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Abstract. An important direction in industrial microbiology is the development of probiotic strains with valuable
consumer properties. The probiotic industry is currently one of the most rapidly developing segments of the food
and pharmaceutical sectors. Stearic (octadecanoic) acid C18:0 is one of the major metabolites present in the cell-
free supernatant of the bacterium Streptococcus thermophilus, which is widely used in the production of fermented
dairy products, including yogurt and cheese. S. thermophilus affects not only the texture and sensory properties of
products, but also exhibits various probiotic effects, including antioxidant activity, modulation of the gut microbiota,
inhibition of certain pathogens, and others. It is assumed that a number of probiotic effects exerted by S. thermophilus
may be mediated through octadecanoic acid as one of its main metabolites. Octadecanoic acid C18:0, like other long-
chain fatty acids, enters the human body via several mechanisms, including protein-mediated transport and passive
diffusion across cell membranes. Inside the cell, octadecanoic acid serves not only as a substrate for the synthesis
of triglycerides and other complex lipids, but, as shown in cell-based and in vivo models, also acts as a modulator of
signaling and stress responses, including those associated with apoptosis. This is an important aspect of the influence
of stearic acid on organism functioning, underpinning its anti-inflammatory and potentially anti-tumor effects.
However, the molecular genetic mechanisms by which octadecanoic acid acts as a probiotic on the human organism
remain insufficiently understood. In the present study, using our previously developed information - software system
ANDSystem (employing machine learning and artificial intelligence for automatic extraction of knowledge from
scientific texts and databases), we reconstructed gene networks regulating the intrinsic (mitochondrial) and extrinsic
(death receptor-mediated) apoptotic pathways in human cells under the influence of stearic (octadecanoic) acid. To
search for metabolites produced by probiotic microorganisms that may have beneficial therapeutic properties, we
propose an approach that combines gene network reconstruction with differential gene expression analysis. Using this
approach, we show that octadecanoic acid produced by S. thermophilus can control the intrinsic and extrinsic apoptotic
pathways primarily via regulation of PTGS2 expression; the results indicate that cyclooxygenase-2 is a key regulator
mediating the effect of octadecanoic acid on apoptosis-related genes.
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AHHOTauuA. BaXHoe HanpaBfieHVe MNPOMbIWIEHHOW MUKPOOGMONOrMn - Co3haHue LTaMMOB MPOOGUOTUKOB,

obnagaowmx LeHHbIMY NoTpebuTenbckmMmn cBoncTBamu. IHAYCTpUA NPobUOTMKOB ABNAETCA OAHMM U3 Haubonee
AVHAMUYHO pPa3BMBAIOWYMXCA CErMEHTOB MuweBon U dapmaueBTUYeCcKon npombiwneHHocT. CTeapuHoBas
(okTapekaHoBas) kucnota C18:0 — OAUH M3 OCHOBHbIX METAOONUTOB B KJIETOYHO-CBOOOLHOM CyrepHaTaHTe
GakTepun Streptococcus thermophilus, WMPOKO UCMONb3yeMO B NMPOW3BOACTBE Pa3fiMUHbIX GepPMEHTUPOBAHHbIX
MOJIOYHOKMCIIbIX MPOAYKTOB, BKIlOYaA MOrypT v cblp. S. thermophilus BnuAeT He TONbKO Ha TEKCTYPY M BKYCOBble
CBOWCTBa NPOAYKTOB, HO 1 obnafaeT pasnnyYHbIMU NpPobuoTryeckumy 3pdeKkTamu, B TOM YMCIe aHTUOKCUAAHTHOW
aKTMBHOCTbIO, MOAYNAUMEN KULEYHOW MUKPOOUOTbI, WHIMOMPOBaHMEM OMpefeNieHHbIX MNaToreHoB ”  Ap.
Mpennonaraetcs, uto pAg NpobuoTMUecKux 3GPeKToB, KOTopbiMM obnagaeT S. thermophilus, moxeT 6biTb
0MnocpefoBaH MEHHO Yepes OKTaZIEKAHOBYIO KMCIOTY, Kak OCHOBHOW MeTabonuT. OKkTagekaHoBas KucnoTa C18:0, kak
1 gpyrve QJIMHHOLENoYeYHble XXMPHble KNCIOTbl, MOCTYNaeT B OpraHM3M YesioBeka C MCMOb30BaHMEM Pa3fnyHbIX
MexaHV3MOoB 6efloK-ornocpeoBaHHOroO TpaHcnopTa 1 naccmBHol Anddysum yepes membpaHy Knetok. B knetke
CTeapuHOBaA KM1CNOTa He TONIbKO CITYXKUT CyOCTPaTOM AN CMHTe3a TPUMMLEPUAOB U APYTUX CIOXKHbIX IMNULOB, HO
1, KaK NMoKa3aHo Ha KJIETOYHbIX 1 in vivo Mofenax, ABNAETCA MOAYNATOPOM CUrHaNIbHbIX M CTPECC-OTBETOB, CBA3AHHbIX
B TOM YKC/le C anonTo30M. OTO OAVH M3 Ba)KHbIX acrnekToB BAUAHWUA CTEapUHOBOW KNCNOTbl Ha GYHKLMOHMpPOBaHMeE
OpraHv3ma, onpenensoWwmnii NPOTUBOBOCMANINTENbHBIA 1 MOTEHLMANbHO MPOTUBOONYXONEBbIN 3PpdeKTbl. OfHaKo
MONEKYNAPHO-TeHeTUYECK/ e MeXaHN3Mbl BINAHNA OKTaJEKaHOBOW KMCNOTbI Kak MPOOMOTIKa Ha OpraHn3M YesnioBeKa
B 3TOM OTHOLLUEHMM OCTalTCA HEAOCTaTOYHO M3yUYeHHbIMU. B HacToAwem nccnefoBaHny € MOMOLLbIO pa3paboTaHHOM
Hamn paHee MHGOPMALMOHHO-NPOorpamMmMHon cuctembl ANDSystem, ncnonb3ytoLieli MeToAbl MalMHHOIO obyyeHuna
N WCKYCCTBEHHOrO WHTENNeKTa U npeAHasHayeHHOW ANA aBTOMATMYECKOrO W3BJIEYEHWA 3HAHUN W3 HayuHbIX
TEKCTOB 1 6a3 faHHbIX, OblIN PEKOHCTPYMPOBAHbI FEHHbIE CETU PErynsauuy BHYTPEHHErO (MUTOXOHAPUANBHOIO) 1
BHELUHEro (MHAyLMpyeMoro peLentopammn cMepTu) MyTU arnonTo3a K/eToK YenoBeka nog BAUAHMEM CTeapVHOBOWN
KUCNOTbl. [1nA noncka MeTabonutoB, MpoAyuupyembix MNPOOGMOTUYECKUMM MUKPOOPraHn3mamu, obnagatoLmx
NMonesHbIMY TepaneBTUYECKMU CBOWCTBaMM, pa3paboTaH HOBbI MOXOA, BKOYAOWMIA PEKOHCTPYKLMIO FEeHHbIX
ceTeln 1 aHann3 anddepeHUranbHO SKCMPeCCUpYOLMXCA reHoB. Ha ero ocHoBe 6blfo MOKas3aHo, YTo CTeapuHoBas
Kucnota, npopyumpyemas S. thermophilus, KOHTpONMPyeT Kak BHELHWI, Tak 1 BHYTPEHHWUI NyTU amnonto3a yepes
perynaumio skcnpeccun reHa PTGS2, kogupytowero dbepmeHT LUMKNOOKCUreHasy-2. MNonyyeHHble JaHHbIe MO3BONAT
paccmaTpmBaTh LIMKIOOKCMIeHasy-2 Kak OfWH 13 LIeHTParbHbIX PErynaTopoB, ONocpenyoLwmx BAnAHMe CTeaprHOBOM
KNCNOTbI Ha 3KCMpPeccuio reHoB amnonto3a. B pabote npennoxeH pauvoHanbHbii 6rMonHGopMaTMyecKkmin noaxon K
NMOWCKY HOBbIX LUITaMMOB, 061afatoLLMx NPOBUOTUYECKMM NOTEHLMANIOM, Ha OCHOBE OLIeHKM AeNCTBIA NPOAYLIMPYEeMbIX
1M1 MeTaboNIMTOB Ha LiefieBble 61onornyeckime NpoLecchl B KNeTKax YesloBeKa Yepes PeKOHCTPYKLIMIO FeHHbIX ceTel.
KnioueBble cnioBa: MHAYCTPUanbHaa MUKPOOMONorus; GpyHKLMOHaNbHblE MUKPOOPTraHW3Mbl; MPOOVMOTUKY; LUTaMMbl-
NpPOoAYyLEHTbI; MeTabonuTbl; reHHble ceTr; ANDSystem

Introduction

An important direction in industrial microbiology is the deve-
lopment of probiotic strains with valuable consumer properties.
The probiotic industry is one of the most dynamically deve-
loping segments of the food sector with a large global market.
Probiotic microorganisms are widely used in the production of
fermented foods, dietary supplements, and specialized foods;
industrial strains are required not only to be safe and techno-
logically suitable, but also to provide pronounced functional
effects (immunomodulatory, anti-inflammatory, metabolically

mediated, etc.) (Terpou et al., 2019; Lau, Quek, 2024; Grujovi¢
etal., 2025).

Streptococcus thermophilus is a streptococcal species used
in industrial biotechnology for food fermentation, particularly
in yogurt and cheese production. It affects the rate of acidifica-
tion of dairy products, their texture, and sensory properties,
and also exhibits a number of probiotic effects including an-
tioxidant activity, modulation of the gut microbiota, inhibition
of certain pathogens, and others, which makes it attractive
for industrial use (Cui et al., 2016). In a recent study, strains
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of S. thermophilus isolated from homemade and commercial
fermented dairy product dahi were analyzed using genomics
and gas chromatography — mass spectrometry profiling of
cell-free supernatants. It was shown that a long-chain fatty
acid — octadecanoic (stearic) acid (C18:0) — is among the
major components of the supernatant (Sudheer et al., 2025).

This observation suggests that some functional effects of
S. thermophilus may be mediated by octadecanoic acid as
one of its principal metabolites synthesized by this micro-
organism.

Like other long-chain fatty acids, stearic acid can enter
human cells via multiple mechanisms, including protein-
mediated uptake and passive diffusion across membranes.
Key proteins involved in uptake include the CD36 translocase
(SR-B2), a master regulator of cellular fatty-acid homeostasis
(Chen et al., 2022; Glatz et al., 2022), and members of the
SLC27/FATP transporter family, which import fatty acids
coupled to their acylation by long-chain acyl-CoA synthetases
(Mashek et al., 2007; Anderson, Stahl, 2013). In vivo, stearic
acid delivery to the membrane is ensured by its reversible
binding to albumin (Kamp, Hamilton, 1992; Richieri et al.,
1993; Richieri, Kleinfeld, 1995).

In human cells, stearic acid not only serves as a substrate
for the synthesis of triglycerides and other complex lipids
(Paton, Ntambi, 2009; Minville-Walz et al., 2010; Houten et
al., 2016), but also — as demonstrated in cell-based and in vivo
models — acts as a modulator of signalling and stress responses
associated with apoptosis, tumor cell proliferation, leukotoxi-
city, as well as pro-inflammatory responses of macrophages
and microglia (Evans et al., 2009; Yang et al., 2020; Hung et
al., 2023). A review (Shen X. et al., 2025) discusses in consi-
derable detail the functions of this vital molecule, including its
role in such pathological processes as cardiovascular diseases,
diabetes development, and liver damage. According to cur-
rent evidence, stearic acid can influence cellular function by
interacting with the CD36 receptor on the plasma membrane,
followed by modulation of intracellular signalling pathways
associated with this receptor (Chen et al., 2022; Glatz et al.,
2022). Moreover, stearic acid can exert regulatory effects
on the expression of several genes — in particular, through
modulation of microRNA activity (Shen X. et al., 2025). This
may be characterised as an intracellular mode of action of oc-
tadecanoic acid. However, the molecular-genetic mechanisms
by which stearic acid — as a probiotic — affects the human body
remain insufficiently understood. One important aspect of its
influence is the modulation of programmed cell death levels
(Yang et al., 2020), which constitutes a factor determining
anti-inflammatory and potentially anti-tumor effects.

Among the possible approaches to investigate the mecha-
nisms of the potential influence of metabolites produced by
microorganisms on the functioning of human cells, recon-
struction and analysis of gene networks can be employed.
A gene network is a group of coordinately functioning genes
that control the phenotypic traits of an organism (Kolchanov
et al., 2013). Interactions between genes in a gene network
occur via their primary and secondary products — RNA,
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proteins, and metabolites. Reconstruction of gene networks
allows identifying specific molecular pathways in human cells
whose functioning is altered under the influence of various
factors, including metabolites. It also enables prediction of the
molecular-genetic targets of their action and their impact on
disease prevention or development (Saik et al., 2019; Bragina
et al., 2023; Ivanisenko V. et al., 2024).

In the present study, using the previously developed in-
formation—software system ANDSystem — which employs
machine learning and artificial intelligence methods (Iva-
nisenko V. etal., 2015, 2019) — we reconstructed gene networks
regulating the process of apoptosis in human cells under the
influence of stearic (octadecanoic) acid present in the cell-
free supernatant of S. thermophilus. Analysis of these gene
networks revealed that stearic acid controls apoptosis primarily
through the regulation of the expression of the PTGS2 gene,
which encodes the enzyme cyclooxygenase-2. An additional
analysis of differential gene expression in HepG2 cell culture
(Vendel Nielsen et al., 2013) under exposure to stearic acid
showed that the differentially expressed genes were incorpo-
rated into the reconstructed gene networks.

The obtained results establish a rational bioinformatic
approach to assessing the functional effects of microbial me-
tabolites on target biological processes in human cells through
gene network reconstruction. This approach can be applied in
the search for new strains with probiotic potential.

Materials and methods

Reconstruction and analysis of gene networks regulat-
ing human gene expression under the influence of stearic
acid were carried out using the information-software system
ANDSystem (Ivanisenko V. et al., 2019, 2024; Ivanisenko T.
et al., 2020). ANDSystem is designed for the reconstruction
of associative gene networks, and automatically extracts
knowledge and facts from scientific publications and biological
databases (Ivanisenko V. et al., 2015, 2019). One of the key
modules of ANDSystem is a continuously updated knowledge
base. At present, this knowledge base contains information on
more than 150 million interactions between 12 different types
of molecular-genetic entities (genes, RNA, proteins, metabo-
lites, pharmaceutical compounds, etc.). This information has
been automatically extracted from the texts of over 30 million
scientific publications and patents, as well as from factual
databases. The knowledge base encompasses 49 types of inter-
actions between entities, including regulation of gene expres-
sion, physical interactions (protein—protein, protein—ligand),
chemical interactions (catalytic reactions, post-translational
modifications), and other interaction types (Ivanisenko T. et
al., 2022). The effectiveness of ANDSystem for studying the
molecular mechanisms of diseases, the effects of drugs and
metabolites — including through the analysis of omics data
(such as metabolomic and transcriptomic datasets) — has been
demonstrated in numerous studies. For instance, it has been
used for prioritization of apoptosis-related genes in lymphe-
dema (Saik et al., 2019), identification of apoptosis genes as a
basis for the comorbidity of Huntington’s disease and cancer
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(Bragina et al., 2023), and detection of metabolic markers of
postoperative delirium (Ivanisenko V. et al., 2024).

Analysis of differential gene expression and functional
annotation. To study the effect of stearic acid on gene ex-
pression, we analysed available transcriptomic data obtained
using DNA microarray technology in an experimental study
(Vendel Nielsen et al., 2013) that investigated the impact of
fatty acids (elaidic, oleic, and stearic) on the metabolism of
HepG2 cell culture (study identifier in the Gene Expression
Omnibus (GEO) database: GSE34045). To date, this is the only
experimental study that includes an analysis of the transcrip-
tomic profile of cells exposed to stearic acid. Identification of
differentially expressed genes (DEGs) was performed using
the Limma package (Ritchie et al., 2015). The statistical sig-
nificance of differences in gene expression levels between the
control and stearic acid-treated samples was assessed using the
false discovery rate (FDR) method. Differences with FDR va-
lues of less than 0.05 were considered statistically significant.

Enrichment analysis of biological processes for the list of
DEGs identified as described above was carried out using
the DAVID web server, version 2021 (https://david.ncifcrf.
gov/; Sherman et al., 2022) with default settings. DAVID
evaluates the statistical significance of the overlap between
the list of genes under study (in our case, DEGs) and gene
lists corresponding to biological processes described in the
Gene Ontology (GO) (Sherman et al., 2022).

Results and discussion

Reconstruction of regulatory gene networks

of apoptosis controlled by octadecanoic acid

As noted above, stearic acid can affect cell functioning both
through the CD36 receptor on the plasma membrane (Chen
et al., 2022; Glatz et al., 2022) and by penetrating into the
cell and influencing gene expression inside it (Shen X. et al.,
2025). In this context, based on the information contained in
the knowledge base of the ANDSystem information-software
platform, two gene networks regulating apoptosis induced by
octadecanoic acid were reconstructed: an intracellular pathway
of stearic acid action that does not involve the CD36 receptor
protein, according to the ANDSystem knowledge base (gene
network GN-VPDO), and a CD36-mediated pathway (gene
network GN-CD36).

First, a list of human protein-coding genes involved in the
apoptosis process was compiled — 748 genes obtained from
the Gene Ontology database (https://geneontology.org/) for
the term GO:0006915 (apoptotic process) (Supplementary
Table S1)!. This list was used as input data in ANDSystem to
reconstruct gene networks.

The gene network GN-VPDO, which represents the regula-
tion of apoptosis-related gene expression by stearic (octadeca-
noic) acid entering the cell, is shown in Figure 1.

Analysis of the GN-VPDO gene network revealed that it
included 33 apoptosis-related genes and an additional 11 genes

1 Supplementary Tables S1-54 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ivanis_Engl_30_1.zip

Gene networks
of probiotic microorganisms

involved in regulating their expression. The network also
comprised 48 regulatory interactions between apoptosis genes
and regulatory proteins, as well as 2 regulatory interactions
between stearic (octadecanoic) acid and apoptosis genes (in-
dicated by turquoise boxes in Figure 1).

Cyclooxygenase-2 protein had the highest number of regula-
tory connections (25) with apoptosis genes in the GN-VPDO
network (Table 1). Additionally, PROX1 and CD276 proteins
can be considered key regulators of apoptosis genes in this
network, each regulating five genes (Table 1).

Several examples of regulatory pathways through which
octadecanoic acid affects apoptosis gene expression in the
GN-VPDO network are presented in Figure 2.

Gene BIRC2. Figure 2 shows that BIRC2 gene expression
is under the regulatory influence of stearic acid. Suppression
of this gene’s expression — which has anti-apoptotic activity —
by stearic acid in preadipocytes represents one mechanism for
reducing adipose tissue under the influence of this metabolite
(Shen M.C. et al., 2014).

Gene SCD. According to ANDSystem data, stearic acid
regulates the expression of the SCD gene, which encodes the
SCD protein. This protein, in turn, regulates the DDIT3 gene,
which is directly involved in apoptosis (Fig. 2). According
to published literature (Aardema et al., 2017), stearic acid
activates SCD gene expression. The SCD protein suppresses
the DDIT3 gene (Minville-Walz et al., 2010), which is one of
the key inducers of apoptosis (Bento et al., 2009).

Gene BCL2. The expression of the PTGS2 gene, which
encodes the cyclooxygenase-2 protein (COX-2), is under the
regulatory influence of stearic (octadecanoic) acid (Fig. 2).
According to published literature (Liu J. et al., 2014), stearic
acid induces the expression of the PTGS2 gene encoding cy-
clooxygenase-2. In turn, cyclooxygenase-2 — as indicated by
ANDSystem — enhances the expression of the BCL2 gene, a
finding that is supported by experimental studies (Lin et al.,
2019). It is worth noting that, according to both the ANDSys-
tem knowledge base and published literature (Shen M.C. et al.,
2014), the expression of the BCL2 gene can also be suppressed
by stearic acid. Thus, according to gene network reconstruc-
tion data, the expression of the BCL2 gene — which encodes a
key inhibitor of apoptosis (Newton et al., 2024) — can be both
activated by stearic acid via cyclooxygenase-2 and suppressed
by this metabolite, likely without the involvement of the en-
zyme. Therefore, modulation of either the expression or the
activity of cyclooxygenase-2 may alter the balance between
pro-apoptotic and anti-apoptotic effects of stearic acid. Ava-
ilable experimental evidence indicates that cyclooxygenase-2
inhibits apoptosis. Moreover, elevated expression of the cyclo-
oxygenase-2 gene is one of the mechanisms by which tumour
cells evade apoptosis (Liu C.H. et al., 2001).

Genes NFKB1, NLRP3, CASP1, MCL1. According to
the ANDSystem data (Fig. 2), the expression of NFKB1
and MCL1 genes — which encode the anti-apoptotic proteins
NFKBI1 and MCL1 (Newton et al., 2024) — as well as the
NLRP3and CASP1 genes encoding pro-apoptotic proteins (Yu
et al., 2023), is regulated by stearic (octadecanoic) acid with
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Fig. 1. The GN-VPDO gene network representing the regulation of apoptosis-related gene expression by stearic (octadecanoic) acid.

Green boxes indicate genes involved in the apoptosis process according to the Gene Ontology (GO:0006915, apoptotic process). Turquoise boxes
mark apoptosis genes that are directly regulated by octadecanoic acid without intermediaries. Genes without boxes are intermediary genes: their
expression is regulated by octadecanoic acid, and their protein products (red spheres in the figure) regulate the expression of apoptosis genes. Large
boxes highlight genes that are differentially expressed in the HepG2 cell culture in response to octadecanoic acid (Vendel Nielsen et al., 2013). Stearic
(octadecanoic) acid is labelled as “octadecanoic acid”. Blue arrows represent gene expression processes leading to the production of their encoded
proteins; red arrows indicate the regulatory influence of proteins on the expression of apoptosis genes.

Table 1. List of the five regulatory proteins with the highest number of regulatory connections to apoptosis-related genes

in the GN-VPDO gene network

No. Protein symbol Protein name Number of associated
apoptosis genes

1 PTSG2 Cyclooxygenase-2 25

2 PROX1 Prospero homeobox 1 5

3 CD276 Protein CD276 5

4 ADRB2 Adrenoreceptor beta 2 4

5 ACE2 Angiotensin converting enzyme 2 4

the involvement of cyclooxygenase-2 (mentioned above). It
has been demonstrated that cyclooxygenase-2 activates the
expression of the anti-apoptotic genes NFKB1, MCL1, and
BCL2 (Lin et al., 2019), which may account for the suppres-
sion of apoptosis by this enzyme.

The GN-CD36 gene network of apoptosis regulation, recon-
structed in our study, comprises 187 molecular-genetic entities,
including 98 genes involved in the apoptosis process, the CD36
receptor protein itself, and 44 genes encoding proteins that
exert regulatory effects on the expression of apoptosis-related
genes. Due to the extensive number of regulatory interactions
within the complete GN-CD36 gene network, it is presented
in the Supplementary Materials (Fig. S1).

When analysing the complete GN-CD36 gene network
(Fig. S1), several key regulatory proteins of apoptosis were
identified: PPARG, which regulates 32apoptosis-related genes;
cyclooxygenase-2, which regulates 25 genes; and SIRT]I,
which regulates 26 genes (Table 2).

Figure 3 illustrates several examples of regulatory pathways
through which the CD36 receptor influences the expression of
apoptosis-related genes, as described below.

Gene NFKBL1. Two regulatory pathways for the NFKB1
gene involved in apoptosis were identified. In the first path-
way, CD36 regulates the expression of the intermediary gene
SIRT1, which encodes the SIRT1 protein. SIRT1 then exerts
a regulatory effect on the NFKB1 gene. According to (Yin et
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Fig. 2. Fragments of the gene network showing regulatory interactions between stearic (octadecanoic) acid and the
apoptosis-related genes BIRC2, SCD, BCL2, NFKB1, NLRP3, CASP1, and MCL].

Red spheres represent proteins encoded by intermediary genes. Green boxes indicate apoptosis genes. Genes without boxes are
intermediary genes: their expression is regulated by octadecanoic acid, and their protein products (red spheres in the figure) regulate
the expression of apoptosis genes. Stearic (octadecanoic) acid is labelled as “octadecanoic acid” Blue arrows denote gene expression
processes leading to the production of their encoded proteins; red arrows illustrate the regulatory influence of proteins on the

expression of apoptosis genes.

Table 2. List of the five regulatory proteins with the highest number of regulatory
connections to apoptosis-related genes in the GN-CD36 gene network

No. Protein symbol Protein name Number of regulated
apoptosis-related genes

1 PPARG Peroxisome proliferator-activated receptor gamma 32

2 PTGS2 Cyclooxygenase-2 25

3 SIR1 Sirtuin 1 26

4 PPARA Peroxisome proliferator-activated receptor alpha 19

5 GLI2 GLI family zinc finger 2 19

al., 2020), the SIRT1 protein has an activating effect on the
NF-xB regulatory pathway. The second pathway involves the
CD36 regulatory effect on the intermediary gene TRAF6 and
its protein product, the TRAF6 transcription factor, which in
turn regulates NFKB1 expression. The TRAF6 protein — whose
gene expression is stimulated via CD36 (Cao et al., 2019) —
also activates NFKB1 expression (Saba et al., 2014).

Gene MYDB88. The CD36 receptor regulates the expression
of the MYDB88 gene, which is involved in apoptosis (a short
regulatory pathway). Additionally, MYD88 gene expression
is regulated by the CD36 receptor through a longer pathway
that involves the intermediary gene TRAF6 and its encoded
protein, which exert a regulatory effect on MYD88 expression.

Gene MMP9. As noted above, the CD36 receptor protein
regulates the expression of the TRAF6 gene, which encodes

the TRAFG6 protein. In turn, TRAF6 regulates the expression of
the metalloproteinase gene MMP9 (Luo et al., 2016), as well
as five other apoptosis-related genes: IFIT2, HIF1A, IRF3,
MYD88, and NFKBL1. Thus, the TRAF6 transcription factor
acts as a cassette activator of six apoptosis genes.

A comparison of the GN-VPDO and GN-CD36 gene
networks revealed that 30 genes involved in the apoptosis
process were shared between these networks. Among them,
the expression of 25 genes was regulated by cyclooxygenase-2
(Table S2). Consequently, this protein can be regarded as the
most critical regulator of apoptosis genes in each of the two
gene networks we reconstructed. The list of apoptosis-related
genes common to both the GN-VPDO and GN-CD36 gene
networks and regulated by cyclooxygenase-2 includes, among
others, BCL2, MCL1, and NFKB1. The protein products of
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Fig. 3. Fragments of the gene network showing regulatory interactions between the CD36 receptor and the apoptosis-

related genes IRF3, IFIT2, MMP9, HIF1A, and NFKBT.

The CD36 receptor protein is highlighted with a blue box; apoptosis genes are indicated by green boxes. Genes without boxes are
intermediary genes: their expression is regulated by octadecanoic acid, and their protein products (red spheres in the figure) regulate
the expression of apoptosis genes. Stearic (octadecanoic) acid is labelled as “octadecanoic acid” Blue arrows denote gene expression
processes leading to the production of their encoded proteins; red arrows illustrate the regulatory influence of proteins on the
expression of apoptosis genes. A purple arrow shows the interaction between octadecanoic acid and the CD36 receptor.

these genes are known to be key anti-apoptotic proteins (Gupta
etal.,2023; Newton et al., 2024). On the other hand, the list of
genes regulated by cyclooxygenase-2 in these gene networks
also includes NLRP3 and CASP1, whose protein products
are involved in activating programmed cell death processes,
including apoptosis (Yu et al., 2023).

Differential gene expression

under exposure to octadecanoic acid

To investigate the potential of stearic acid produced by
the bacterium S. thermophilus in regulating apoptosis, we
analysed experimental data on differential gene expression
in hepatocyte-like HepG2 cells treated with stearic acid, as
reported by L. Vendel Nielsen et al. (2013). We identified
2,500 differentially expressed genes (DEGs) with a statisti-
cal significance level of FDR < 0.05. A Gene Ontology (GO)
enrichment analysis of this gene set revealed 40 statistically
significant biological processes (FDR < 0.05) (Table S3), in-
cluding cellular respiration, processes related to mitochondrial
electron transport chain function, and apoptosis. The ten most
statistically overrepresented biological processes for DEGs
in HepG2 cells upon stearic acid treatment are presented in
Table 3.

A comparison of the reconstructed gene network for
apoptosis-related gene expression regulation involving the
CD36 receptor with differential expression data showed that
among the apoptosis genes regulated by stearic acid, 16 genes
(Table S4) exhibited statistically significant changes in expres-

sion in HepG2 cell culture upon exposure to the acid. These
included genes such as MMP9, SOX9, HMOX1, GPX4, MCL1,
and BIRC1, which play important roles in the apoptosis pro-
cess. Regarding the GN-VPDO gene network, the number
of apoptosis genes whose expression changed in response to
octadecanoic acid was substantially lower: only five genes
(GPX4, MCL1, HMOX1, MMP9, and SOX9). These same
genes were also present in the GN-CD36 gene network. Thus,
the analysis of differential gene expression indicates that the
regulatory pathway via the CD36 receptor is more significant
for stearic acid-mediated regulation of apoptosis.

Conclusion

In this study, we used the gene network reconstruction method
to investigate the regulatory mechanisms by which stearic
(octadecanoic) acid — one of the main metabolites in the cell-
free supernatant of the bacterium S. thermophilus — affects
apoptosis in human cells.

We demonstrated that the GN-CD36 gene network described
the regulation of 98 apoptosis-related genes, which signifi-
cantly exceeded the number of apoptosis genes regulated in
the GN-VPDO gene network (33 genes). Additionally, cyclo-
oxygenase-2 acted as the primary regulatory protein governing
apoptosis gene expression under the influence of stearic acid,
both in the GN-CD36 and GN-VPDO gene networks.

These findings provide a foundation for developing an
experimental-computational platform to identify functional
metabolites produced by probiotic microorganisms that exert
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Table 3. Results of Gene Ontology (GO) enrichment analysis for differentially expressed genes

in HepG2 cell culture upon exposure to octadecanoic acid

No. Gene Ontology term

1 Proton motive force-driven mitochondrial ATP synthesis
2 Aerobic respiration

3 Mitochondrial respiratory chain complex | assembly

4 Mitochondrial electron transport, NADH to ubiquinone
5 G2/M transition of mitotic cell cycle

6 Release of cytochrome ¢ from mitochondria

7 Cellular oxidant detoxification

8 Fatty acid beta-oxidation

9 Autophagy

10 Apoptotic process

Number of genes FDR

in the process

28 9.14E-07
28 3.34E-06
28 3.34E-06
20 1.94E-04
19 3.73E-03
12 1.62E-02
23 7.98E-03
17 1.71E-02
36 3.92E-02
108 3.96E-02

Note. FDR (false discovery rate) is a measure of statistical significance of biological process overrepresentation accounting for multiple comparisons.

Microbiotech degital
platform for reconstruction
of metabolic path ways
of probiotic
microorganisms

Reconstruction
of gene networks
describing the effects
of metabolites
on biological processes
in the human body
(ANDSystem)

“

-

Knowledge base
of biotechnological
properties
of probiotic
microorganisms

=

Selection of metabolites
that have a positive effect
on target processes
in the human body

Experimental evaluation
of beneficial
functional properties
of metabolites

=

Fig. 4. General scheme of the platform for identifying functional metabolites produced by probiotic microorganisms that exert

beneficial effects on target processes in the human body.

beneficial effects on target processes in the human body. The
key components of this platform are presented in Figure 4.

The platform receives initial data from two sources. The first
is the digital platform “Microbiotech”, developed within the
framework of the Kurchatov Genomic Center at the Institute
of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences (Demenkov et al., 2024). This platform
enables the reconstruction of microbial metabolic pathways
through computational analysis of their genomes. The sec-
ond source is the Knowledge Base of Biotechnological Pro-
perties of Microorganisms, which is being developed within
the same Kurchatov Genomic Center using artificial inte-
Iligence methods. These methods allow for automatic extrac-
tion of knowledge and facts from scientific publications and
patents.

The compiled data are used to reconstruct gene networks
that describe the effects of metabolites on biological pro-
cesses in the human body, employing ANDSystem (Ivani-
senko V. etal., 2015, 2019). Analysis of the reconstructed
gene networks helps to define selection criteria for metabolites
that exert beneficial effects on target processes in the human
body. In the final stage, an experimental assessment of the
useful functional properties of the selected metabolites is
carried out.
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