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Abstract. Non-coding RNAs regulate diverse aspects of development, homeostasis, and disease. Among them, YRNA—derived small RNAs
(s-RNYs) have attracted clinical interest as potential biomarkers due to their high abundance across human tissues, body fluids, and tumors.
Despite major advances in understanding atherogenesis, the overall picture remains incomplete, limiting therapeutic progress. To address this gap,
we built a systems model of atherogenesis using classical Petri nets, integrating recent insights of s-RNY functions in monocytes and macrophages
alongside oxidative stress, inflammatory signaling, and key atherogenic pathways. Using t-invariant analysis, in silico knockouts, and dynamic
simulations, we found that dual-target strategies, such as suppression of oxidative stress combined with inhibition of either (1) toll-like receptor
7 (TLR7), (2) s-RNYs, or (3) the pro-inflammatory cytokine interleukin-6 (IL-6), attenuate lesion progression. These findings support multi-
pathway combination therapy as a promising direction to more effective treatment of atherosclerosis.
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1. INTRODUCTION

Despite great progress in understanding the pathomechanisms
underlying atherosclerosis, our knowledge of this condition re-
mains incomplete, making it difficult to develop effective treat-
ments. Atherosclerosis is a chronic systemic inflammatory dis-
ease of the arteries, characterized by the formation of lipid-rich
atherosclerotic plaques in the inner layer of their walls. The
inflammatory process within blood vessels leads to the devel-
opment of unstable atherosclerotic lesions, which, over time,
can restrict blood flow, impairing the blood supply to tissues
and organs. Numerous cells of the immune system are involved
in the formation of atherosclerotic plaques, as well as growth
factors and pro-inflammatory mediators [1-3]. Together, these
interactions shape characteristic molecular signatures that can
be systematically profiled.

Atherosclerosis can be assessed at multiple molecular levels,
including proteomic, lipidomic, transcriptomic (RNA), and ge-
nomic analyses [4, 5]. Within the RNA domain, the discovery
and use of non-coding RNAs enclosed in extracellular vesicles
(EVs, exosomes) show promise for novel diagnostic and thera-
peutic applications [4, 6-8].

Exosomes are 40—100 nm spherical lipid bilayer extracellular
vesicles released by many types of eukaryotic cells under physio-
logical and pathological conditions. Formed by inward budding
into multivesicular bodies and released after fusion with the

*e-mail: a.rybarczyk @we.umg.edu.pl

Manuscript submitted 2025-09-15, revised 2026-02-20, initially
accepted for publication 2026-02-23, published in May 2026.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 3, p. €158300, 2026

plasma membrane, exosomes carry proteins, lipids, and diverse
RNAs. Exosomes have recently attracted growing interest due
to their great potential for drug delivery [9]. They can be selec-
tively taken up by nearby or distant recipient cells, where their
cargo modulates gene expression and cellular function, allowing
paracrine exchange of molecular signals [10-12]. Among this
cargo, non-coding RNAs (ncRNAs) are of particular interest.

Non-coding RNAs are classified by transcript length. Small
noncoding RNAs (sncRNAs) have fewer than 200 nucleotides
(nt), while long noncoding RNAs (IncRNAs) exceed 200 nt.
Small RNAs are actively profiled with next-generation sequenc-
ing to identify circulating and EV-associated signatures, as well
as tissue context signals within atherosclerotic plaques [13, 14].
Contemporary workflows span EV enrichment, small-RNA li-
brary preparation, and targeted validation [15]. Among small-
RNA classes, YRNAs are a class of small non-coding RNAs
(sncRNAs) that have attracted growing interest. Their circu-
lating fragments (YSRNAs) are likely generated by ribonucle-
ase 1 (RNase 1) [16]. The mechanisms by which extracellu-
lar vesicles (EVs) export YRNAs to the extracellular space
have been thoroughly reviewed [5, 6]. Recent studies show that
EV-associated YRNASs contribute to the initiation and progres-
sion of atherosclerosis and may aid in diagnosis [5, 6, 17-19].
The increased 5’- and 3’-derived YRNA fragments were re-
ported in sera from patients with atherosclerosis by [17]. Be-
yond atherosclerosis, circulating YRNA fragments have been
explored as minimally invasive biomarkers in breast cancer [20]
and squamous cell carcinoma [21], and have been proposed
as diagnostic and prognostic markers in coronary artery dis-
ease [17].
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Functionally, YRNAs interact with multiple proteins impli-
cated in atherogenesis, including nucleolin, Z-DNA binding
protein 1 (ZBP1), YRNA binding protein (Ro60) and 52 kDa
ribonucleoprotein (Ro52), poly(U) binding splicing factor 60
(PUF60, RoBPI), large subunit ribosomal protein 5 (RPLS,
L5), human Sjogren syndrome antigen B (La/SSB), hetero-
geneous nuclear ribonucleoprotein K (hnRNP-K), and hetero-
geneous nuclear ribonucleoprotein I (hnRNPI) [5]. Ro60 is
pivotal for YRNA fragment-mediated apoptosis and inflam-
mation [7, 18], and anti-Ro antibodies, often accompanied by
anti-La, are strongly associated with anti-oxidized-low-density
lipoprotein (anti-ox-LLDL) or anti-phospholipid antibodies [8].
Moreover, recent studies indicate that small regulatory RNAs (s-
RNA:s), formed from YRNASs, can act as independent biomark-
ers of coronary artery changes associated with the progression
of atherosclerosis [6, 17, 18]. In the presence of atherogenic
factors, such as oxidized low-density-lipoprotein (ox-LDL), s-
RNA/R060 complexes are formed in macrophages from RNA
molecules that activate the toll-like receptor 7 (TLR7). This
leads to the activation of signaling pathways dependent on nu-
clear factor kappa light chain enhancer of activated B cells
(NF-«B), a key transcription factor that induces the production
of pro-inflammatory cytokines, and the activation of caspase-3
and the initiation of apoptosis [3,17,22].

As a result of macrophage death, s-RNA/Ro60 complexes
spread, increasing inflammation and further apoptosis, which
may contribute to the progression of atherosclerotic lesions.
In addition, TLR7 activation increases ox-LDL uptake by
macrophages and the production of reactive oxygen species,
enhancing low-density lipoprotein (LDL) oxidation, fueling a
vicious cycle of inflammation and accelerating the development
of atherosclerosis [17,22].

Given the multifactorial nature of atherosclerosis, no single
biomarker currently provides a definitive assessment of disease
severity or reliably predicts cardiovascular risk [23]. Conse-
quently, ongoing efforts are aimed at indicating key pathways to
improve understanding and therapeutic strategies. To our knowl-
edge, this is the first study to integrate, within a single frame-
work, many signaling pathways and core processes that link
YRNA-derived small RNA (sRNA) to the regulation of apopto-
sis and inflammation in monocytes/macrophages, together with
mechanisms driving atherosclerosis. This integration employs
the Petri net theory, which enables the construction of molecular
interaction networks without precise quantitative parameters, in
contrast to ordinary and partial differential equation (ODE/PDE)
approaches that require well-specified rate constants [24]. The
limited availability of reliable quantitative reaction data often
constrains the ODE/PDE modeling, particularly for complex
biological systems [25].

Despite arapidly expanding experimental and biomarker liter-
ature on non-coding RNAs in atherosclerosis, integrative math-
ematical models that explicitly account for RNA-mediated regu-
lation remain scarce. Contemporary atherogenesis frameworks,
ODE/PDE formulations, continuum mechanics, and agent-
based models primarily capture lipids, hemodynamics, and in-
flammation [26-29]. On the other hand, RNA-centric studies are
predominantly statistical or biomarker-driven [13—15,30,31].

In this study, we used classical Petri nets to investigate mech-
anisms that recent evidence suggests are central to atheroscle-
rosis [3,24]. We first built a model integrating emerging find-
ings—most notably the roles of YRNA—derived small RNAs
(s-RNYs) in monocytes and macrophages, together with oxida-
tive stress, inflammatory signaling, and the principal pathways
driving atherogenesis. To assess the contribution of individual
components, we performed in silico knockouts, removing se-
lected nodes and evaluating system behavior in their absence.
This approach enabled us to rank the relative importance of
these factors.

2. METHODOLOGY
2.1. Petri nets

A Petri net is a mathematical object with the structure of a di-
rected bipartite graph, which means that its set of vertices can
be divided into two disjoint subsets in such a way that each
arc only connects vertices belonging to different subsets. In a
Petri net, vertices belonging to one of the mentioned subsets
are referred to as places, and those belonging to the other are
called transitions [32]. In the context of biological systems, tran-
sitions correspond to elementary processes, and places repre-
sent the components necessary for their occurrence or resulting
from them.

However, a bipartite graph alone is not sufficient to represent
the behavior of a system, while the ability to model its dynamics
is one of the key properties of Petri nets. For this, one needs
tokens located in places that reflect the quantitative states of the
system’s components. Their distribution, or so-called marking,
describes the current state of the modeled system (since the
number of tokens located at a given place represents the amount
of a specific, passive component of the system present in it at a
given moment and represented by that place).

Tokens move in the Petri net between places via transitions,
according to the activation rule. A transition becomes active
when all of its input places have a number of tokens not less than
the weight of the assigned arc. When a transition is activated,
tokens are removed from the input places and added to the output
places, according to the weights of the arcs.

Besides the graphical representation of the Petri net, which
is transparent and intuitive to humans, its structure (directed
bipartite graph) can also be represented using an incidence ma-
trix (neighborhood matrix). This matrix, denoted C = [c;;]nxm.
consists of n rows and m columns, and each of its elements
c;j represents the change in the number of tokens at place p;
after the initiation of a transition ¢; [32]. Transition invariants
(t-invariants) can be determined from the C matrix, and are the
basis for most structural analyses of the network. An invariant
is a vector X, which satisfies the equation C e x = 0. Associated
with the invariant x is a set of transitions supp(x) = {t; : x; > 0}
called its support. It includes all transitions for which the corre-
sponding positions in the vector x have values greater than zero.
If all the transitions from the support of a given t-invariant are
activated (in the order implied by the network structure), then
the state of the network will not change. From a biological point
of view, a t-invariant (its support) defines a certain subset of
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reactions for which the overall execution does not disturb the
balance of the biological system [32,33].

The analysis of t-invariants plays an important role in model-
ing complex biological systems, since they correspond to certain
subprocesses in the system under study. Some of these subpro-
cesses may interact with each other, which is reflected in the
structure of the set of t-invariants. The search for such con-
nections makes it possible to identify new, previously unknown
characteristics of the system under study [24].

Such analyses can be carried out on the basis of two struc-
tures: MCT sets (maximum common transitions sets) and t-
clusters [34]. The first of these, MCT sets, represent the division
of a set of transitions into disjoint subsets, each of which cor-
responds to a certain functional module (block) of the system
under study. Each of the MCT sets contains transitions that are
elements of supports of exactly the same t-invariants.

Apart from grouping transitions into MCT-sets, t-invariants
can also be organised into t-clusters. This is motivated by the
fact that similar t-invariants correspond to transition sets (i.e.,
their supports) that overlap, meaning their intersections are non-
empty. Consequently, such invariants can be viewed as counter-
parts of subprocesses that share some elementary subprocesses.
These elementary subprocesses correspond to transitions be-
longing to the intersections of the supports. Through these
common elementary subprocesses, the corresponding subpro-
cesses may interact. Therefore, identifying similarities among
t-invariants can reveal previously unknown system properties
arising from such interactions.

From a biological perspective, t-invariants are particularly
interesting because they represent reproducible subprocesses
occurring in the modelled system. In complex models, the num-
ber of t-invariants is often large, which makes direct similarity
analysis difficult. For this reason, common properties and simi-
larities between t-invariants are typically investigated using stan-
dard clustering methods. T-invariants can then be grouped into
sets called t-clusters, where each cluster contains t-invariants
that are similar according to a chosen similarity measure [35].
While clustering alone is usually not sufficient to fully identify
all meaningful similarities between subprocesses, it indicates
where such similarities are most likely to be found, namely,
within the identified t-clusters.

Choosing a meaningful clustering requires selecting an appro-
priate clustering algorithm, a suitable similarity measure, and
the number of clusters. In general, there are no universal rules
for making these choices, so they must be made carefully and
in the context of the analysed system. One practical approach
is to generate multiple alternative clusterings and then assess
their quality using indices such as mean split silhouette (MSS)
and the Calinski—Harabasz (C—H) index [36—39]. A similarity of
two t-invariants can, for example, be quantified using the Pearson
correlation coefficient, which reflects the overlap of transitions
occurring in the supports of both t-invariants by determining
the collinearity of their vectors in an n-dimensional space. By
analysing the properties of t-invariants within a cluster, one can
assign a biological meaning to the cluster, identify interactions
between subprocesses represented by similar t-invariants, and
draw biological conclusions [33,40].
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In our study, we used the MSS index to select the best clus-
tering and, in particular, to determine the optimal number of
t-clusters [41]. Building on prior analyses in which multiple
candidate clusterings were compared across different method-
ological choices [39,41], we based further investigations on
clusters obtained with the unweighted pair group method with
arithmetic mean (UPGMA) agglomeration procedure combined
with Pearson-correlation—based similarity, an approach reported
to yield robust results in t-cluster analyses of Petri net mod-
els [35,39,41].

Petri net models of biological systems can also be analyzed
by disabling selected parts of the network and observing the
resulting behavior, a method known as knockout analysis [24].
Two approaches can be distinguished: (i) t-invariant—based anal-
ysis, where disabling specific transitions eliminates certain t-
invariants, revealing affected subprocesses; and (ii) simulation-
based analysis, where transitions are disabled and the result-
ing token distributions are examined across multiple runs with
identical initial conditions. Both approaches assess the impact
of individual or grouped transitions on system behavior.

2.2. Biological background

This subsection presents the modeled phenomena together with
their detailed characteristics, as well as the corresponding place
and transition symbols included in the model. Each place and
transition is denoted by p, and ¢, respectively, where x and y
refer to their numbers listed in Tables 1 and 2.

Atherosclerosis is a chronic systemic inflammatory disease
of the arteries, characterized by the formation of plaques rich
in lipids within the intima. In the early stages, deposits of
macrophages p»7, low-density lipoproteins (LDL; p42, fss),
foam cells (pas, p31, 132, t54), and extracellular cholesterol ac-
cumulate, forming fatty streaks, the earliest atherosclerotic le-
sions. Over time, these evolve into advanced luminal-narrowing
lesions (pa9, t34), enriched with fibrous connective tissue that
encapsulates the inflammatory core [3,46]. A key factor in
disease progression is the modification of LDL (pa4», £3, 55),
mainly through oxidation, producing ox-LDL (p3, t3). Mod-
ified lipoproteins trigger endothelial inflammation (p21, p34,
13, 139), leading to adhesion molecule expression (p2s, #39, #43),
leukocyte recruitment, and monocyte migration (pag, £31). These
differentiate into macrophages (p27, #32) expressing scavenger
receptors (pao, t51) [3]. Inflammation promotes the development
of unstable plaques with thin fibrous caps (pa4o, t47), abundant
inflammatory cells (#39), and large lipid cores, which are closely
associated with increased vulnerability and a high risk of rupture
followed by thrombosis (p37, t47) [3,46].

Recent studies have demonstrated that small regulatory RNAs
(s-RNY), derived from YRNAs (po—p2, to—t2, t4, ts), can serve
as biomarkers of coronary artery disease and are associated
with atherosclerotic lesion progression (#35). Under atherogenic
stimuli such as ox-LDL (p3, #3), macrophages produce s-RNY
forming complexes with Ro60 (p4, 12, t¢). These complexes
activate TLR7 (pg, t¢), triggering NF-kB—dependent signaling
(p7-P19, to—122) and apoptosis (pa3, t24) via caspase-3 (pao,
t2s) [42].
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Table 1
The list of network places and their biological meaning
’ Place ‘ Biological meaning References ‘ Place ‘ Biological meaning References
po | YRNA [42] P22 | reactive oxygen and nitrogen species [17,43,44]
p1 | Ro60 [42] p23 | iNOS (inducible nitric oxide synthase) [3,17,22]
P2 | YRNA Ro60 complex (Ro ribonucleopro- | [42] P24 | nitrogen oxide NO [17,43,44]
tein particle, RORNP)
p3 | ox-LDL [3,17,42-45] P25 | adhesion molecules ICAM1 (intercellu- | [3,17,22,42]
lar adhesion molecule-1) VCAMI1 (vas-
cular cell adhesion molecule-1)
p4 | SRNY Ro60 complex [17,42] P26 | monocytes in the subendothelial intima | [3,45]
ps | extracellular SRN'Y Ro60 [17] p27 | macrophages in the subendothelial in- | [3,17,46]
tima
Pe | activated TLR7 [3,17,22,42,47] | pog | foam cells [3,17,46]
p7 | TLR7 MyD88 (myeloid differentiation [3,17,22,42] P29 | atherosclerotic plaque [3,46]
primary response 88) complex
ps | TLR7 MyD88 IRAK4 (interleukin-1 [3,17,22,42] p3o | MCP1 (monocyte chemoattractant [3,17,22,45]
receptor-associated kinase 4) complex protein-1)
po | TLR7 MyD88 IRAK4 IRAKT1 (inter- [3,17,22,42] p31 | activated macrophages loaded with ox- | [3,46]
leukin-1 receptor-associated kinase 1) LDL
complex
p1o | TLR7 MyD88 IRAK4 IRAKI1 1P (phos- | [3,17,22,42] p3> | IL-6R (interleukin-6 receptor) IL-6 JAK | [3,46,48]
phorylated) complex (Janus kinase) complex
p11 | TLR7 MyD88 IRAK4 IRAK1 1P TRAF6 | [3,17,22,42] P33 | JAK kinase [48]
(tumor necrosis factor receptor—associated
factor 6) complex
p12 | TLR7 MyD88 TRAF6 complex [3,17,22,42] p3s4 | IL-6 [3,17,22,45,48,49]
p13 | active IKK (inhibitor of nuclear factor | [3,17,22,42] p3s5 | IL-6R IL-6 complex [48]
kappa-B kinase) complex
P14 | phosphorylated I-«B (inhibitor of NF-«B) | [3,17,22,42] P36 | IL-6R [48]
(I-kB NF-«B complex)
p1s | I-kB P (phosphorylated inhibitor of NF- | [3,17,22,42] p37 | atherosclerotic plaque rupture [3,46]
kB)
P16 | NF-«B cytoplasm [3,17,22,42] p3g | STAT3 (signal transducer and activator | [48]
of transcription 3) translocation into the
nucleus
p17 | NF-«B in the nucleus [3,17,22,42] p39 | active MAPK (mitogen-activated protein | [48]
kinase) kinase
p1s | I-kB NF-«B complex [3,17,22,42] P40 | macrophages with scavenger receptors [3,45,46]
p1o | I-«B [3,17,22,42] p41 | NADPH oxidase (nicotinamide adenine | [3,17,43,44,46]
dinucleotide phosphate oxidase)
p2o | active caspase 3 [42] p4r | LDL [3,46]
p21 | TNF (tumor necrosis factor) [3,17,22,45,49] | p43 | apoptotic body [17,42]

Within the NF-kB-dependent signaling pathway (p7—pio9,
to—t27), activation of TLR7 (ps, t6) recruits the myeloid differ-
entiation primary response 88 (MyD88) protein (p7, f9), which
initiates interleukin-1 receptor-associated kinase 4 (IRAK-4)
recruitment (pg, t10). IRAK-4 phosphorylates interleukin-1
receptor-associated kinase 1 (IRAK-1) (po, p10, t11, t12), allow-
ing binding of tumor necrosis factor receptor—associated factor
6 (TRAF6) (p11, t13). Following phosphorylation, these kinases
dissociate from MyD88 (¢14), and the resulting complex stimu-

lates the phosphorylation of inhibitor of NF-xB (I-«B) bound to
NF-«B (p12, p13, p1a» tia—t16) [3,17,22,47].

NF-«B dimers normally remain in the cytoplasm in an inac-
tive state, bound to their inhibitor I-«B (p1g, 22). Upon kinase
activation, I-«B undergoes dissociation, ubiquitination, and sub-
sequent degradation (p;s, 17, 13). Freed NF-«B dimers are then
translocated into the nucleus (pi6, P17, t19), Where they bind
DNA and induce expression of pro-inflammatory genes, includ-
ing tumor necrosis factor alpha (TNF-«) (p21, t23), interleukin-6
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Table 2
The list of network transitions and their biological meaning

Transition Biological meaning ‘ References Transition Biological meaning References
to transcription of YRNA genes by Poly- | [42] 19 cardiovascular failure [43-45,49]
merase I11
t YRNA Ro60 binding [42] 30 expression of adhesion molecules | [3,17,22]
ICAM1 VCAM1
t degradation of YRNA to sSRNA [42] 131 recruitment and the process of adhe- | [3]
sion of monocytes to the endothelium
t3 lipids peroxidation [3,17,43-45] 132 transformation of monocytes into tis- | [3]
sue macrophages
14 Ro60 protein expression [42] 133 stimulation of foam cell formation [3,46]
ts5 DNA replication initiation and RNA | [42] 134 stimulation of atherosclerotic plaque | [3,46]
quality control formation
t6 TLR7 receptor activation [17,42,47] 135 progression of atherosclerotic lesions | [3,17,42,45]
t7 release of the SRNY Ro60 complex | [17] 136 IL-6R expression [48]
into the ECM (extracellular matrix)
tg internalization of the complex by the | [17] 137 MCPI1 transcription [3,17,22,45]
macrophage
t9 TLR7 MyD88 binding [3,17,22,42] 138 reaction catalyzed by NAPDH oxi- | [43,44]
dase
110 TLR7 MyD88 IRAK4 binding [3,17,22,42] 139 increase in pro-inflammatory re- | [3,17,22,45,46]
sponse
1 TLR7 MyD88 IRAK4 IRAKI1 bind- | [3,17,22,42] 140 trapping of ox-LDL by macrophages | [3,17,45]
ing
12 IRAKT1 phosphorylation [3,17,22,42] 141 endothelial dysfunction due to inflam- | [3,45]
mation
113 TLR7 MyD88 IRAK4 IRAK1 1P | [3,17,22,42] ta) JAK kinase recruitment [48]
TRAF6 binding
t14 dissociation of IRAK1 and IRAK4 [3,17,22,42] 143 116 gene transcription [3,17,22,45,49]
115 activation of the IKK complex [3,17,22,42] taq binding of JAK with the receptor for | [48]
IL-6
16 I-«B phosphorylation (I-kB NF-«B | [3,17,22,42] 145 phosphorylation and activation of | [48]
complex) STAT3 and MAPK
117 I-kB dissociation from the I-«<B NF- | [3,17,22,42] 146 IL-6R IL-6 binding [48]
kB complex
118 ubiquitination and degradation of I- | [3,17,22,42] t47 processes leading to atherosclerotic | [3,46]
«BP plaque rupture
19 NF-«B translocation to the nucleus [3,17,22,42] 148 expression of adhesion and pro- | [3,17,45,49]
inflammatory molecules
10 formation of the I-«B NF-«B complex | [3,17,22,42] t49 MAPK kinase signaling pathway [48]
and translocation into the cytoplasm
1 I-«B gene transcription [3,17,22,42] 150 induction of MCP1 production [3,45]
15y [-«B and NF-«B expression [3,17,22,42] 151 expression of scavenger receptors [3,45]
13 TNF gene transcription [3,17,22,45,49] t5) increased production of ROS (reactive | [17,43,44]
oxygen species) and RNS (reactive ni-
trogen species) under the influence of
various pathophysiological factors
o4 apoptosis [17,42] t53 increased expression of scavenger re- | [3,17,43-45]
ceptors
trs caspase 3 activation [42] t54 activation of NADPH oxidase [3,17,43,44,46]
16 stimulation of caspase 3 activation [42] ts55 LDL formation [3,46]
17 iNOS gene transcription [3,17,22] 156 iNOS activation induced by cytokines | [17]
released from foam cells
g nitric oxide synthesis [17,43,44]
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(IL-6) (p34, t43), adhesion molecules (pys, t39; e.g., intercel-
lular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1)), monocyte chemoattractant protein-1
(MCP-1) (p30, t37), and iNOS (inducible nitric oxide synthase)
(p23, t27), thereby amplifying the inflammatory response (p»;,
P34, 123, 139). Additionally, NF-«B activates transcription of the
I-«B gene (p19, £21), ensuring only transient activation of NF-«B
(p1s> P19, 120, 121) [3,17,22].

TLR7 stimulation (pg, ) enhances macrophage uptake of
ox-LDL (ps, 13, t40) and reactive oxygen species (ROS) pro-
duction (pa2, 38, 53, ts4), further promoting LDL oxidation.
As a result of apoptosis (p43, t24) s-RNY/Ro60 complexes are
released into the extracellular space (ps, t7), where they enter
other macrophages (p27, t3), promoting inflammation (p7—p19,
to—t22, t39) and apoptosis (pa3, f24), thereby accelerating lesion
progression (t35) [17].

Experiments have shown that s-RNY (p4) significantly en-
hances the expression of iNOS (p23, p24, 127, tg, tse¢) and IL-6
(p34, t43, t48) [17]. iINOS, unlike constitutive nNOS (neuronal
nitric oxide synthase) and eNOS (endothelial nitric oxide syn-
thase), is mainly induced by cytokines and lipopolysaccharides,
producing nitric oxide (NO; po4, t28) continuously during in-
flammation. Although physiological NO generated by eNOS
prevents LDL oxidation and leukocyte adhesion, pathological
overproduction by iNOS leads to ROS (p2, 138, 53, t54), OX-
LDL (ps3, 13), excessive vasodilation and can contribute to car-
diovascular failure (t9) [43,44].

IL-6 (p34, t43, t48) is a multifunctional cytokine with pre-
dominantly pro-inflammatory effects, although it can also act
anti-inflammatory depending on the cell context. Elevated IL-6
is observed in ischemic heart disease and myocardial infarction
(t29), in correlation with TNF-a (p21, t23) [45,49]. Produced
by endothelial cells (¢41), monocytes (p2g), and fibroblasts, IL-
6 increases pro-inflammatory response (t39), promotes MCP-1
production (p3o, 137, t50), enhances scavenger receptor expres-
sion (pa4o, 151, t53), and accelerates ox-LDL uptake (p3, 13, t10),
contributing to atherosclerotic lesion progression (#35) [3,45].
By binding to IL-6R (p3a—p36, 136, t46), 1L-6 activates the
Janus kinase/signal transducer and activator of transcription
(JAK/STAT) (p32, p33, P38, taz, taa, t45) and mitogen-activated
protein kinase (MAPK) (p3o, 145, t19) pathways, regulating ad-
hesion molecule expression, proliferation, differentiation, and
apoptosis [48].

2.3. Model construction and curation

The Petri net model was constructed in an evidence-driven
and iterative manner, combining expert knowledge with a tar-
geted literature search in accordance with the standard approach
shown in Fig. 1. As a starting point, we used the study in [17].
It showed that small regulatory RNAs (s-RNY) derived from
YRNA can serve as independent clinical biomarkers for detect-
ing coronary artery lesions and are associated with atheroscle-
rosis progression. The main dependencies reported there were
as follows:

e The function of s-RNY is mediated by Toll-like receptor 7
(TLR7).

E Analysis of t-invariants

xpert knowledge }\ L
Building a model
Literature review

based on Petri nets Analysis and biological

interpretation
l of MCT sets

I

Analysis and biological
interpretation
1 of t-clusters

Analysis of knockout
simulation results

Results:
Verification of biological
hypotheses and/or
discovering unknown
biological properties of
the analyzed system

Analysis of t-invariants
based on knockout
simulation results

Fig. 1. A standard approach to modeling and analysis of complex
biological systems using Petri nets

e The s-RNY/Ro60 complex activates TLR7, triggering NF-
xB—dependent inflammation and caspase-3—dependent cell
death.

e As a result of apoptosis, s-RNY/Ro60 complexes are
released into the extracellular space, enter subsequent
macrophages, and activate TLR7, thereby promoting apop-
tosis and inflammation in these cells.

e This feedback contributes to atherosclerosis progression.

e TLR7 stimulation increases macrophage uptake of oxLDL
and enhances the production of reactive oxygen species
(ROS), which in turn promotes further oxLDL formation.

Based on these relationships, we built an initial, minimal Petri
net. Then we subsequently refined and extended it by systemati-
cally screening primary studies and review papers that expanded
the above processes (described in detail, together with the sup-
porting literature, in Section 2.2 and in the place/transition ta-
bles, i.e., Tables 1 and 2). For example, “ROS synthesis” was
kept as a single transition because, in the present context, we
considered detailed ROS generation mechanisms to be complex
and unlikely to provide explanatory value proportional to the in-
crease in model size. In contrast, we represented the activation of
the nuclear factor kB (NF-«B) signalling pathway downstream
of TLR7 in more detail. This includes recruitment of IRAK ki-
nases, as it is part of the cascade that was explicitly mentioned
in the main study [17]. Importantly, general nodes can always be
expanded into more detailed subnetworks or linked to existing
Petri net models via selected interface nodes.

Moreover, we did not directly reuse curated pathway resources
(e.g., KEGG, Reactome) as model inputs. However, when the
processes under consideration are represented in such resources
(e.g., in KEGG), we routinely consult them as complementary
references in our modelling workflow. It should be noted that
transferring pathway maps (e.g., from KEGG) into a Petri net
is not straightforward: Petri net models are typically specified
at a much higher resolution, whereas pathway diagrams are
often schematic and do not provide sufficient detail for a one-
to-one mapping. In addition, pathway maps may not always
reflect the most recent evidence. Moreover, regardless of their
currency, translating such resources into a Petri net typically
requires substantial manual curation (e.g., literature verifica-
tion, gap filling, and consistent naming of entities and inter-
actions).

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 3, p. €158300, 2026
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Accordingly, interactions were included if supported by ex-
perimental evidence in the relevant biological context or if con-
sistently described in authoritative reviews. Candidate edges
were pruned when support was weak or when they were redun-
dant, given the chosen abstraction level.

Finally, t-invariant-based checks were used to verify that the
network reproduces the expected qualitative dependencies and
to identify areas requiring further refinement. In particular, we
required the net to be covered by t-invariants.

3. RESULTS
3.1. Presentation of the model and results of its formal
analysis

This section presents a mathematical model based on Petri net
theory. The network was developed using Holmes tool [50] and
is shown in Fig. 2. It consists of 44 places and 57 transitions,
which numbers with their assigned names are described in Ta-
bles 1 and 2, respectively.
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Fig. 2. Petri net model illustrating the role of YRNA-derived s-RNAs

in the regulation of apoptosis and inflammatory process in mono-

cytes/macrophages. Non-trivial MCT sets have been highlighted by

framing and appropriate labeling. Transitions within each MCT set are

shown as color-filled rectangles. Logical places, which are graphical

representations of the same place in the network, are marked with dou-
ble circles

Structural analysis of the model was carried out using the
Holmes tool. In terms of structural properties, the network is
pure, as it contains no reading arcs (connections where the sub-
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strate is not consumed), and ordinary, as the weights of all arcs
are equal to 1. It is also connected, but not strongly connected,
because there is no directed path between some pairs of vertices.
The model is not structurally conflict-free, as it contains transi-
tions with common input places (e.g., f9 and #;5). It is also not
conservative, as it has input transitions (without pre-places, e.g.,
t0, t4) and output transitions (without post-places, e.g., fs, £35).
In addition, the presence of transitions without input and output
places, which can insert any number of tokens into the network
at their successor places, makes the network unbounded.

The analysis showed that the network is fully covered by 82
t-invariants and contains no minimal p-invariants. Therefore,
further research was focused on the analysis of t-invariants.

The next step in the analysis was to generate MCT sets based
on a set of t-invariants. They divide the network structure into
separate areas that have specific biological functions within the
modeled system. 10 non-trivial MCT sets (containing at least
two transitions) were identified in the network, and their char-
acteristics are presented in Table 3.

Table 3
Characteristics of the MCT sets of the network model

MCT

Biological meanin
sets & &

List of transitions

MyD88-dependent TLR7 signal path-
way

my |19, t10, 11, 112,
113, 114, 115, 1165
117, 118, 119
Activation of JAK/STAT, MAPK
kinase signaling pathway and IL-
6-mediated regulation of adhesion
molecule expression

Binding of YRNA to Ro60 protein and
formation of RORNP complex

my | 136, 142, 144, 145,
146, 148, 149

m3 1o, 11, 14

Release of sRNY-Ro60 complexes
by apoptosis into the extracellular
space and their internalization by

my | 17,18, 124

macrophages

ms | 131, 132, t5] Recruitment of monocytes and
their transformation into activated
macrophages

me | 13,55 The process of lipid peroxidation in
LDL particles

m7 | to, 121 The process of inhibition of NF-«B
activity

mg | a8, 129 Effects of nitric oxide on the cardio-
vascular system

mg | t3g, t47 Progression of changes within the
atherosclerotic plaque

mio | 138, ts4 The process of ROS synthesis by

NADPH oxidase

In the next stage of the analysis, the clustering was performed
using the UPGMA algorithm, based on the average linkage
method [51]. Pearson’s correlation was used as a similarity mea-
sure and the number of clusters was chosen using the MSS index.
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As a result, the set of t-invariants was divided into 7 t-clusters
(see Fig. 3), the biological meaning of which is shown in Table 4.

Table 4
List of 7 clusters with biological description
. . . . Transitions/
Cluster Biological meaning Size MCT sets

c1 The formation of the RoRNP | 1 |ms3,15

complex and the role of YRNA

in the initiation of DNA replica-

tion and RNA quality control
c Processes associated with there- | 1 | my, tg, 25

lease of sRNY-Ro60 complexes
into the extracellular space oc-
curring as a result of apoptosis
dependent on caspase 3 activity

c3 Processes involved in the release | 1
of sRNY-Ro60 complexes into
the extracellular space and acti-
vation of the MyD88-dependent
TLR7 signaling pathway leading
to TNF-dependent apoptosis

my, my, te, 122,
123, 126

c4 Processes leading to the progres- | 1 | mg, 135, #39,
sion of atherosclerotic lesions 140, 141, 152, 153
with special emphasis on the pro-
cesses associated with lipid per-
oxidation in LDL particles

s Processes leading to the progres- | 1 | mo, ms, mg,
sion of atherosclerotic lesions 135,139, 140,141,

with special emphasis on the 150, 152
JAK/STAT signaling pathway

ce The core integrated disease pro- | 45 | my, mo, m3,
cess, encompassing the processes ms, mg, my,
leading to the formation of the mg, mg, mjo,

SRNY-Ro60 complex and its in-
fluence on the progression of
atherosclerotic lesions occurring
as a result of activation of the

1, te, 122, 123,
127,130,133, 135,
137,139,140, 141,
143,150,152, 153,

MyD88-dependent TLR7 signal- 156
ing pathway

c7 Processes leading to the re-| 32 |my, mp, m3,
lease of the SRN'Y-Ro60 complex my, ms, mg,
into the extracellular space and my, mg, My,

its effect on the progression of
atherosclerotic lesions occurring
as a result of activation of the
MyD88-dependent TLR7 signal-
ing pathway

mo, 12, tg, 122,
126,127,130, 133,
135,137,139, 140,
141,143,150, 152,
153, I56

The analysis confirmed that TLR7 receptor stimulation by
SRNA-Ro60 complexes (extracellular and intracellular) and ac-
tivation of two major signaling pathways — leading to inflamma-
tion and apoptosis — have a significant impact on the progression
of atherosclerosis. These processes mainly belong to the two
largest clusters (cg and c7) and smaller clusters containing single
t-invariants (c1, ¢2, c3). Notably, the largest ¢4 cluster represents
the core integrated disease process. It encompasses processes

c7

Fig. 3. Graphical depiction of t-clusters. Each t-cluster is highlighted
with a frame and appropriate labeling

leading to the formation of the SRN'Y—Ro60 complex and its in-
fluence on the progression of atherosclerotic lesions occurring as
a result of activation of the MyD88-dependent TLR7 signalling
pathway. Other clusters include oxidative stress-dependent pro-
cesses (c4) and activation of the JAK/STAT pathway (cs), as-
sociated with stimulation of the expression of adhesion and
pro-inflammatory molecules.

The results of this analysis highlighted a complex network of
relationships between apoptosis, inflammation, and activation
of sSRNA-Ro60 complexes, which are involved in almost all the
key atherosclerotic processes described in Table 4.

The clustering results did not prove to be fully satisfactory.
The analysis yielded two large clusters that encompass almost
the entire network (94% of all t-invariants) and five clusters that
contain only one t-invariant each (see Table 4). This outcome
appears to be a unique feature of the system under consideration,
suggesting that the modeled processes are strongly interdepen-
dent and interconnected.

3.2. The biological questions we answered using
the knockout analyses

To achieve a complete and accurate biological interpretation of
the network, further analyses were required. For this reason, two
types of knockout analysis were performed: one based on the
set of t-invariants and the other on simulation. The simulation
was performed by disabling specific transitions and recording
transition firings in 100000 steps. This process was repeated
100 times, and the average number of transition firings and
token accumulations was then calculated.

Scenario 1. Investigation of the importance of each functional
biological unit (MCT set) and selected transitions in the studied
model

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 3, p. €158300, 2026
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The aim of this analysis was to determine the impact of
disabling individual transitions in the network on the set of
t-invariants and, indirectly, on other transitions within the mod-
eled system. The analysis was carried out using the MonaLisa
software [52].

This type of analysis was performed to assess the impact
of SRNY-Ro060 complexes (both extracellular and intracellu-
lar), acting through TLR7 activation, on the progression of
atherosclerotic lesions.

The formation of SRN'Y—Ro060 complexes occurs in response
to atherogenic factors such as ox-LDL. As shown in Table 5, dis-

Table 5
The impact of disabling individual transitions on the set of t-invariants
and, indirectly, on other transitions within the modeled system. Single
transitions (trivial MCT sets) are denoted as ¢, whereas non-trivial
MCT sets are denoted as m. Transitions whose knockout did not affect
other transitions in the analyzed network were omitted

MCT . Affected Affected
Activity .. . .
sets transitions | t-invariants
tsp | Increased production of ROS and | 67.74% 87.80%
RNS under the influence of vari-
ous pathophysiological factors
me | The process of lipid peroxidation | 57.89% 96.34%
in LDL particles
te | TLR7 receptor activation 57.89% 96.34%
my | MyD88-dependent TLR7 signal | 49.12% 95.12%
pathway
t40 | Trapping of ox-LDL by macro- | 47.37% 95.12%
phages
t33 | Stimulation of foam cell forma- | 14.04% 84.15%
tion
my | Activation of JAK/STAT, MAPK | 10.53% 24.39%
kinase signaling pathway and IL-
6-mediated regulation of adhe-
sion molecule expression
t)» | I-«B i NF-«B 8.77% 90.24%
ms | Recruitment of monocytes and 7.02% 86.59%
their transformation into acti-
vated macrophages
m3 | Binding of YRNA to Ro60 pro- 7.02% 56.10%
tein and formation of RoRNP
complex
my4 | Release of sRNY-Ro60 com- 7.02% 42.68%
plexes by apoptosis into the ex-
tracellular space and their inter-
nalization by macrophages
mg | Effects of nitric oxide on the car- 5.26% 42.68%
diovascular system
t35 | Progression of atherosclerotic le- 5.26% 39.02%
sions
m7 | The process of inhibition of NF- 1.75% 6.10%
kB activity
mg | Progression of changes within 1.75% 20.73%
the atherosclerotic plaque
m1o | The process of ROS synthesis by 1.75% 20.73%
NADPH oxidase

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 3, p. €158300, 2026

abling transitions belonging to MCT set m (the process of lipid
peroxidation in LDL particles) has a major effect on the modeled
system. These transitions are included in the supports of 79 out
of 82 computed t-invariants. Their knockout halts lesion pro-
gression by blocking the production of ROS and sSRNY-Ro60
complexes. It prevents TLR7 activation and the subsequent sig-
naling pathway that amplifies the pro-inflammatory response.

A similar effect is observed when the transition ¢5, (increased
production of ROS and RNS (reactive nitrogen species) under
the influence of various pathophysiological factors) is disabled.
Blocking this transition prevents lipid peroxidation and con-
sequently ox-LDL formation. Without ox-LDL, sRNY-Ro60
complexes cannot be generated and the processes driving
atherosclerosis progression are interrupted. The results pre-
sented in Table 5 show that these blocked processes are rep-
resented by 72 of the 82 t-invariants.

Transition #35 (progression of atherosclerotic lesions) is in-
cluded in the supports of 32 out of 82 t-invariants. Disabling
transition #¢ (TLR7 receptor activation) results in 30 of them
being eliminated, leaving only 2 active. Of these two remain-
ing t-invariants, both are associated with lesion progression,
one through oxidative stress and the other via activation of the
JAK/STAT signaling pathway.

Scenario 2. Effect of Interleukin-6 (IL-6) on apoptosis and the
progression of atherosclerotic lesions.

To investigate the impact of inhibiting IL.-6 on apoptosis and
the progression of atherosclerotic lesions, we disabled the fol-
lowing transitions: 74; (endothelial dysfunction due to inflamma-
tion), 43 (I16 gene transcription), and 743 (expression of adhesion
and pro-inflammatory molecules). As a result of the analysis,
the number of t-invariants contributing to atherosclerosis pro-
gression decreased from 32 to 2, indicating a strong attenuation
of this process. In the baseline net without any knockout, there
are 82 t-invariants, 32 of which contribute to the progression of
atherosclerosis (735 (progression of atherosclerotic lesions)).

Next, the role of oxidative stress in atherosclerosis was also
examined. To account for this, transition #s, (increased produc-
tion of ROS and RNS under the influence of various pathophysi-
ological factors) was also excluded from the model. As expected,
combined anti-inflammatory and antioxidative treatment led to
inhibition of atherosclerosis (see Fig. 4).

It is worth noting that inhibition of IL-6 simultaneously causes
a decrease in apoptosis (see Fig. 4), with the number of t-
invariants for the apoptosis transition f»4 (apoptosis) decreas-
ing from 35 to 2. This result is consistent with the literature
on other studies, which have shown, among other things, that
interleukin-6 plays a crucial role in the pathogenesis and pro-
gression of cancers. Specifically, it facilitates tumor growth by
inhibiting cellular apoptosis and inducing angiogenesis within
the tumor [53]. It has also been shown to protect cells from
apoptosis during infection and inflammation [54].

Additionally, a stoppage in nitric oxide production (¢,7 (iNOS
gene transcription)) was observed (see Fig. 2), which aligns with
reports that IL-6 increases iNOS expression [55].

Scenario 3. The impact of the s-RNY/Ro60 complex on the
progression of atherosclerosis
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Fig. 4. Graphical depiction of the knockout effect of the following
transitions: 74 (endothelial dysfunction due to inflammation), 43 (116
gene transcription), 48 (expression of adhesion and pro-inflammatory
molecules) and 755 (increased production of ROS and RNS under the
influence of various pathophysiological factors). Transitions inactivated
in the knockout simulation are shown as crossed-out black circles.
Transitions in the t-invariant’s support are marked with solid green
rectangles [50]

To more precisely assess the impact of the s-RN'Y/Ro60 com-
plex on the progression of atherosclerotic lesions, the following
transitions were disabled: ¢, (degradation of YRNA to sSRNA)
and g (internalization of the complex by the macrophage) (see
Fig. 5). Consequently, it can be observed in Fig. 5 that the
transition #,7 (transcription of the iNOS gene), representing NF-
xB-dependent iNOS gene expression, is indirectly inactivated.
However, transition t55 (iINOS activation induced by cytokines
released from foam cells) and #,g (nitric oxide synthesis) remain
active, influenced by ox-LDL-loaded macrophages (p31) and
the presence of reactive oxygen and nitrogen species (p22).

Since the processes associated with atherogenesis and the
pro-inflammatory response are not fully halted and continue to
occur, particularly under oxidative stress, macrophages remain
stimulated, leading to sustained iNOS expression and, conse-
quently, nitric oxide production.

Furthermore, if transition ¢5, (increased ROS/RNS produc-
tion under pathophysiological conditions), representing reactive
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Fig. 5. Graphical representation of the knockout effect on apoptosis

and atherosclerosis progression, focusing on transitions 7, (degradation

of YRNA to sRNA) and rg (internalization of the complex by the

macrophage). Inactive transitions are shown as red circles, while active

ones are depicted as green or yellow rectangles, depending on activity
change

oxygen species generated by various pathophysiological pro-
cesses, is deactivated, the progression of atherosclerosis repre-
sented by 735 (progression of atherosclerotic lesions) is stopped
(see Fig. 6).

It is worth noting that the same effect can be achieved by the
knockout of the following transitions: ¢ (TLR7 receptor activa-
tion) and ¢5, (increased ROS/RNS production under pathophys-
iological conditions).

3.3. Limitations of the study

Effective Petri-net modeling of complex biological systems re-
quires certain level of abstraction, given the inherent complexity
and the many underlying processes. Since not all pathways can
be represented, some simplifications are needed to keep the
model manageable and computationally feasible.

Classical network models mainly describe system structure,
which is essential for understanding their functionality. This
qualitative approach helps identify key components and inter-
actions despite simplifying real complex processes. It may not
capture all interactions or the full range of dynamics, especially

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 3, p. €158300, 2026
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Fig. 6. Graphical representation of the knockout effect on apoptosis

and atherosclerosis progression, focusing on transitions 7, (degrada-

tion of YRNA to sRNA), 7g (internalization of the complex by the

macrophage) and 75 (increased ROS/RNS production under patho-

physiological conditions). Inactive transitions are shown as red circles,

while active ones are depicted as green or yellow rectangles, depending
on activity change

time-dependent changes. Such models do not represent stochas-
ticity, discrete biomolecule counts, or concentration-dependent
kinetics. Therefore, they cannot capture threshold effects, dose-
response relationships or variability between cells and individ-
uals. Relatedly, feedback loops are encoded only at the level
of network topology. Thus, without explicit time or quantita-
tive state variables, the model cannot reproduce dynamical fea-
tures such as delays, oscillations, transient activation, or time-
dependent accumulation/depletion of intermediates. Moreover,
simulated in silico knockouts may not accurately reproduce the
effects of real interventions in these systems.

Another important limitation concerns biological detail and
scale. The model integrates low-level molecular events (e.g.,
phosphorylation steps) with higher-level, phenomenological
transitions (e.g., progression of atherosclerotic lesions). It ne-
cessitates certain simplifications and may limit broader interpre-
tation. Furthermore, spatial aspects of atherosclerosis, such as
vessel wall anatomy, compartmentalisation, diffusion, gradients,
and localisation, are not explicitly modelled. Cellular hetero-
geneity (distinct macrophage, endothelial, and smooth muscle
cell states, recruitment and differentiation, microenvironmental

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 3, p. 158300, 2026

variation) is also represented only implicitly, which limits con-
clusions about cell-type-specific contributions and multicellular
organisation.

Importantly, there exist many extensions of classical Petri nets
that enable incorporating quantitative information, such as tim-
ing constraints or kinetic rates, thereby increasing model preci-
sion and allowing a more detailed investigation of system proper-
ties. Among them are Time Petri nets, which support modelling
of process duration by assigning a delay to each transition, and
Stochastic Petri nets, which account for reaction probabilities
by associating a firing rate with each transition, describing both
the likelihood and frequency of transition firings. Such quanti-
tative extensions are natural and typically require only adding
quantitative annotations without modifying the underlying net-
work structure. For these Petri net variants, the analysis steps
described for the classical model remain applicable. It should
be noted, however, that exact time dependencies between com-
ponents of the modelled processes and kinetic constants are
often unknown and difficult to reliably infer from the available
literature.

Despite these limitations, network models are useful for re-
vealing system properties and guiding experimental work. Ac-
cordingly, the model predictions should be treated as qualitative
hypotheses and prioritised for experimental validation (e.g., in
cell culture or animal models). Nevertheless, comprehensive
experimental validation in all aspects of complex long-term dis-
eases such as atherosclerosis may not always be practical or
feasible.

4. DISCUSSION

With advances in sequencing technologies, an increasing num-
ber of functionally important noncoding RNAs have been iden-
tified across many diseases [31, 56]. For example, in cardiovas-
cular disease (CVD), vascular smooth muscle cell (VSMC) phe-
notypic switching is accompanied by tissue-specific expression
of multiple miRNAs [56]. These miRNAs also regulate VSMC
migration stimulated by the RhoA/ROCK axis, which plays a
crucial role in diverse cellular processes, including cytoskeletal
organization, cell migration, proliferation, and apoptosis [56].
In parallel, YRNA—derived small RNAs (s-RNYs), identi-
fied by small-RNA high-throughput sequencing have emerged
as independent clinical biomarkers of coronary artery lesions
and are associated with atherosclerotic burden [5, 6, 17]. De-
spite this progress, links between the molecular mechanisms of
atherosclerosis and small RNAs remain limited. However, this
line of research is crucial, as their analysis opens new opportu-
nities to define regulatory events in pathophysiology [30,31].
To translate the knowledge and the results of numerous ex-
periments reported in the literature into system-level mecha-
nisms, the first, and essential step in studying a complex system
is to build a formal, mathematically defined model. Although
differential equations have been the traditional choice, graph-
and network-based approaches are increasingly used because
they naturally capture relationships among system components.
Petri nets are particularly promising because their structure
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aligns well with biological systems and their graphical nota-
tion supports intuitive model construction and interpretation.
Additionally, there is a mature toolkit of mathematical methods
and software for analyzing their properties, which correspond
to biological features of the system [50,51,57].

Despite extensive insight into the inflammatory, oxidative,
and lipid dysregulation that underlie atherosclerosis, effective
therapy remains challenging. We therefore adopted a system
approach to better understand this problem and elucidate how
YRNA-derived small RNAs (s-RNYs) intersect lipid peroxi-
dation, innate immune signaling, and oxidative stress to drive
atherogenesis.

However, modeling such a complex network of interacting
processes required certain simplifications, and not all mecha-
nisms could be included. For example, we did not model choles-
terol and lipoprotein metabolism in its full complexity, limiting
this part of the network to ox-LDL formation via lipid perox-
idation, as ox-LDL is a crucial atherogenic stimulus. Impor-
tantly, the network can be expanded by replacing selected nodes
with dedicated subnetworks that represent the corresponding
processes in greater mechanistic detail. For instance, the cur-
rent network could be coupled with our previously proposed
model [40], which would allow incorporation of recent findings
on the heterogeneous composition and functional diversity of
HDL particles, including evidence that increasing HDL beyond
a certain threshold may reverse its protective role and potentially
exacerbate CVD [58].

To our knowledge, no prior study has examined small non-
coding RNAs in atherosclerosis by simultaneously integrating,
within a single project, the many signaling pathways and fun-
damental processes that shape this complex disease. We viewed
atherosclerosis as a network of interconnected interactions in
which blocking one pathway can impact others. Thanks to this,
we have been able to identify the most crucial pathways that
must be blocked to stop the progression of this disease.

To this end, we analyzed a Petri-net-based model using t-
invariant analysis, in silico knockouts of selected subnetworks,
and dynamic simulations. Because s-RNY-Ro60 complexes
form in response to atherogenic stimuli such as ox-LDL [18],
we tested whether blocking s-RNYs (e.g., with complemen-
tary oligonucleotides) would prevent activation of the NF-
kf—dependent pathway and, in turn, slow the development of
atherosclerotic lesions. The progression was attenuated but not
eliminated. Given the multifactorial nature of atherosclerosis,
oxidative stress also had to be inhibited, indicating that simul-
taneous suppression of this process is required to halt disease
progression. This is consistent with the literature, as the NF-
k3 pathway and oxidative stress are tightly interconnected [59].
Thus, a potential therapeutic strategy here could combine an-
tioxidant approaches with antisense oligonucleotides targeting
Ro-associated non-coding RNAs [60].

Similarly, the model predicts that combining TLR7-receptor
blockade with neutralization of ROS/RNS sources consistently
halts atherosclerosis progression. This requirement for dual tar-
geting is one of the insights of this work, as single-target inter-
ventions are insufficient, even when NF-x—dependent pathway
is silenced.

12

Oxidative stress is a well-known component of atherosclero-
sis pathogenesis, occurring in parallel with activation of pro-
inflammatory signaling. Among key mediators, IL-6 is a pro-
inflammatory, pro-atherogenic cytokine that promotes plaque
progression and destabilization. In humans, endothelial cells
produce IL-6, which colocalizes with angiotensin II in aor-
tic atherosclerotic plaques [61]. Consistent with this, murine
studies have shown that IL-6 increases peripheral platelet
counts (thrombocytosis), modulates endothelium-dependent re-
laxation, influences vascular monocyte differentiation, and af-
fects metabolism related to obesity. IL-6 also induces the expres-
sion of tissue factor in monocytes with increased procoagulant
activity, an effect reversible after IL-6 withdrawal. Targeted IL-6
inhibition has also been shown to deserve careful consideration.
Patients with end-stage renal disease have a markedly elevated
atherothrombotic risk and a heightened inflammatory response,
further amplified by hemodialysis [61,62], while statin efficacy
is limited. Together, these factors underscore the urgent need for
new atheroprotective therapies and warrant investigation of the
IL-6 pathway inhibition.

For this reason, we investigated whether inhibiting IL-6 could
slow the progression of atherosclerotic lesions. We found that
disease progression was attenuated but not stopped. As in the
other scenarios, concurrent suppression of oxidative stress was
also required.

Since oxidative stress had to be suppressed across all tested
intervention scenarios, it represents a broadly necessary com-
ponent for halting lesion progression in our model. Therefore,
we next considered other pharmacological candidates with the
potential to attenuate oxidative stress—associated inflammatory
signaling cascades. In this context, increasing attention has been
directed toward plant-derived or plant-inspired small molecules,
including flavonoids, as potential modulators of atherosclerosis.
Among these compounds, 7-O-methyldihydropunctatin (MP),
a plant-derived homoisoflavonoid, has recently been proposed
as a candidate anti-atherosclerotic agent [63, 64]. Recent com-
putational studies have suggested arachidonate 5-lipoxygenase
(ALOXY5) as a likely molecular target of MP [64]. ALOXS is in-
volved in the biosynthesis of inflammatory lipid mediators such
as leukotrienes, which play a central role in recruiting and acti-
vating immune cells (e.g., neutrophils and macrophages) at sites
of inflammation, and it is also linked to pathways that amplify
oxidative stress through increased ROS generation [65-68]. In
accordance with these mechanistic considerations, MP and other
ALOX5-targeting inhibitors have been reported to attenuate
atherosclerosis progression, supporting MP as a promising ther-
apeutic candidate [64,67,69].

Overall, using in silico knockouts of selected pathways, we
examined how different combinations of commonly used drugs
influence atherosclerosis. Petri net-based models, by enabling
detailed representations of biological systems, even when com-
prising dozens or hundreds of elementary components, make
such virtual interventions possible and support systematic test-
ing of therapeutic options [39,40]. Consistent with these analy-
ses, we find that most pathogenic processes in our model can be
attenuated with dual-target knockouts: suppression of reactive
oxygen and nitrogen species (ROS/RNS) generated by diverse
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pathophysiological processes paired with inhibition of either
(1) the TLR7 receptor, (2) s-RNYs, or (3) the pro-inflammatory
cytokine IL-6. Together, these results position multi-pathway
combination therapy as a promising route to more effective treat-
ment of atherosclerosis.

5. CONCLUSIONS

The obtained results confirm that blocking the TLR7 recep-
tor (e.g., using chloroquine) or s-RNY (e.g., through com-
plementary oligonucleotides) prevents activation of the NF-
xB—dependent signaling pathway. At the same time, although
NF-«B signaling is inactivated, lesion progression is not re-
duced. This is because atherosclerosis is a complex, multifacto-
rial disease in which additional factors, such as ROS and RNS,
also influence its course and development.

Only when ROS (reactive oxygen species) and RNS (reac-
tive nitrogen species), generated by various pathophysiologi-
cal processes, are simultaneously eliminated, can inhibition of
atherosclerotic lesion progression be observed.

Direct blockade of the inflammatory response by inhibiting
the pro-inflammatory cytokine IL-6 markedly reduces the pro-
gression of atherosclerotic lesions but, similar to s-RNA or
TLR7 inhibition, does not fully halt it. When oxidative stress
is additionally reduced, further progression of atherosclerosis
is stopped. At the same time, apoptosis decreases but does not
completely cease, consistent with the literature [53,54].

Taken together, our analysis indicates that combination ther-
apy, using agents that target key components of the modeled
network (1) the TLR7 receptor, (2) s-RNY, or (3) the pro-
inflammatory cytokine IL-6, together with blockade of oxidative
stress, made it possible to control the development and progres-
sion of atherosclerosis in the proposed model.
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