application
is the organ-on-a-chip (OOC) concept, which contains
miniature tissues that represent specific organs or tis-
sues [114]. The first OOC models were developed
about thirty years ago by applying microfluidic
devices to cell culture. These systems are based on
the possibility of reproducing the specific organotypic
architecture on a small scale to develop a potential
disease model for drug screening. OOC is made from
a silicon-based organic polymer polydimethylsiloxane
obtained using the standard soft lithography tech-
nique. It is equipped with a micro-channel system
that allows the control of several parameters of cul-
ture conditions, such as flow rate, pressure, oxygen,
and pH, aiming to reproduce thein vivo condition of
tissues and human organs [114]. To date, OOC has
been manufactured to mimic several organs, such as
the: kidney [115], liver [116], brain [117], heart [118],
skeletal muscle [119], and intestine. Intestinal OOCs
are two-channel systems, representing the intestinal
lumen and vascular system, respectively, separated by
a porous membrane on which intestinal cells can be
cultured [120]. The presence of a dynamic flow in
intestinal OOC can foster the development of the typ-
ical brush border morphology. The differentiation of
the Caco-2 cell monolayer, which requires 3weeks in
planar culture, is reduced to 5-7 days in the presence
of an active fly and reproduces a phenotypically
mature epithelium. By combining the dynamic flows
with cyclical mechanical stresses able to reproduce
the peristaltic contractions, the intestinal cells differ-
entiate spontaneously, reprogramming themselves
into the 4 different types of cells of the small intes-
tine (enterocytes, enteroendocrine, Paneth, and gob-
let cells) [121,122]. Microfluidic devices have been
used not only for studying established cell lines but
also for primary intestinal epithelial cells. Recent find-
ings suggest that primary intestinal epithelial cells
cultured in these devices more closely resemble the
in vivo epithelium at the transcriptional level than the
organoids cultured in Matrigel, as reviewed elsewhere
[123,124].
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Figure 8. Micro uidic systems. (A) The model shows a dynamic interaction between two di erent (potential) human in vitro mod-
els (i.e,, di erentiated monolayer and organoids) Line 1 (black lines) represents a vertical ow between an apical side and baso-
lateral side in the same trans wells. Line 2 (blue line) shows a horizontal ow between two basolateral compartments. Line 3 (red
line)shows a horizontal ow between two apical compartments. The system can be modi ed by obtaining di erent dynamic inter-
actions that allow to mimic in vitro some physiological conditions (i.e., the interaction between human cells and microbiota). (B)
Schematic representation of organ—on—chip. This model is composed of an organic polymer polydimethylsiloxane structure in
which there is a micro-channel system interconnecting di erent in vitro models, such as miniature tissues reproducing organs or
tissues. The micro-channel system is often composed of two inlets and two outlets’ channels guiding the entry and exit of the

perfusion uid between several cells/tissues/organs compartments. This model allows control of several culture conditions: ow
rate, pressure, oxygen, and pH. The gure was created using BioRender (www.biorender.com).

Microfluidic systems could also involve incorporat-
ing full-thickness mammalian explants into dual-flow
platforms. Their use has enormous potential, especially
considering the possibility of obtaining representative
samples of very diversified types of patients. To date,
the results are still limited due to the difficulties related
to maintaining explants in culture, which hinders the
execution of pharmacological tests [125].

Conclusions

The use of animal models has always been considered an
essential step for the validation of the efficacy and safety
of compounds for human use. However, two main factors
call for a limitation of their use. First, ethical concerns
were raised about the use of animals for research pur-
poses. The scientific community is seeking alternatives to

reduce and progressively eliminate animal testing in sev-
eral areas. New regulations were implemented in differ-
ent countries prohibiting the use of animals for certain
types of experiments calling for a collective effort in this
direction. Second, there has been increasing scientific evi-
dence showing that mouse models, currently the most
used, do not fully mimic human physiology, especially
regarding inflammatory status at the intestine level.

The currently available in vitro models described in
this paper provide scientists with a set of sophisticated
tools able to reproduce human conditions. These sys-
tems, mainly made up of human cells, represent a wild
card of translational medicine, providing the possibility
of amplifying the read-outs deducible from single
experiments while reducing costs and execution times.

The main advantage of the co-culture models
is their versatility: they can be seen as modulable
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systems in which each component can be added,
changed, or removed to reproduce a specific physio-
logical condition. It is also possible to challenge these
systems by adding external stimuli to reproduce spe-
cific physiological or pathological conditions better.
Their "modularity” offers the possibility to analyze each
compartment and to set up different and specific
assays to obtain different read-outs for each of them.
3D models are perfect for studies aimed at defining
personalized nutrition pathways.2D co-culture models
could also be used to mimic inter-organ communica-
tion, combining them through a microfluidic system. In
this way, it is possible to reproduce the gut axis (i.e.
gut-skin, gut-brain axis), amplifying the information
obtained from a single experiment. Both 2D and 3D
systems may not fully capture the complexity of whole
organisms, and some types of research still require the
use of animal models to address specific questions.
The main future challenge is to develop in vitro models
that can combine the main components of the intesti-
nal barrier, establish functional communication
between multiple cell lines arranged on several levels,
and mimic as physiologically as possible the dense
network of interactions involving the different highly
specialized intestinal, endothelial, and neuronal cells.
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