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Abstract. Adequate biological models are a prerequisite to screening and
development of probiotic drugs. In the present study, Caco-2 cell line is
reviewed as a model for analyzing properties of probiotics. This cell
culture possesses all the characteristics necessary for evaluating the effects
of probiotic drugs on a wide range of both intracellular processes and
intercellular interactions. Informativeness of Caco-2 cells is in the focus of
the present review.

1 Introduction

Development of veterinary probiotic drugs for modulating animal health involves a
hierarchical set of methods for the probiotic properties testing. The hierarchy of methods is
established to balance cost and informativeness at each stage of the analysis, and the most
promising candidate agents are promoted to the next stage, while the others are discharged.
The first biological level of screening is in vitro testing on cell cultures. The cells used in
the tests should be as physiologically close to the final target object as possible, allow the
widest possible range of studies to be carried out and, if possible, to create quasi-tissue
systems to minimize the need for in vivo studies at the level of screening and selection of
candidate agents. In case of eukaryotic models several cell lines meet the criteria, among
which the line of human intestinal epithelial cells Caco-2 is leading.

2 Physiological features of Caco-2 for probiotic research

Caco-2 cell line is one of the most convenient and frequently used models in studies on
effects of various substances and biological agents on the state of intestinal cells, absorption
rate, and other parameters [1]. Due to Caco-2 physiological and morphological features,
this line allows one to rapidly conduct in vitro screening and predict probable intestinal
reactions to the studied agents in vivo [1]. In this view, the same line is even suitable for
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co-culturing and studying the interaction between human intestinal cells and intestinal
microbiota and other microorganisms [2]. For example, McWhorter et al. investigated the
interaction between bacterial and intestinal cells to determine the colonisation activity of
bacteria in the chicken intestines. In this case, the Caco-2 model was used as a confirmatory
and screening object [3]. Similar studies were carried out in other laboratories, including
those aimed at developing new probiotics for agricultural needs [4].

The main physiological feature of Caco-2, which allows conducting such studies, is
changing of their phenotype, when hight confluence level is achieved. They acquire the
enterocytes morphology and form tight intercellular contacts, which is also important in the
analysis of potential in vivo properties of probiotics [5]. It is this feature that underlies the
study of the ability of the probiotic MTCC-5897 to normalize the microbiota in chicken [6].

Moreover, due to this feature, using Caco-2 cells for screening potential of probiotic
agents and their derivatives allows to rapidly and efficiently determine acute toxic effects.
On one hand, toxic agents cause drastic changes in the general morphology of the confluent
Caco-2 culture, and on the other hand, standard methods for evaluating acute toxicity,
including trypan blue staining, are applicable for this purpose [7].

3 Assessment of the effect of probiotics on intracellular
processes using flow cytometry and microscopy

In view of Caco-2 as malignant human cells, their use enables flow cytometry and
fluorescence microscopy applications to study their physiological functions under action of
probiotics or other biologically active substances (BAS), but also for molecular genetic and
systemic biological studies [5] without additional costs.

Regardless of the cell model used (but this is also true for Caco-2), flow cytometry
allows testing a multitude of key cellular parameters that quantitatively characterize the
effect of BAS and intercellular interactions (between bacteria and intestinal cells). For a
sufficiently complete informative assessment of effects, parameters like lysosomal and
mitochondrial functioning, lipid content, glucose import rate, cell division rate, generation
of reactive oxygen species and cellular thiols are suitable.

Lysosomal function (Lysotracker yellow is an example of the respective molecular
probe) is a superposition of the number and activity of lysosomes, which characterizes the
endocytosis intensity and cell signaling in response to incoming BAS [8].

Like lysosomal function, mitochondrial function is an integral parameter, which
depends on the quantity and activity of mitochondria. A classic example of a dye for
analyzing this parameter is Rhodamine 123 [9].

Using Nile red, it is possible to simultaneously determine the content of phospholipids
and triglycerides in the cells. These two parameters allow to characterize the intensity of
synthetic processes in the cells, as well as the activation level or the pattern of the
interaction between the signal pathways such as mTOR, Akt, and HIF1A and, accordingly,
indirectly, the intensity of autophagy processes [10].

Investigations of probiotics effects are higlhly informative when using 6-(N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-Deoxyglucose (6-NBDG in short), a non-
metabolizable fluorescent glucose derivative. This physiological parameter has been
successfully used in numerous studies, including the one aimed at analyzing interactions
between intestinal cells and microflora, in chickens among others [11].

Cell division rate is the most important parameter that characterizes the tissue and organ
function of the intestine. One of the most convenient dyes for this purpose is CellTrace
CSFE. The study of this physiological parameter is one of the promising methods for
studying probiotics properties [12].
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In the view of the reactive oxygen species (ROS) formed in cells as a messenger of a
huge number of cellular signaling systems, studying the pattern of ROS generation in cells
allows to estimate a whole range of features of the cell functioning under the influence of
various agents. In addition, to date, the influence of microflora and the substances secreted
by it on the patterns of the intestinal cell oxidative status systems has been well
characterized [13]. When conducting flow cytometry, two dyes that are used together are
the most convenient - a molecular probe for ROS in cytosol - CellRox Orange - and a
molecular probe for ROS in nuclei and mitochondria - CellRox Green.

Cellular thiols act as an additional cellular parameter characterizing both the functioning
of metabolic systems (for example, the relative activation degree of glycolysis and the
pentose-phosphate shunt) and cellular signaling in oxidative status control systems (when
tested together with the indicated ROS probes). An example of a suitable probe for flow
cytometry is ThiolTracker Violet, which allows quantitative detection of cell thiols, mostly
represented by glutathione. This parameter was valuable in studies of intestinal physiology
depending on the state of microflora [14].

Since the above mentioned molecular probes almost cover the entire visible spectrum,
to gate living cells in low cytometry one needs to use two corresponding dyes - 7-AAD and
Sytox Blue. The use of these dyes makes it possible to carry out a multiparametric analysis
of the state of cells and, without any significant interference, to study up to 4 parameters
simultaneously in the same cell [15].

Some of the listed parameters can be analyzed not only by flow cytometry, followed by
quantitative data, but also by fluorescence microscopy. In this case, it is possible to detect
changes in the quality parameters — changes in the morphology of cells, organelles, and
their location in the cell [16].

For example, in case of mitochondria, using MitoTracker Red (a more photostable dye
than Rhodamine 123) allows to analyse both the trans-membrane potential (semi-
quantitatively using optical densitometry), localization of mitochondria in the cell and their
morphology. Such changes are detected, including when the cells are exposed to derivatives
of probiotic cultures [17].

Using immunocytochemistry and genetic engineering marker CellLight Peroxisome-
GFP, studying the peroxisomes localization is possible. A change in the peroxisomal
system function is an in vitro marker of the biochemical characteristics of probiotic
cultures, as shown, for example, for butyrate producers [18].

Using the above mentioned LysoTracker Yellow dye and immunocytochemical staining
of the protein MAP1LC3B (membrane protein of mature autophagosomes) allows to study
autophagy flux. Autophagy modulation is one of the established mechanisms of anti-
inflammatory effects of probiotics and normalization of the intestinal mucosa [19].

Additionally, using immunocytochemistry, one more important function of the intestine
is studied - the ability to import amino acids. For example, protein SLC3A2 (CD98),
localized on the surface of cells and thus allowing immunocytochemical staining without
fixating and permeabilizing the cells, is a component of several amino acids importing
complexes into cells. Expression of this protein is dependent on the functional status of
intestinal cells and intercellular signaling in the intestine [20].

The discussed fluorescent dyes used to assess the effects of probiotics on Caco-2
cellular proccesses are summarized in Table 1.
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Table 1. The informative cell parameters for characterising of probiotics influence and comparable
fluorescent dyes.

Cell parameter Fluorescent dyes Reference
Lysosomal function Lysotracker yellow [8]
Mitochondrial function Rhodamine 123, MitoTracker Red [9],[17]
tTrllqgel ;((:);tie:il;tsof phospholipids and Nile Red [10]
The glucose uptake 6-NBDG [11]
Proliferation rate CellTrace CSFE [12]
ROS level CellRox Orange, CellRox Green [13]
Cellular thiols ThiolTracker Violet [14]
Viability 7-AAD, Sytox Blue [15]
The peroxisomal system function CellLight Peroxisome-GFP [18]
Autophagy intensity :g;i:tr?\j[l;e; lYf g 3(,) VBV’ immunostaning [19]
Amino acids import rate Immunostaning against SLC3A2 [20]

4 Analysis of the effects of probiotics on molecular pathways

Immunocytochemistry methods also allow to evaluate signal pathways function - and this
technology is highly informative when combined with molecular genetic studies on the
markers expression. For example, in the central antioxidant and xenobiotic defense pathway
NFE2L2/AP-1 (also referred to in the literature as the NRF2 and AP-1 pathway), there are
several sensor proteins that change cell localization and control transcription of the effector
genes. In a study, the effect of probiotics on this pathway was studied on Caco-2 cells [21].

In this case, immunocytochemistry detects changes in the compartmentalisation of the
sensory component of the pathway, and molecular genetics reveals shifts in the expression
of the effector molecules and even in the functional status of individual cell compartments.
For example, the differential expression of the XBP/ gene transcripts 1 and 2 allows one to
characterize the functioning of the endoplasmic reticulum. Normalization of the EPR
activity is also one of the important effects of probiotics during their screening [22].

Molecular genetic methods are also most convenient for screening the immune
modulating properties of probiotics and avoid the use of co-culture technology for such
studies. The key pathways to study in this case are the pathway of nuclear factor kappa B
(NF-kappaB) and hypoxia-inducible factor HIF1A. The NF-kappaB pathway directly
controls the expression of cytokine proteins and other agents of intracellular and
intercellular interactions [23]. At the same time, the HIFIA pathway adjacent and
interdependent with the previous one controls not only angiogenesis and reactions to
oxygen level fluctuations, but also the process of autophagy, the nature of energy
metabolism, cell proliferation and is responsible for maintaining the intestinal crypt stem
cell niche [24] and functioning of a system of pathways maintaining stem cells status and
providing epithelial-mesenchymal transition [25].
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5 Conclusions

To analyze the properties of probiotic microorganisms and BAS synthesized by such
organisms, a wide range of molecular and cellular biology methods is available today -
from studies of intestinal cell morphology in vitro and to molecular genetic analysis in vitro
and in vivo (Figure 1).

Caco-2 cell line

v
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Fig. 1. Key assays using Caco-2 cell culture as a model for studying the effects of probiotics.

The range of research models for such experiments is also wide - from artificial systems
and cell cultures with morphological signs of enterocytes to ex vivo and in vivo objects. As
noted above, Caco-2 cells appear to be one of the most appropriate models for this area of
investigation.
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