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Effect of co-incubation of HPAd-derived adipocytes
with enterocytes on inflammatory agents expression and bacterial
adhesion in Caco-2-derived enterocytes: a preliminary study
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ABSTRACT. White adipose tissue is the largest endocrine organ in the body,
which through endocrine or paracrine mechanisms, communicates with several
tissues. Our preliminary study involved two independent experiments. The primary
objective of Experiment 1 was to examine the effect of co-incubating Caco-2-
derived enterocytes with human preadipocytes (HPAd)-derived adipocytes on
cellular processes in the studied cells. Experiment 2 aimed to explore the impact
of co-incubation of adipocytes with Caco-2-derived enterocytes on bacterial
adhesion of conventional and pathogenic bacterial strains to Caco-2 cells and
their viability after treatment with the studied bacteria. Caco-2 cells were seeded
in inserts, and on the day of the experiment, these inserts with fully differentiated
enterocytes were transferred to plates containing fully differentiated adipocytes.
This approach created a model where metabolites from adipocytes contacted
enterocytes from the opposite side of the intestinal lumen, simulating the
conditions found in obese individuals, where visceral fat covers internal organs,
including the intestines. Furthermore, due to the observed persistent inflammation
in obese individuals resulting from the excess visceral fat, some groups of HPAd
cells were stimulated with lipopolysaccharide (LPS) to induce the synthesis of
inflammatory agents. Based on the data obtained in in vitro experiments, it can
be concluded that the co-incubation of Caco-2 cells with adipocytes positively
affects cellular processes occurring in Caco-2 cells by reducing the expression
of proinflammatory cytokines and apoptosis markers. Moreover, pre-incubation
of Caco-2 enterocytes with adipocytes protects these cells against Salmonella
enterica by reducing bacterial adhesion and increasing the viability of Caco-2
cells. Incubation of Caco-2-derived enterocytes with LPS-pre-treated adipocytes
did not cause significant changes compared to non-treated adipocytes.
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Introduction also, it is a direct cause of many gastrointestinal
diseases. There is a strong correlation between in-

The manuscript is focused on an important topic  creased body mass index (BMI) and the develop-

for animals and human health — intestinal health in
the context of obesity on the molecular level. Obe-
sity is usually associated with morbidity related to
cardiovascular diseases or diabetes mellitus, but

ment of intestinal inflammation, acute pancreati-
tis, and liver disease (Stabroth-Akil et al., 2015;
Parekh et al., 2018; Wypych et al., 2024). Obese in-
dividuals are more susceptible to illnesses due to the
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excess of adipose tissue in their organisms. This tis-
sue covers organs in the body and on the paracrine
level can affect multiple biological systems (Fain
et al., 2004).

Adipose tissue is a heterogeneous endocrine or-
gan that performs many vital functions in the body
(Richard et al., 2000). The roles of adipose tissue are
determined by the origin and composition of its cells
(Richard et al., 2000). To date, various types of adipo-
cytes have been identified and isolated, including yel-
low adipocytes — present in the marrow of long bones
and spine, pink adipocytes — found in breast tissue,
beige adipocytes — located in subcutaneous white adi-
pose tissue, brown adipocytes — mainly forming small
clusters in the upper chest, and white adipocytes —
situated in subcutaneous and visceral depots, respon-
sible for their expansion in obesity (Giordano et al.,
2014). It should be noted that white adipocytes are
the dominant fat cells in the body (Kershaw and Flier,
2004). The maturation of adipocytes occurs through
the process of adipogenesis involving 2 phases: de-
termination and terminal differentiation, wherein
mesenchymal stem cells (preadipocytes) differenti-
ate into mature adipocytes (Hutchings et al., 2020).
During the determination phase, pluripotent stem
cells transform into unipotent preadipocytes (Ambele
et al., 2020), and in the terminal differentiation phase,
preadipocytes acquire the phenotype and functional
characteristics of mature adipocytes. Under both
physiological conditions and in many diseases, ma-
ture adipocytes can dedifferentiate and reacquire the
properties of preadipocytes or pluripotent stem cells.
For example, through transdifferentiation, white sub-
cutaneous adipocytes can transform into pink and
beige adipocytes, and dermal adipocytes can undergo
a transformation into myofibroblasts and participate
in wound healing processes (Ambele et al., 2020).

White adipose tissue is the largest endocrine or-
gan in the body that exerts its effects through endo-
crine, paracrine or autocrine mechanisms and com-
municates with the central nervous system, muscle
tissue, blood vessels, kidney, pancreas and various
other organs and tissues (Kershaw and Flier, 2004;
Yi and Tschop, 2012; Rome, 2022; Wypych et al.,
2023). Visceral adipocytes play a crucial role by
expressing and secreting several biologically ac-
tive substances known as adipokines (Chait and den
Hartigh, 2020). Among these, visceral adipocytes
can produce enzymes involved in the metabolism
of glucocorticoids and sex steroids, proteins of the
renin-angiotensin system (RAS), resistin, acylation-
stimulating protein (ASP), adipsin, adiponectin, plas-
minogen activator inhibitor (PAI)-1, macrophages

and monocyte chemoattractant protein (MCP)-1, pro-
inflammatory cytokines (interleukines: IL-1pB, IL-6,
and tumour necrosis factor a (TNFa), leptin, apelin
and more (Ambele et al., 2020; Wypych et al., 2023;
Szlis et al., 2024). Consequently, the bodies of obese
individuals are subject to a chronic, low-grade pro-
inflammatory state (Chait and den Hartigh, 2020;
Elmas et al., 2022).

Metabolites from adipose tissue, transported
through the bloodstream, reach cells in the gastro-
intestinal tract, including enterocytes, goblet cells,
enteroendocrine cells, stem cells, and others. These
metabolites affect the metabolism of these cells and
influence physiological processes occurring in the
intestines (Swierczynski and Sledzinski, 2012; Tsai
et al., 2020).

It should also be noted that the gastrointestinal
tract forms a complex ecosystem consisting of intes-
tinal epithelial cells (enterocytes), immune cells and
gut microbiota (McCracken and Lorenz, 2001; Shi
et al., 2022; Wahid et al., 2022; Dunistawska et al.,
2023). Enterocytes play a dominant role in the intes-
tines, contributing significantly to digestion by ensur-
ing the uptake of ions, water, nutrients, vitamins and
absorption of unconjugated bile salts. Enterocytes
are involved not only in the chemical processing of
food, but also in the induction of immunological tol-
erance and bacterial adhesion to these cells (Miron
and Cristea, 2012; Siki¢ Pogacar et al., 2020). Entero-
cytes possess specialized receptors belonging to the
pathogen recognition receptors (PRR) family, includ-
ing Toll-like receptors and nucleotide oligomeriza-
tion domain (NOD)-like receptors. These receptors
recognize highly conserved molecular structures in
bacteria—microbe-associated molecular patterns
(MAMPs)—triggering the activation of inflamma-
tory mechanisms (Miron and Cristea, 2012). The key
process for both commensal and pathogenic bacteria
to survive and colonize the gastrointestinal tract is ad-
hesion to gut epithelial cells (Ageorges et al., 2020;
Siki¢ Pogaéar et al., 2020; Zeng et al., 2021). It has
been observed that the composition of the gut micro-
biota of obese individuals is different compared to
those with normal body weight (Ettehad Marvasti et
al., 2020; Li et al., 2021). It is known that intestinal
flora can regulate energy absorption and nutrient me-
tabolism, increasing energy accumulation from the
diet, and it has been hypothesized that gut microbiota
is one of the factors contributing to obesity (Xiao and
Kang, 2020).

In the literature data, we can find a lot of infor-
mation describing that obesity and adipokines pro-
mote the development of different diseases in the
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organism, but there are no reports concerning the
investigation of the direct in vitro effect of adipose
tissue on the enterocyte cell condition. There is lack
of data about mechanisms and signaling pathways
explaining the direct paracrine action of adipocyte
cells on bacterial adhesion. The proposed prelimi-
nary research is designed to verify the hypothesis
that the adipose tissue metabolites by the paracrine
way can influence the basic function of enterocytes
and may act on the microbiota composition by influ-
encing the bacterial adherence process. Therefore,
the study aimed to determine in the in vifro model
(using co-culture of adipocytes with enterocytes)
how adipocytes in different conditions (normal and
treated by pro-inflammatory agent lipopolysaccha-
ride (LPS) influence the enterocyte cellular processes
and the conventional and pathogenic bacterial strain’s
adhesion to the small intestine epithelium.

Material and methods

The experiments were carried out at the Depart-
ment of Genetic Engineering of The Kielanowski
Institute of Animal Physiology and Nutrition, Polish
Academy of Sciences. The Department has two state-
of-the-art modern in vitro laboratories equipped for
cell culture, holding the necessary permissions for
working with cell lines. The study involved two inde-
pendent experiments. The aim of Experiment 1 was
to investigate the effect of co-incubation of differenti-
ated human preadipocytes (HPAd) cells (human adi-
pocytes) with differentiated Caco-2 cells (human en-
terocytes) on cellular processes in the latter cells. The
objective of Experiment 2 was to examine the effect
of co-incubation of human adipocytes with entero-
cytes on the adhesion of conventional and pathogenic
bacterial strains to Caco-2-derived enterocytes and
viability of these cells after treatment with the bac-
teria studied. Since excessive visceral adipose tissue
in obese individuals leads to persistent inflammation
in the body, certain groups of HPAd cells were sub-
jected to stimulation with LPS to induce the synthesis
of inflammatory agents.

Experiment 1

Prior to experiments, the cells were cultured
separately until they acquired phenotypical fea-
tures of enterocytes and adipocytes. HPAd cells
(human preadipocytes 6 passage), were obtained
from CELL Applications, Inc. (cat. no. 802S-05A;
Sigma-Aldrich, St. Louis, MO, USA) were seeded
in 24-well plates at a concentration of 9 x 10* adi-
pocytes per well/ml. Initially, preadipocytes were

cultured in Human Preadipocyte Growth Medium
(Sigma-Aldrich, St. Louis, MO, USA), and subse-
quently differentiated into mature adipocytes using
Human Adipocyte Differentiation Medium (Sigma-
Aldrich, St. Louis, MO, USA). Following differen-
tiation, HPAd cells were maintained in Preadipocyte
Basal Medium (Sigma-Aldrich, St. Louis, MO, USA).
The Caco-2 cell line (human enterocytes 59 pas-
sage) was obtained from European Collection
of Authenticated Cell Cultures (ECCC) (cat.
no. 86010202; Sigma-Aldrich, St. Louis, MO,
USA) were seeded at 5 x 10* well/0.35 ml to
4.0-um inserts (BD Bioscience, San Jose, CA,
USA) and cultured in 24-well plates in 0.8 ml of
Dulbecco’smodified Eagle’smedium (Sigma-Aldrich,
St. Louis, MO, USA). Medium composition was
as follows: 2 mM L-glutamine, 1% non-essential
amino acids, 10% heat-inactivated foetal bovine se-
rum, 10 IU/ml penicillin G, 100 pg/ml streptomycin
sulphate and 250 ng/ml amphotericin B. HPAd and
Caco-2 cells were cultured in an environment of
5% CO,, 95% relative humidity at 37 °C, with the
medium changed every other day. Before the begin-
ning of the experiment, 0.1 pg/ml lipopolysaccha-
ride (LPS) (Sigma-Aldrich, St. Louis, MO, USA)
was added to the appropriate groups for 24 h to in-
duce the synthesis of pro-inflammatory substances
in adipocytes. Following this period, the medium
was replaced with Dulbecco’s modified Eagle’s
medium without LPS. On the day of the experi-
ment, inserts with fully differentiated enterocytes
were transferred to plates with adipocytes, and
the cells were divided into the following groups
(n = 4). Control Adipocytes (HPAd without
Caco-2); Ad+LPS (HPAd stimulated with LPS);
Ad+Caco-2 (HPAd+Caco-2); Ad+LPS+Caco-2
(LPS-pretreated HPAd+Caco-2); Control Caco-2
(Caco-2withoutHPAd); Caco-2+Ad(Caco-2-+HPAd);
Caco-2+Ad+LPS (Caco-2+LPS-pretreated HPAJ).
Caco-2 cells were seeded in inserts and transferred
to plates with fully differentiated adipocytes, creat-
ing a model where adipocyte metabolites contacted
enterocytes from the opposite side of the intestinal
lumen, resembling the conditions in an obese person
where visceral fat covers all internal organs, includ-
ing the intestines. The co-cultures were incubated for
24 h. After this period, adipocytes and enterocytes
were examined for the expression of the following
marker genes: proliferation (marker of prolifera-
tion Ki-67 (MKI67)), apoptosis (caspase 3 (CAS3)),
DNA damage (8-oxoguanine DNA glycosyl-
ase (OGGI)), proinflammatory cytokines and
receptors TNF, [L6; transient receptor potential
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cation channel subfamily V member 1 (TRPV1), toll
like receptor 2 (TLR2), toll like receptor 4 (TLR4)),
and only in Caco-2 cells: adhesion receptors (inte-
grin subunit alpha 1 (/TGA1), cadherin 1 (CDHI))
and proinflammatory cytokines /L/B. The analysis
was conducted using real-time RT-PCR.

Experiment 2

The following bacterial strains were used in the
experiment: Lactobacillus paracasei IBB2588 (IBB
PAS, Warsaw, Poland) and Salmonella enterica
subsp. enterica serovar Enteritidis KOS 1663 (The
National Salmonella Centre, Gdansk, Poland).
L. paracasei IBB2588 belongs to the commensal
Gram-positive bacteria. This strain is added to
the milk products, it is present in the human
gastrointestinal tract and has probiotic properties.
S. enterica subsp. enterica serovar Enteritidis
KOS 1663 was isolated during Salmonella
food infection outbreak (1988, Poland) from
a commercial instant soup, bacateriophage type 1
(according to the Lalko phage collection). Before
the experiment, the designated bacterial strains
were cultured overnight in an appropriate liquid
media. S. enterica was cultured in Luria-Bertani
(LB) broth (Merck KGaA, Darmstadt, Germany)
under aerobic conditions, while the Lactobacillus
strain was cultured in MRS broth (Merck KGaA,
Darmstadt, Germany) under anaerobic conditions
in an anaerobic jar (OXOID Ltd, Basingstoke, UK)
at 37 °C.

Caco-2 and HPAd cells were prepared as in
Experiment 1, only using a medium without antibi-
otics and antimycotics. The co-cultured cells were
grown for 24 h. On the day of the experiment, the
co-culture plates from the ‘/n vitro room’ were trans-
ferred to the ‘Microbiological room’ where the in-
serts with Caco-2 cells had their medium changed
to a medium with a 100-fold dilution of the stud-
ied bacterial strain pre-cultured overnight. The ex-
periment included the following groups (n = 4):
C (Caco-2 without bacteria), LD1 (Caco-2+L. pa-
racasei); LD2 (Caco-2+HPAd+L. paracasei); LD3
(Caco-2+LPS-pretreated HPAd+L. paracasei); SD1
(Caco-2+S. enterica); SD2 (Caco-2+HPAd+S. en-
terica); SD3 (Caco-2+LPS-pretreated HPAd+S. en-
terica). The cells were incubated with bacteria for
3 h. Additionally, during the viability assay, a con-
trol group of Caco-2 cells without pre-incubation
with adipocytes was added. After the incubation,
viability was examined in both adipocytes and en-
terocytes, and bacterial adhesion was assessed in
Caco-2 cells.

Cell viability assay

A mixture of 25 pul of trypan blue solution, 0.4%
(Sigma-Aldrich, St. Louis, MO, USA) and 25 pl
of cell suspension (1:1) was incubated for approxi-
mately 3 min at room temperature. Subsequently,
the mixture was applied to a Biirker haematocytom-
eter chamber (Merck KGaA, Darmstadt, Germany)
and live and dead cells were counted in the squares
under an inverted light microscope (40% objective;
LSM Pascal, ZEISS, Oberkochen, Germany). Dead
cells had a blue colour, while viable cells retained
their original coloration. The obtained data were cal-
culated using the following formula: total cells/ml =
(total cells counted x dilution factor x 10000 cells/
ml) / number of squares counted.

Bacterial adhesion assay

To analyse bacterial adhesion for Caco-2 cells,
the experimental medium with bacteria was re-
moved. The cells were then washed 3 times with
sterile phosphate-buffered saline buffer (pH 7.4)
and detached using trypsin-PBS solution (Sigma-
Aldrich, St. Louis, MO, USA). Following tryp-
sinisation, one portion of Caco-2 cells was used
to calculate the total number of Caco-2 cells in
a Biirker haematocytometer chamber (Merck
KGaA, Darmstadt, Germany), whereas the second
portion of Caco-2 cells with the adhered bacterial
strain was diluted in physiological saline (L. para-
casei 1 x 102, S. enterica 1 x 10%). L. paracasei
was plated on De Man—Rogosa—Sharpe agar plates
(MRS broth supplemented with 1.5% agar, Merck
KGaA, Darmstadt, Germany) and cultured under
anaerobic conditions (in an anaerobic jar; OXOID
Ltd, Basingstoke, UK) at 37 °C for 40—48 h. The
pathogenic S. enterica was plated on lysogeny
broth (LB) plates (LB supplemented with 1.5%
agar, Merck KGaA, Darmstadt, Germany) and cul-
tured at 37 °C for 18-20 h under aerobic condi-
tions. After this time, colony-forming units (CFU)
were calculated. The number of bacteria adhering
to Caco-2 cells was expressed as CFU, and adhe-
sion was expressed as the number of bacterial cells
adhered to one Caco-2 cell.

Relative gene expression assay

Total RNA from cells was isolated using the
NucleoSpin RNA kit (Macherey-Nagel, Duren,
Germany), according to the manufacturer’s in-
struction. The quantity and quality of RNA was as-
sessed through spectrophotometric measurements
of optical density using a NanoDrop instrument,
at wavelengths of 260 nm, 280 nm and 230 nm,
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and electrophoresis in 1% agarose gel. Subsequent-
ly, 500 ng of RNA from Caco-2 cells or 800 ng of
RNA from adipocytes were transcribed into cDNA
using the Maxima™ First Strand cDNA Synthe-
sis Kit for RT-qPCR (ThermoFisher Scientific,
Waltham, MA, USA). The resulting template was
used in the real-time PCR reaction, which was per-
formed using FIREPol® HOT EvaGreen qPCR
Mix® Plus solution (Solis Biodyne, Tartu, Estonia)
based on EvaGreen, a fluorescent DNA intercalat-
ing agent. The temperature profile for each gene
was selected after optimization of the standard
protocol: 15 min at 95 °C for HOT FIREPol® DNA
Polymerase activation, followed by 40 denaturation
cycles at 95 °C for 6 s, annealing at 60 °C for 20 s, and
extension at 72 °C for 5 s. After the reaction, a final
melting curve analysis under continuous fluorescence
measurements was performed to evaluate amplifica-
tion specificity, which was confirmed by product se-
quencing (Genomed, Warsaw, Poland). PCR reactions
were carried out using a RotorGene Q thermocycler
(Qiagen, Hilden, Germany). Gene-specific primers

were designed using the freely available Primer-
BLAST program (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/). With respect to relative ex-
pression, the results obtained for the genes tested
(Table 1) were normalized to the reference house-
keeping gene. The reference gene was selected from
among actin beta (ACTB), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) and heterogeneous
nuclear ribonucleoprotein L (HNRNPL) using the
NormFinder program (http://www.mdl.dk/publi-
cationsnormfinder.htm), which identifies the gene
with the most stable expression in the experimental
system.

Statistical analysis

All data were expressed as means + SEM.
Differences between groups were determined using
one-way analysis of variance (ANOVA), followed
by Fisher’s post hoc test (Statistica v.10.0,
Stat Soft. Inc., Tulsa, OK, USA). A significance
level of P < 0.05 was assumed for all statistical
analyses.

Table 1. Genes analysed using real-time RT-PCR with full names, abbreviations, amplicon sizes and primer characteristics

GenBank acc. no. Gene éi?:“tfsn ;Zr\xzil ?fa_q)lge’nce
NM_001101.5 ACTB (actin beta) 116 Forward CTCTTCCAGCCTTCCTTCC
Reverse AGCACTGTGTTGGCGTACAG
NM_001289745.3 GAPDH (glyceraldehyde-3-phosphate 131 Forward GCCAAAAGGGTCATCATCTC
dehydrogenase) Reverse GGTGCTAAGCAGTTGGTGGT
XM_047438740.1 HNRNPL (heterogeneous nuclear 82 Forward CCAAGGCCTCTCTCAATGGG
ribonucleoprotein L) Reverse TTCAAGCGTGTAGGCTTTGC
NM_001318796.2 TLR?2 (toll like receptor 2) 133 Forward CTGTGCTCTGTTCCTGCTGA
Reverse GATGTTCCTGCTGGGAGCTT
NM_003266.4 TLR4 (toll like receptor 4) 145 Forward TGCTTCTTGCTGGCTGCATA
Reverse AGGCAGAGCTGAAATGGAGG
NM_000594 .4 TNF (tumour necrosis factor) 146 Forward TGCACTTTGGAGTGATCGGC
Reverse CTCAGCTTGAGGGTTTGCTAC
NM_000576.3 IL1B (interleukin 1 beta) 97 Forward GCTCGCCAGTGAAATGATGG
Reverse GTCCTGGAAGGAGCACTTCAT
NM_001371096.1 IL6 (interleukin 6) 139 Forward CAGTTCCTGCAGAAAAAGGCAA
Reverse AGCTGCGCAGAATGAGATGA
NM_018727.5 TRPV1 (transient receptor potential cation 118 Forward TGGGACAGATTGGTCAAGCG
channel subfamily V member 1) Reverse TCTTAAAGGGAGGCAAGCCA
NM_001317185.2 CDH1 (cadherin 1) 189 Forward GCATTGCCACATACACTCTCTTCTC
Reverse TGGCTGTGACCTCCATCAC
NM_004346 CASP3 (caspase 3) 12 Forward TGCTATTGTGAGGCGGTTGT
Reverse TCACGGCCTGGGATTTCAAG
NM_002417 MKI67 (marker of proliferation Ki-67) 154 Forward AGCACGTCGTGTCTCAAGAT
Reverse TGAGTCATCTGCGGTACTGTC
NM_002542.6 OGG1 (8-oxoguanine DNA glycosylase) 145 Forward ACATTGCCCAACGTGACTACA
Reverse GCACTGAACAGCACCGCTT
NM_181501.2 ITGA1 (integrin subunit alpha 1) 180 Forward CCGAGATGTGGCCGTAGTTA
Reverse ACACGGTACTGCAAATCAGC
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Results

Gene expression

Effect of co-incubation of HPAd cells with
Caco-2 cells on CASP3, MKI67, OGG1 gene
expression in HPAd cells (adipocytes)

Co-incubation of Caco-2 cells with mature adi-
pocytes decreased the expression of CASP3 in adipo-
cytes (Figure 1), whereas stimulation of adipocytes
with LPS increased its expression in adipocytes com-
pared to the control group. In the Ad+LPS+Caco-2
group, where adipocytes were pretreated with LPS
and co-incubated with Caco-2, the expression of
CASP3 was lower compared to the LPS stimulat-
ed without enterocytes and control group, indicat-
ing a protective effect of substances synthesised by
Caco-2 enterocytes against apoptosis in adipocytes.

Co-incubation of Caco-2 cells with mature adi-
pocytes had no effect on MKI67 gene expression in
adipose cells (Figure 1). Only stimulation of adi-
pocytes with LPS led to increased MKI67 gene ex-
pression in adipocytes. These data indicated that co-
incubation of Caco-2 cells with mature adipocytes
did not affect adipocyte proliferation.

A decrease in OGGI gene expression
was observed only in adipose cells from the
Ad+LPS+Caco-2 group, where adipocytes were
previously treated with LPS and co-incubated with
Caco-2 cells compared to the control and other

adipocyte groups (Figure 1). Co-incubation of
Caco-2 cells with mature adipocytes did not affect
the expression of OGGI in adipocytes, consequent-
ly not causing DNA damage or activation of the
expression of the DNA repair enzyme OGG1. LPS
treatment and the presence of Caco-2 cells appeared
to suppress OGGI expression.

Effect of co-incubation of HPAd cells with
Caco-2 cells on TLR2, TLR4, TRPVI gene
expression in HPAd cells (adipocytes)

The results presented in Figure 2 show that
co-incubation of Caco-2 cells with mature adipo-
cytes increased 7LR2 gene expression in adipo-
cytes in comparison to the control group. The high-
est level of TLR2 expression was observed in the
Ad+LPS+Caco-2 group. Stimulation of adipocytes
with LPS also increased TLR2 expression in adipo-
cytes compared to the control group indicating an
appropriate response to pathogen-associated mo-
lecular patterns expressed on infectious agents. The
increased expression of 7LR2 in adipocytes co-incu-
bated with Caco-2 cells suggested that Caco-2 cells
synthesised some substances that influenced TLR2
gene expression in adipose cells.

The data presented in Figure 2 also showed
that co-incubation of adipocytes with Caco-2 cells
decreased TLR4 gene expression in adipose cells
in comparison to the control and LPS-stimulated
groups. LPS preincubation did not stimulate 7LR4
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Figure 1. Effect of co-incubation of HPAd cells with Caco-2 cells on CASP3, MKI67, OGG1 genes expression in HPAd cells (adipocytes).
All data are presented as means (+ SEM). Different capital letters indicate significant (P < 0.05) differences according to one-way ANOVA

followed by Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell line (enterocytes), LPS - lipopolysaccharide, CASP3 - caspase 3, MKI67 — marker
of proliferation Ki-67, OGG1 — 8-oxoguanine DNA glycosylase; groups: Control adipocytes — HPAd without Caco-2, Ad+LPS - LPS-stimulated
HPAd, Ad+Caco-2 - HPAd+Caco-2, Ad+LPS+Caco-2 — LPS-pretreated HPAd+Caco-2
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Figure 2. Effect of co-incubation of HPAd cells with Caco-2 cells on
TLR2, TLR4, TRPV1 genes expression in HPAd cells (adipocytes). All
data are presented as means (+ SEM). Different capital letters indicate
significant (P < 0.05) differences according to one-way ANOVA fol-
lowed by Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell line
(enterocytes), LPS - lipopolysaccharide, TLR2 - toll like receptor 2,
TLR4 —toll like receptor 4, TRPV1 — transient receptor potential cation
channel subfamily V- member 1; groups: Control adipocytes — HPAd
without Caco-2, Ad+LPS — LPS-stimulated HPAd, Ad+Caco-2 -
HPAd+Caco-2, Ad+LPS+Caco-2 — LPS-pretreated HPAd+Caco-2

gene expression in adipocytes. In addition, the pres-
ence of Caco-2 cells acted as an inhibitor of TLR4
gene expression in adipocytes.

Only in the group where adipocytes were pre-
treated with LPS and co-incubated with Caco-2 cells
(Figure 2) an increase of TRPV1 gene expression
in adipose cells in comparison to the control was
observed. Rest of studied parametres did not affect
on TRPVI gene expression in adipose cells. This
data suggests that Caco-2 metabolites stimulated
TRPVI gene expression in LPS-treated adipocytes
and did not affect TRPVI expression in non-treated
LPS adipocytes.

Effect of co-incubation of HPAd cells with
Caco-2 cells on CASP3, MKI67, OGGI gene
expression in Caco-2 cells (enterocytes)

Co-incubation of Caco-2 cells with mature adi-
pocytes (stimulated and non-stimulated with LPS)
decreased the expression of CASP3 in Caco-2 cells
in comparison to the control group (Figure 3). No
difference in co-incubation between Caco-2+Ad
and Caco-2+Ad+LPS groups was observed. These
data demonstrated that adipocytes may influence on
apoptosis in enterocytes reducing CASP3 expres-
sion in Caco-2 cells.

Co-incubation of Caco-2 cells with mature adi-
pocytes (stimulated and non-stimulated with LPS)
decreased MKI67 gene expression in Caco-2 cells
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Figure 3. Effect of co-incubation of HPAd cells with Caco-2 cells on
CASP3, MKI67, OGG1 genes expression in Caco-2 cells (entero-
cytes). All data are presented as means (+ SEM). Different capital
letters indicate significant (P < 0.05) differences according to one-way
ANOVA followed by Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell line
(enterocytes), LPS - lipopolysaccharide, CASP3 — caspase 3,
MKI67 - marker of proliferation Ki-67, OGG1 - 8-oxoguanine
DNA glycosylase; groups: Control Caco-2 — Caco-2 without HPAd,
Caco-2+Ad - Caco-2+HPAd, Caco-2+Ad+LPS - Caco-2+LPS-
pretreated HPAd

(Figure 3) in comparison to the control group of
enterocytes. However, when comparing the Caco-
2+Ad group with the Caco-2+Ad+LPS group, it
could be observed that stimulation of adipocytes
with LPS did not influence MKI67 gene expression
in Caco-2 cells. These data showed that co-incuba-
tion of HPAd cells with Caco-2 cells suppressed en-
terocyte proliferation.

Co-incubation of Caco-2 cells with mature adi-
pocytes visibly decreased the expression of OGG1
in Caco-2 cells in comparison to the control group
(Figure 3). However, data from the Caco-2+Ad
and Caco-2+Ad+LPS groups showed that LPS-
stimulated adipocytes did not affect OGGI gene
expression in Caco-2 cells. These data suggested
that co-incubation of Caco-2 cells with either LPS-
stimulated or non-stimulated adipocytes neither
caused DNA damage nor activation of the expres-
sion of the DNA repair OGGI enzyme in entero-
cytes.

Effect of co-incubation of HPAd cells with
Caco-2 cells on TLR2, TLR4, TRPVI gene
expression in Caco-2 cells (enterocytes)

Co-incubation of Caco-2 cells with mature
adipocytes decreased the expression of 7LR2 in
Caco-2 cells in comparison with the control group
(Figure 4). No difference in co-incubation was
observed in the Caco-2+Ad and Caco-2+Ad+LPS
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Figure 4. Effect of co-incubation of HPAd cells with Caco-2 cells on
TLR2,TLR4, TRPV1 genes expression in Caco-2 cells (enterocytes).
All data are presented as means (+ SEM). Different capital letters
indicate significant (P < 0.05) differences according to one-way
ANOVA followed by Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell line
(enterocytes), LPS — lipopolysaccharide, TLR2 — toll like receptor 2,
TLR4 — toll like receptor 4, TRPV1 — transient receptor potential cat-
ion channel subfamily V member 1; groups: Control Caco-2 — Caco-2
without HPAd, Caco-2+Ad — Caco-2+HPAd, Caco-2+Ad+LPS — Caco-
2+ PS-pretreated HPAd

groups. This data showed that substances synthe-
sised by adipocytes could suppress 7LR2 expression
in Caco-2 cells, thereby affecting the recognition of
pathogens by enterocytes and activation of signalling
pathways connected with this receptor.

Analysing the effect of co-incubation of
adipose cells with Caco-2 cells on TLR4 gene
expression in Caco-2 cells (Figure 4), it can be
observed that co-incubation drastically increased
the expression of the TLR4 gene in Caco-2 cells
compared to the control group. No effect of co-
incubation was observed for the Caco-2+Ad and
Caco-2+Ad+LPS groups. The reason for these
results can be connected with the fact that fatty
acids and lipoproteins are ligands of the TLR4
receptor, and adipose cells activated the expression
of this receptor by releasing these substances into
the culture medium.

Figure 4 also shows that the relative expres-
sion of the TRPVI gene in Caco-2 cells after co-
incubation was lower in comparison to the control
group. No differences were observed between the
Caco-2+Ad and Caco-2+Ad+LPS groups, indicat-
ing that LPS did not affect the tested traits. This
data showed that adipocyte metabolites could re-
duce TRPV1 expression in Caco-2 cells, thus influ-
encing TRPV activity in enterocytes.

Effect of co-incubation of HPAd cells with
Caco-2 cells on ILIB, ITGAI, CDH1 gene
expression in Caco-2 cells (enterocytes)

Co-incubation of Caco-2 cells with mature
adipocytes (stimulated and non-stimulated with
LPS) decreased the relative expression of the
ILIB gene in Caco-2 cells compared to the control
group (Figure 5). No effect of co-incubation
and differences between the Caco-2+Ad and
Caco-2+Ad+LPS groups was observed. In addition,
the relative expression of /L6 and TNF genes in
Caco-2 cells were analysed, but PCR analysis did
not detect any /L6 and TNF expression. This data
indicated that adipocyte metabolites could reduce
the expression of proinflammatory cytokines in
Caco-2 cells, thereby decreasing the synthesis
of proinflammatory agents by enterocytes, and
consequently, reducing inflammation in the intestines.
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Figure 5. Effect of co-incubation of HPAd cells with Caco-2 cells on
IL1B, ITGA1, CDH1 genes expression in Caco-2 cells (enterocytes).
All data are presented as means (+ SEM). Different capital letters
indicate significant (P < 0.05) differences according to one-way
ANOVA followed by Fisher’s post-hoc test

HPAd - human preadipocytes, Caco-2 — human epithelial cell line
(enterocytes), LPS — lipopolysaccharide, IL1B — interleukin 1 beta,
ITGA1 — integrin subunit alpha 1, CDH1 — cadherin 1; groups:
Control Caco-2 — Caco-2 without HPAd, Caco-2+Ad — Caco-2+HPAd,
Caco-2+Ad+LPS - Caco-2+LPS-pretreated HPAd

Co-incubation of Caco-2 cells with mature
adipocytes (stimulated and non-stimulated with
LPS) decreased ITGAI gene expression in Caco-2
cells in comparison to the control group (Figure 5).
No effect of co-incubation and differences between
the Caco-2+Ad and Caco-2+Ad+LPS groups were
observed. This data showed that adipocyte metabo-
lites reduced /7GA1 expression in Caco-2 cells, thus
affecting, i.a., bacterial adhesion to enterocytes.
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Co-incubation of Caco-2 cells with mature adi-
pocytes (stimulated and non-stimulated with LPS)
decreased CDHI gene expression in Caco-2 cells in
comparison to the control group (Figure 5). More-
over, it was found that CDHI expression in the
Caco-2+Ad group was slightly higher compared to
the Caco-2+Ad+LPS group. Based on this data, it
can be assumed that adipocytes are able to mediate
bacterial adhesion in the gut.

Caco-2 cell viability and bacterial adhesion

Effect of co-incubation of L. paracasei with
Caco-2 cells on Caco-2 cell (enterocytes)
viability

The data from Figure 6 showed that the number
of viable Caco-2 cells co-incubated with L. paraca-
sei and with adipocytes (stimulated and non-stimu-
lated with LPS) was radically higher compared to
the control group. There was no effect of co-incuba-
tion with the test agents on the number of dead cells
in the LD1 and LD2 groups in comparison to the
control group; however, in the LD3 group, where
Caco-2 cells were incubated with LPS-pretreated
adipocytes and then with L. paracasei, a decrease
in the number of viable cells and an increase in the
count of dead Caco-2 cells was observed. These
data showed that adipocytes and L. paracasei did
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Figure 6. Effect of co-incubation of Lactobacillus paracasei with
Caco-2 cells on Caco-2 cell (enterocytes) viability. All data are presented
as means (+ SEM). Different capital letters indicate significant
(P < 0.05) differences according to one-way ANOVA followed by
Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell
line (enterocytes), LPS — lipopolysaccharide; groups: C — Caco-2
without bacteria, LD1 — Caco-2+L. paracasei, LD2 — Caco-2+HPAd+
L. paracasei, LD3 — Caco-2+LPS-pretreated HPAd+L. paracasei
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Figure 7. Effect of co-incubation of HPAd cells with Caco-2 cells on
Lactobacillus paracasei adhesion to Caco-2 cells (enterocytes). Al
data are presented as means (+ SEM). Different capital letters indicate
significant (P < 0.05) differences according to one-way ANOVA
followed by Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell line
(enterocytes), LPS - lipopolysaccharide; groups: Caco-2+L. paraca-
sei — Control, Caco-2+HPAd+L. paracasei — Caco-2 preincubated
with adipocytes and incubated with L. paracasei, Caco-2+LPS-
pretreated+L. paracasei — Caco-2 preincubated with LPS-pretreated
adipocytes and incubated with L. paracasei

not negatively affect enterocyte viability, while
LPS-stimulated adipocytes did have an adverse
effect on the viability of these cells.

Effect of co-incubation of HPAd cells with
Caco-2 cells on L. paracasei adhesion to
Caco-2 cells (enterocytes)

Figure 7 demonstrates that co-incubation of
Caco-2 cells with mature adipocytes reduced
the number of adhered L. paracasei bacterial
cells to Caco-2 cells compared to the control and
Caco-2+LPS-pretreated HPAd+L. paracasei groups.
This data shows that co-incubation of Caco-2 cells
with  non-LPS-stimulated adipocytes inhibited
L. paracasei adhesion to Caco-2 cells, whereas LPS-
stimulated adipocytes had no effect on this process.

Effect of co-incubation of S. enterica with
Caco-2 cells on Caco-2 cell (enterocytes)
viability

Co-incubation of Caco-2 cells with S. enterica
and adipocytes increased the number of dead
Caco-2 cells compared to the control group. An
increase in the number of viable Caco-2 cells was
observed only in the SD2 group, where Caco-2 cells
were preincubated with adipocytes (Figure 8). These
data suggests that S. enterica had a detrimental effect
on enterocytes, leading to their death. However,
metabolites produced by adipocytes appeared to
exert a protective effect, mitigating the harmful
actions of S. enferica on enterocytes.
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Figure 8. Effect of co-incubation of Salmonella enterica with Caco-2
cells on Caco-2 cell (enterocytes) viability. All data are presented as
means (+ SEM). Different capital letters indicate significant (P < 0.05)
differences according to one-way ANOVA followed by Fisher’s post-
hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell line
(enterocytes), LPS - lipopolysaccharide; groups: C — Caco-2 without
bacteria, SD1 - Caco-2+S. enterica, SD2 — Caco-2+HPAd+S. enterica,
SD3 - Caco-2+LPS-pretreated HPAd+S. enterica
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Figure 9. Effect of co-incubation of HPAd cells with Caco-2 cells on
Salmonella enterica adhesion to Caco-2 cells (enterocytes). All data
are presented as means (+ SEM). Different capital letters indicate
significant (P < 0.05) differences according to one-way ANOVA
followed by Fisher’s post-hoc test

HPAd — human preadipocytes, Caco-2 — human epithelial cell
line (enterocytes), LPS - lipopolysaccharide; groups: Caco-2+S.
enterica — Control, Caco-2+HPAd+S. enterica — Caco-2 preincubated
with adipocytes and incubated with S. enterica, Caco-2+LPS-
pretreated HPAd+S. enterica — Caco-2 preincubated LPS-pretreated
adipocytes and incubated with S. enterica

Effect of co-incubation of HPAd cells
with Caco-2 cells on S. enterica adhesion
to Caco-2 cells (enterocytes)

Co-incubation of Caco-2 cells with mature adi-
pocytes (stimulated and non-stimulated with LPS)
decreased the number of adhered S. enterica cells to
Caco-2 enterocytes (Figure 9) in comparison to the
control group. However, when comparing the Caco-
2 + HPAA+S. enterica group with the Caco-2+LPS-
pretreated HPA+S. enterica group, it was observed
that stimulation of adipocytes with LPS did not in-
fluence S. enterica adhesion to Caco-2 cells. These
data demonstrated that co-incubation of adipocytes
with enterocytes suppressed S. enterica adhesion to
enterocytes.

Discussion

Effect of co-incubation of HPAd cells with
Caco-2 on cellular processes in these cells

Adipose tissue plays a crucial role in the body,
and it is well established that both its deficiency and
excess can disturb the appropriate functioning of
the organism. While body fat and adipose tissue are
often associated with negative impacts on health,
such as cardiovascular diseases, diabetes mellitus or
cancer, it is important to recognize their beneficial
effects. Body fat performs many significant func-
tions in the system, including energy storage and
release, maintenance of energy balance, regulation
of glucose and cholesterol levels; preservation of
insulin sensitivity, cushioning surrounding soft or-
gans, insulation from cold and heat, regulation of
hunger and satiety, generation of thermogenic heat
and contribution to immunity and sex hormones
metabolism (Choe et al., 2016).

In the first part of the experiment, we investi-
gated the impact of mature adipocytes on various
processes in enterocytes, including proliferation
(CASP3, MKI67), expression of the DNA repair
enzyme (OGG]), factors responsible for inflamma-
tory process (TLR2, TLR4, IL1B, IL6, TNF), tran-
sient receptor potential cation channel subfamily
V member 1 (TRPV1) and receptors necessary for
bacterial adhesion (ITGAI1, CDHI). The results of
this experiment demonstrated that co-incubation
of Caco-2 cells with mature adipocytes (stimu-
lated and non-stimulated with LPS) decreased the
expression of CASP3, MKI67 and the DNA repair
enzyme OGG/ in Caco-2 cells compared to the con-
trol group, suggesting that adipocytes could reduce
apoptosis and affect proliferation in enterocytes.
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Similarly, a decreased expression of the TRPVI
receptor was observed, which is involved in the
transmission and modulation of pain and integra-
tion of diverse painful stimuli. Moreover, a reduced
expression of inflammatory factors in Caco-2 cells,
such as the TLR2 receptor and /LIB, IL6, TNF cy-
tokines, was recorded. Taken together, these data
indicated that adipocytes differentiated from HPAd
cells prolonged the lifespan of Caco-2 cells and
might possess anti-analgetic and anti-inflammatory
properties. We believe that this effect may be attrib-
uted to the origin of HPAd cells. These cells were
isolated from human subcutaneous adipose tissue
and frozen as the primary culture, thus potentially
containing all cell types present in adipose tissue.
Fat tissue is a loose connective tissue derived from
preadipocytes and, in addition to adipose cells, con-
tains mesenchymal stem cells, vascular endothelial
cells, preadipocytes, fibroblasts, and a variety of
immune cells such as mature B and T cells, mac-
rophages or myeloid cells. It has been established
that adipose-derived cells (mesenchymal stem cells/
stromal cells) show great potential in treating such
diseases as diabetes, liver cirrhosis, cardiovascular
disease, Crohn’s disease, ulcerative colitis, wound
healing, rheumatoid arthritis (Bunnell, 2021), mul-
tiple sclerosis (Riordan et al., 2009) or bone tissue
restoration (Mesimaéki et al., 2009).

In our experiment, we noticed that co-incubating
Caco-2 cells with mature adipocytes derived from
HPAA cells positively affected Caco-2 cell prolifera-
tion by reducing apoptosis and downregulating the
DNA repair enzyme OGG/. Our findings are consis-
tent with other studies that have investigated the in-
fluence of adipose cells on proliferation, particularly
in the context of wound healing and colitis. For in-
stance, several works evaluating the role of adipose-
derived stem cells in wound healing showed that adi-
pose tissue-derived stem cells regulated keratinocyte
and dermal fibroblast proliferation and improved
diabetic wound healing (Seo et al., 2017; Venter
and Kelly, 2021). In addition, Sémont et al. (Sémont
et al., 2013) described the regenerative properties of
adipose tissue-derived mesenchymal stromal cells
MSC:s. Their results demonstrated that MSCs stimu-
lated the proliferation of colonic epithelial cells, lead-
ing to reduced mucosal damage.

In the present study, we also observed that co-
incubation of Caco-2 cells with mature adipocytes
differentiated from HPAd cells decreased the ex-
pression of inflammatory agents such as the TLR2
receptor and [LIB, IL6, TNF cytokines. These
findings align with the results reported by other

scientists, indicating that adipose-derived cells ex-
hibit anti-inflammatory properties. For instance,
Dirk Van de Putte (Van de putte et al., 2017) inves-
tigated the efficiency of using mesenchymal stromal
cells from adipose tissue (Ad-MSCs) as a thera-
peutic agent during colonic anastomosis following
high-dose irradiation. The results of this experiment
demonstrated that Ad-MSC treatment suppressed
inflammation, reduced ulcer size, increased mu-
cosal vascular density and limited haemorrhage in
the colon. Similar immunomodulatory properties of
adipose-derived MSCs in the treatment of chronic
colitis have been described in the work of Park et al.
(Park et al., 2018). The latter authors investigated
the anti-inflammatory mechanism and therapeutic
effects of adipose tissue-derived MSCs using THP-1
macrophages in mice with dextran sodium sulphate
(DSS)-induced chronic colitis. The findings from
their experiment showed that adipose-derived MSCs
inhibited the secretion of IL-1p and IL-18 cytokines
in THP-1 macrophages and suppressed the inflam-
matory response, ameliorating colitis by decreasing
the total number of macrophages in mice. The anti-
inflammatory capacity of adipose-derived mesen-
chymal stem cells was also demonstrated by Liang
et al. (Liang et al., 2019), who investigated the role
of adipose-derived MSCs in acute liver injury in rats
suffering from sepsis induced by ceacal ligation and
puncture (CLP). The result of the experiment showed
that adipose-derived MSCs decreased the levels of
pro-inflammatory cytokines, including TNF-a, IL-6,
AP-1 c-jun and NF-«B p56 after CLP administration,
suggesting that injecting adipose-derived MSCs re-
duced systemic inflammation and increased the sur-
vival rate of septic rats.

Further, our experiments showed that co-
incubation of adipose cells with Caco-2 cells
drastically enhanced the expression of the 7LR4 gene
in Caco-2 cells without causing increased expression
of pro-inflammatory cytokines. The reason for these
results may be connected with the fact that fatty acids
and lipoproteins are ligands of the TLR4 receptor
(Lu et al., 2014), and adipose cells, by releasing
these substances into the culture medium, activated
TLR4 gene expression.

Furthermore, we analysed how enterocytes
influenced cellular processes occurring in adipocytes;
however, this was a secondary objective of our study,
as the present model did not accurately replicate the
conditions observed in the body. The aim of these
analyses was to assess the health status of adipocytes.
The data obtained from this experiment showed that
co-incubation of Caco-2 cells with mature adipocytes
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decreased CASP3 and TLR4 gene expression,
increased 7LR2 and TRPV'I gene expression and did
not affect the expression of MKI/67 and OGGI genes
in adipocytes. In contrast, stimulation of adipocytes
with LPS elevated the expression of CASP3, MKI67,
TLR2 and TRPV1, reduced the expression of OGGI
and did not affect TLR4 gene expression in adipose
cells. These findings imply that direct exposure to
fluids secreted by both cell types induced a response
in the two cell populations.

Effect of co-incubation of HPAd cells with
Caco-2 cells on bacterial adhesion to Caco-2
cells (enterocytes)

In the second part of the experiment, we inves-
tigated the effect of co-incubation of HPAd cells
with Caco-2 cells on the adhesion of both conven-
tional and pathogenic bacterial strains to Caco-2
cells, as well as on enterocyte viability after treat-
ment with the tested bacteria.

The gastrointestinal tract is a complex ecosys-
tem consisting of intestinal epithelial cells, immune
cells and gut microbiota (Yoo et al., 2020). Numer-
ous literature reports indicate that the composition
of the microbiota in the gastrointestinal tract of
obese individuals differs from that in individuals
with normal body weight (Al-Assal et al., 2018).
Additionally, it is known that intestinal flora can
regulate energy absorption and nutrient metabo-
lism, increasing energy accumulation from the diet
(Krajmalnik-Brown et al., 2012). Disturbances in
the gut flora can lead to the production of exces-
sive lipopolysaccharides, which, upon absorption
into the bloodstream, may contribute to the high-
fat diet-associated obesity and metabolic syndrome
(de La Serre et al.,, 2010; Lokapirnasari et al.,
2022). Epithelial cells of the gastrointestinal tract
are protected against pathogenic bacteria by many
mechanisms, one involving a reducing pathogenic
infections through competition of the microbiota
for sites of adhesion (Alp and Kuleasan, 2020).
Several studies have indicated that lactic acid bac-
teria can prevent the attachment of pathogens,
thereby reducing colonization and averting infec-
tions (Alp and Kuleasan, 2020). Adhesion to mam-
malian epithelial cells is a crucial process for both
commensal and pathogenic bacteria to survive and
colonize the gastrointestinal tract. In our experi-
ment, we aimed to investigate how co-incubation
of adipocytes with enterocytes would affect the
adhesion of conventional and pathogenic bacterial
strains to enterocytes. Initially, we analysed how the

addition of the studied bacterial strain to the insert
with Caco-2 cells influenced the viability of Caco-2
cells. The data from our experiment showed that co-
incubation of Caco-2 cells with L. paracasei and adi-
pocytes (stimulated and non-stimulated with LPS) in-
creased the number of viable Caco-2 cells compared to
the control group. However, incubating Caco-2 cells
with LPS-pretreated adipocytes and subsequently
with L. paracasei reduced the number of viable cells
and elevated the count of dead Caco-2 cells. These
findings were consistent with the observations of oth-
er scientists. The protective capacity of L. paracasei
was confirmed in the work of Chen et al. (2016), who
reported that incubation of Caco-2 cells with L. para-
casei enhanced Caco-2 growth, decreased Caco-2 cell
death induced by LPS/TNF-a)/interferon-y (IFN-y),
as well as lowered chemokine CCL-20 production.
Additionally, it is known that LPS exerts harmful
effects to enterocytes, and probiotic strains were
shown to prevent pro-inflammatory cytokine pro-
duction by the gut epithelial cells (Singh et al., 2018;
Szczepkowska et al., 2022). Moreover, we found that
co-incubation of Caco-2 cells with S. enterica and
adipocytes increased the rate of Caco-2 cell death
compared to the control group, and preincubation of
Caco-2 with adipocytes reduced the number of dead
cells. These data suggested that S. enterica could
induce enterocyte death, but adipocyte metabolites
were able to protect gut epithelial cells against the
harmful action of S. enterica. Although there is a lack
of literature data regarding the role of adipocytes in
the aforementioned process, our findings indicated
that adipocytes had a positive impact on enterocyte
viability, while S. enferica and adipocytes stimulated
with LPS negatively affected this parameter.

Subsequently, by analysing the adhesion of
L. paracasei and S. enterica to Caco-2 cells, we
found that simultaneous culture of Caco-2 cells
with non-LPS-stimulated adipocytes reduced the
number of adhered L. paracasei bacterial cells to
Caco-2 cells. In contrast, LPS-stimulated adipo-
cytes did not affect this process. On the other hand,
the addition of S. enterica to Caco-2 culture co-
incubated with mature adipocytes (stimulated and
non-stimulated with LPS) reduced S. enterica ad-
hesion to Caco-2 cells in comparison to the con-
trol group. These data demonstrate that co-incu-
bation of adipocytes with enterocytes suppresses
bacterial adhesion to gut epithelial cells. This ef-
fect may be associated with reduced expression of
ITGAI and CDH]I receptors, which are necessary
for bacterial adhesion to cells.
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Conclusions

Based on the outcomes of in vitro experiments,
we can conclude that co-incubation of Caco-2 cells
with adipocytes positively affects cellular processes
occurring in Caco-2 cells, reducing the expression
of proinflammatory cytokines and apoptosis
markers. Moreover, preincubation of Caco-2 with
adipocytes protects Caco-2 against deleterious
effects of Salmonella enterica, reducing bacterial
adhesion and increasing the viability of Caco-2-
derived enterocytes. Incubation of Caco-2 with
adipocytes pretreated with lipopolysaccharide did
not result in significant changes in comparison to
non-lipopolysaccharide-treated adipocytes.
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