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Summary

Intensive farming of commonly consumed fish species has continuously increased to
meet the growing global demand and to relieve marine fish stock that has reached its
production plateau. However, many fish intended for human consumption are
carnivorous species and therefore fed using fishmeal and fish oil obtained by
processing small oily fish species caught for non-food purposes, affecting aquatic
wildlife. In this perspective, academia and feed industries are dedicating their efforts
to the identification of novel feed formulations based on alternative ingredients, able
to ensure animal welfare while preserving their growth performances. Among others,
vegetable-based raw materials have been proposed to be suitable candidates.
However, high inclusion levels of plant-based ingredients in carnivorous fish diets
not only lead to gastrointestinal side effects (such as diarrhea, intestinal inflammation,
and gastric bloating), which affect feed intake and apparent digestibility; but they also
impact the beneficial characteristics of fish meat, such as the high-quality protein
content and fatty acid profile. For these reasons, the search for healthier and more
sustainable alternatives is still open. To predict and assess the final effect of the new
ingredients on the digestive system, extensive in vivo raw materials evaluation
programs are necessary. Nevertheless, in vivo feeding trials require many animals, are
expensive, time consuming, and are subjected to highly restricted rules. The objective
of this PhD thesis is to develop an intestinal in wvitro model that responds
physiologically to the effects of selected raw materials and novel formulations,
providing reliable predictions of in vivo results. The rainbow trout (RT) was selected
as the experimental model since its wide occurrence in local and European

aquaculture.

The study utilized RT intestinal epithelial cell lines (RTpiMI and RTdiMI) cultured in
a bi-cameral system that simulated the intestinal lumen and bloodstream, promoting
cell differentiation. The first goal was to pre-digest feed pellets, making them suitable

for cell culture by developing an in vitro digestion (IVD) protocol using RT gastric



and intestinal enzymes to obtain a bio accessible fraction (BAF), mimicking chyme.
After defining biocompatible conditions (50% BAF in L-15 medium), the model was
exposed to different diets: a vegetable-based protein diet (Soy Diet, SOY), known to
negatively affect intestinal health in vivo, an experimental diet based on feather meal
(FH), promising as a sustainable ingredient, and a reference diet rich in fish meal
(reference diet, REF). The RTpiMI cells showed clear responses to each diet, with SOY
causing significant barrier damage, as indicated by the trans-epithelial electrical
resistance measurements. Hematoxylin and eosin staining showed that FH triggered
two notable stress responses: cellular edema and increased cell proliferation,
indicating a certain degree of stress. In contrast, the REF induced only cell
proliferation. This mild stress response, observed in both REF and FH, may be
attributed to the absence of the protective mucus layer typically present in vivo.

Despite it, REF is less stressful overall compared to the other diets.

Although these results were promising, the model did not fully replicate the
complexity of the intestinal environment, particularly in terms of mucus production.
In vivo, the stromal layer is crucial for supporting cellular differentiation, including
the development of secretory lineages such as the mucus-secreting goblet cells, and
for maintaining overall homeostasis. Adding this layer to the bicameral system could
enhance the model’s similarity to native tissue, resulting in more physiologically
relevant responses. To achieve this, the bicameral system was coated with a
solubilized basal membrane, both alone and enriched with fibroblasts, or
alternatively, a 3D scaffold populated with fibroblasts that produced their own
extracellular matrix was used. The latter, though more complex and time-consuming,
proved to be the most effective in promoting epithelial cell differentiation and barrier
formation, as appreciable from histological and immunohistochemical staining as
well as the electron microscopy and the in situ enzymatic detection. In the final
experiment, where the REF was tested across all platforms, from the simplest to the
most advanced, the 3D platform emerged as the most predictive, closely mimicking
the complexity of the intestinal mucosa and responding in a more physiological, dose-

dependent manner during prolonged exposure to digested feed.
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Aquaculture and sustainability

In recent years, consumers' appreciation of the nutritional characteristics offered by
fish species led to an increase in fish consumption. Indeed, fish proteins are
considered high quality protein as they contain all the essential amino acids necessary
to ensure the proper body function. Additionally, fish contain low levels of saturated
fatty-acids in favor of omega-3 ones, that are known for their cardiovascular benefits

helping to reduce the risk of heart diseases and improving vascular system health'.

The rapid increase of human population and fish protein consumption has
significantly impacted marine fish stocks, with per capita fish consumption rising
from 9 kg in 1961 to 20.5 kg in 2017. This growing demand highlights the importance
of aquaculture as an alternative to wild-capture fisheries, which have reached their
maximum sustainable yield? (Figure 1). According to the Food and Agriculture
Organization (FAO) of the United Nations, aquaculture is defined as "the farming of
aquatic organisms, including fish, mollusks, crustaceans, and aquatic plants." This
practice helps to mitigate marine depletion and has become essential to meet global
needs, contributing to over half of the entire fish production by 2015°.
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Figure 1. World capture fisheries and aquaculture production between 1950 and 2015, excluding aquatic
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The continuous expansion of this industry has gone together with the decrease in its
sustainability. Among the various factors that limit the sustainability of aquaculture,
one of the main ones is the feeding of carnivorous species. Their nutritional
requirements require the use of feeds containing a percentage of fish meals and oils
obtained from the processing of small oily fish such as herring, sardines, and eels.
These species are caught for non-food purposes, which unsustainably exploit marine
resources*. Nearly 12% of global fish production is converted into fishmeal and fish
oil, crucial components of fish feed in the aquaculture industry, which significantly
impacts on ocean fish stocks, especially those at lower trophic levels. This aspect
negatively affects the sustainability of the production of these species. In Europe and
Italy, this problem mainly concerns Atlantic salmon and rainbow trout, which are the
most farmed fish species? and represent more than half of the production intended

for human consumption.

For this reason, initially, feed companies sought to replace the fish protein component
with plant-based proteins, such as corn gluten, soy flour, or wheat gluten*®. However,
such ingredients are known to limit the effectiveness of these alternative
formulations, particularly due to issues related to nutrient digestibility and amino
acid profile. In Atlantic salmon, for example, prolonged administration of plant
proteins negatively affects the health and growth performance of the animal,
resulting in adverse effects such as reduced survival rate in early stages, reduced
growth rate, compromised immune system, and the onset of inflammatory events®.
Furthermore, the reduction of fish meal and oil content in feeds reduces the possibility
of synthesizing omega-3 fatty acids, which greatly contribute to the high nutritional
characteristics that distinguish fish species’. For these reasons, in recent years, feed
companies have actively engaged in research and development of alternative sources
for the nutrition of carnivorous fish, seeking sustainable and ethically responsible
solutions such as algae, yeasts, insect flours, and proteins derived from poultry

slaughtering by-products8-1°.
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Fish intestine

Gastrointestinal tract’s anatomy

Nutrients are digested and absorbed through the gastrointestinal tract, these
processes are influenced by the diverse environmental habitats and feeding behaviors
of the animal. Unlike mammals, the anatomy of a fish's alimentary canal varies
significantly, encompassing variations in stomach shape (such as U-shaped, Y-
shaped, or straight), intestinal length, and coiling. Additionally, the presence or
absence of digestive organs like the stomach, pyloric caeca, and gall bladder can differ
among species, while the overall arrangement of these organs remains relatively

consistent.

Feed intake begins through the mouth, equipped with teeth on the jaws, tongue (as
seen in rainbow trout), and pharynx (common in Cyprinidae), adapted to the specific
dietary needs. Subsequently, the esophagus facilitates food transit, secreting mucus.
Esophageal length varies between marine and freshwater fish, playing a role in water

absorption crucial for osmoregulation.

In rainbow trout, our model, the stomach adopts a Y-shaped structure typical of
carnivorous and omnivorous species. It comprises a larger cranial portion rich in
gastric glands secreting hydrochloric acid and pepsinogen, essential for acidic
digestion. This environment facilitates the conversion of pepsinogen into pepsin,
crucial for protein breakdownb. The caudal part of the stomach lacks gastric glands
but features a thicker muscular layer terminating in the pylorus, which regulates food

release into the intestine!l!2,

Posterior to the pyloric sphincter, rainbow trout develops pyloric caeca, hollow tubes
branching from the anterior intestine to increase absorptive surface area. The number
and length of these structures vary among species; rainbow trout typically develops

around 56+2 pyloric caeca measuring approximately 1.9+0.1 cm each °.
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Structurally, the rainbow trout intestine consists of two main regions: the proximal
intestine and the distal intestine. The proximal intestine, characterized by its thin,
nearly transparent appearance and presence of pyloric caeca, facilitates initial
nutrient absorption. In contrast, the distal intestine appears thicker and darker due to
circularly arranged blood vessels, optimizing the absorption of digested

carbohydrates and lipids'4.

Digestion commences with salivary and pancreatic amylases breaking down complex
carbohydrates into glucose. Intestinal mucosal enzymes further facilitate
carbohydrate digestion to glucose, while lipid digestion begins with lingual and
gastric lipases, continuing with pancreatic lipase, colipase, and bile acids in the
intestine to emulsify and absorb lipids. Nutrient absorption is facilitated by conserved
proteins such as sodium-dependent glucose transporters (SGLTs), glucose
transporter 2 (GLUT2), CD36, and fatty-acid binding protein (FABP), which transport
glucose and fatty acids across enterocyte membranes into the bloodstream, similar to

processes observed in humans!>-"7.

The pancreas and liver play pivotal roles in intestinal digestion and nutrient
breakdown. The exocrine pancreas secretes enzymes like amylase, maltase, lactase,
and lipase to digest carbohydrates and lipids'®. Concurrently, the liver aids in lipid
emulsification through bile released at the beginning of the intestine, essential for

efficient nutrient absorption and utilization in rainbow trout.

The digestion and absorption of nutrients in fish, as described, is an intricate and
finely tuned process that reflects their adaptation to diverse environments and dietary
requirements. This complexity underscores the challenges in analyzing the effects of
the new alternative diets. Understanding how different nutrients are processed and
utilized throughout the gastrointestinal tract requires comprehensive study and
careful consideration of species-specific anatomical and physiological adaptations.
Factors such as variations in digestive enzyme activities, nutrient absorption
efficiencies, and metabolic responses further contribute to the complexity of

evaluating dietary impacts on fish growth, health, and overall well-being. Thus,
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unraveling the intricacies of fish nutrition and digestion is crucial for optimizing
aquaculture practices and ensuring sustainable fish production in diverse aquatic

ecosystems.

Microscopic anatomy of the intestine

The rainbow trout intestine exhibits a consistent histological structure throughout its
length, consisting of four distinct layers: the serosa, muscolaris, submucosa, and
mucosa. The serosa acts as the visceral peritoneum covering the gut wall, while the
muscolaris is responsible for the peristaltic movements necessary for food digestion
and movement along the intestinal tract. The submucosa comprises a dense collagen
layer flanked by two thinner layers of granular cells, providing structural support to
the mucosa. At the luminal interface, the mucosa consists of the lamina propria and

epithelium, crucial for nutrient absorption and immune function within the intestine.

The rainbow trout intestine presents distinctive features that set it apart from its
mammalian counterpart. Unlike mammals, where villi are present only in the small
intestine and crypts are found in both small and large intestine rainbow trout
intestines are lined with mucosal folds along both anterior and posterior tracts, and
both are devoid of crypts. Notably, the posterior intestine of rainbow trout exhibits a
unique anatomical feature: tall extroflexions that extend nearly three times higher
than regular folds. These structures are strategically interspersed among other folds,
equipped with a connective axis and secondary folds along their length, contributing

to the intestine's surface area and enhancing nutrient absorption capabilities™.

Of particular interest are the epithelial cells that cover these complex folds in the distal
intestine of rainbow trout. The apex of these folds resembles the proximal intestine,
characterized by an abundance of goblet cells with large mucus vacuoles and
enterocytes devoid of pinocytotic vesicles. Conversely, the basal part of these tall
extroflexions, along with folds in the distal intestine and pyloric caeca, exhibit fewer

goblet cells with deflated vacuoles and enterocytes enriched with pinocytotic vesicles.
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This morphological heterogeneity suggests specialized functions along the intestinal
tract, likely reflecting adaptations to varied dietary and environmental challenges in

aquatic habitats (Figure 2).

Figqure 2. Haematoxylin and eosin stained section of a complex fold in the distal intestine: parietal folds (A), as well
as folds emerging from the basal part of the fold (B—C), were both covered by pinocytotic vacuoles (PV). At one
point, the epithelium morphology along the fold, drastically changed: pinocytotic vacuoles tended to disappear (D).
The apex of the fold presented goblet cells (GC) and non-vacuolated™

The epithelial lining of the rainbow trout intestine is composed of terminally
differentiated cells that share morphological similarities with mammalian epithelial

cells. These cells derive from a transient amplifying cell population, originating from

N
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stem cells situated above the intestinal stem cell niche. While in mammals'®-2, it
resides within the crypts of the small intestine, in some fish species like medaka and

zebrafish?¥?4, this niche is located at the base of intestinal folds.

Located within the protective microenvironments of the stem cell niches, adult stem
cells, that exist in small quantities, play a crucial role in replacing differentiated cells
lost due to natural (apoptosis) or pathological cell death, maintaining tissue
homeostasis. Identified by specific markers rather than distinct morphological
features, these cells exhibit a low division rate to minimize DNA mutations and
damage risks. These niches ensure pluripotency maintenance and balance the loss
and replacement of mature cells. Through asymmetric division, adult stem cells
generate identical stem cell daughters and cells begin differentiation, eventually
replacing mature cell types. In the intestine, rapid epithelial turnover necessitates
frequent renewal, varying across species. Detailed studies in mice have elucidated
intestinal stem cell (ISC) dynamics within crypts of Lieberkiihn, identifying two main
populations: crypt base columnar cells (CBCs) and label-retaining cells (LRCs). CBCs,
expressing LGR5 (Leucine-rich repeat-containing G protein-coupled receptor 5),
actively proliferate to regulate intestinal homeostasis and facilitate regeneration. The
role of LRCs, which are LGR5-negative and marked by HOPX (Homeodomain-only
protein), appears to involve stem cell reserve functions. Transient amplifying (TA)
cells, marked by SOX9 (SRY-Box Transcription Factor 9), arise from stem cells and
rapidly proliferate before differentiating into specific cell types. Paneth cells, found in
crypts, aid differentiation through Notch and Wnt pathways, crucial for epithelial
maintenance and regeneration. In fish species like medaka and zebrafish, similar stem
cell markers (Lgr5 and Sox9) are observed, albeit with some differences in expression
patterns compared to mice. Notch and Wnt pathways also play pivotal roles in
intestinal stem cell regulation across species, suggesting evolutionary conservation.
The stem cell niche of the rainbow trout was investigated recently by Verdile et al.?»
which delves into the spatial organization and interplay between enterocytes and
intestinal stem cells, providing a comprehensive understanding of their roles in

maintaining intestinal health and absorptive capacity (Figure 3).
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Figure 3. Schematic illustration of intestinal stem cell markers in rainbow trout (left) and mouse (right) intestine
showing the niche architecture in these species. Briefly in rainbow trout, sox9 is expressed at the base of the fold
and the signal gradually decreased along the fold length where hopx expression gradually increased and then faded
at their apex. Lgr5 is exclusively expressed in scattered cells located in the lamina propria, where it co-localizes
with notchl and wnt3a. DII1 also co-localizes with Igr5 in the lamina propria, and it is expressed in the epithelium
near 1gr5+ stromal cells. Whereas in mouse the niche is limited to the crypts, where the quiescent stem cells, the
actively cycling stem cells (CBCs) and the Paneth cells house. The division of these stem cells give rapidly rise to a

transient amplifying (TA) population in the upper part of the crypt.

Rainbow trout exhibited sox9+ cells at the base of folds instead of Igr5+ cells,
resembling the role of crypt base columnar cells (CBCs) in mammals and medaka fish.
These sox9+ cells were observed along the entire intestinal length, suggesting they
serve as progenitors for differentiated intestinal cells. Additionally, elongated sox9+
cells were noted within complex folds, indicating a proliferative niche across their
length. Moreover, hopx+ cells, associated with the transient amplifying population,
displayed a pattern consistent with proliferative regions, varying in expression along
different intestinal sections. Interestingly, Igr5+ cells were found exclusively among
stromal cells in the lamina propria, where they co-localized with notchl and wnt3a,
indicating a potential mesenchymal niche role similar to the one of telocytes observed

in mice. These cells are a type of interstitial cell found in various tissues and organs,
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playing a critical role in cellular communication and tissue regeneration. To do this,
they form extensive networks that interact closely with ISCs and other cell types.
Their presence in the intestinal stem cell niche is linked to the regulation of stem cell
function and tissue homeostasis. Telocytes may influence stem cell behavior through
direct cell-cell interactions and the secretion of signaling molecules. This interplay is
essential for maintaining the balance between stem cell proliferation and
differentiation, ensuring the continuous renewal and repair of the intestinal lining.
Verdile et al. confirmed the presence of telocytes also in the rainbow trout digestive

tract, suggesting a significant role in modulating the intestinal environment?.

Within the stem cell niche, specialized multipotent stem cells give rise to all

differentiated cell types that constitute the intestinal mucosa?.

During the maturation process, cells migrate upward along the folds towards their
apex, where they differentiate into enterocytes responsible for nutrient absorption,
goblet cells that produce mucous for intestinal protection, and enteroendocrine cells
involved in hormone secretion. Interestingly, rainbow trout enterocytes, particularly
those in the parietal folds and basal parts of complex folds in the distal intestine,
exhibit numerous pinocytotic vesicles indicative of active nutrient uptake and
transport processes. Furthermore, specialized enterocytes resembling mammalian M
cells, typically found in Peyer's patches, have been identified in the rainbow trout
intestine. These cells play a crucial role in immune surveillance by capturing and
presenting microbial antigens to the Gut-Associated Lymphoid Tissue (GALT),

highlighting the intestine's dual role in digestion and immune defense?.

Among the secretory cells, goblet cells dominate the rainbow trout intestine,
characterized by their polarized distribution of a mucus-secreting vesicle. These cells
produce both acid and neutral mucous, essential for protecting the intestinal
epithelium from pathogens, facilitating the transport of digestive enzymes and fluids,
and providing lubrication for food passage. The proximal intestine of rainbow trout

exhibits a higher concentration of goblet cells compared to the distal intestine and

10



Chapter 1: INTRODUCTION

pyloric caeca, suggesting regional specialization in mucous production and function

within the intestinal tract!4.

Enteroendocrine cells in the rainbow trout intestine are sparse yet functionally
significant, playing a critical role in regulating physiological responses to luminal
stimuli through the secretion of hormone peptides®. In contrast to mammals, Paneth
cells responsible for secreting antimicrobial peptides are notably absent in rainbow
trout and other fish species studied, indicating evolutionary divergence in intestinal

mucosal defense mechanisms.

In conclusion, the detailed characterization of the rainbow trout intestine underscores
its unique histological adaptations and cellular composition, providing profound
insights into its functional morphology and biological adaptations distinct from
mammalian intestinal structures. This understanding is crucial for advancing
aquaculture practices, dietary formulation strategies, and intestinal health

management in farmed fish species.

With this foundational knowledge, it is possible to more accurately design the in vivo
feeding trials and interpret the results obtained, ensuring that the diets formulated
for rainbow trout not only meet their nutritional needs but also support optimal gut

health and overall productivity.

In vivo feeding trials

To date, the only tool to evaluate alternative raw materials and more sustainable
formulations are the in vivo feeding trials. These involve administering new
formulations to groups of fish for a period and frequency depending on the fish's life
cycle and the trial's objective. Given the normal individual variability, experimental

groups required a huge number of animals to reach reliable conclusions.

11
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At the end of the trials various analyses are performed to evaluate the animals'
response. These analyses are essential for understanding the overall health, growth,

and well-being of the aquatic organisms under study:

e Biometric analyses, such as weight and length: fundamental metrics used to
estimate growth rates, feed conversion ratios, and other performance indices.
By comparing these data before and after the trial, it is possible to assess how
effectively the fish have converted feed into body mass, crucial information
for determining the efficiency of different feed types and compositions %,

e Hematological and immunological: blood samples are analyzed to measure
hemoglobin levels, coagulation parameters, antibodies, cytokines, and other
immune-related factors. These parameters help in understanding the health
status and immune competence of the fish. Elevated or decreased levels of
certain markers can indicate stress, disease, or the efficacy of the feed in
supporting immune function3;

e Histological and pathological analyses: Histological analysis involves
examining tissues under a microscope to observe any cellular or structural
changes, then, pathological evaluation helps identify alterations or damages
in tissues or organs, such as inflammation, necrosis, or abnormal growths.
These analyses are crucial for detecting any adverse effects of the feeds on the
fish's internal organs and for ensuring that the feed does not cause harmful
physiological changes 3'-%3;

e Chemical and nutritional analyses: the chemical composition and nutritional
value of the feeds are evaluated in terms of protein, lipids, carbohydrates,
minerals, and other essential nutrients. This analysis ensures that the feeds
meet the nutritional requirements of the fish and helps in formulating diets
that optimize growth and health. Understanding the nutritional profile of the
feeds is also important for comparing the efficacy of traditional feeds with

alternative sources like plant-based or insect-based feeds®>.
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These trials allow us to investigate the nutritional properties of the new formulations
but are costly and involve the sacrifice of numerous individuals. Moreover, even
though they are extremely useful for evaluating the effectiveness of a diet, they only
allow the analysis of the result, not examining the underlying mechanisms. This lack
of mechanistic knowledge severely limits our capacity to understand and predict the
biological value of the single raw material and of their different combinations.
Furthermore, the necessity to administer complete diets does not always allow a clear
understanding of the correlation between the individual diet component and its effect

on the animal.

Given these limitations, an in vitro model capable of mimicking the behavior of the
intestine in vivo could help study the mechanisms involved in nutrient absorption,
allowing the analysis of individual raw materials or complete diets, and simplifying
the administration-effect correlation. In particular, the use of in vitro systems would
be particularly effective for quickly and economically selecting the most promising
alternatives, while reducing the number of animals used in the in vivo trials,

increasing reproducibility and standardization, and reducing time and costs.

In vitro models: Stable intestinal epithelial cell lines

The most common type of in vitro model is represented by the immortalized cell lines.
These are populations of cells cultured in laboratory, derived from human or animal
tissues, capable of proliferating continuously. Because of their almost limitless ability
to proliferate in vitro and the possibility to culture them under controlled
circumstances, they make an excellent tool for long-term research and repeatable
experiments. However, immortalization poses a significant limitation since actively
proliferating cells have a lower degree of differentiation®. They remain in a more

stem-like and less functional phase, which can alter the results of the studies because

13



Chapter 1: INTRODUCTION

less differentiated cells may behave differently from their more mature counterparts

present in the organism.

To date, there are few stable cell lines derived from the intestine, most of which are
derived from mammals 3% (Caco-2, IPEC-]J2...). There are far fewer cell lines isolated
from the digestive system of fish species such as Zebrafish (ZFL cells)*® and rainbow

trout (RTgutGC)¥.

The laboratory where I carried out my PhD work, isolated two epithelial intestinal
cell lines from rainbow trout, called RTpiMI (Rainbow Trout Proximal Intestinal
Mucosa) and RTdiMI, (Rainbow Trout Distal Intestinal Mucosa) derived respectively
from the proximal and distal intestine of this species®. These cell lines were derived
from animals slaughtered for human consumption, strictly following the ethical and
scientific standards outlined in the Annex IV of the Directive 2010/63/EU%,

implemented in Italy through Decreto Legislativo n. 26/2014.

Both lines preserve many of the characteristics of the organ from which they
originated. The exhibition of organ-specific features is particularly evident in their
significant cellular heterogeneity. Each cell line consists of a diverse array of cells,
including stem cells, transient amplification populations, and various differentiated
cell types. Indeed, these cell lines express a range of markers, both at the transcript
and protein levels. The cells expressed markers as sox9, lgr5 and hopx, confirming
their stem-like characteristics, while the positivity to Sglt-1, Pept-1 and alkaline
phosphatase indicates the presence of a more differentiated and mature enterocytes
population®. This cellular diversity is crucial because it closely mimics the native

tissue environment, allowing for more accurate and relevant studies.

In terms of proliferation, the RTdiMI cell line, derived from the distal intestine,
demonstrates a higher proliferation rate compared to the RTpiMI cell line from the
proximal intestine. This difference is consistent with in vivo observations, where the
distal intestinal cells exhibit a faster turnover rate than in the proximal region®. The
heterogeneity between these cell lines, encompassing both proliferative and

differentiated cells, is a desirable trait. This characteristic ensures that the cell cultures

14
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maintain their functionality over extended periods, providing a stable and reliable
model for various types of research. The presence of stem cells and transient
amplifying populations enables ongoing cell renewal and differentiation, which is
crucial for long-term experiments and applications. On one hand, the proliferative
activity of stem cells is essential to ensure the maintenance of the cell line through
various passages over time. However, these characteristics lead cell lines to be highly
proliferative but not closely representative of in vivo conditions. Therefore, the
presence of a transient population that rapidly differentiates into a mature phenotype
creates a population that more closely resembles the in vivo balance, thereby making

experimental outcomes more reliable*.

Pasquariello et al. (2021) demonstrated that modifying substrate stiffness and cell
density resulted in enhanced expression of differentiation markers, such as alkaline
phosphatase. Furthermore, as highlighted in their study and further elaborated upon
in this thesis, the differentiation and functionality of these cell lines, can be enhanced
exposing the cell to a culture environment that can be defined as enriched. This
includes improvements to scaffold topography, such as the use of bi-cameral inserts*
and 3D scaffolds, as well as the incorporation of a feeder layer to support
differentiation (see Chapter 5). By combining these parameters, a more
physiologically relevant models can be established to better mimic the in vivo

environment of the rainbow trout intestine.

These features make RTpiMI and RTdiMI cell lines invaluable tools for a wide range
of studies, including those focused on nutrition, toxicology, pathology, and
regenerative medicine. Their ability to replicate the cellular complexity of the
intestine allows researchers to investigate how different diets, toxins, or therapeutic
agents affect intestinal health and function. Moreover, these cell lines provide a
platform for exploring the underlying mechanisms of intestinal regeneration and

repair, contributing to advancements in aquaculture and fish health management.

In conclusion, the RTpiMI and RTdiMI cell lines offer a robust and versatile model

for studying the complex processes of the rainbow trout intestine. Their preservation
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of organ-specific characteristics, combined with their cellular heterogeneity and
responsiveness to various experimental manipulations, makes them essential tools
for advancing our understanding of fish physiology and improving aquaculture

practices.

Advanced in vitro models: bicameral systems, co-culture and

3d scaffold

Bicameral cultures are one of the preferred system to reproduce the complexity of the
intestinal barrier more faithfully, This system consists of inserts placed in the wells of
a multi-well plate. Each insert has a permeable membrane on which intestinal cells
are cultured. In this way, the well is divided into two distinct compartments: an apical
chamber, representing the intestinal lumen and a basal one representing the stromal
counterpart. This setup allows reproducing the physiological polarity of the intestinal
cells barrier as it is in the organism. The mechanical stimuli, generated by the liquid-
liquid interface, drive the epithelial cells seeded on the porous membrane to
differentiate and display a more mature phenotype compared to the ones cultured on
a Petri dish #2. This system works well not only with mammalian cells (Caco-2)%* but
also with fish cells. In fact, experiments conducted with both RtgutGC cell line**and
RTpiMI and RTdiMI lines* have shown that the presence of the two compartments
promotes cell polarization, specifically, expression of brush border enzymes, a more
columnar morphology of the cells, and the presence of tight and occluding junctions.
Thanks to these characteristics, the inserts represent a widely used method to explore
the physiological and pathological mechanisms of the intestinal environment in

vitro*.

However, since only epithelial cells were present, this model failed to reproduce the
complexity of the gut mucosa that, in vivo, is made of a columnar epithelial monolayer

layered upon a loose connective tissue, known as the lamina propria. Indeed, a
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mesenchymal layer has been found to provide a supportive microenvironment rich
in signaling molecules, metabolic resources and structural proteins, that collectively
enhance epithelial cell differentiation. In this context, the role of fibroblasts is crucial,
secreting various growth factors, triggering differentiation signaling pathways and
synthetizing the extracellular matrix that provide structural support and mechanical

stimuli for the maturation of the epithelial cells*.

To further increase the similarities of the in vitro models with the organ of origin,
many researchers focused on the utilization of 3D scaffolds that provide a structural
framework enhancing the cellular organization and functionality. 3D scaffolds better
replicate the complex three-dimensional architecture of a native tissues, providing a
more physiologically relevant microenvironment, facilitating cell-to-cell and cell-to-
ECM interactions, and enhancing nutrient and oxygen diffusion?. In the most diverse
studies, cells cultured in 3D scaffolds exhibit enhanced differentiation and phenotypic
expression compared to those cultured in 2D*#. The ability to recapitulate tissue
architecture and cell-cell interactions allows for more realistic modeling of intestine
response, enabling researchers to better understand absorption mechanisms and

assess the efficacy and toxicity of new potential formulations.

Recent data demonstrated that increasingly complex gut in vitro models that closely
resemble the native organ have a better predictive power, becoming reliable devices
to explore the uptake mechanisms of molecules and compounds across the intestinal
epithelial barrier®®5'. While several efforts have been dedicated to the development of
in vitro intestinal models that recreate the mouse and human epithelial-mesenchymal

interface in vitro*55>%, only limited work has been performed in fish species®.
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Based on these premises, my thesis aims to develop an advanced platform that
accurately simulates the complex functions of the intestinal mucosa. This platform will
provide a robust tool for evaluating the health and nutritional benefits of innovative
components in aquafeeds. The research focuses on the Rainbow trout (Oncorhynchus
mykiss), which is extensively farmed in local and European aquaculture. By utilizing
Rainbow trout as experimental model, this study intends to deepen our understanding
of how novel dietary elements influence intestinal health, nutrient absorption
mechanisms, and overall fish performance. This scientific endeavor seeks to contribute
valuable insights into optimizing aquaculture practices and promoting sustainable food

production strategies.

To achieve this final aim my PhD work was divided into different experiments aimed

at:

1) Develop an in vitro digestion protocol of fish feed for extracting a bio-accessible
fraction (BAF or IVD) that does not compromise the viability of a functional
intestinal epithelium. The biocompatible BAF will be used to evaluate both
digestibility and bioavailability of a reference diet, commonly used in the in vivo
feeding trials, high in fish meal and fish oil content. The objective is to produce a
biocompatible solution that can be directly applied to intestinal cells for further
analysis, that effectively maintains the nutritional properties and bioavailability

of the diet while ensuring cellular health and functionality

2) Expose a bi-cameral intestinal model to different in vitro pre-digested (IVD) diets
and assess their impact on the integrity of the cell barrier including the
maintenance of barrier functionality, cellular health, and overall permeability. By
understanding these effects, the study aims to provide valuable insights into the
in vivo-in vitro correlation, exploring whether in vitro models can be used to
evaluate and grade novel formulations. This approach could deepen our
knowledge of the absorption mechanisms of alternative diets, ultimately

contributing to the development of more effective nutritional strategies.
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3)

4)

Establish and characterize various organotypic intestinal models to determine
their capacity to replicate the complex environment and differentiation processes
of rainbow trout intestinal epithelium in wvitro. This investigation aims to
understand how these models influence the differentiation of intestinal cells,
aiming to identify specialized cell types and simulate functional traits observed

in live organisms.

Expose the newly established models to an in vitro digested diet to investigate its
effects. This section aimed to verify the response of the newly established models
to an in-vitro-digested diet (IVD). Specifically, we wanted to assess whether
platforms with higher morphological similarities to the in vivo intestine also
exhibit more physiological responses. To achieve this, we utilized a reference
diet, rich in fish meal and fish oil, commonly used in feeding trials as the control

diet.

20



Chapter 3: IN VITRO DIGESTION OF FISH FEED AND
ITS BIOCOMPATIBILITY



Chapter 3: IN VITRO DIGESTION OF FISH FEED AND ITS BIOCOMPATIBILITY

Aim of the chapter

In vitro digestion is a technique used to simulate the physiological conditions of
digestion in a laboratory setting. It is a valuable tool for studying and understanding
changes, interactions, and the bio accessibility of nutrients, drugs, and non-nutritive
compounds. This technique is widely used in fields such as nutrition, pharmacology,
and food chemistry. While in vitro models have their limitations, they provide a cost-
effective and controlled environment for studying digestion-related processes. To date,
it is widely used in fish nutrition, to assess the nutrient digestibility of potential fish meal
replacements. This method provides a faster and less expensive alternative to in vivo
experiments; however, it does not consider the effect of the nutrients on the intestinal

cell barrier.

To improve this aspect, exposing intestinal cells to a pre-digested feed could provide
deeper insights into how nutrients interact with the cell barrier, their absorption
processes, and the underlying mechanisms involved. To date, few experiments art
available in the literatures® describing the effects of in vitro digested feed on intestinal

cells and there is clearly the need for more research into this topic.

The present work sets up the conditions for simulating the gastric digestion and the one
of the cranial portion of intestine of the rainbow trout to extract the bioaccessible fraction
(BAF) of a commercially relevant fish feed, rich in fish oil and fish meal. The first intent
was to create a biocompatible solution, that does not compromise the viability of a
functional intestinal epithelium. To achieve this, we established the optimal conditions
for growing functional monolayers of RTdiMI and RTpiMI cells, respectively isolated
from the proximal and distal intestine, on permeable membranes, exposed them to the
BAF and evaluated the cell viability. Additionally, we investigated whether it is feasible
to measure both protein digestibility and amino acids bioavailability within the same
experiment by profiling the flow of amino acids through the epithelial barrier under

various experimental conditions.
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In this chapter, you will find the full text of the article entitled “Development of a
Rainbow Trout (Oncorhynchus mykiss) Intestinal In vitro Platform for Profiling Amino
Acid Digestion and Absorption of a Complete Diet” which was published in Animals
2023; 13(14): 2278. This chapter provides the complete article as it appeared in the

publication.
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Simple Summary: The generation of an artificial intestine could minimize the use of

in vivo trials, which are presently necessary for testing aquafeeds. As well as being
lengthy and expensive, they also require the use of many animals. Furthermore,
although in vivo screening allows for a precise evaluation of the final effect of each
feed, it does not improve our basic knowledge of the cellular and molecular
mechanisms that determine the end results. This, in turn, severely limits our ability
to understand and predict the biological value of ingredients, both individually and
in differing combinations thereof. To circumvent these constraints, we previously
derived and characterized two novel cell lines from the proximal (RTpi- MI) and distal
intestine (RTdi-MI) of rainbow trout (Oncorhynchus mykiss), demonstrating that the
two cell lines retain the main properties of the intestinal tracts from which they
originate. In the present work, we used these cells to set up a functional intestinal
barrier on a permeable membrane support to investigate the digestion and absorption
of dietary amino acids in fish feed. The results demonstrate that the procedure we
developed enables the quantification of individual amino acids that cross the
intestinal wall. This new platform will now be used to screen and select new feed
ingredients/formulations.

Abstract: The ever-increasing number and variation of raw materials utilized to
provide alternative feed formulations continues to allow for a more sustainable and
flexible approach. Testing all these options in vivo is still the most robust and reliable
manner to pick the best raw material candidates, but it requires the use of large
numbers of animals and is time-consuming and expensive. Therefore, we are
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developing an in vitro platform that can provide a reliable evaluation of new
ingredients. The main aim of this work was to combine an in vitro digestion protocol
of extruded, commercially relevant aquafeeds with the exposure of intestinal
epithelial cells to the extracted bio-available fraction (BAF). The results show that
250.000 cells/cm? represents the optimal seeding density and that up to 50% BAF
concentration for up to 24 h had no negative effects on the epithelial barrier
morphology and function. It is possible to determine amino acid digestibility and
bioavailability in all the experimental conditions (with and without BSA, at 25 and
50% dilution) and at all time points (0, 6, and 24 h). However, BAF concentration, the
medium used for its dilution, and the length of exposure to the different epithelial cell
lines can all influence the results and, therefore, must be selected according to the final
aim of the experiment.

Keywords: in vitro digestion; intestine; digestibility; bioavailability; aquaculture;
sustainable feed

1. Introduction

To improve animal welfare, sustainability, and product quality in
aquaculture, it is necessary to identify sustainable raw materials that can
replace fish oil (FO) and fish meal (FM) [1-3]

The selection of alternative protein and lipid sources has been generally
based on their composition, commercial availability, production level,
current price, presence of antinutritional factors, etc. However, there is a
constant need to diversify our ingredient options to provide greater resilience
and allow for flexibility in formulations as the sustainability and availability
of different feed ingredient sources vary depending on, for example, crop
cycles, demand, and cost [4]. Testing all of these options in vivo is still the
most robust and reliable manner to evaluate raw materials to be included in
aquafeeds, but it requires the use of large numbers of animals and is time-
consuming and expensive. Therefore, it would be useful to develop tools that
can provide reliable indications of the nutritional profile and the possible
health implications of new ingredients.

Several human and animal cellular models have been developed over
recent years for investigating in vitro the intestinal barrier functionality [5]
with the aim to generate reproducible in vitro models that represent the
complex physiological processes that take place in the intestine as accurately
as possible (for a recent extensive review see [5]). Although the vast majority
of the studies have been performed in mammals, several studies have focused
on fish-related models, with rainbow trout (Oncorhynchus mykiss) as a target
species due to available cell lines. The first fish intestinal cell line, named
RTgutGC, was derived from this species several years ago [6] and has been
extensively studied since, for various purposes, including toxicology [7-9],
gut immunology [10], and intestinal function [11-13]

When it comes to the study of nutrient digestion in vitro, the most
common approach is to use species-specific enzyme extracts that mimic the
stomach-to-intestine progression without cells [14-16]. These models can be
complex and sophisticated and may be applied to investigate the mechanical
and chemical breakdown of nutrients (e.g., protein hydrolysis) [17,18] but do
not include the digestibility or the bioavailability of the digested nutrients by
the intestinal epithelium. However, these parameters can be investigated
using models that include intestinal cell lines, currently available mostly for
human/mammalian studies [19,20] .
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To expand this option to aquaculture-relevant species, we derived and
characterized two novel stable cell lines from the proximal (RTpiMI) and
distal intestine (RTdiMI) of rainbow trout (RT). We demonstrated that the
newly derived cell lines are composed of heterogenous call populations,
retain the main characteristics of the intestinal tracts of origin, and can form
an effective epithelial barrier, able to prevent paracellular flux of large
molecules and absorb small molecules such as glucose and proline [21] .

The aim of the present work was to combine an in vitro digestion
protocol of fish feed for extracting a bioaccessible fraction (BAF) that does not
compromise the viability of a functional intestinal epithelium so that it will
be possible to evaluate both digestibility and bioavailability in the same
experiment. To achieve this, we established the optimal conditions for
growing functional monolayers of RTdiMI and RTpiMI cells on permeable
membranes and exposed them to the bio-accessible fraction extracted from a
commercially relevant fish feed. Finally, we profiled the flow through the
epithelial barrier of the amino acids present in the bio-accessible fraction in
different experimental conditions.

2. Materials and Methods
2.1. Propagation of Intestinal Cell Lines

We used RTpiMI and RTdiMI cell lines, previously obtained from
rainbow trout proximal and distal intestines, respectively [21] . Cells were
routinely cultured using Leibovitz’s L-15 medium (L15/C, Thermo-Fisher
Scientific, Waltham, MA, USA cat n. 21083027) with 5% fetal bovine serum
(FBS, cat. n. 10270106, Gibco, Waltham, MA, USA) and antibiotic antimycotic
solution made of 100 units/mL penicillin, 0.1 mg/mL streptomycin, and 0.25
pug/mL amphotericin B (cat. No. A5955) at 20 °C in an incubator under
ambient atmosphere. Cells were cultured in 75 cm? tissue culture flasks (T75
cat n. 83.3911, Sarsted, Germany) and passaged at a 1:3 ratio when reaching
80% confluency. Cell passages between 30 and 35 were used for the
experiments described in the present manuscript.

2.2. Cell Seeding and Culture on In-Well Inserts for Generating an Efficient
Epithelial Barrier

Cells were seeded onto permeable polyester (PET) membrane in-well
culture inserts (Greiner BioOne, Kremsmiinster, Austria, ThinCert cat. No.
665640, 0.4 um pore size, 1.13 cm? surface growth area). To determine the
optimal seeding density required for the formation of an effective epithelial
barrier, the following seeding densities were tested: 120.000, 250.000, 500.000,
and 900.000 cells/cm?2. All experiments were performed in triplicate. Cells
were cultured for 21 days in a complete medium L-15/C that was replaced
twice a week. Epithelial barrier formation was checked on days 3, 7, 10, 14,
and 21, measuring the transepithelial electrical resistance (TEER), evaluating
the paracellular flux of Dextran, and performing a morphological analysis.

2.3. Measurement of Transepithelial Electrical Resistance

To assess the formation of an effective epithelial barrier, the
measurement of TEER was performed using an EVOM2 Epithelial
Voltohmmeter with STX2 or STX3 electrodes (World Precision Instruments,
Berlin, Germany) as recommended by the manufacturer's instructions. TEER
values were obtained by subtracting the resistance values of the insert
without cells from the values of the inserts measured with cells. TEER values
are shown as QQ x cm?.
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2.4. Paracellular Flux of Dextran

The paracellular flux of Dextran was measured as previously described
[21]. Briefly, 0.6 mL of an L-15/C medium supplemented with 100 pg/mL 4
KDa FITC-Dextran (Dextran, cat. No. FD4-250MG) was pipetted in the apical
compartment. Thereafter, 1.2 mL of the same medium without Dextran was
pipetted in the basolateral compartment. Dextran was quantified in both
apical and basolateral compartments after 6 or 24 h incubation, depending on
the experiment, using a multimode microplate reader (Synergy HT, BioTek,
Santa Clara, CA, Stati Uniti; EX: 428 nm; EM: 540 nm) to assess the capability
of the epithelial barrier to retain the molecule in the upper chamber.

2.5. Morphological Analysis
2.5.1. Light Microscopy

For both cell lines, three culture insert membranes for each cell density
were washed three times in PBS before fixation in 4% paraformaldehyde for
2 h after 21 days of culture. They were then dehydrated in a series of ethanol
solutions of increasing concentration, followed by their incubation in
Histoclear (National Diagnostics, Atlanta, GA, USA) for 45 min. Finally,
samples were incubated in paraffin for 90 min at 60 °C before embedding.
After dewaxing and re-hydration, 5-7 um thick sections were stained with
hematoxylin/eosin (HE) and observed on a Leica DMR microscope (Leica
Microsystems, Milan, Italy).

2.5.2. Electron Microscopy

RTdiMI cells seeded on PET membranes at densities of 70.000 cells/cm?2
and cultured for 21 days, and 250.000 cells/cm? and cultured for 7 days were
prepared for electron microscopy studies. For each cell density, four
membranes were prepared for scanning electron microscopy (SEM), and four
membranes were prepared for transmission electron microscopy (TEM).
Electron microscopy sample preparation and imaging were performed by the
NMBU Imaging Centre (As, Norway). In brief, membranes were fixed for 2 h
with freshly prepared fixation solution (1.25% glutaraldehyde, 0.1 M sodium
cacodylate buffer (SCB), and 2% paraformaldehyde), with gentle agitation,
washed three times for 10 min each with 0.1 M SCB and held in 0.1 M SCB at
4 °C until further processed. Samples for TEM were embedded in 3% low-
melting agarose. After fixation was obtained by incubating samples for 1 h in
1% osmium tetroxide in 0.1 M SCB, samples were washed with 0.1 M SCB.
Thereafter, they were dehydrated with 10 min steps in ascending ethanol
series (50-100%) before proceeding with embedding in LR White resin
(London Resin Company, EMS, Agar Scientific, Stansted, UK). To obtain
ultrathin sections, Leica EM UC6 Ultramicrotome (Leica, Wetzlar, Germany)
was used. Sections were stained for 10 min with 4% uranyl acetate and 1%
potassium permanganate. Images were acquired using a Jeol JEM 2100-Plus
transmission electron microscope (Jeol Ltd., Tokyo, Japan). At the same time,
dehydration of the samples for SEM was performed, incubating the samples
in ascending ethanol solutions (50-100%) for 10 min. Then, they were
processed in a BAL-TEC Critical Point Dryer (CPD 030, Leica, Wetzlar,
Germany). Coating of the samples was performed using gold/palladium with
a Polaron Sputter Coater (SC 7640, Quorum Technologies, Newhaven, UK).
After coating, samples were mounted on brass stubs. Images were acquired
using a Zeiss EVO50 EP scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany).

2.6. Gene Expression Analysis
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The expression of the following enterocyte functional markers was
analyzed in the epithelial barriers obtained using 250.000 cells/cm? after 21
days of culture: leucine aminopeptidase (Ipep) and alanine aminopeptidase
(anpep), two proteases involved in the final digestion of peptides generated
from hydrolysis of proteins by gastric and pancreatic proteases [22] , and
intestinal alkaline phosphatase (iap), a marker of terminally differentiated
enterocytes [23] .

RNA was extracted with TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA, Cat. No. 15596018) combined with PureLink RNA Mini Kit
(Thermo Fisher Scientific, USA, cat. No. 12183018A), according to the
manufacturer’s instructions. DNAse treatment was performed using the
PureLink DNase (Thermo Fisher Scientific, USA, #12185010) as indicated in
the handbook. After elution, conversion of the RNA samples to
complementary DNA (cDNA) samples was obtained using an iScript
Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad, Hercules, CA, USA).
To this end, samples were brought to 15 pL using nuclease-free water.
Thereafter, 4 pL 5x x iScript Advanced Reaction Mix and 1 pL iScript
Advanced Reverse Transcriptase were pipetted to each tube containing the
RNA samples. Reverse transcription (RT) was carried out by incubating the
samples for 20 min at 46 °C. To inactivate the reaction, samples were
incubated for 1 min at 95 °C using a DNA Thermal Cycler (Perkin Elmer,
Waltham, MA, USA). Samples were stored until PCR amplification at —20 °C.
Qualitative PCR was carried out using a GoTaq® G2 Flexi DNA Polymerase
kit (Promega Corporation, Madison, WI, USA). Each reaction was performed
using 25 pL using 10.8 uL RNase- free water, 5 uL 5xx Green GoTaq Flexi
Buffer, 1.5 pL 25 mM MgCl, 0.5 uL 10 mM dNTPs, 5 uL 10 mM primer mix,
0.2 pL GoTaq G2 Flexi DNA polymerase, and a 2 pL cDNA sample. The
program of PCR was: 95 °C for 2, 40 cycles of 95 °C for 30 s, 60 °C for 30 s and
72 °C for 5 min, and a final step at 72 ° C for 5 min. For each reaction, a tube
without cDNA (negative control) was carried out for contamination
exclusion. Amplicons were assessed using electrophoresis on a 2% agarose
gel stained using ethidium bromide (Thermo Fisher Scientific, Waltham, MA,
USA). A 50 base pair (bp) molecular marker gap (Thermo Fisher Scientific,
Waltham, MA, USA) was included for each gel to verify the length of the
amplicons. Since primer sequences were home-designed, expression of all the
genes of the panel was also validated in vivo. The primers used are listed in
Table S1.

2.7. Enzyme Activity Analysis

The activity of leucine aminopeptidase (Lpep), alanine aminopeptidase
(Anpep), and intestinal alkaline phosphatase (lap) was evaluated on the
epithelial barriers of RTpi-MI and RTdi-ML

Samples of epithelial barriers obtained using 250.000 cells/cm? after 21
days of culture were fixed in formol calcium for 30 min, washed three times
in double distilled water (DDW) and incubated for 1 h at room temperature
and 2 h at +4 °C in a working solution of 10 mL cacodylate buffer 0.1 M pH
6.5-7.5; 0.1 mL N-N-Dimetil-formamide; Fast Blue BB Salt hemi-(zinc
chloride) salt (Sigma-Aldrich, cat. No F3378-1G); and 5 mg of L-Alanine-4-
methoxy-beta-naphtylamide hydrochloride (Sigma—-Aldrich, St. Louis, MI,
USA, cat. No A5414-250MG), or L-leucine Beta-naphthylamide (Sigma-
Aldrich, cat. No L1635-1G). At the end of the incubation, samples were
washed thrice in DDW, incubated for 3 min in copper sulfate, and washed
thrice in DDW before acquiring the images.

For alkaline phosphatase (AP) activity, cells were incubated with Tris-
HCI (pH = 9.3) for 5 min to create the alkaline environment. Then, they were
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incubated with BCIP/NBT substrate (5-bromo-4-chloro-3-
indolylphosphate/nitro blue tetrazolium) (Vector Laboratories, SK-4500,
Newark, CA, USA) for 30 min at room temperature. Thereafter, they were
washed three times in DDW before imaging. In both cases, images were
acquired using a V16 stereomicroscope equipped with an Axiocam 506 color
camera and the ZEN 2 version 2.0 package software.

1. 2.8. Extraction of the Bio-Accessible Fraction (BAF) from Pelleted Fish Feed

A complete rainbow trout (RT) feed, containing 46% of crude protein
and 23% of lipid level, was obtained from Skretting Aquaculture Innovation
(see Table 1 for detailed composition).

Table 1. Composition of the feed pellets is expressed on “as is” basis.

Ingredient Control

Corn gluten 5.6
Wheat gluten 15.5
Faba bean meal 7.9
Sunflower meal 104
Wheat 9.0
Fish oil 8.0

Fish meal 34.9
Rapeseed oil 8.2
Premixes; vit, min, astaxanthin 0.7

Nutrient Volume % 100.0
Moisture, % 7.0
Crude Protein, % 46.5
Crude fat, % 23.0
Starch, % 10.0
Ash, % 6.2

DE MJ/kg 19.9

DP g/kg 413.0
Crude Fiber, % 0.4
NFE, % 16.9

The in vitro digestion procedure was performed based on methods
reported previously with some modifications [24,25]. Briefly, ground RT feed
was mixed with water (0.125g/mL) and exposed at 20°C to stomach (1,500
U/mL pepsin) and intestinal (100 U/mL trypsin) enzyme extracts in a
sequential manner simulating the gastric (pH 4, 6 h) or intestinal (pH 8, 6 h)
stages, respectively. Thereafter, the in vitro digested feed was heat-
inactivated at 90°C for 10 min and centrifuged for 30 min at 15,000 xg.
Thereafter, the supernatant was lyophilized, resuspended in L15/ex medium
(see below), sterilized using a 0.22 um syringe filter under a horizontal
laminar flow hood, aliquoted into sterile 1.7 mL tubes and stored at -20°C
until use. Crude enzyme extracts preparation as well as pepsin and trypsin
activity assays were performed as described before [14].

2. 2.9. Evaluation of the Possible Toxic Effects of the BAF on Intestinal Cells

Cells were seeded in a 96-well plate (25,000 cells/well) in 200 pL of an
L15/C medium and cultured at 20 °C for 72 h prior to exposure to the digesta.
For each experiment, two plates were seeded: one plate was used to estimate
the number of cells by DAPI staining, and the second plate was used for a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT),
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which is based on the conversion of water-soluble MTT to an insoluble
product (formazan) by mitochondrial reductases. Thus, higher MTT values
represent a higher metabolic activity of the cells as an indicator of their
viability [26] or for the combination of three fluorescent indicator dyes:
Alamar Blue (resazurin), which, in alive cells, is converted to a fluorescent
product by mitochondrial, microsomal, or cytoplasm oxidoreductases.
Therefore, the decrease in Alamar Blue fluorescence is correlated with a
decline in cellular metabolism, related to disruption of mitochondrial
membranes as well [27]; CFDA-AM slowly diffuses out of intact cells since it
is converted into alive cells by non-specific esterases of the plasma membrane
of living cells to the fluorescent product 5-carboxyfluorescein. This product
diffuses out of intact cells. Therefore, a reduction in CFDA-AM fluorescence
indicates an alteration integrity of the plasma membrane [28] and Neutral
Red, which measures the disruption of lysosomes resulting in a decrease in
Neutral Red fluorescence [29] . All these assays can be used on the same set
of cells, as previously described [13,28] .

On the day of treatment, filtered BAF aliquots were thawed, used
undiluted (100%), or diluted in three different concentrations (1, 10, and 50%)
with an L15/ex medium, a simplified formulation of the L-15 containing only
salts, pyruvate and galactose, but no serum [28]. After the cells were washed
twice with L15/ex, the BAF dilutions or the undiluted samples were added at
a final volume of 150 uL/well, and plates were put in the incubator at 20 °C
for 24 h. As a control, cells were incubated for 24 h with L15/ex only.
Background control wells did not contain any cells and were treated the same
way as the experimental wells. At the end of the exposure to BAF, cells were
washed twice with Dulbecco’s Phosphate Buffered Saline (cat n. D8662), and
the following assays were performed.

For 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide
(MTT) assay, cells were washed twice with PBS and incubated with MTT
Reagent (Abcam (Waltham, MA, USA) #ab211091) diluted in L15/ex and
incubated for 3 h (100 pL per well). Then, the MTT reagent was carefully
removed, and 150 pL of MTT Reagent Solvent was added to each well,
incubated at room temperature with shaking for 15 min, and the absorbance
was measured at 590 nm using a microplate reader (Synergy HT, BioTek). As
a control, cells were incubated for 24 h with L15/ex only. Background control
wells did not contain any cells and were treated the same way as the
experimental ones. Alamar blue (AB), CFDA-AM, and Neutral Red assays
were performed as described previously [26,27] . For DAPI staining,
following the exposure of the cells to digesta for 24 h, the cells were washed
twice with PBS, fixed with 4% PFA for 10 min at room temperature, washed
again with PBS, and incubated with DAPI (300 nM) for 5 min. Cells were then
washed with PBS, and fluorescence was measured using a multimode
microplate reader (Synergy HT, BioTek). Background control wells did not
contain any cells and were treated the same way as the experimental ones.

3. 2.10. In Vitro Cell Assays

We performed preliminary tests to determine the more suitable medium
to resuspend the BAF and to quantify the amount of single amino acids
present in the samples before and after their exposure to the cell lines. As
described in detail in Appendix A, it was necessary to eliminate the amino
acids contained in the complete culture medium used for propagating the cell
lines; therefore, we used an L15-modified medium (L-15/ex, [28]). We also
determined that the presence of 5% fetal bovine serum would prevent
accurate measurement of the amino acid profile but found that the presence
of 0.4% (w/v) of bovine serum albumin (BSA) was tolerated by the analytical
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procedure provided that samples were centrifuged at 10.000x g for 10 min
and filtered through a 10 kDa MWCO Amicon filter (cat. n. Z648027-24EA).
It was necessary to add at least 25% BAF to enable an accurate quantification.
Therefore, the following eight (2 x 2 x 2) combinations were tested on the cell
layers: 50% and 25% (vol/vol) of BAF diluted in L-15/ex, with or without BSA,
and with an exposure time of either 6 or 24 h. All combinations were spiked
with 100 pg/mL 4 KDa FITC-Dextran. In total, 0.5 mL of each media was
pipetted into the upper compartment of the inserts, and 1.2 mL of L15/ex was
pipetted into the lower compartment. After 6 and 24 h of exposure, a sample
of 0.1 mL samples was collected from the upper and lower compartments of
the inserts. The quantification of FITC-Dextran was evaluated by means of a
multimode microplate reader (Synergy HT, BioTek) to analyze the epithelial
barrier integrity during the experiment. Afterward, epithelial barriers were
fixed by a mean of 4% paraformaldehyde. Then, hematoxylin and eosin
staining were performed to assess cell morphology. At the same time,
endogenous alkaline phosphatase (AP) activity was performed to identify
fully differentiated enterocytes. For these experiments, epithelial barriers
were developed by seeding RTpiMI and RTdiMI cells at a density of 250.000
cells/cm? and culturing for seven days, as described above.

Exposure to the bio-accessible fraction was performed after the TEER
value reached its plateau (i.e., after two consecutive measurements carried
out at 3, 7, and 10 days gave similar values), and the paracellular flux of
Dextran significantly dropped. The same parameters were measured at the
end of the exposure to confirm that no damage had occurred. Moreover, to
confirm the absence of a negative effect, cell morphology was evaluated with
hematoxylin and eosin staining.

4. 2.11. Biochemical Analysis

Amino acid (AA) quantification of triplicate samples, collected from the
apical and compartments of epithelial barriers obtained using 250.000
cells/cm? and cultured for seven days, was performed by high-performance
liquid chromatography coupled with Exploris-Orbitrap® high-resolution
mass spectrometry (HPLC-Exploris-HRMS) (Thermo Fisher Scientific, San
Jose, CA, 357 USA). Chromatographic separation of AA was accomplished on
Vanquish HPLC instrument using Thermo Scientific™ Accucore™-150-
Amide-HILIC column (2.1 x 150 mm, 2.6 pm) with the gradient of two mobile
phases (acetonitrile and water both enriched with 20 mM ammonium
formate). An Exploris-HRMS mass spectrometer operated in both positive
and negative ionization modes was performed with predetermined
acquisition parameters. The full scan was used with resolving power 120,000
(scan range of m/z 70-350) for the screening and statistical evaluation of the
chromatographic profiles. Full scan data-dependent acquisition (FS-dd-MS2)
with resolving power 60,000 and 30,000 for full scan and dd-MS2,
respectively, was performed for fragmentation of pseudo-molecular ions
detected in FS mode. Fragmentation of precursors was done with stepped,
normalized collision energy (NCE) set at 20 eV and 30 eV.

The following 14 amino acids were quantified: L-Alanine, L-Isoleucine,
L-Leucine, L-Methionine, L-Phenylalanine, L-Tryptophan, L-Valine (all non-
polar AA); L-Arginine, L-Lysine (both basic AA); L-Asparagine, L-Glutamine,
L-Threonine, and L-Tyrosine (polar AA). The quantity of each amino acid in
the upper and lower compartments was compared to the BAF sample added
to the cells at the beginning of the experiments (BAFuw).

The mass balance of each amino acid was calculated with the formula:

Mass Balance = (A + BL) - BAFw
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1. where A is the amino acid amount in the apical compartment, BL is the
amino acid amount in the basolateral compartment, and BAFw is the amino
acid amount contained in the BAF used for all experiments and added to the
system at time 0. A negative figure indicates a loss, and a positive figure
indicates a gain.

The transport across the epithelial barrier of each amino acid was
calculated as the percentage of the amino acid quantified in the lower
compartment after 6 and 24 h incubation compared to the initial amount
pipetted in the apical compartment, calculated as follows:

Transport=BL /(A + BL) x 100

A control sample, represented by the membrane without any cells,
indicated as NC was run in triplicate for each treatment.

5. 2.12. Statistical Analysis

Unless otherwise stated, results are shown as mean + standard deviation
calculated from three replicates. Analysis was run using one-way ANOVA.
Multiple comparisons were performed using Tukey’s post hoc tests using
PRISM version 8.2.1. (GraphPad Software, San Diego, CA, USA). The
statistical significance of the results was considered when p < 0.05.

When appropriate, the Pearson Chi-square and results were considered
statistically significant when p < 0.05.

3. Results
6. 3.1. Development of a Functional Epithelial Barrier on PET Membranes

We investigated how long it takes RTpiMI and RTdiMI lines to form a
functional epithelial barrier. We tested the 120.000, 250.000, 500.000, and
900.000 cells/cm? seeding densities. At 120.000 cells/cm?, both cell lines
formed an effective epithelial barrier at seven days of culture, as indicated by
TEER, whose value reached a plateau at day 10 (Figure 1A). Increasing the
seeding density, a functional barrier was obtained already at three days of
culture for both cell lines (Figure 1A) and the plateau was reached at day
seven, as indicated by the same parameter. No differences were observed
above 250.000 cells/cm?2. In line with these results, when TEER reached its
plateau, the epithelial barriers formed by both cell lines significantly
increased (p < 0.05) the cells' ability to retain 4 kDa Dextran in the apical
compartment, demonstrating the ability to inhibit the paracellular flux of
large molecules (Figure 1B).
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Figure 1. Development of RTpiMI and RTdiMi epithelial barriers. Measurement of TEER (A) and
dextran paracellular flux. Asterisk(*) indicates statistically significant differences within the groups (p
value <0.05). (B) at 3, 7, 14, and 21 days of culture with the following seeding density: 120,000, 250,000,
500,000, and 900,000 cells/cm?. Different lower case letters indicates statistically significant differences
within the groups (p value < 0.05). (C) Morphological evaluation of epithelial barrier obtained with
120,000, 250,000, 500,000, and 900,000 cells/cm? cultured for 21 days. Scale bar = 50 pum.

Morphological analysis by light microscopy performed after 21 days of
culture revealed that at a seeding density of 120,000 and 250,000 cells/cm?,
both cell lines formed a monolayer on the membrane (Figure 1C). In
comparison, higher seeding density determined the formation of stratified
cell layers (Figure 1C). These results indicated that 250,000 cells/cm? was the
optimal seeding density to obtain an effective epithelial barrier formed by a
cell monolayer with a culture time shorter than that used in previous work;
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thereby, the cell inserts exposed to BAF were prepared using this protocol.
Electron microscopy studies of RTdiMI cells confirmed a coherent and
polarized monolayer by a seeding density of 250,000 cells/cm? and 7 days
culture in similarity to a seeding density of 70,000 cells/cm? and 21 days
culture (Figures 2 and 3). SEM imaging revealed coherence of the cell layer
with thread-like structures at the cell borders appearing to stitch the cells
together and occasional cells with small protrusions on the apical surface
(Figure 2). TEM studies indicated structural polarization of the epithelium by
apical tight junctions, lateral desmosomes, and basal gap junctions (Figure 3).

Figure 2. Scanning electron microscopy of RTdiMI cells grown on PET membranes. (A) Coherent
cell layer with thread-like structures at cell borders (white arrowheads). (B) Cell surface covered
by possible microvillus-like structures (arrows). n: nuclei. Scale bars 10 pum.

Figure 3. Transmission electron microscopy of RTdiMI cells grown on PET membranes. (A) TEM
confirmed a monolayered cellular barrier. The black arrow indicates the border between cells by
extending the apical arm or thread. (B) Apical tight junction (black arrowhead) and lateral
desmosome (white arrow). Asterisk indicates protrusion from the cell surface. (C) Lateral
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desmosome (white arrow) and basal gap junction (white arrowhead). n: nuclei, a: apical side, m:
membrane. Scale bars (A) 1.5 um, (B) and (C) 500 nm.

7. 3.2. Differentiation of Functional Enterocytes, Forming Epithelial Barriers

Firstly, we validated the specificity of the primer sequences that we
designed, examining the gene expression in the in vivo proximal (PI) and
distal (PI) intestine (Figure 4A). Thereafter, we found that RTpiMI and
RTdiMI cells express alanine and leucine aminopeptidases and intestinal
alkaline phosphatase (Figure 4A), which are functional markers of fully
differentiated enterocytes.

(A)

RTpiMI
RTdiMI

a o

(B) RTpiMI RTdiMI

Anpep

k

Figure 4. Gene expression and enzyme activity. (A) Expression of leucine aminopeptidase
(Ipep), alanine aminopeptidase (anpep), and intestinal alkaline phosphatase (iap) transcripts
of rainbow trout proximal (PI) and distal (DI) intestine, and RTpi-MI and RTdi-MI barriers.
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(B) Analysis of enzyme activity of leucine aminopeptidase (Lpep), alanine
aminopeptidase (Anpep), and intestinal alkaline phosphatase (Iap) in RTpi-MI and RTdi-
MI barriers.

Differentiation was further indicated by the detection of alanine and
leucine aminopeptidases activity in both cell lines at the same level (Figure
4B). Alkaline phosphatase activity, however, was higher in RTdiMI than in
RTpiMI cells (Figure 4B).

8. 3.3. Identification of Concentrations Compatible with Intestinal Cell Viability

The possible cytotoxic effect of the BAF extracted from the feed pellets
was evaluated by exposing the cells for 24 h to the undiluted sample or after
its 1, 10, and 50% dilution in the L15/ex medium.

DNA labeling with DAPI showed a sharp decrease (p = 0.001) when the
undiluted fraction (100%) was used (Figure 5A), caused by a notable
reduction of cells attached to the well (Figure 5B). The treatment with other
concentrations (1%, 10%, and 50%) did not cause any significant reduction of
DAPI fluorescence, indicating that the BAF had no effect, consistent with
what was found with the other assays performed after the treatments. In fact,
100% BAF induced a significant decrease of MTT (p = 0.01), Alamar Blue (p =
0.01), CFDA-AM (p = 0.0013), and Neutral Red (p = 0.001) signals, whereas
the other BAF concentrations did not (Figure 5A). Figure 5B shows
representative micrographs of RTdi-MI cells before and after the treatment
with different concentrations. As observed, the treatment with the undiluted
sample caused a severe loss of cells attached to the well, which explains the
significantly lower DAPI signal. At 50% concentration, a slight change was
observed in the morphology of the cell layer; however, the cell viability
assays did not show any significant effect (see Figure 5B). Finally, no changes
were observed when 1% or 10% concentrations were used, consistent with
the cytotoxicity assays.

Taken together, these results suggest that up to 50% concentration in
L15/ex does not cause any significant detrimental or cytotoxic effect on the
metabolic status, cell plasma membrane integrity, or lysosomal integrity of
intestinal epithelial cells.
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Figure 5. Cells were seeded in 96-well plates and, after 72 h, were exposed to different BAF
concentrations (1%, 10%, 50%, and 100%) for 24 h. (A) Double-stranded DNA was
fluorescently labeled with DAPI to indirectly estimate cell proliferation after treatments.
Other assays evaluated metabolic status (MTT and Alamar Blue), plasma membrane integrity
(CFDA-AM), and lysosomal integrity (Neutral red). Results are expressed as mean + SE of at
least three independent experiments for each assay. In all the assays, significant differences
were found only when cells were exposed to undiluted BAF (100%) with respect to the control
(0%). (B) Representative micrographs of cells before and after the 24 h treatment with digesta.
Data were analyzed with a one-way ANOVA followed by Tukey’s post-hoc test (* p < 0.05, **
p<0.01).

9. 3.4. Exposure of Intestinal Epithelial Barrier to the BAF Extracted from the
Pelleted Feed

3.4.1. Analysis of Barrier Integrity after Exposure to BAF

Following the preliminary experiments described in Appendix, RTpiMI
and RTdiMI cells were exposed to 25% and 50% BAF diluted in an L-15/ex
medium with and without BSA for 6 and 24 h. The integrity of the epithelial
barrier was not affected in both cell lines, as indicated by the constant TEER
values, and after all treatments, both RTpi-MI and RTdi-MI cell barriers
retained Dextran 4 KDa in the apical compartment of the inserts at a
significantly higher rate (p < 0.05) than the inserts without cells (Figure 6A,B).
The morphological analysis confirmed the presence of an intact cell
monolayer on the membrane, further confirming that IVD incubation did not
alter the epithelial barrier functionality after 6 or 24 h incubations (Figure 6C).
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Figure 6. Barrier integrity at the end of the exposure to different BAF concentrations in
different media for different lengths of time. (A) TEER did not significantly change in all
treatments at the end of the experiments. (B) 4 KDa Dextran remained in the upper chamber
due to the intact morphology of the epithelial monolayer represented in panel (C). Different
lower case letters indicate statistical significance (p value < 0.05).

3.4.2. Profiling the Amino Acid Content in the Different Experimental
Conditions

As described in detail, we performed a preliminary trial limited to 4 AA
to identify the experimental conditions that would enable the observation of
the fate of each of the 14 AA analyzed in the full experiment.

Table S2 shows that it was possible to quantify the concentration of all
14 AAs examined in the BAF in all the experimental conditions (with and
without BSA, at 25 and 50% dilution) and at all time points (0, 6, and 24 h).
All measurements have been performed in the presence of both cell lines
(RTpiMI and RTdiMI) as well as without cells. All experiments were run in
triplicate.

Since the experiments were performed with a single diet, all 14 AAs
were grouped in order to detect possible effects exerted by the different
combinations of experimental parameters.

The recovery rate at the end of the exposure time was determined to
detect if some of the AA were used directly by the cells (Table 2). After 6 h of
exposure, the amount of some of the 14 amino acids (AA) measured in the
BAF was increased compared to the initial sample. Significant differences (p
< 0.05) were measured in the presence of BSA with 50% BAF and in the
absence of BSA with 25% BAF. After 24 h, the phenomenon almost reached
the plateau since the amount of 12 of the 14 AAs analyzed in the BAF was
significantly increased (p < 0.05) at both 25 and 50% concentration compared
to the quantity measured at time 0. The presence or the absence of BSA in the
medium and the presence or absence of cells did not have an impact at this
time point.
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Table 2. Number of amino acids whose concentration was higher at the end of the exposure
compared to their initial amount as calculated with the Mass Balance formula. Six and twenty-
four hours are the length of the exposure. BSA = 4 mg/mL BSA in the medium. noBSA = 0
mg/mL BSA in the medium. The 25 and 50 = BAF concentration in the medium. RTpiMI
proximal intestine cell line; RTdiMI distal intestine cell line. Different superscripts in the same
row indicate a significant difference between groups (p < 0.05).

+BSA -BSA
6h 24 h 6h 24 h
BAF (%)

Cell Lines 25 50 25 50 25 50 25 50
RTpiMI 6 32 12 12 9a 7 12 12
RTdiMI 8 6° 12 12 10 8 12 12
No cells 3 1b 12 11 1b 6 12 12

The amount of AA that moved from the apical to the basolateral
compartment was measured. However, since the determination of the total
amount of AA increased during the experiments, in particular after the 24 h
exposure, we expressed the amount of each AA found in the basolateral
compartment as the percentage of the total amount found in the system. This
enabled us to compare the different amino acids and to group them in
different ways. As presented in Table S2, the flow pattern of each amino acid
does not seem to be influenced by any of the variables that were studied (BAF
concentration, presence of BSA time of exposure, or cell line). Therefore, we
considered the AA as a group, and we examined the effect of the presence of
the cells and of the origin of the cell line (proximal or distal intestine). When
the BAF was dissolved in a medium with BSA, the presence of cells and the
cell type had an unpredictable role in the flux of amino acids from the apical
to the basolateral compartment. In the absence of BSA, both proximal and
distal intestinal cells slowed the amino acids flux at 50% BAF concentration,
but only RTdiMI cells did the same at 25%. In all cases, the time of exposure
did not have a significant effect (Table 3A).

Table 3. (A) Average rate of amino acids that moved from the apical to the basolateral compartment of the culture insert
in relation to the cell line. NC = no cells; Pi = RTpiMI proximal intestine cell line; Di = RTdiMI distal intestine cell line. (B)
Average rate of amino acids that moved from the apical to the basolateral compartment of the culture insert in relation
to the AA type PO = polar; NP = non-polar; BA =basal amino acids. L-15/ex BSA = medium supplemented with 4 mg/mL
BSA. L-15/EX no-BSA = 0 mg/mL BSA in the medium. The 25% and 50% = IVD concentration in the medium. Different
superscripts in the same row indicate significant differences between groups(p < 0.05).

(A)
6 h Incubation 24 h Incubation
50% BAF 48.0a 48.7 a 46.9 2 59.6 b 45.4 « 64.7 a )
25%BAF  60.62  504° 446« 47.94 4520 457v  L15/exwith BSA
Cell lines NC Pi Di NC Pi Di
50% BAF 62.9a 48.0° 447 v 59.3a 47.27b 455%b L-15/ex without
25% BAF 53.1a 47.7 a 33.2¢0 50.2a 504 a 477" BSA
6 h incubation 24 h incubation
(B)
6 h incubation 24 h incubation
50% BAF 50.4 2 453 7P 51.1a 579a 55.3°b 57.4 ab .
25%BAF 5632 495t 53.4a 47.94 44.6° 4g1.  Lr1bfexwith BSA
AA type PO NP BA PO NP BA
50% BAF 541 50.3b 52.5 ab 51.4-2 50.6 2 49.8 2 L-15/ex without
25% BAF 44.6 2 41.2° 51.42 49.0° 48.2° 52.82 BSA
6 h incubation 24 h incubation
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When we considered the chemical nature of the amino acids, the results
indicate that irrespective of the cell line, non-polar AAs can move from the
apical to the basolateral compartment less efficiently than polar and basic
AAs, with the only exception when cells are exposed to BAF for 24 h diluted
in medium with no BSA (Table 3B).

4. Discussion

In the present paper, we combined the in vitro digestion of feed pellets
with the exposure of the resulting product to intestinal cell lines to develop
an in vitro platform that can evaluate both digestibility and absorption. Our
main aim was to determine the experimental conditions that would best
enable the combination of these approaches for gathering physiologically
relevant data.

As recommended for the development of a standardized test, it is
important to determine the conditions when the test itself can be performed
in a repeatable way [19] . Therefore, it was essential to determine when a
functional epithelium is formed through the attainment of the TEER plateau
and the ability to retain larger molecules in the upper chamber. Since speed
and high throughput capacity would be important for the commercial
application of this test, it has been important to determine that increasing the
seeding density from ~70,000 to 250,000 cells/cm? enabled the formation of a
functional barrier in three rather than in 21 days [11,21] and polarization of
the monolayer by apical positioning of tight junctions after 7 days. Even more
important was the observation that using higher seeding density determined
the formation of stratified cell layers that would significantly alter the
resemblance with the in vivo intestinal epithelium. It is interesting to note that
at the highest density, both the number of layers and the TEER values were
highest, indicating that TEER is a sensitive parameter for evaluating not only
barrier integrity but also cell proliferation. Barrier formation was also
accompanied by the expression of brush border enzymes and by the
detection of their activity. This confirmed our previous observations
indicating that increasing the seeding density stimulates cells to differentiate
[21]. Furthermore, such differentiation, at the appropriate seeding density
(250,000 cells/cm?), was accompanied by a decrease in cell proliferation as
indicated by the presence of a monolayer for at least 21 days.

The combination of an in vitro digestion based on the use of fish enzymes
working at 20 °C with exposure to intestinal cells in vitro was possible because
the process produced a chyme-like fraction that did not damage the cell
monolayers. This was obtained with sequential exposure to gastric and
intestinal enzyme extracts followed by their thorough inactivation. The
removal of any particulate matter and filter sterilization ensured its
compatibility with the cells. This could not be taken for granted because,
although the markers for goblet cells were found in both cell lines [21], the
main cell type present in the culture was enterocytes. Therefore, these cells
cannot take advantage of the full protective elements provided in vivo by the
goblet cells in the form of an effective mucus layer, the first line of defense
against microorganisms, digestive enzymes and acids, digested food
particles, and food-associated toxins [30]. Nevertheless, our data showed that
the system has a large operative margin since it can tolerate, without
apparent negative effects, concentrations as high as 50%. At present, we have
not identified the reason for the toxic effect of undiluted BAF.

The numerous efforts to compare in vivo and in vitro digestion systems
are mostly focused on models without cells [31]. However, the need for
coupling in vitro food digestion with in vitro epithelial absorption is becoming
more evident and is attracting increasing efforts, almost exclusively in human
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models [32]. The main aim of our experiments was to develop a system that
would enable to profile amino acid transit through a reconstructed intestinal
epithelial barrier following its exposure to a physiologically relevant BAF of
a commercially meaningful feed in fish. Therefore, it was important to define
the experimental conditions that would enable accurate quantification of AA
within a complex mixture.

In this respect, we achieved our goal with the identification of BAF
extraction and exposure conditions that allow precise quantification of the
AAs using high-resolution mass spectrometry. It was soon evident that the
number of AAs present in the standard L-15 medium caused a background
noise that prevented the accurate AA quantification present in the BAF. The
problem was solved with the use of the L-15/ex medium that has no AA in its
composition. We tested the medium both with and without BSA looking for
the best compromise between accurate AA quantification and full cellular
function. The presence of BSA in the culture medium, in fact, has several
positive functions binding and stabilizing many important small molecules
and ions, is an antioxidant, and binds fatty acids, copper, and other important
molecules [33]. At the same time, it is less prone to batch variations than
serum and adds fewer undefined variables. The results indicate that the
presence of BSA in some circumstances affects the results, but there have been
no signs that it compromised the possibility of an accurate AA quantification.
Overall, these experiments showed that it is important to select a medium
that combines well with the analytical technique used downstream.

It was interesting to note that the level of AAs increased during the
experiment (Table 2). While after 24 h, the process had already reached its
plateau, and no differences were visible among treatments, the data after 6 h
were more informative. First, it was evident that, although the increase was
visible even in the absence of cells, it was significantly more pronounced
when cells were present. This suggests that both cell lines have the capacity
to cleave small peptides and is consistent with the peptidase activity found
in both cell lines, confirming previous observations [21]. However, the fact
that after 24 h, the increase involved most AAs, even without cells in the
system, implies the presence of some residual proteolytic activity in the BAF.
This indicates that there is room for improving the enzyme inactivation
procedures, and this parameter must be checked as a matter of routine for
standardizing the procedures.

While it has been possible to quantify each AA in all treatments, no clear
pattern has emerged, also in consideration that we did not perform a
comparison between two or more feeds. Therefore, we looked at the AAs as
a group, and we considered the effect of the cell line (Table 3A). We observed
that in the absence of BSA and at 25% dilution, proximal cells are more
efficient than distal cells in translocating AAs from the apical to the
basolateral compartment. This is consistent with the fact that most AAs are
absorbed in the proximal intestine [34] and confirms that RTpiMI and RTdiMI
lines preserve some characteristics of their intestinal tract of origin.
Differences between cell lines were no longer evident when 50% BAF
concentration was used, possibly due to a saturation of the transporters.

In fish enterocytes, the SLC15A1 peptide transporter, better known as
PEPT], is responsible for the absorption of approximately 80% of digested
proteins in the form of tri- and di-peptides[35,36] . Separate transporters
handle the transit of neutral, basic, acidic, and non-polar AAs mostly across
the basolateral membrane [37]. Therefore, we grouped the AAs based on their
charge, and we noticed that in most circumstances, non-polar AAs are less
efficiently transported through the in vitro epithelial barrier than polar and
basic AAs. No acidic AAs were present among those quantified in this study.
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The SLC1AS5 transporter is responsible for the transit of non-polar AAs that
include alanine, serine, cysteine, threonine, glutamine, asparagine,
methionine, glycine, and leucine [38], and it will be interesting to quantify its
presence in future studies.

5. Conclusions

To the best of our knowledge, this is the first attempt to develop a
platform that combines the in vitro digestion of pelleted feed with the
exposure of intestinal epithelial cells to the extracted bio-available fraction
(BAF) to determine amino acid digestibility and bioavailability at the same
time in fish. We achieved the main aim of developing the techniques
necessary for combining the two approaches and showed that it is possible
to quantify the amount of any single amino acid during the procedure. We
found that BAF concentration, the medium used for its dilution, the length of
exposure, and the different epithelial cell lines, can all influence the results
and, therefore, must be selected according to the final aim of the experiment.

On this basis, it will be interesting to compare different feeds and
explore how the results that will be obtained can be correlated with the
information gathered from in vivo trials.
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quantification.
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Appendix A

Determination of optimal dilution medium, BAF concentration, and
length of exposure.

In a series of preliminary experiments, we measured the L-Alanine, L-
Arginine, L-Histidine, and L-Phenylalanine concentrations to determine the
optimal dilution medium and BAF concentration that would enable for the
most accurate ammino acid quantification allowed by the instrument
sensitivity. The four amino acids were quantified as described above,
dissolving the lyophilized BAF in (i) L-15 complete medium with 5% FCS; (ii)
L-15/ex with 4 mg/mL BSA; (iii) L-15/ex without BSA at 1%, 10%, 25%, or 50%
(vol/vol) concentration. The results summarised in Table A1l showed that the
background noise prevented an accurate amino acid quantification when
BAF was diluted in 1/15 complete medium with 5% in any concentration. On
the other hand, quantification of all amino acids was possible when BAF was
diluted in L-15/ex both with and without BSA but only when using 25% and
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50% of IVD dilution (Table 1). Therefore, all the experiments were run using
25% and 50% IVD in L/15/fx with and without BSA.

Table A1l. Quantification of L-alanine, L-arginine, L-histidine, and L-phenylalanine in different
media combinations. Results are shown as mg/mL.

Medium L-Alanine L-Arginine L-Histidine L-Phenylalanine
L-15 225.0 500.0 250.0 125.0
L-15 + BSA 223.0 497.0 255.0 119.0
L-15/ex N.D. N.D. N.D. N.D.
L-15/ex + BSA N.D. N.D. N.D. N.D.
Undiluted BAF (100%) 178.7 231.9 36.8 108.3
L-15+BSA + 1% IVD 206.9 483.9 219.6 121.5
L-15+BSA +10% IVD 209.8 485.6 228.2 109.4
L-15 + BSA +25% IVD 210.9 485.6 194.0 98.0
L-15+BSA +50% IVD 178.7 382.0 197.8 97.3
L-15/ex+ 1% IVD N.D. 3.1 0.7 15
L-15/ex + 10% IVD 13.6 23.7 49 13.2
L-15/ex +25% IVD 34.9 67.8 11.3 29.4
L-15/ex +50% IVD 75.7 134.4 20.2 54.2
L-15/ex + BSA + 1% IVD N.D. 22 0.9 1.0
L-15/ex + BSA +10% IVD N.D. 15.3 2.5 9.7
L-15/ex + BSA +25% IVD 23.3 39.3 5.4 21.2
L-15/ex + BSA + 50% IVD 38.0 99.4 12.0 42.4

In order to determine for how long we could expose the cells to the 25
and 50% IVD dissolved in L-15/ex with and without BSA, we evaluated the
barrier integrity after 6 and 24 h in all possible combinations measuring the
TEER values and the concentration of FITC-Dextran 4 KDa in the apical
compartment. The constant TEER values and the ability of both RTpi-MI and
RTdi-MI cell barriers to retain FITC-Dextran 4 KDa in the apical compartment
at a significantly higher rate than the inserts without cells indicated that both
exposure times would provide reliable results. In agreement with these
results, after all treatments, morphological analysis confirmed the presence
of an intact cell monolayer on the membrane, further confirming that IVD
incubation altered the epithelial barrier functionality neither after 6 nor 24 h
incubations to both 25 and 50% BAF concentrations dissolved in L-15/ex with
and without 4 mg BSA/mL. These six combinations were used for the rest of
the experiments.
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Chapter 3: IN VITRO DIGESTION OF FISH FEED AND ITS
BIOCOMPATIBILITY

Insights and Reflections

With this work, we successfully achieved our primary objective of developing an in
vitro digestion protocol to extract the bio-accessible fraction (BAF) from fish feed and
integrate it into a cell-based model for studying protein digestion and absorption. To
better replicate the intestinal architecture, a bi-cameral insert was used to simulate the
lumen and the blood stream. This arrangement closely resembles the natural
environment of the intestinal wall, allowing for more accurate modeling of nutrient
absorption and cellular interactions. As a result, the cells display a more differentiated
phenotype and exhibit improved functional properties, making the model more
reliable than traditional 2-dimensional cultures. We determined that a seeding
density of 250,000 cells/cm? is optimal for establishing an effective epithelial barrier.
At this density, exposure to up to 50% BAF concentration for up to 24 hours did not
adversely affect the morphology or function of the epithelial barrier. This approach
demonstrated the feasibility of using in vitro intestinal models for nutritional research.
Then, we developed techniques that allow for the quantification of individual amino
acids throughout the process. We found that amino acid digestibility and
bioavailability can be assessed under various experimental conditions (with and
without BSA, at 25% and 50% dilution) and at multiple time points (0, 6, and 24
hours). Therefore, the choice of BAF concentration, dilution medium, exposure
length, and epithelial cell lines are critical factors influencing results and should be

carefully selected based on the experiment's goals.

This work represents one of the first attempts to create a platform that integrates in
vitro digestion of pelleted fish feed with intestinal epithelial cells. By combining these
two procedures, we can more accurately simulate the digestive environment of fish,
providing information into how nutrients are processed and absorbed at a molecular
level. This arrangement could enhance the precision of our findings, offering a

valuable tool for optimizing fish diets and improving aquaculture practices.

47



Chapter 3: IN VITRO DIGESTION OF FISH FEED AND ITS
BIOCOMPATIBILITY

However, although the innovative approach that allowed the simultaneous
assessment of both amino acid digestibility and bioavailability produced valuable
outcomes, it was notably time-consuming and costly. Consequently, we decided to
investigate alternative endpoints that could provide a more immediate and practical

assessment of feed ingredients.
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Chapter 4: CELL EXPOSURE TO DIFFERENT IN VITRO DIGESTED DIETS

Aim of the chapter

The development of a protocol to extract the bioaccessible fraction (BAF) from various
feeds for use in in vitro models enables a deeper investigation into the effects of
different diets on intestinal cells. By leveraging this in vitro approach, we can assess
how BAFs derived from diverse feed formulations impact cellular function,
facilitating a more detailed analysis of dietary effects compared to traditional

methods.

The in vitro digestion protocol was employed to produce the bio accessible fraction
(BAF) of three different diets, which was regularly added to the culture medium over
a 21-day period: a reference diet (REF) with high fishmeal and fish oil content, a
soybean-based diet (SOY) recognized for its adverse effects on intestinal health in
vivo, and a feather meal diet (FH) derived from poultry processing by-products, that
offers a more sustainable alternative. The chosen concentration of BAF was 50%, as
this was the highest concentration that could be used without inducing cell mortality,
thereby producing the most pronounced morphological and functional changes. Both
the epithelial cell lines derived from the rainbow trout intestine—RTpiMI (proximal)
and RTdiMI (distal) —were investigated. Cells were seeded onto bicameral inserts,
whose two chambers are designed to mimic the intestinal lumen and blood stream.
This configuration closely replicates the physiological architecture of the intestine,

providing a more accurate model for studying the effects of different diets.

Our experiments have two primary objectives: first, to determine whether an in vitro
model of the rainbow trout intestine can effectively characterize the functional effects
of different feed formulations; and second, to identify clear and reliable endpoints for
ranking the efficacy of these diets. An in vitro system, being less complex than a whole
organism, simplifies data interpretation and enhances the ability to correlate dietary

administration with physiological effects, offering significant advantages for
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Chapter 4: CELL EXPOSURE TO DIFFERENT IN VITRO DIGESTED DIETS

companies that currently rely exclusively on feeding trials, which are time-

consuming, costly, and involve the sacrifice of numerous animals.

The following chapter is the full text of an article that is in preparation for the
submission to Frontiers in Marine Science. The layout and structure of the chapter
follow the journal's submission guidelines and may undergo minor changes based on

the feedback received during the review process.
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Abstract

Fish oils and meals play a major role in the diets of carnivorous fish, increasing the nutritional
value of fish meat, but endangering aquaculture's sustainability. Feed industries are exploring
alternative ingredients. Using an in vitro model to test these new raw materials would provide
a faster, cheaper, and more animal-friendly method than the current in vivo feeding trials.

To this aim, we used rainbow trout cell lines, derived from the proximal (RTpiMI) and distal
(RTdiMI) intestine, to establish an intestinal model. We compared the effects of a prolonged
exposure (21 days) to 50% of: a reference diet (REF), rich in fish meal and fish oil; a diet with
high soy-derived proteins content (SOY); an experimental diet in which fish proteins were
substituted by feather meal (FH). Barrier integrity and functionality was evaluated through
transepithelial electrical resistance, cell morphology and alanine aminopeptidase enzyme
activity.

The results showed that SOY disrupted the epithelial barrier of the cells derived from the
proximal but not the distal intestine. However, this effect was reversible, as barrier integrity
was fully restored once SOY was removed. In contrast, REF and FH induced a progressive
cell proliferation response over the exposure time in both platforms. This milder effect could
be an inflammatory response, possibly due to the lack of mucus protection, similar to the
response observed in vivo when challenging diets lead to an increase in intestinal fold
branching. Overall, our data indicate that using feed pellets digested in vitro with fish enzymes
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and exposing them to intestinal cell platforms provides valuable insights into the nutritional
and health value of different diets. Moreover, proximal intestine cells ability to fully recover
from the initial damage caused by SOY is of particular interest, as it suggests the potential for
using this platform to identify target molecules that can mitigate the effects of anti-nutritional
factors.

Introduction

The high-quality proteins and beneficial omega-3 fatty acids found in fish meat!,
together with the global population growth are the main reasons for the constant
increase in fish consumption. Such growing demand, cannot be satisfied by the wild
fish capture that has reached its plateau since many years, making aquaculture
essential®. In this context, the feeding of carnivorous species like salmon and trout is
challenging because they require fish meal and oil derived from small fatty fish
obtained through unsustainable fishing practices. Initial attempts were made to handle
these issues by replacing fish-based proteins with plant-based alternatives such as corn
gluten, soybean meal, and wheat gluten®*. However, these alternatives often contain
anti-nutritional factors, that negatively impacted on fish health and growth, resulting
in a decreased survival rate, a slower growth, immune systems compromission, and
inflammation events®. For this reason, it becomes important to search for more
sustainable and nutritionally effective alternatives, including algae, yeast, insect meal,
and poultry by-products®®. Despite in vivo feeding trials are costly, time-consuming,
and involve the sacrifice of many animals they are essential for evaluating these new
feed formulations. These trials investigate various parameters like growth
performance, and health markers but are limited in their ability to explore the
underlying mechanisms of absorption.

For this reason, developing an in vitro model able to simulate intestinal functions more
ethically and efficiently is gaining increasing interest. In mammals, in vitro intestinal
models offer a cost-effective approach for toxicology and drug absorption studies,
reducing the need for animal testing. These models use immortalized cell lines derived
from the intestinal epithelium such as Caco-2° and IPEC-J2!°. These cells can
proliferate indefinitely, providing a continuous cell supply, that, combined with the
ability to manage culture conditions, provides an optimal tool for conducting
repeatable experiments and long-term studies. However, the actively proliferating cells
present in the immortalized cell lines often have a lower degree of differentiation,
presenting a significant limitation'!. Indeed, they remain in a more stem-like and less
specialized phase, which can distort study results, as poorly differentiated cells might
behave differently compared to their more mature counterparts present in the
organism. Advanced systems like bicameral culture devices further replicate the
intestinal barrier by using a permeable membrane to simulate luminal and vascular
sides. This setup provides mechanical cues to the cells which are driven into a further
differentiation!2. The higher similitudes allow for more reliable nutrient transport and
absorption mechanisms studies.

In fish, only three stable intestinal cell lines are available for these kinds of studies,
all of them from rainbow trout. The RTgutGC!3"15, was the first one to be derived, and
two more recent lines RTpiMI and RTdiMI'® isolated from the proximal and distal
portion of the intestine respectively. All these cell lines preserve many characteristics
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of the organ from which they originated, notably exhibiting significant cellular
heterogeneity, including stem cells, a transient amplifying population, and various
more or less differentiated cell types (our paper). Moreover, the cell line from the distal
intestine demonstrates a higher rate of duplication compared to the proximal intestine'®
and in general respond differently to the same stimulus indicating that they preserve
the memory of their different origin.

The aim of this paper is to evaluate if the RTpiMI and RTdiMI cell lines can provide
a predictive and reliable ranking of the biological and nutritional properties of different
diets. Overall, these models improve reproducibility, reduce costs, and provide
insights into the molecular and cellular mechanisms underlying nutrient absorption,
accelerating the development of sustainable aquaculture feeds and enhancing the
understanding of fish nutrition and health. They would also facilitate high-throughput
screening, enabling rapid assessment of various feed formulations and their impacts
on intestinal cells. Thus, by simulating in vitro the fish gut environment, we could
identify effective and sustainable alternatives to fish meal and oil.

Materials and methods

In vitro digestion: bio-accessible fraction extraction

Three contrasting diets were formulated according to requirements and produced by
extrusion in 3-mm pellet size at Skretting Aquaculture Innovation (Stavanger,
Norway): a reference diet (REF), rich in fish meal and fish oil; a diet with high soy-
derived proteins content (SOY), known to produce negative effects in vivo'®; an
experimental diet in which fish proteins were substituted by feather meal (FH),

obtained from the processing of poultry slaughterhouse waste (7able I).

Table 1. Feed formulation and proximate composition

INGREDIENT % REFERENCE SOYA- FEATHER-
HIGH HIGH
FISH MEAL 35.00 5.00 5.00
WHEAT 21.73 6.07 18.19
WHEAT GLUTEN 9.00 23.50 13.22
FABA BEAN 5.00 4.97 5.00
SPC 10.37 8.38 15.00
ASTAXANTHIN 0.05 0.05 0.05
FISH OIL 9.43 10.48 9.97
RAPESEED OIL 9.50 10.56 10.05
VIT/MIN PREMIX 0.75 0.75 0.75
PHOSPHATE 0.10 1.32 1.46
DL-METHIONINE 0.19 0.35
LYSINE 0.57 1.12
YTRIUM PREMIX 0.10 0.10 0.10
SOY BEAN MEAL 30.00
FEATHER MEAL 20.00
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WATER/MOISTURE -1.04 -1.93 -0.26
CHANGE

NUTRIENT VOLUME % | 100.00 100.00 100.00
DRY MATTER 93.00 93.00 93.00
CRUDE PROTEIN 42.88 42.51 45.24
CRUDE FAT 23.00 23.50 23.00
ASH 5.69 4.89 4.20

Using the same approach we previously defined'®, fish feed pellets have been digested
in vitro using the enzymes extracted from the rainbow trout digestive system to
replicate both gastric and intestinal digestion. Briefly, following the protocol of
Brodkorb et al. (2019)?° with some adjustments, feed pellets were finely ground before
being mixed with of water at a ratio of 0.125 g for each ml. Then, they were incubated
with stomach and intestinal enzymes at 20°C for six hours each, simulating the stages
of gastric (pH 4) and intestinal (pH 8) digestion. To standardize the process, enzymes
activity was measured, and 1,500 U/ml of pepsin activity and 100 U/ml of trypsin
activity were used for the gastric and intestinal phases, respectively. The remaining
enzymatic activity was inactivated by heating the solutions to 90°C for 10 minutes.
The insoluble fraction was then eliminated by centrifuging the samples at 15,000 g for
30 minutes. The supernatant of the in vitro digested feed (IVD) was collected and
lyophilized for at least 24 h.

Cell Lines routine and seeding of the epithelial cells

We used the RTpiMI (passage 40) and RTdiMI (passage 37) epithelial cell line,
previously isolated from the proximal and the distal intestinal tract!’. In both cases,
organs were isolated from animals destined to human consumption and, therefore,
were not considered as animal experimentation under Directive 2010/63/EU of the
European Parliament.

Both cell lines were maintained in complete medium made of Leibovitz’s culture
medium (L-15, Thermo Fisher Scientific, Waltham, MA, USA, cat. no. 11415064)
supplemented with 2 mM L-glutamine, 10,000 units/mL penicillin, 10.0 mg/mL
streptomycin, 25.0 pug/mL amphotericin B (Merck, Darmstadt, Germany, cat. no.
A5955), and 5% fetal bovine serum (FBS, Thermo Fisher Scientific Waltham, MA,
USA cat. no. 10270106). All cell lines were cultured in 75 cm? tissue culture flasks
(T75, Sarstedt, Nurmbrecht, Germany, cat. no. 83.3911) at 20 °C in air, and the
medium was replaced twice a week. When reaching 80% confluency both cell lines
were washed thrice in PBS, trypsinized, counted and seeded at the final density of 2.5
x 10° cells/cm?, onto ThinCert™ polyethylene terephthalate (PET) translucent
permeable supports with 113 mm? surface and 0.4 pm pore size (Greiner Bio-One,
Kremsmunster, Austria, cat. no. 665640). The medium was replaced twice a week.
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Seeding of the epithelial cells and monitoring of the trans-epithelial electrical
resistance (TEER)

TEER was measured twice a week to determine when the value reached its plateau, as
this indicates the establishment of a functional epithelial barrier. The measure was
performed using the EVOM™ Manual coupled with the STX4 electrodes. Three
equidistant points of the insert perimeter were measured, and their average was
calculated. A blank insert, without cells, was run as a control, and the TEER value was
calculated using the following formula:

TEER (2 * cm?) = (Rsample — Ryni ) * insert growth area
Exposure to IVDs

The lyophilized IVD of each diet were resuspended in serum free L-15 medium and
mixed by inversion. The samples were centrifuged at 15 000 g for 15 minutes at +4°C
to remove any debris and the supernatant was collected and sterilized with 0,22 um
syringe filter.

Once the cells reached the TEER plateau value (usually after 14 days of culture), the
medium in the apical compartment was replaced with 50% IVD diluted in 2x L-15
medium (supplemented with the double amount of FCS, antibiotics and glutamine),
while in the basolateral compartment we continue to use the complete L-15 medium.
Negative controls were cultured in L-15 complete medium without IVD. To monitor
the barrier integrity, TEER was measured twice a week at the time of medium
replacement during the whole experiement. Exposure was arrested after 21 days.

Recovery test

When a diet caused a significant decrease of the TEER value, samples were fixed in
neutral buffered formalin (10% NBF) and embedded in paraffin for histological
analysis. The remaining two samples were subjected to a recovery test. The IVD was
removed and substituted with complete L-15 medium. TEER continued to be
monitored, and cells were cultured until day 21 as the other samples.

Alanine aminopeptidase activity

At the end of the experiment (21 days), the enzymatic activity of alanine
aminopeptidase (ALP) was measured as a marker of intestinal cell differentiation. The
in-situ quantification of ALP activity was performed as described by Ferruzza et al.,
(2012)?!. Briefly, the inserts were washed three times in PBS supplemented with 1 mM
CaCl; and 1 mM MgCl, (PBS+) to discourage cell detachment. PBS+ was left in the
basolateral compartment, while the enzyme substrate (5 mM L-alanine 4-nitroanilide
hydrochloride diluted in 10 mM Tris-HCI and 150 mM NaCl at pH 8.0, in PBS) was
added to the apical compartment. After 40 minutes of incubation at room temperature,
100 pl of solution were collected from the apical compartment and transferred to a 96-
well plate kept on ice. Absorbance was determined using a microplate reader at an
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optical density of 405 nm. The enzyme concentration was calculated using a standard
curve prepared from a 1 mM p-nitroanilide (p-NA) solution.

Histological analysis

Since the alanine aminopeptidase assay did not damage the epithelial barrier, it was
possible to use the same samples for morphological analyses.

Samples were fixed in 4% paraformaldehyde (PFA) in PBS, overnight. Then, inserts
were washed thrice in PBS, dehydrated, cleared in histoclear (Histo-Line, #UN2319)
and embedded in paraffin. Sections of Sum were stained with hematoxylin and eosin
to assess the general morphology of the cells or with Periodic acid—Schiff (PAS) to
highlight the presence of PAS-positive vacuoles. A semiquantitative scoring system
has been applied to assess the frequency of vacuoles distribution in the different IVDs
(Table 2). The absence of vacuoles has been indicated with “— while “+”, “++” and
“+++” indicates a low (1-3 vacuoles/field), medium (3-5 vacuoles/field) or high
frequency (> 5 vacuoles/field) respectively. For each sample, 3 fields were acquired
using a Leica DMR microscope equipped with a Nikon DS-Ri2 camera and the NIS-
Elements D software, version 5.20.

Table 2. The table contains the frequency of vacuole observation in ThinCert insert
sections from various samples of two cell lines (proximal and distal) subjected to 21
days of three different pre-digested diets, their respective controls, and the recovery
test. The sections were stained using PAS staining. The evaluations are based on the
semi-quantitative scoring system as follows: The absence of vacuoles has been
indicated with “— “ while “+”, “++ " and “+++ " indicates a low (1-3 vacuoles/field),
medium (3-5 vacuoles/field) or high frequency (> 5 vacuoles/field) respectively.

VACUOLES RATE
RTpiMI RTdiMI
L-15 — —
FH ++ -
REF + —
SOY +++ -
RECOVERY -

Statistical analysis

Statistical analysis has been performed on IBM SPSS statistics (Version 28.0.0.1).
Normal distribution and homogeneity of variances (homoscedasticity) were tested
using Shapiro—Wilk test and Levene’s test, respectively. Results were analyzed using
one-way ANOVA followed by post hoc Tukey’s test and are presented as mean +
standard deviation. p-values of less than 0.05 were considered significant.
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Results

Monitoring trans-epithelial electrical resistance (TEER)

In both cell lines, exposure to REF caused a statistically significant increase in TEER
values compared to the control, represented by cells cultured in complete L-15
medium. The FH diet also resulted in an increase of TEER. However, in the RTpiMI,
the increase was significantly smaller compared to that induced by REF, while in the
RTdiMI, the increase was comparable between the two diets. Interestingly, the
exposure to SOY caused opposite effects on the 2 cell lines: in RTpiMI, TEER
decreased after just 3 days of exposure while, in RTdiMI, TEER gradually increased
(Figure 1A-1B).

At the end of the exposure period (21 days), RTpiMI TEER was significantly different
among all treatment whereas, the 3 diets induced the same significant increase of the
RTdiMI TEER values compared to the control (Figure 1A-1B).

Following the TEER decrease in RTpiMI cells exposed to SOY (day 3), a recovery
test was performed to assess the extent of the damage. As shown in Figure 1, after 15
days of recovery phase (day 18), the samples reached the same TEER value of the
control (Figure 1C)
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Figure 1. Graphs showing the TEER values during the chronic exposure to the [VDs
extracted from the three different diets (REF, FH, and SOY) in the RTpiMI (Figure
1A) and RTdiMI (Figure 1B). Recovered samples were also monitored (Figure 1C)
and showed as a dotted line. The controls were performed by exposing the platform
to L-15 complete medium without IVD (C+). The values are expressed as mean +
standard deviation. Different letters in the same graph indicate statistically significant
differences (p<0.05).



Functional evaluation: Alanine aminopeptidase activity

Alanine aminopeptidase activity was quantified at the end of the exposure. In both cell
lines, we observed a significant increase of enzymatic activity in cells exposed to all
diets. In the RTpiMI, the increase was diet dependent. REF increased the activity of
this enzyme, but to a lesser extent than FH, whereas the cells exposed to SOY, after
the initial damage recovered their activity to the same level as that expressed by the
control (Figure 2A).

In contrast, in the RTdiMI, all diets led to the same significant increase in the activity
of this enzyme compared to the control (Figure 2B).

After removing the IVD, which had damaged the barrier integrity, in the RTpiMI
recovered samples, the level of enzyme expression showed values comparable to those
of the control. (Figure 2C)

Alanine aminopeptidase

.....

.....

1 0O }‘ a
- REF L-15 FH REF SOY L-15

FH REC L-15
A RTpiMI B RTAMI C RTpiMIREC

»

Figure 2. Bar charts showing the quantification of alanine aminopeptidase (ANPEP)
activity in the proximal (RTpiMI — Figure 2A) and distal (RTdiMI — Figure 2B) cell
lines cultured on the ThinCert insert after 21 days of exposure to feather high (FH),
reference (REF), and soy (SOY) diets. Recovered samples were also investigated
(dashed bar — Figure 2C). The values are expressed as mean =+ standard deviation.
Different letters in the same group indicate statistically significant differences
(p<0.05).

Morphological evaluation: Hematoxylin and eosin

At the end of the experiment, the morphological analysis of control samples (not
exposed to IVD) revealed a compact monolayer forming a barrier in both cell lines. In
the RTpiMI, the cells are well-aligned, forming a clear monolayer, while in the
RTdiMI, the monolayer is less orderly, and some areas show cells starting to overlap.

In samples exposed to the REF, both cell lines proliferated, forming a compact
stratified epithelium. Cells exposed to this diet exhibit more eosinophilic cytoplasm
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compared to the respective control, with this difference being particularly noticeable
in RTpiMI.

Exposure to the FH also resulted in epithelium stratification. These numerous layers
are more loosely arranged in RTpiMI and more compact in RTdiMI. The cytoplasm
of cells exposed to this diet shows less intense staining compared to cells exposed to
the REF and control cells (L-15).

The SOY caused a sharp decrease of TEER in RTpiMI cells after only three days.
Despite this, cells remained in a monolayer but spaced apart with disruptions in the
cellular barrier at numerous points. In contrast, exposure of RTdiMI to this diet
promoted the formation of a stratified epithelium, with cells showing a lighter
cytoplasm compared to those exposed to the other diets and the control.

At the end of the recovery period, consisting in 15 days of culture with complete L-15
medium, cells were able to recreate a functional monolayer, with only a few areas
showing multiple layers (Figure 3).
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Figure 3. Representative images of sections from the two cell lines (RTpiMI and
RTdiMI) exposed to the three different diets (FH, REF, and SOY), controls, and the
recovered samples of RTpiMI. The sections were stained with hematoxylin and eosin.
Scale bar 40 um
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Morphological evaluation: Periodic Acid-Schiff reagent (PAS) staining

PAS staining revealed the formation of several vacuoles after exposing the proximal
intestine cell line to the three diets. These vacuoles occupied a large portion of the cell
cytoplasm and pushed the nucleus towards the basal portion of the cytoplasmic
membrane. As shown in Table 5, their quantity depended on the diet with the REF,
inducing the formation of a few vacuoles, the FH determining an intermediate situation
and the SOY causing the highest presence of vacuoles. In contrast, no diet induced
vacuole formation in the RTdiMI and controls did not induce the formation of vacuoles
in both cell lines. Only a few vacuoles found in RTpiMI exposed to REF were positive
for PAS staining. Unlike in vivo conditions, these vacuoles did not face the luminal
compartment but were in the central layers of the barrier (Figure 4).
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Figure 4. Representative image of a ThinCert membrane section with RTpiMI
exposed to the reference diet (REF) for 21 days. The presence of a PAS-positive
vacuole is appreciable. Scale bar 40 pm

Discussion

In this study, two cell lines were compared: one derived from the proximal (RTpiMI)
and the other from the distal segment (RTdiMI) of the rainbow trout intestine'’. The
ThinCert insert, which features a porous membrane where cells were seeded, enabled
the creation of a dual-chamber system. This type of culture allows cells to interface
with both chambers, simulating in vivo conditions with the intestinal lumen on one
side and the circulatory flow on the other, thus reproducing the complex physiology
of the intestinal system”??. The two models were exposed for 21 days to three different
types of pre-digested feeds: a reference diet rich in fishmeal and oils (REF), commonly
used in in vivo feeding trials; a second diet in which animal proteins were replaced
with soy-derived proteins (Soy diet, SOY), known to have negative effects on
intestinal health in vivo'® and a third experimental diet where fishmeal was partially
replaced with feather meal obtained from poultry industry by-products (Feather high
diet, FH). Feather meal derived from poultry by-products represents one of the most
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promising alternatives to the traditional fishmeal due to its high content in protein,
relatively low cost, availability, and its contribution to the circular economy?>.

Administration of the REF resulted in a gradual TEER increase in both cell lines
compared to samples not exposed to the diets, which remained stable throughout the
experimental period. This observation confirms the results obtained previously by our
research group'®. Similarly, the exposure to FH led to a gradual increase in TEER
values compared to control (L-15) samples. Statistical analyses, however, revealed a
difference between the two cell lines: in the RTdiMI, the increase with REF and FH
diets was comparable, whereas a statistically significant difference was noted between
the final TEER values for these two diets when administered to RTpiMI. This
difference suggests a higher sensitivity of RTpiMI to different diet components and,
unlike RTdiMI, they responded more distinctly to the different formulations. This
observation also applies when the two lines were exposed to SOY: in the RTdiMI, this
diet produced a TEER increase comparable to the other two diets; conversely, in the
RTpiMI barrier, it caused a significant decrease in TEER after just three days of
exposure. The different effects of the same diet on the two cell lines could be explained
by the fact that, in vivo, the proximal intestine is the primary site for nutrient absorption
and, therefore, more sensitive to environmental stimuli, such as exposure to
unconventional protein sources. In contrast, the distal segment has a lower absorption
rate, favoring more active proliferation and a faster cell turnover’*. These
characteristics may have made the RTdiMI model more resilient to the stimuli
provided by the various diet ingredients.

Morphological analyses showed that all the samples with increased TEER values
developed a multilayered epithelium. In our previous study'®, the multilayering of the
epithelial barrier parallel to an increase in TEER values was observed following
exposure to the REF. This new study confirms cellular proliferation in response to a
reference diet and makes it possible to compare the responses to diets containing plant-
based or unconventional proteins. Indeed, it was found that the FH diet also led to
multilayering, but, as with the TEER values, differences were observed between
proximal and distal cell lines. The epithelial barrier established using RTpiMI and
exposed to FH appeared looser compared to the REF-exposed barrier, while, in
RTdiMlI, the epithelium was compact and well-organized, similar to that exposed to
the REF diet. The same level of compactness observed in the RTdiMI cells exposed to
REF and FH diets reflects the similarity in TEER values observed after exposure to all
the diets. On the contrary, the looser barrier formed by RTpiMI exposed to FH
corresponded to a lower TEER compared to the REF-exposed model. It is noteworthy
that SOY administration to RTdiMI also resulted in multilayering, comparable to REF
and FH diets in the same cell line. This result suggests that the RTdiMI exhibits greater
proliferation and lower susceptibility to varying diets. Since control samples, not
subjected to any diet, remained monolayered, it is plausible that increased proliferation
is a cellular response to diet exposure. In this context, it is important to note that, unlike
in vivo epithelial barriers, this in vitro model lacks the mucosal layer, which would
normally provide physiological protection?®. This absence may explain why cells
trigger adaptive mechanisms even when exposed to a diet rich in fishmeal and oils,
which, in vivo, is optimal.
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Finally, exposure of RTpiMI to the SOY resulted in evident damage to the cellular
layer, confirming the reduction in TEER values. Two distinct but non-mutually
exclusive causes might explain this. On one hand, RTpiMI, derived from the more
absorptive intestinal segment®*, might be more adversely affected by this diet. On the
other hand, RTpiMI, with less active proliferation compared to RTdiMI**, might have
been unable to counteract the stressful condition by replacing the damaged cells,
leading to the loss of barrier integrity. Changes in the cytoplasm were also revealed by
the hematoxylin and eosin staining, with differences in the color intensity depending
on the administered diet. RTpiMI exposed to REF showed a more eosinophilic and
homogeneously stained cytoplasm. Conversely, when exposed to FH, the cells showed
a lighter coloration with less compact cytoplasm. Similarly, RTdiMI exhibited a slight
change in staining intensity, being somewhat more intense in REF compared to FH
and SOY. This lightening of the cytoplasm can be attributed to cellular edema,
described as cell swelling resulting from fluid accumulation?®. Therefore, reduced
cytoplasmic intensity could be due to liquid accumulation diluting cytoplasmic
content. The primary cause of this effect is damage to ion pumps but may also be
associated with other cellular changes, such as cytoskeletal alterations, mitochondrial
swelling, endoplasmic reticulum dilation, and lysosomal rupture. All these phenomena
are part of the cellular stress response®’. This behavior has also been observed in
human intestinal cells and is reversible only in its early stages; otherwise, it leads to
cell death by necrosis?®. Morphological analysis also highlighted the presence of
vacuoles: round formations within the cell that appear empty spaces under the
microscope. The analysis of vacuole distribution showed that they were present
exclusively in the RTpiMI samples, with quantities varying by diet. Specifically,
vacuoles were more numerous in cells exposed to SOY, the most stressful diet,
intermediate with FH, and fewer with REF. These vacuoles were generally single (one
per cell) and occupied a large percentage of the cytoplasm, pushing the nucleus
towards the basal margin. Given their resemblance to goblet cells in vivo, the content
of these vacuoles was verified by performing PAS staining. The purpose was to
highlight mucins, the main components of mucus found in this cell type. In few cases,
particularly in RTpiMI exposed to REF, vacuoles tested positive for this staining,
confirming the presence of mucins and supporting the hypothesis that they might be
goblet cell vacuoles. Goblet cells in vivo produce mucus that protects the epithelial
cell layer®®. Since vacuoles were present only in conjunction with diet administration
and absent in control samples, it is plausible that cells were induced to differentiate
into this cell type as a protective response to the dietary stress condition. Notably, the
number of goblet cells in the proximal intestine is significantly higher compared to the
distal tract in vivo?®. Assuming that epithelial cells in the proximal intestine are more
prone to differentiating into a secretory lineage than those in the distal segment, we
can infer that the cell lines used in this experiment retained characteristics distinctive
of their in vivo counterparts. This may also explain why vacuoles were not observed
in the RTdiMI regardless of the treatment.

An additional aspect investigated was the enzymatic activity of alanine
aminopeptidase (AAP) to assess whether exposure to different diets also induced
functional modifications. This enzyme, typically present in the brush border of
enterocytes, is involved in peptide digestion, which can then be absorbed. Its
functionality makes it an excellent marker for evaluating cell differentiation and the
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similarity of the model to the in vivo counterpart. All samples analyzed after 21 days
of exposure exhibited higher AAP activity compared to control samples. Notably, in
RTpiMlI, the extent of the increase was greater in FH than REF. The increase in the
aminopeptidase can also be due to a feedback mechanism caused by low digestibility
of the feather meal®!*2, as it is also observed on Salmons®®. Conversely, in RTdiMI,
the three diets elicited the same response. This functional analysis demonstrated that,
despite the differentiation of RTpiMI towards a more secretory phenotype, the model
preserved and even increased the number of enterocytes, enhancing absorption
activity.

Overall, the SOY diet led to more severe outcomes, the FH diet induced mild stress
responses, while the REF diet was confirmed to be the most suitable. Recently, Lokka
et al.>* conducted an in vivo feeding trial using the same formulations tested in this
study. Their results showed that the SOY diet resulted in the lowest growth rate and
feed efficiency and had the most detrimental impact on gut health. The FH diet
exhibited lower digestibility and poor feed efficiency, whereas the REF diet showed
the highest digestibility and the best feed efficiency. Even if the in vitro and in vivo
effects are measured through different parameters, it must be noted that the ranking
provided by our model is comparable with that obtained in vivo. This indicates that it
can be used for reliable preliminary screening.

A separate consideration should be made for the recovery experiment. In this
experiment, we assessed whether, following the damage caused by FH, cells cultured
in medium without IVD would be able to re-establish the epithelial barrier and its
functions. 18 days after suspending the exposure to the diet, cells were able to return
to the TEER plateau value, indicating the restoration of an intact barrier and the
attainment of a state of equilibrium. Morphological evaluation confirmed the
restoration of a monolayer epithelial barrier across almost the entire sample, with only
a few areas showing multilayered spots. It is also interesting to note that the enzymatic
activity of the cells was comparable to that of the control, demonstrating that the model
was able to re-establish the same level of differentiation and functionality present
before the disruption. In summary, this cell line, after the damage, was able to
regenerate the epithelial barrier, returning it to pre-alteration morphological and
functional conditions, thereby effectively contributing to the so-called wound
healing®. Studying and understanding the mechanisms underlying this ability could
provide valuable insights into the cellular and molecular processes that regulate
intestinal repair and renewal. These results could advantage the search for an optimal
formulation, as they would allow a deeper understanding of the effects of the different
diets on intestinal epithelial homeostasis. Identifying new target molecules involved
in wound healing could also aid in the search for new food additives capable of acting
on these molecules, promoting and improving intestinal health or limiting the effects
of anti-nutritional factors present in various raw materials.

Conclusions

Overall, the response of both cell lines to the exposure to different diets is
characteristic of a stress state (hyper-proliferation, edema, differentiation towards a
secretory lineage), which may have been amplified by the lack of a protective mucous
layer. Additionally, the proximal intestine cell line appears to be more sensitive to the
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specific effects of the formulations used, whereas in the RTdiMI model, the responses
are more homogeneous across the different diets. Functional tests also demonstrated
the greater sensitivity of the RTpiMI, in which each diet had a well-defined effect.
Therefore, this cell line should be considered more suitable for establishing predictive
in vitro tests.
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Chapter 4: CELL EXPOSURE TO DIFFERENT IN VITRO DIGESTED DIETS

Insights and Reflections

Overall, the outcomes of this experiment revealed that the RTpiMI cells exhibit
greater sensitivity to dietary variations compared to RTdiMI cells, showing more
pronounced and distinct responses to each diet. Specifically, the soybean-based diet
(SOY) had the most adverse effects, resembling the negative impact observed in vivo,
and severely compromised the cellular barrier. The feather meal diet (FH) induced
various stress responses, including edema and cell proliferation, while the reference
diet (REF) only resulted in cell proliferation. The observed stress responses in the REF
model may be attributed to the absence of the mucus protective layer. Indeed, it is
important to remember that in vivo, epithelial cells benefit from the protective mucus
layer, which serves to shield them from pathogens as well as from direct exposure to
various nutrients. The higher sensitivity of RTpiMI cells, compared to RTdiMI cells,
may also reflect their physiological role. In vivo, the proximal intestine is the primary
site for nutrient absorption, responsible for over 70% of nutrient uptake. The RTpiMI
cells, which retain many of the characteristics of their in vivo origin, also reflect this

trait by exhibiting increased susceptibility to dietary variations.

These results were consistently observed across all functional and morphological
evaluations, indicating a robust pattern that underscores the reliability of the findings
and reinforces the conclusion that the RTpiMI cells, with their in wvivo-like
characteristics, provide a reliable model for assessing the effects of different diets on
cellular behavior. Moreover, although a direct correlation with in vivo results was not
feasible, it seems that the ranking of diets observed in vivo aligned with the one
defined in wvitro, further validating the relevance of this model in mimicking

physiological responses.

Additionally, the recovery experiment provided valuable insights into the RTpiMI
cells healing capability. After the damage induced by SQOY, these cells, cultured in
complete L-15 medium without BAF were able to restore both their barrier function

and morphological integrity. These findings underscore the cells’ capacity for
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effective wound healing and their ability to recover from dietary-induced stress, thus
demonstrating their suitability for investigating the impact of different feed
ingredients and identify bioactive compounds able to mitigate negative effects on

epithelial health.

This in vitro model offers a valuable alternative for evaluating feed formulations,

contributing to the improvement of aquaculture sustainability.
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Chapter 5: ESTABLISHMENT OF ADVANCED INTESTINAL CELL-BASED
PLATFORMS

Aim of the chapter

In the previous chapters, we successfully established the IVD (in vitro digestion)
protocol and investigated the impact of different diets on the cell monolayer, yielding
valuable insights into the interactions between digested feed components and
intestinal cells. The use of bicameral inserts, which mimic the in vivo apical-basolateral
polarization, enable epithelial cells to develop specialized regions (polarization),
thereby enhancing their functional characteristics. However, our current model,
while informative, may not fully capture the complexity of the intestinal
environment. Indeed, it is well understood that more accurate and nuanced results
may require refining the intestinal model by using more advanced or physiologically

relevant features.

The next section contains the article “Distinct Organotypic Platforms Modulate
Rainbow Trout (Oncorhynchus mykiss) Intestinal Cell Differentiation In wvitro,”
published in Cells 2023, 12, 1843. This article explores the hypothesis that advanced
cell culture methods, which include the use of sophisticated organotypic platforms,
provide essential environmental cues crucial for the differentiation and maturation of
intestinal epithelial cells. For example, the addition of an extracellular matrix further
supports cellular differentiation by providing structural and biochemical signals,
while co-culturing with stromal cells, which simulate the supportive tissue
environment, plays a significant role in promoting the physiological behavior and

structural development of epithelial cells.

Incorporating commercial extracellular matrix (ECM) components into the bi-cameral
culture system provided essential growth factors and structural support, which
further enhanced cell differentiation and function. This approach more effectively
mimics the natural stromal environment of the intestine, where epithelial cells
interact with supportive tissue, leading to more physiological cell behavior and
improving the expression of markers associated with intestinal maturation. To

further improve the model, we investigated the effects of co-culturing intestinal
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epithelial cells with stromal cells embedded in a commercial ECM or cultured in a 3D
scaffold. These models aimed to replicate the natural interactions between epithelial
and stromal cells found in the intestine. The presence of stromal cells introduced

additional signals that positively influenced cell differentiation and functionality.

In summary, the article aims to determine how different organotypic culture
platforms influence the differentiation of rainbow trout intestinal cells in vitro. The
development of more accurate and reliable models for intestinal cell differentiation
has implications for sustainable aquaculture practices and the welfare of cultured fish
with the ultimate objective of improving the study of fish intestinal physiology and

advancing research in aquaculture.
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Abstract: In vitro organotypic cell-based intestinal platforms, able to
faithfully recapitulate the complex functions of the organ in vivo, would be a
great support to search for more sustainable feed ingredients in aquaculture.
We previously demonstrated that proliferation or differentiation of rainbow
trout intestinal cell lines is dictated by the culture environment. Aim of the
present work was to develop a culture platform that can efficiently promote
cell differentiation into mature enterocytes. We compared four options,
seeding the RTpiMI cell line derived from the proximal intestine on: 1) the
polyethylene terephthalate (PET) culture inserts ThinCert™ (TC); 2) TC
coated with the solubilized basement membrane matrix Matrigel® (MM); 3)
TC with the rainbow trout fibroblast cell line RTskin01 embedded within the
Matrigel® matrix (MMfb); 4) the highly porous polystyrene scaffold
Alvetex® populated with the above-mentioned fibroblast cell line (AV). We
evaluated the presence of columnar cells with a clear polarization of brush
border enzymes; the formation of an efficient barrier with a significant
increase of trans-epithelial electrical resistance (TEER); its ability to prevent
the paracellular flux of large molecules but allowing the transit of small
compounds (proline and glucose) from the apical to the basolateral
compartment. All parameters improved by moving from the simplest (TC)
through the more complex platforms. The presence of fibroblasts was
particularly effective in enhancing epithelial cell differentiation within the
AV platform, recreating more closely the complexity of the intestinal mucosa,
including the presence of extracellular vesicles between fibroblasts and
epithelial cells.

Keywords: aquaculture; sustainable feed; rainbow trout; in vitro intestine;
intestinal cells; organotypic culture; organoids;
enterocytes.

cell differentiation;
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1. Introduction

Aquaculture is continuously searching for more sustainable ingredients
to reduce the environmental impact of the new feed formulations. The search
for appropriate and efficient alternatives is time-consuming, expensive and
requires the sacrifice of many animals, because extensive feeding trials are
essential for assessing the effect of raw materials on the gastrointestinal tract.
Cell-based models could represent a valuable support to in vivo experiments.
They offer several advantages including direct observation, continuous
analysis, limited variability, and reduced use of experimental animals [1].
However, in standard tissue-culture conditions, cell lines proliferate
incessantly and lack a completely mature phenotype. Moreover,
conventional cell culture settings prevent the physiological interactions both
between different cell types and with the extracellular matrix, thereby
altering cell behavior, specific genes and protein expression, as well as
responsiveness to external stimuli [2-5]. For these reasons, conventional
culture procedures limit the capacity of in vitro systems to generate predictive
data and to correlate them with in vivo experiments.

The use of culture inserts makes it possible to reproduce in vitro the
mechanisms of nutrient transport across the intestinal epithelium. These
inserts create dual-chamber devices where the compartments are physically
separated by a porous membrane on which cells grow as a monolayer
establishing an efficient barrier. The upper chamber simulates the intestinal
lumen, and the cells growing on the membrane mimic the epithelial surface
of the intestinal wall [1], whereas the lower compartment represents the
vascular system [6].

Recently, we established two epithelial intestinal cell lines (RTpiMI and
RTdiMi) from the proximal and distal tracts that characterize the rainbow
trout intestine, enriching the availability of RT in wvifro model [7].
Interestingly, they shared several similarities with the in vivo intestinal
mucosa [8-10] being constituted by a heterogeneous cell population of stem
cells, transit-amplifying cells and partially differentiated cells. When these
cells are grown in tissue culture flask, it is possible to regularly propagate
them. At present, they have been passaged for up to 50 times without any
obvious sign of senescence or morphological alterations.

We previously demonstrated that these cells promptly respond to
simple differentiating stimuli, like increased seeding density or the presence
of a cell culture insert, switching from stem cells or transit-amplifying cells
towards a more differentiated phenotype [7]. However, since only epithelial
cells were present, the model failed to reproduce the complexity of the gut
mucosa that, in vivo, is made of a columnar epithelial monolayer layered
upon a loose connective tissue, known as lamina propria. The two are
separated by a thin, dense layer of extracellular matrix called basement
membrane, jointly produced by the epithelial cells and the fibroblasts of the
laminal propria. Fibroblasts produce also the abundant extracellular matrix
that characterizes the connective tissue of the lamina propria, whose main
constituents are fibrous proteins such as collagen type I and type IV, elastin,
laminin and glycosaminoglycans [11-13]. This layer not only provides the
mechanical support to the overlying epithelium, but also actively participates
in its proliferation and differentiation through the secretion of growth and
signaling factors [14]. In a recent detailed characterization of the RT intestinal
stem cell niche organization we highlighted the active functional implication
of the subepithelial fibroblasts in the regulation of the stem cell proliferation
and differentiation and more in general, of the intestinal homeostasis [9,10].
Indeed, recent data demonstrated that increasingly complex gut in vitro
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models that closely resemble the native organ, have a better predictive power,
becoming reliable devices to explore the uptake mechanisms of molecules
and compounds across the intestinal epithelial barrier [15,16]. Therefore, we
hypothesized that moving the RT epithelial cells from the simple culture
environment of the tissue culture flasks to an enriched environment would
stimulate their differentiation. While several efforts have been dedicated to
the development of advanced intestinal models that recreate the mouse and
human epithelial-mesenchymal interface in vitro [14,17,18], only limited work
has been performed in fish species [19].

In order to characterize the role of the culture environment we compared
the performances of increasingly complex organotypic cell-based culture
systems. Starting with a simple PET culture insert (TC) as a control, we pre-
coated its surface with a thin layer of solubilized murine basement membrane
matrix Matrigel® to promote epithelial cell adhesion and differentiation
(MM). These two platforms, composed only by epithelial cells, have been
compared with other two that were enriched with a connective tissue
component in two ways. In the first one, RT fibroblasts have been embedded
within the Matrigel® layer (MMfb) while in the second, we seeded the
fibroblasts within the synthetic scaffold Alvetex™ (AV). In both cases,
intestinal epithelial cells were seeded on top of the fibroblast containing
layers.

The aim of this study was to determine how the four platforms influence
the morphological and functional differentiation of the intestinal cells. We
selected the RTpiMI cell line, derived from the proximal intestine, because
this is the functionally more relevant tract since in this tract more than 70%
of nutrient absorption occurs [20].

2. Materials and Methods
2.1. Cell lines

We used the RTpiMI cell line, previously established from the proximal
intestinal tract [7] and a rainbow trout fibroblast cell line (RTskin01) derived
from the dermis, in our laboratory.-In both cases organs were isolated from
animals destined to human consumption and, therefore, were not to be
considered as animal experimentation under Directive 2010/63/EU of the
European Parliament.

RTpiMI intestinal cells were maintained in complete medium composed
of Leibovitz’s culture medium (L-15, Thermo Fisher Scientific, Waltham, MA,
USA, cat. no. 11415064) supplemented with 2mM L-glutamine, 10,000
units/mL penicillin, 10.0 mg/mL streptomycin, and 25.0 pg/mL amphotericin
B (Merck cat. no. A5955), 5% Fetal Bovine Serum (FBS, Thermo Fisher
Scientific cat. no. 10270106) and indicated as L-15/Cs. RTskinO1 fibroblasts
were propagated in the same medium but supplemented with 10% FBS and
indicated as L-15/Co.

Both cell types were cultured in 75 cm? tissue culture flasks (T75,
Sarstedt, Nurmbrecht, Germany, cat. no. 83.3911) and passaged at a 1:3 ratio,
when reaching 80% confluency. RTpiMI cells at passages between 30 and 35
and RTskin01 at passages between 20 and 40 were used for the experiments.
All cell lines were grown at 20° C in air, and medium was replaced twice a
week.

2.2. Organotypic cell based platforms

A scheme of the four culture platforms is presented in figure 1.

2.2.1. Cell culture inserts (TC)
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RTpiMI cells were seeded at the final density of 2.5x105 cells/cm?, onto
ThinCert™ polyethylene terephthalate (PET) translucent filter supports with
113 mm? surface and 0.4 pm pore size (Greiner Bio-One, Kremsmunster,
Austria, cat. no. 665640).

2.2.2. Cell culture inserts coated with solubilized basement membrane (MM)

ThinCert™ cell culture translucent inserts with the same surface area but
with 3 pym pores (Greiner Bio-One, cat. no. 665631) were coated with 125 pul
of the solubilized basement membrane matrix Matrigel® (Corning, New York,
USA, cat. no. CLS354234) diluted 1:8 in serum-free L-15 medium. Inserts were
incubated at 20°C for 1 h to allow matrix polymerization. L-15 medium
supplemented with 5% FBS was added in both apical (AP) and basolateral
(BL) compartments. The subsequent day, 2.5 x 105 RTpiMI cells/cm? were
seeded on the apical surface.

2.2.3. Cell culture inserts coated with fibroblasts embedded in solubilized
basement membrane (MM(b)

In this platform, 4 x 105 RTskin01 fibroblasts were re-suspended in 125
pl of a Matrigel® solution diluted 1:8 in serum-free L-15 medium and layered
upon the ThinCert inserts with 3 um pores (Greiner Bio-One, cat. no. 665631),
the same used in the MM platform. After 1 hour incubation at 20°C for
allowing polymerization, L-15 medium, supplemented with 10% FCS, was
added in both the apical (AP) and basolateral (BL) compartments. After 1
week, 2.5 x 105 RTpiMI cells/cm? were seeded on the apical surface.

2.2.4. Alvetex™ cell culture inserts with embedded fibroblasts (AV)

RTpiMI were seeded on top of Alvetex™ inserts (Reprocell, Orlando, FL,
USA) previously embedded with RTskinO1. This inert 3D support consisted
of a highly porous, 200 pum thick polystyrene membrane, specifically
designed to allow infiltration and free interactions between neighboring cells.
Firstly, 12-well AV inserts (cat. no. AVP005-12) were made hydrophilic by
submersion in 70% ethanol for 30 minutes to allow cellular infiltration inside
the porous membrane. Subsequently, ethanol was removed with PBS washes,
and 75 pl of L15 medium containing 1 x 106 RTskin01 cells were dispensed
onto each AV insert and left in the incubator (20 C°) for 1 hour. Subsequently,
3 ml of L-15 medium with 10% FBS were added to the well. RTskin01
fibroblasts were cultured for 28 days, and the medium was replaced twice a
week. Thereafter, 75 pl of L-15 medium containing 9x105 RTpiMI cells were
layered on the apical surface of each well and incubated for 1 hour at 20°C
before adding 3 ml of L-15 complete medium supplemented with 10% FBS.

Cells 2023, 12, 1843. https://doi.org/10.3390/cells12141843 https://www.mdpi.com/journal/cells

79



Cells 2023, 12, 1843

Ao _SF i
,r:"’.r’l
S R bRl clhe
TC MM MMfb AV

Figure 1. Schematic representation showing the increasingly complex (from left to right) RT
gut in vitro platforms used and developed in the present study; RTpiMI epithelial (EP) cells
cultured on: 1) the ThinCert™ culture inserts (TC); 2) TC inserts coated with Matrigel®
matrix (MM); 3) TC inserts coated with the Matrigel ® matrix enriched with RTskin01
fibroblasts (MMFb); 4) the synthetic, highly porous Alvetex™ scaffold (AV) populated with
fibroblasts (Fb) that synthesize and deposit collagen (Col) between them and at the interface
with the apical surface creating an anchorage site for the epithelial cells (EP). Image has been
created using Biorender.com.

2.3. Sample processing and general morphological evaluation

Samples for morphological analysis were fixed in 4% paraformaldehyde
(PFA) in PBS overnight at 4°C, dehydrated using a graded scale of alcohols,
cleared in Histoclear (Histo-Line Laboratories, Pantigliate, Italy, cat. no.
RO050CITRO) and embedded in paraffin. Five pm sections were cut using a
rotary microtome (Microm HMB335E, Histo-Line Laboratories), dehydrated,
and stained with hematoxylin and eosin (HE) or with 4',6-diamidino-2-
phenylindole (DAPI).

Additionally, to verify whether fibroblast cell number increased along
cell culture time, RTski0l were seeded directly on plastic surface or
embedded in Matrigel® matrix fixed in 4% PFA in PBS for 30 minutes, stained
with 4',6-diamidino-2-phenylindole (DAPI) and counted. Given the
difference among the platforms, and since it is not possible to count cells in
the AV from above, counting was performed on paraffin-embedded sections
stained with DAPI. For the same reason, different time points were selected
for the different platforms. While for plastic surface and MMfb time-point 0,
time 1 and time 2 correspond to immediately after seeding, 48 and 72 h,
respectively, for AV scaffolding these time points correspond to 7, 14 and 28
days of culture. In all cases, five random fields of visions were selected, and
all the visible nuclei were counted using the open-source software Image]
[21].Moreover, to evaluate fibroblasts distribution within AV platform,
additional paraffin-embedded sections has been stained for F-actin. Briefly,
sections were brough to distilled water and incubated for 1 hour at room
temperature with phalloidin-iFluor 594 reagent (Abcam, Cambridge, UK cat.
no. AB176757) diluted 1:1000 in PBS. Subsequently, nuclei were
counterstained with DAPL

2.4. Immunohistochemistry
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Immunohistochemistry analyses on paraffin-embedded sections have
been used to detect specific targets. In particular, collagen secretion and
deposition were analyzed through the immunohistochemical detection of
collagen 1 alpha 1 (Collal), tight junctions’ formation were studied through
the presence of zonula occludens 1 (ZO-1), cellular polarization were
analyzed through the detection of sodium-glucose transporter-1 (Sgltl),
whereas actively proliferating cells were detected using proliferating cell
nuclear antigen (Pcna). Briefly, slides were brought to boiling in 10 mM
sodium citrate buffer, 0.05% Tween20 (pH 6) in a pressure cooker for 1 min
for antigen retrieval. Then, aspecific bindings were prevented incubating
sections in 10% goat serum in PBS (for Collal, Pcna or Sglt-1) or with 5%
bovine serum albumin (BSA) and 0.3% Triton X-100 in PBS (for ZO-1) for 30
min at room temperature. Afterwards, samples were incubated with anti-
collagen type I antibody (antibodies-online, Aachen, Germany), with FITC
conjugated anti-Zo-1 antibody (Life Technologies, Carlsbad, USA), with anti-
Sgltl rabbit polyclonal antibody (Merck, Darmstadt, Germany,) cat. no. 07-
1417, 1:200 dilution) or with anti-PCNA Mouse monoclonal antibody (Merck
cat. no. MAB424, 1:1200 dilution) diluted in 4% bovine serum albumin (BSA)
in PBS for 1 hour at room temperature. Subsequently, sections were exposed
to the adequate Alexa Fluor™ 594 goat anti-rabbit or anti-mouse secondary
antibody diluted 1:250 in PBS for 30 minutes at room temperature. Nuclei
were counterstained with DAPIL Secondary antibody controls were
performed following the same staining protocol but omitting the primary
antibody. Main antibody features are summarized in table 1.

Table 1. Antibody main features.

Supplier Cat. No. Host Concentration
Collal antibodies-online ABIN237021 Rabbit 1:40
Pcna Merk MAB424R Mouse 1:1200
Sglt-1 Merk 07-1417 Rabbit 1:200
Z0-1 Life Technologies 339188 Mouse 1:100

To evaluate collagen deposition, Collal immunostaining was also
performed on RTskin01 cultured on standard plastic surface at the final
density of 2.5 x 105 cells/cm? as previously described [7]. In addition, to verify
whether collagen deposition increases in parallel with the cell culture time,
Collal fluorescence intensity/cm? was quantified using Image] [21] on 5
images randomly selected in each section.

Immunostaining for Collal and ZO-1 was also performed directly on
the inserts without paraffin embedding. These samples have been analyzed
using a FRET-FLIM inverted confocal microscope equipped with the NIS
Elements D software, version 5.20. This allowed us to obtain a top view of the
3D platforms and verify the respective distribution of RTski01 and RTpiMI
cells.

Rainbow trout intestine sections were prepared from archival material
used in previous experiments [10]

2.5. Trans-epithelial electrical resistance (TEER)

After epithelial cells were seeded, TEER was measured once a week (day
7, day 14, day 21 and day 28) to monitor epithelial growth and verify the
establishment of a functional epithelial barrier in each platform. Briefly,
culture medium was replaced with fresh L-15 complete medium. Resistance
was measured at three equidistant points of the insert perimeter, and the
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average was calculated. A blank insert, without cells, was run as a control and
TEER value was calculated using the following formula:

TEER value (2 * cm?) = (Insert value — Blank insert value) * Insert surface area

2.6. Epithelial barrier efficiency
2.6.1. Paracellular flux of large molecules

To evaluate the efficiency of the epithelial barrier to prevent the
paracellular flux of large molecules, we calculated the apparent permeability
(Papp) of 4kDa Fluorescein isothiocyanate-dextran, (FITC-dextran, Merck, cat.
no. FD4). It was diluted in the culture medium to a final concentration of 100
pg/ml and added in the apical chamber of each platform. After 1, 15, 30, 60
and 120 minutes, 100 pL of solution were collected from the basolateral
compartment and transferred to a black, flat bottom, 96-well plate (Invitrogen
(Waltham, USA), cat. no. M33089). Serial dilutions of the 100 pug/mL 4 kDa
FITC-Dextran (100 pg/mL, 50 ug/mL, 25 pg/mL, 12.5 ug/mL, 6.25 ug/mL,
3.125 ug/mlL, 1.5625 ug/mL and 0) were prepared as standard curve. Controls
were performed using inserts without cells.

The fluorescence emitted by standards and samples were read using a
Synergy HT (BioTek) fluorimeter (em/ex 485/528). The standard curve was
used to transform the outcomes of the fluorimeter into the corresponding
dextran quantity.

Finally, to calculate the apparent permeability, the following formula

was applied: 20 .
Papp (cm x s) = E*CO*A

Where AQ/At is the permeation rate of the molecule (the slope of the
curve described by the cumulative concentration at the analyzed time points);
Co is the initial concentration in the donor compartment; and A is the surface
area.

To evaluate the retaining ability of the barrier after longer intervals, the
same Dextran solution was left in the apical compartment for 24 hours. Then,
100 pl of solution were collected from both the apical and basolateral
compartment, and the concentrations was calculated as described above.
Data was processed to calculate the percentage of FITC-Dextran present in
the two compartments.

2.6.2. Quantitative measurement of labeled glucose and proline in the
culture medium

To determine the permeability of small molecules of the epithelial
barriers formed in the different platforms we calculated the apparent
permeability (Papp) of D-Glucose-6,6-d2 (D2-Glucose, Merck cat. no. 282650)
and L-Proline-2,5,5-d3 (D3-Proline, Merck, cat. no. 791261). The molecules
were diluted in the culture medium to a final concentration of 918 and 75
pg/ml, respectively, and added to the apical chamber. After 30, 60 and 120
minutes, 100 pL of solutions were collected from the basolateral
compartment and diluted 1:10 with 90/10 (v/v) acetonitrile/200 mM aqueous
ammonium formate at pH 2.8. Samples were centrifuged 10,000 x g for 10
minutes and the obtained supernatant filtered through a 10 kDa MWCO
Omega polyethersulfone UF membrane in a Nanosep Advance device (Pall,
Port Washington, USA). Serial dilutions of both molecules were prepared for
external standard calibration curves. Controls were performed using inserts
without cells.
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D2-Glucose and D3-Proline were quantified in the samples using ultra
performance liquid chromatography (UPLC) system coupled to a high
resolution Orbitrap mass spectrometer Q Exactive (Thermo Fisher Scientific,
San Jose, CA, USA). Detailed instrumentation operative conditions were
reported in the supplementary material.

2.7. Ultrastructural analyses with Transmission Electron Microscope (TEM)

Alvetex™ scaffold inserts were fixed in 4% glutaraldehyde in sodium
cacodylate buffer 0.2 M for 2 hours, followed by a 2-hour wash in 0.1 M
cacodylate buffer and post-fixed with 2% osmic acid in 0.1 M cacodylate
buffer for other 2 hours. Subsequently, they were dehydrated with a graded
scale of ethanol (70%, 90%, 95% and absolute ethanol). Absolute ethanol was
replaced with propylene oxide, and samples were immersed in freshly
prepared epoxy-resin solution according to manufacturer instructions
(Durcupan™ ACM, Merck cat. no. 44611, 44612, 44,613 and 45345) followed
by polymerization at 60°C for 12 hours. Semi-thin sections were cut with a
RMC Boeckeler ultramicrotome and stained with toluidine blue. Ultrathin
sections were examined using the Transmission electron microscope Talos
L120C (Thermo Fisher Scientific) operating at 120 KV. Images were acquired
by a Ceta Camera 4K x 4K (Thermo Fisher Scientific).

2.8. Histochemical detection of brush border enzymes

To evaluate intestinal cell function, alanine aminopeptidase (ALP),
leucine aminopeptidase (LAP) and alkaline phosphatase (AP), three well-
defined enterocyte brush border enzymes, were analyzed after TEER reached
its plateau in each culture platform. AP, ALP and LAP detection protocols
were first validated on RT intestine sections. Small pieces of RT intestine were
promptly snap-frozen in liquid nitrogen and embedded in optimal cutting
temperature (OCT) compound. Subsequently, 8 um thick sections were cut
with a Leica CM1500 cryostat. Sections were then post-fixed in pre-cooled
acetone for 20 minutes and air-dried for 10 minutes. Subsequently, slides
were exposed to a solution of 0.1 mL N,N-dimethlyformamide; 10 mL 0.1 M
cacodylate buffer, pH 7.4, 10 mg Fast Blue salt and 5 mg of L-alanine 4-
methoxy b-naphtylamide or L-leucine-b-naphtylamide for the detection of
ALP or LAP respectively, for 60 minutes at room temperature and for 2 h at
4°C. Subsequently, samples were washed and incubated with 2% copper
sulphate for 3 minutes and post-fixed in 4% glutaraldehyde in 0.1 M
cacodylate buffer, washed and mounted using a polyvinyl alcohol mounting
media. For the in vivo detection of AP, small proximal intestinal fragments
were fixed in 10% neutral buffered formalin (NBF) shaking for 24 hours at
room temperature. They were then dehydrated in graded alcohols, cleared
with xylene and embedded in paraffin. Five um thick sections were
rehydrated and brought to distilled water, and then samples were immersed
in fresh Tris — HCI (pH 9.5) solution for 5 minutes to generate the adequate
alkaline environment. Subsequently, slides were exposed to 5-bromo-4-
chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT (Vector
Laboratories, Newark, _USA, cat. no. SK-4500) substrate, rinsed in tap water,
counterstained using Mayer’s hematoxylin, dehydrated and permanently
mounted.

Images were acquired using a Leica DMR microscope (Leica
Microsystems, Wetzlar, Germany) equipped of a Nikon DS-Ri2 camera
(Nikon, Amstelveen, The Netherlands) and the NIS-Elements D software,
version 5.20.
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Similar procedures, with only few adjustments, have been applied to
detect ALP, LAP and AP on in vitro samples.

Images were acquired using a V16 stereomicroscope (Carl Zeiss AG,
Oberkochen, Germany) equipped of an Axiocam 506 color camera (Carl
Zeiss) and the ZEN 2 version 2.0 package software.

2.9. Enzymatic activity: Alkaline phosphatase (ALP) and alanine aminopeptidase
(ALP) in situ assay

In situ detection of enzyme activity in live cells in vitro was performed
according to the protocol described by Ferruzza [22]. Briefly, culture inserts
were washed three times in PBS supplemented with ImM CaClz and 1 mM
MgCl: pH 7.0 (PBS*). For the detection of alanine aminopeptidase, samples
were subsequently incubated with a 5 mM of L-Alanine 4-nitroanilide
hydrochloride solution diluted in 10 mM Tris-HCl pH 8.0, 150 mM NaCl in
PBS. After 50 minutes, 100 pL of solution were collected from the apical
compartment and transferred to a 96-well plate. Enzyme activity was
quantified measuring the optical density at 405 nm (ODuos) with a microplate
reader (BioRad, Hercules, USA, Model 680). The standard curve was
prepared from 1 mM p-nitro anilide (p-NA) stock solution.

For alkaline phosphatase (AP) detection, inserts were washed 3 times
with PBS*, cells were later exposed to p-nitrophenyl phosphate (p-NPP,
Single Reagent Yellow Alkaline Phosphatase Substrate, Merck, cat. no. ES009)
that in presence of alkaline phosphatase enzyme, is hydrolyzed to p-
nitrophenol (p-NP), a yellow soluble product. After 8 minutes, 100 uL of
solution were collected from the apical compartment and transferred into a
96-well plate on ice, containing 50 uL/well of 0.5 M NaOH to stop the
reaction. ALP activity was quantified measuring the ODuos, and the standard
curve was prepared with 50 ul of serial pNP concentration (0-600 uM) added
to 150 ul of pNPP solution and 50 ul 0.5 M NaOH.

2.10. Statistical analysis

Results were expressed as means * standard deviations. Statistical
analysis was performed with the SPSS statistics software (IBM, Armonk, NY,
USA, version 28.0.0.1) using One-Way ANOVA followed by post hoc Tukey's
test, with the only exception for the analysis of deuterated compounds, which
required the Kruskal-Wallis test due to the non-gaussian distribution of the
data. P-values of less than 0.05 were considered significant.

3. Results
3.1. Morphological characterization
3.1.1. Light microscopy and immunohistochemistry

A number of morphological analyses of all four organotypic cell-based
intestinal platforms have been performed. Unfortunately, it was not possible
to perform all of them on the MM platform, because its physical properties
prevented the adhesion of paraffin-embedded section on the slides resulting
in the repeated loss of the samples.

Histological analyses revealed that RTskin01 fibroblasts were able to
populate both Matrigel® and Alvetex™, however, HE staining showed that
while fibroblasts grown within the Matrigel® matrix remained very close to
each other, they were loosely spread within the Alvetex™ scaffold. Moreover,
in both platforms, fibroblasts slowed their proliferation. In particular, when
cultured in the MMfb platform they significantly decreased their doubling
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time, whereas in AV their number increased from day 14 to 21 of culture and
then remained constant during the following week (Figure 2).
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Figure 2. Panel A: Fibroblast colonization and infiltration in the Matrigel matrix (MM) and
inside the Alvetex™ (AV) scaffold (HE staining; scale bar 250 pm). Panel B: relative RTpiMI
epithelial cell growth rate, expressed as a count of nuclei. Given the difference among the
systems, different timing was selected: for plastic surface and MMfb, T0, T1 and T2
correspond to immediately after seeding, 48 h and 72 h, respectively; for AV scaffolding TO,
T1 and T2 represent 14, 21 and 28 days, respectively. In all cases images were acquired at
40x magnification. Different letters within the graph indicate statistically significant
differences (p <0.05).

HE-stained sections and F-Actin staining showed that fibroblasts
growing within the AV scaffold maintained their native shape and their 3D
morphology, generating a network that resembled the stromal environment
in vivo (Figure 3).
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Figure 3. Intricate mesh generated by the fibroblasts inside the Alvetex™ scaffold
(pannel A; staining with HE). Fibroblast organization inside the Alvetex™ scaffold
(pannel B; F-actin is stained in red with phalloidin-iFluor 594 reagent; nuclei are
counterstained in blue with DAPI).

Moreover, immunodetection of Collagen type 1 al chain demonstrated
that RTskin01 fibroblasts started to synthetize and release collagen after 21
days of culture. Its deposition increased concurrently with the cell culture
time. Furthermore, after 28 days of growth, fibroblasts produced a collagen
layer on the Alvetex™ scaffold's top, which became thicker after further 7
days (Figure 4). Inmunostaining of Collagen type 1 al chain showed that the
fluorescence signal was not restricted to the cell cytoplasm, as occurred when
fibroblasts were cultured on standard plastic surfaces but extended in the
extracellular space generating an intricate supportive mesh closely
resembling a typical collagen extracellular matrix.
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Figure 4. Panel A: immunodetection of Collagen type 1al chain (Collalphal; stained in red)
in Alvetex™ scaffold showing that fibroblasts started to synthesize and release collagen after
21 days of culture, generating a thick layer of collagen after 28 days (scale bar 50 um). The
thick collagen layer was further expanded after an additional week of culture. Panel B: bar
charts showing that the collagen deposition relative to the total Alvetex™ scaffold area
increased in parallel with the cell culture time. Panel C: representative images of
immunodetection of Collalphal (in red) in fibroblast cultured on flat plastic surface,
embedded in Matrigel matrix®, cultured inside the Alvetex scaffold and in RT intestinal wall.
Images showed that when RTski0l were cultured on plastic or in Matrigel matrix®,
Collalphal expression was restricted to cell cytoplasm, but when cultured in Alvetex™
RTskin01 produced and released collagen within the extracellular space, generating an
artificial stroma resembling the in vivo connective tissue.
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The presence of Pcna in only a few fibroblasts grown into MM and AV
scaffold confirmed that most of them arrest their growth when cultured in
combination with a 3D biological or synthetic matrix.
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Figure 5. Representative images of Pcna immunodetection (red) showing that only a few
RTskin01 fibroblasts grown into Alvetex™ (AV) or Matrigel® with fibroblasts (MMfb) were
actively dividing. Nuclei were counterstained with DAPI (scale bar 50 um).

The classic epithelial layer grown directly on a PET culture insert (TC)
has been compared with more complex platforms made of two cell types: the
fibroblast seeded within the Matrigel® and Alvetex™ scaffolds combined
with the intestinal epithelial cells seeded on top. Due to the high porosity of
the AV scaffold, epithelial cells were seeded only after the generation of a
thick collagen layer underneath the apical surface of the scaffold to avoid
their infiltration inside the scaffold itself.

In all culture conditions, RTpiMI epithelial cells completely covered the
apical surface of the inserts. Moreover, HE and DAPI staining showed the
presence of a uniform layer of tightly aligned epithelial cells covering entirely
the apical surface (Figure 6). The presence of a homogenous layer of adherent
epithelial cells was also confirmed by the immunolocalization of the
junctional protein zonula occludens 1 (ZO1) (Figure 7).

Figure 6. Representative image of DAPI-stained (blue) cell nuclei of Alvetex™ scaffold
populated with fibroblasts (FB) creating an anchorage site for the epithelial cells (EP).
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