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Abstract

:

Atherosclerosis, a chronic inflammatory and oxidative stress-mediated disease impacting the arterial system, stands as a primary cause of morbidity and mortality worldwide. The complexity of this disease, driven by numerous factors, requires a thorough investigation of its underlying mechanisms. In our study, we explore the complex interplay between cholesterol homeostasis, macrophage dynamics, and atherosclerosis development using a Petri net-based model anchored in credible, peer-reviewed biological and medical research. Our findings underscore the significant role of macrophage colony-stimulating factor (M-CSF) inhibition in reducing atherosclerotic plaque formation by modulating inflammatory responses and lipid accumulation. Furthermore, our model highlights the therapeutic potential of targeting the C-X-C motif ligand 12 (CXCL12)/ C-X-C motif chemokine receptor type 4 (CXCR4) pathway to hinder hematopoietic stem and progenitor cells’ (HSPCs’) mobilization and plaque development. Based on the results obtained, which are in agreement with current studies, additional strategies are also proposed, such as decreasing M1 macrophage polarization for therapeutic gains, opening the door to future research and novel treatment approaches.
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1. Introduction


Atherosclerosis is a multifactorial, immuno-inflammatory, fibro-proliferative, chronic disorder with various processes underlying it, including low-grade inflammation, oxidative stress, and lipid deposition, accompanied by endothelial cell dysfunction and smooth muscle cell proliferation [1,2,3].



The initiation of atherosclerotic plaque formation involves the local attraction of inflammatory cells, especially monocytes, critical components of the innate immune system, and the accumulation of low-density lipoprotein cholesterol (LDL-C).



At birth, monocytes arise from bone marrow-derived hematopoietic stem and progenitor cells (HSPCs) and, upon maturation, are released into circulation, where they reach peripheral tissues and maintain endothelial integrity. After detecting microbial disruption (via pathogen-induced signaling) or inflammatory stimuli, monocytes migrate into tissues, where their plasticity allows them to differentiate mostly into macrophage-like cells or dendritic cells, depending on their environmental niche. Alternatively, they can also migrate into tissues in the absence of inflammation and remain undifferentiated, where they play homeostatic roles [4]. While a steady-state macrophage is mostly monocyte-independent, a macrophage residing in an inflamed vascular wall and a diseased heart derive from hematopoietic organs.



Adherent monocytes and infiltrating monocyte-derived macrophages locally release many cytokines, matrix metalloproteinases, and vasoactive and growth factors to promote vascular and tissue remodeling or lead to inflammatory response propagation [5].



They are highly plastic and dynamic; once activated, their morphology and protein expression can change rapidly, producing markers specific to various cells [6]. Within atherosclerotic plaque, macrophages can switch between pro-inflammatory and anti-inflammatory states. However, they can also reveal heterogeneous phenotypes “in-between” and even “out-of-the spectrum”, depending on the local microenvironment, which increases the complexity of the studied phenomenon [6].



Macrophages’ functioning is complex and goes beyond phagocytosis and participation in lipid uptake [3,7] through macrophage-expressed scavenger receptors, but also involves the activation of immune responses and distinct and non-redundant roles in fibrosis, regeneration, and tissue repair and surveillance, highlighting their essential role in atherosclerosis [8,9,10,11].



Due to the complex nature of atherosclerosis, there is currently no single marker known that would allow for a clear assessment of its severity or the prediction of cardiovascular risk [12]. Therefore, much research is carried out to indicate the most important pathways involved, allowing for a better understanding of the process and, consequently, more effective treatment.



As far as we know, no prior research has combined such a wide range of signaling pathways and fundamental processes related to human cholesterol balance, macrophage behavior, and the mechanisms underlying atherosclerosis within a single study. This approach, enabled by the Petri net theory, allows for the development of molecular interaction networks without requiring precise quantitative parameters. This sets it apart from approaches that rely on ordinary differential equations (ODEs) or partial differential equations (PDEs), which require specific parameter values to represent the quantitative aspects of the system accurately. The lack of reliable quantitative reaction data often presents challenges when creating ODE/PDE models, especially for complex biological systems.



Numerous mathematical models exist that illustrate the inflammatory response of macrophages, primarily in the early stages of plaque formation [13,14,15,16,17,18,19,20,21,22]. For example, one of the ODE models focused on the development of atherosclerotic plaques integrates the macrophage response with the dynamics of lipids, examining factors such as macrophage migration and lipid influx in plaque progression [18]. Another extends a lipid framework to account for macrophage responses to lipid levels, specifically their apoptosis, emigration, and proliferation, showing that lipid-influenced macrophage behaviors significantly affect plaque development by modifying lipid patterns [13,19]. Unfortunately, in the models mentioned above, simplification involves consolidating lipoproteins into a single group without distinguishing between their types, and also macrophage polarization is not considered.



To explore macrophage polarization’s role in plaque progression, a dynamic stochastic model was developed, capturing changes in plaque components through PDEs and macrophage phenotype shifts with a Bernoulli distribution [16]. Simulations aligned with experimental data suggest that manipulating macrophage polarization can alter the plaque environment, potentially reversing plaque formation, particularly in the early stages, which is consistent with the results of our analysis. An agent-based model was also proposed that simulates macrophage dynamics and polarization using bifurcation analysis and incorporates the diffusion of cytokines through ODEs [15].



Other mathematical and computational models have been developed to investigate the mechanobiological mechanisms involved in plaque advancement. These include a dynamic interaction between blood flow and arterial walls, together with a system of PDEs and ODEs to capture the multiscale dynamics of solute concentrations in plaque growth [14,22].



Although many models have been previously proposed, differing in the range of details and complexity, most focus on specific and limited aspects of the role of macrophages in atherosclerosis. A comprehensive mathematical model of atherosclerosis that encompasses the fundamental and complex processes associated with macrophage behavior and cholesterol balance has yet to be developed.



In our previous article [23], using the Petri net theory, we created a model of macrophage differentiation and analyzed the impact of selected micro-environmental signals. In addition, we focused on the relationships between different macrophage subpopulations. This allowed us, among other things, to explore the interaction of macrophages in relation to the activation of T lymphocytes. The current model is a continuation of the research on this topic. Here, to better understand the associations between macrophages and atherosclerosis, a system approach was utilized that involved using Petri nets [24,25,26], as explained in this paper. This approach examining the complex link between cholesterol balance, macrophage behavior, and atherosclerosis enhances knowledge organization. It deepens the understanding of the biological system by constructing a mathematical model that depicts a complex network of interactions.



Following this approach, the study aimed to identify molecules, factors, or processes within the examined system that, when blocked, could effectively stop or diminish the progression of atherosclerosis. This was performed using a Petri net-based model illustrating the interaction pathways between cholesterol homeostasis, macrophage dynamics, and atherosclerosis.



It is worth noting that Petri net-based models allow for a detailed description of the structure of the analyzed biological system, even in the case where it is composed of dozens or hundreds of elementary components. The relationships between all of them can be precisely described in the form of a bipartite graph and then simulated and analyzed using formal methods. The graph-based structure of the model helps us to easily understand the structure of the system and to perform a simulation in an intuitive way (i.e., the flow of signals in the system is shown in the graph as a flow of tokens between vertices). Moreover, quantitative data are not necessary to build the model. This is a great advantage in comparison to, e.g., models based on ODEs, which are difficult to construct and analyze for such a large number of model components. In the case of the Petri net-based model presented in this paper, its ODE counterpart should consist of dozens of equations. Moreover, it would be very difficult, or even impossible, to collect all the quantitative data necessary to build such a model at the level of detail of the proposed Petri net-based one. This is a general property of models based on Petri nets, i.e., they allow the construction of models describing the structure of a biological system at a level of detail that is difficult to achieve in ODE models. ODE models are usually used for an analysis of higher-level properties of the system, while a Petri net-based model can help to explain the behavior of the system observed in an ODE model.



This study addresses the issue of macrophage differentiation by using a systems approach. This systematizes knowledge and allows for a better understanding of the presented issues while also identifying possible places for new therapies.




2. Materials and Methods


2.1. Petri Nets


The basis of the system’s approach is a mathematical model of the analyzed phenomenon. Such a model can be created using methods from some branches of mathematics. One of them is the Petri net theory. Models based on such nets are quantitative, which means that they describe the structure of the investigated system, and its quantitative aspects are taken into account only in a very limited manner. This can be seen as a limitation of such models, but in the case of biological systems, it is rather an advantage because the availability of quantitative data describing the properties of biological phenomena is usually very limited. In other words, collecting a complete set of quantitative data necessary for constructing a quantitative model of a biological system is usually difficult or even impossible. Hence, Petri nets are an interesting alternative for differential equations, for example, where such a data set is necessary. Moreover, many extensions of Petri nets exist that allow one to consider quantitative data of various types. So, it is possible to extend a qualitative model when quantitative data are easily available [25,27].



Petri nets have a structure of directed weighted bipartite graphs. Graphs of this type are composed of two disjoint sets of vertices such that each arc is an ordered pair of vertices, where one of them belongs to one of these sets and the other is an element of the second set. In the case of Petri nets, vertices belonging to one of these sets are called places, and elements of the other set are transitions. Places correspond to passive elements of the modeled biological system, e.g., chemical compounds, while transitions are counterparts of elementary processes, e.g., chemical reactions. Arcs connecting places with transitions and transitions with places describe casual relations between passive and active components (elementary processes) of the modeled system.



The bipartite graphs describe the structure of the system. A descriptive power of Petri nets follows from the fact that, by using them, a kind of system dynamic can also be modeled. This is due to the existence of components of another type, i.e., tokens. They are located in different places and can move from one place to another via transitions. The movement of tokens corresponds to the flow of substances, signals, information, etc., through the modeled system. This is governed by the transition firing rule, according to which a transition is active if in every place directly preceding it (such a place is called a preplace of the transition), the number of tokens is equal to at least the weight of the arc connecting the place with the transition. An active transition can be fired, which means that tokens flow from their preplaces to their postplaces, i.e., the ones that directly follow the transition. The number of flowing tokens is equal to the weight of the respective arcs [25,28].



One of the great advantages of Petri nets is their intuitive graphical representation. This helps us to understand the structure of the modeled system and its behavior, especially when software for simulating the nets is used. It is also very helpful at the stage of constructing the model. In this representation, places are depicted as circles, transitions as rectangles, arcs as arrows, and tokens as dots or numbers located inside places.



Although the graphical representation is very useful, it is not very well suited for an algorithmic model analysis. For this purpose, another representation, i.e., incidence matrix A, is used. In this matrix, rows correspond to places, and columns correspond to transitions. A number in entry   a  i j    of matrix A is equal to a change in the number of tokens residing in place   p i   before and after firing transition   t j  .



As was mentioned before, transitions correspond to some elementary processes, but in the context of biological systems, an analysis of some more complex processes is also very important. These processes do not change the state of the modeled system, and their counterparts in Petri nets are t-invariants. Such invariants are vectors x being solutions of the equation   A · x = 0  , where A is the incidence matrix. To every t-invariant x there corresponds a set of transitions   s ( x )   called a support of this invariant and containing those transitions for which an entry in x is positive, i.e.,   s  ( x )  =  {  t j  :  x j  > 0 , j = 1 , 2 , … , m }   . If every transition    t j  ∈ s  ( x )    is fired   x j   times, then the distribution of tokens over the set of places (called marking) remains unchanged, which means that the state of the modeled system is also unchanged. This is the reason why t-invariants correspond to processes that do not change the state of the biological system, or, in other words, processes maintaining the homeostasis of the system. An analysis of such processes, or equivalently, t-invariants, may lead to the discovery of some essential properties of the modeled system [29,30].



Another important characteristic of Petri nets is their maximal common transition sets (MCT sets). These are composed of transitions that are elements of supports of exactly the same t-invariants. MCT sets correspond to some functional blocks of the modeled biological system [29,30].



The role of the above-mentioned elements of Petri net theory in the analysis of the model proposed in this paper is shown in Figure 1, which presents a straightforward diagram that outlines the entire process, from the initial model development to the final results.




2.2. Description of Macrophage–Atherosclerosis-Related Phenomena That Were Taken into Account for Building the Model


2.2.1. Impact of Disturbances in Cholesterol Homeostasis


Defective cholesterol homeostasis is a key factor in the development and progression of atherosclerosis, as it causes the build-up of harmful lipoproteins in the arterial intima. This triggers local inflammation, monocyte recruitment, and the IL-23/IL-17/G-CSF pathway [2,31,32,33]. In the intima, infiltrated monocytes can differentiate into macrophages and release chemokines such as CCL2, CCL5, and CX3CL1 [34]. Consequently, activated endothelial cells express adhesion molecules such as P-selectin and E-selectin. PSGL-1, found on monocytes, neutrophils, and lymphocytes, binds primarily to P-selectin. Since PSGL-1 expression is associated with Ly6C expression, it suggests that P-selectin can selectively recruit a subset of inflammatory monocytes to areas of endothelial dysfunction [33,35]. Monocytes firmly adhere to the endothelium’s luminal surface via VCAM-1’s and ICAM-1’s interactions with VLA-4 and LFA-1 integrins, respectively. This firm attachment induces monocyte polarization, altering their shape and function [5].




2.2.2. IL-23/IL-17/G-CSF Signaling Axis Leading to HSPCs Mobilization from the Bone Marrow


The impaired regulation of cholesterol levels results in elevated IL-23 levels, a key pro-inflammatory cytokine. This stimulates the IL-23/IL-17/G-CSF pathway, increasing neutrophil production [32,36]. Within the IL-23/IL-17/G-CSF axis, IL-23 triggers the transformation of naive forms of helper T cells into Th17 cells, known for their significant pathogenic potential and ability to secrete IL-17. The production of G-CSF, mediated by IL-17, further activates neutrophils and other myeloid cells. Their signaling to progenitor cells in the bone marrow results in an imbalance in myeloid cell production, with a preference to generate more neutrophils rather than monocytic lineages [5,32,33,35,37]. The excessive production of neutrophils subsequently leads to the initiation of two important processes. First, neutrophils create a more proteolytic environment within the bone marrow, leading to the cleavage of a crucial receptor, C-X-C motif chemokine receptor type 4 (CXCR4), which is responsible for the retention of HSPCs [38,39,40]. Second, shifting differentiation preference away from monocytes/macrophages leads to a decrease in the CXCR4 ligand CXCL12 in both mesenchymal stem cells and osteoblasts [35,41,42].



In summary, impaired cholesterol clearance pathways significantly impact the osteoblastic environment and HSPCs’ mobilization via the IL-23/IL-17/G-CSF pathway [38]. This underscores the critical link between impaired lipid metabolism and immune signaling in the management of the bone marrow environment and stem cell activity.




2.2.3. Circulating Monocytes and Their Recruitment in Atherosclerosis


Monocytes are derived from HSPCs in the bone marrow and undergo a series of consecutive differentiation stages: the common myeloid progenitor (CMP) and the granulocyte–macrophage progenitor (GMP), which ultimately give rise to Ly6Chigh monocytes [43]. The differentiation and functions of hematopoietic progenitors in monocytes and macrophages are regulated by a cytokine known as M-CSF. It plays a crucial role in promoting the growth of these progenitors, inducing inflammation, and triggering tissue factor production, which leads to plaque instability and significantly contributes to the development of atherosclerosis [44,45,46].



Humans have two main monocyte categories: classical/inflammatory monocytes with high Ly6C levels (Ly6Chigh) and non-classical/patrolling monocytes with low Ly6C levels (Ly6Clow). The distinction also lies in their expression of CCR2 and CX3CR1, where classical monocytes are CCR2high and CX3CR1low, and non-classical monocytes are CCR2low and CX3CR1high [5,47].



Recent studies have shown that classical monocytes (Ly6Chigh) are drawn to inflammation sites, where they promote inflammation. It is also believed that these monocytes can become non-classical monocytes (Ly6Clow), aiding in anti-inflammatory and repair activities. Normally, non-classical monocytes act as vascular scavengers, keeping blood vessels clean by monitoring the endothelium and removing microparticles [8,9,47].




2.2.4. Macrophage Polarization in Atherosclerosis


Macrophages are key immune cells involved in regulating inflammation, clearing infections, and repairing tissues through processes like phagocytosis and polarization [9,48]. Macrophage polarization refers to the ability of these cells to change their phenotype and exhibit different functions depending on the surrounding environment. In atherosclerosis, macrophages polarize into M1 and M2 subtypes [49,50] due to various signals, each influencing the disease’s development differently [1].



M1 macrophages, derived from Ly6Chigh monocytes, promote inflammation through pro-inflammatory cytokines, accelerating atherosclerosis. They are activated by factors like LPS and INF- γ  [33,48,49,51]. On the contrary, M2 macrophages from Ly6Clow monocytes reduce inflammation and aid tissue repair, influenced by cytokines such as IL-4, IL-13, IL-1, or vitamin D3. They release anti-inflammatory substances, such as IL-10, that aid in the healing of lesions [33,48,49,51].




2.2.5. Atherosclerosis


Atherosclerosis, a chronic inflammatory disease, affects mainly large and medium-sized arteries. Risk factors contribute to endothelial damage, allowing LDL to enter and oxidize within the intima, activating chemokines and adhesion factors such as CCL2, ICAM-1, VCAM-1, and E- and P-selectin. This process recruits monocytes that become M1 macrophages (equipped with scavenger receptors SRA and CD36), which ingest oxidized LDL and transform into foam cells, initiating atherosclerotic lesion formation [3,9,34]. Foam cells secrete pro-inflammatory cytokines (such as IL-1, IL-2, IL-6, IL-23, and TNF) and chemokines (like CCL2, CCL5, and CXCL1), intensifying inflammation [3,34,35]. Over time, foam cell accumulation leads to plaque formation, which can become unstable and potentially rupture, highlighting foam cells’ central role in atherosclerosis progression [33].



Macrophage dynamics affecting atherosclerotic plaque formation, which have been taken into account in this study, are presented in Figure 2.






3. Results and Discussion


In this section, we introduce a model based on classical Petri that investigates the intricate interactions between disturbances in cholesterol homeostasis, macrophage balance, and the development of atherosclerosis. This model is thoroughly built upon a foundation of data rigorously sourced from reliable, peer-reviewed biological and medical literature, reflecting a wide range of experimental and clinical knowledge. Using analytical techniques such as t-invariants, MCT sets, and knockout analysis within the established framework of Petri net methodologies, this model offers a theoretical basis for our conclusions. Our methodical approach in both modeling and analysis not only ensures replicability but also allows for validation by other researchers using compatible data sources and tools. Although our findings emerge primarily from in silico analyses, they are consistent with current experimental and clinical research in the domain.



The resulting data and the corresponding figures in this section were derived from Holmes [52].



3.1. Presentation of the Model and the Results of Its Formal Analysis


This section introduces and analyzes a Petri net-based model that illustrates the interplay between cholesterol homeostasis disruption, macrophage equilibrium, and atherosclerosis progression. Illustrated in Figure 3, the model comprises 41 transitions and 45 places. These components are described in Table 1 and Table 2, respectively.



The network is covered by 12 t-invariants, each detailed in Table A1, along with their respective biological significance. Based on these t-invariants, a series of MCT sets have been computed, resulting in six distinct, non-trivial ones (i.e., the ones containing more than one transition). Table 3 comprehensively describes all MCT sets. Each of them represents interconnected subnetworks, and they partition the structure of the network into separate regions.




3.2. t-Invariant-Based Knockout Analysis


To evaluate the importance of every functional biological unit in our model, we needed to perform a thorough analysis. To achieve this, we initially knocked out every MCT set, including the trivial ones (single transitions). This step was crucial in determining the number of transitions affected by each knockout.



To understand the concept of an affected transition, it is crucial to first explore the definition of affected t-invariants. Affected t-invariants are characterized by having transitions that have been knocked out within their support. A transition is labeled as affected if it is part of the support of an affected t-invariant. For example, a transition   t x   is not considered affected by   t y   if it is not included in the support of any t-invariant that has   t y   in its support. This criterion was also applied to non-trivial MCT sets. The results, which are elaborated on in Table 4, indicate only single transitions or non-trivial MCT sets had an impact higher than   2 %   of affected transitions.



It should be noted that Table 4 presents two distinct percentage values for each MCT set, which quantify the effect of disabled transitions on t-invariants. The first value specifies the percentage of all disabled transitions, including those within the MCT set. The subsequent value, enclosed in parentheses, denotes the percentage of transitions outside the MCT set that become disabled as a result.



Based on the obtained results, it is evident that the transitions comprising   m 1   have the potential to significantly impact a substantial portion of the network when they are knocked out. Nevertheless, it is important to note that transitions within an MCT set inherently occur simultaneously in t-invariants. Therefore, removing any transition from an MCT set will inevitably affect all other transitions within the same set. It should be emphasized that   m 1   is composed of 23 transitions, which make up   55 %   of the total transitions in the model. The transitions belonging to this MCT set represent the signaling pathways triggered by disruptions in cholesterol balance, resulting in the activation of pro-inflammatory cytokines like IL-23 and IL-17. This leads to inflammation, the mobilization of HSPCs due to neutrophil activity, and an increase in the production and differentiation of monocytes. Ultimately, these processes contribute to the formation of atherosclerotic plaque.



Another MCT set that has a substantial inhibitory influence on the network is   m 5  . If any of the transitions of   m 5   are knocked out, it has the ability to disable a portion of the network, specifically around   11.9 %   of it. This pertains to the mechanisms in which the release of the cytokine G-CSF is triggered by IL-17, resulting in the mobilization of HSPCs within the bone marrow. On the contrary, it can be observed that the elimination of sets   m 2  ,   m 3  ,   m 4  , and   m 6   only impacts transitions that are part of these sets.




3.3. Simulation-Based Knockout Analysis


This section provides a comprehensive description of the analysis that was conducted using knockout simulations. In this type of analysis, insights were gained regarding the behavior of the model when certain elementary processes are eliminated. To be more specific, the average number of activations (firings) for each elementary process (transition) was calculated over 10,000 simulation steps. This average was determined by conducting 1000 repeated simulations.



Scenario 1.

The impact of individual transitions within the studied model on the transition representing the development of atherosclerosis, evaluated through a simulation-based knockout analysis.





In this analysis, certain specific transitions were disabled, and a simulation-based knockout analysis was performed. The focus was on examining the effects of this action on the atherosclerosis process, particularly the transition   t 41   (atherosclerotic plaque formation). Different transitions were deactivated for each simulation, and then data on the firing of transitions were collected. Furthermore, information on the average number of transition firings and token accumulations was gathered. The outcomes are presented in Table 5. Only the results that demonstrate noteworthy alterations in the progression of atherosclerosis are incorporated in this table.



Upon examining Table 5, it is evident that the following transitions have the most significant influence on the transition   t 41  , which is related to atherosclerosis:   t 0   (monocyte differentiation from Lyc6Chigh),   t 1   (monocyte entry into subendothelial space diapedesis),   t 2   (monocyte slow roll on the inflamed endothelium),   t 3   (endothelial selectin increased expression on cell surface),   t 4   (monocyte roll over),   t 5   (PSGL1 of monocyte and endothelial selectin interaction),   t 6   (chemokine secretion),   t 7   (enhanced monocyte production in bone marrow),   t 10   (HSPC shift from the bone marrow into spleen, lungs, and liver),   t 20   (defective cholesterol homeostasis),   t 21   (local production of M-CSF in the vessel wall),   t 22   (SRA1 and CD36 binding),   t 23   (oxidative processes in the artery wall), and   t 40  .



Scenario 2.

The effect of inhibiting the cytokine M-CSF.





Colony-stimulating factors (CSFs) are a group of cytokines that are important for forming blood cells, functioning leukocytes, and maintaining immune health. This family consists of M-CSF, G-CSF, and GM-CSF, where M-CSF and G-CSF have a specific influence on the survival, growth, differentiation, and functioning of monocytes/macrophages and neutrophils, respectively. Each member of this family plays a unique role in the development and activity of various immune cells [63]. M-CSF is constantly produced by different cell types, such as endothelial cells, osteoblasts, and macrophages, and plays a crucial role in the regulation of the functions of mononuclear phagocytes, including their survival, proliferation, and differentiation. It contributes to inflammation, which in turn leads to macrophage destruction and the progression of atherosclerosis. Furthermore, M-CSF triggers tissue factor production, which can result in plaque thrombosis and instability, which can lead to acute coronary syndrome [44]. Elevated levels of M-CSF have been observed in the bloodstream not only in cardiovascular diseases (CVDs) but also in various other diseases, such as tumors [45].



To investigate the impact of inhibiting M-CSF, we removed transition   t 21   (local production of M-CSF in the vessel wall) from the model under study. As a result, it was possible to observe that the atherosclerotic plaque formation process was stopped in the analyzed model (see Figure 4). However, the altered cholesterol homeostasis balance still causes an accumulation of apoB lipoproteins, leading to lipid accumulation. This process triggers cellular responses within the artery wall and, subsequently, increases local inflammation. However, it is important to note that this accumulation does not directly cause plaque development in the model. If the transition   t 20   (defective cholesterol homeostasis) is also blocked, then these processes stop. Furthermore, the secretion of pro-inflammatory cytokines such as IL-17 and IL-23 is inhibited, affecting the G-CSF cytokine secretion process, which IL-17 usually stimulates.



Similarly, whether   t 21   is inhibited alone or in conjunction with   t 20  , the level of interleukin-10 (IL-10) produced by M2 macrophages, a cytokine with wide-ranging anti-inflammatory properties [2], remains unchanged (  p 34  ). Simultaneously, the M1 phenotype of the pro-inflammatory macrophage is inhibited (  t 0   (monocyte differentiation from Lyc6Chigh) and   p 0   (M1 macrophages)).



The results presented in this scenario align with the findings of a previous study [46], which demonstrated that the absence of M-CSF leads to a decrease in macrophage proliferation, an increase in macrophage apoptosis within lesions, and a significant reduction in the development of atherosclerosis.



Scenario 3.

The impact of inhibition of IL-23 cytokine.





IL-23 is recognized for its significant role in chronic inflammation and its critical involvement in the production of IL-17 family cytokines by Th17 cells, thus establishing the IL-23/IL-17 axis. Additionally, it is known for its pro-atherogenic effects. This is further supported by several clinical research studies that have documented a notable increase in IL-23 levels in individuals with atherosclerosis [31,36].



To model the effects of inhibiting the IL-23 cytokine, we have excluded transition   t 19   (IL-23 secretion) from the net. In a physiological context, the proposed effect might be achievable via two distinct but interconnected biological mechanisms. The first involves an increase in HDL-C levels [64], while the second strategy focuses on the direct inhibition of the IL-23 cytokine [65]. Consequently, in the model, we observed that one of the mechanisms leading to HSPCs’ mobilization, specifically the G-CSF-induced one, has been inhibited.



Another mechanism involved in the mobilization of HSPCs in the model is the CXCL12/CXCR4 pathway, which also plays a significant role in atherosclerosis. The interaction between CXCL12 and CXCR4 has been shown to activate a signaling pathway that inhibits the efflux of ABCA1-dependent macrophage cholesterol, thus intensifying atherosclerosis [66]. Therefore, if transition   t 9   (cleavage of CXCR4 on HSPCs via increasing proteolytic activity caused by neutrophils) is further removed, the mobilization of HSPCs becomes blocked, ultimately leading to inhibition of atherosclerotic plaque formation in the model (see Figure 5).



Scenario 4.

Inhibition of M1 macrophages’ polarization while simultaneously promoting M2 macrophages’ polarization.





The immune system activates a defensive inflammatory response when it detects danger signals. This response includes several processes, with macrophages playing a crucial role. Macrophages, derived from monocytes in the bone marrow, adjust their characteristics and function based on the surrounding conditions, a process called polarization. There are two main types of macrophages: pro-inflammatory M1 and anti-inflammatory M2 [67]. M1 macrophages, stimulated by IFN- γ  and LPS, release pro-inflammatory substances and have a significant impact on the advancement of atherosclerosis and chronic inflammation. This leads to the formation of foam cells and the development of plaque [51].



To simulate the impact of the inhibition of macrophage differentiation in the M1 type, we removed the transition   t 40   (increased local inflammation) from the model. As a result, the development of atherosclerotic plaque in the model was observed to stop (similarly to that in Figure 4). Furthermore, it was noticed that the firing probability of the transition   t 27   (monocyte differentiation from Lyc6Clow), as compared to the reference firing value, increased by 4%, indicating a significant influence on macrophage differentiation toward the M2 phenotype.



The results obtained are consistent with the findings described in [48], where it was demonstrated that by decreasing the polarization of M1 macrophages, it was possible to inhibit the formation of foam cells and the production of pro-inflammatory cytokines. Consequently, this led to a decrease in the development of atherosclerotic plaque.



As mentioned above, the same effect in the model can be achieved by blocking the transition   t 5   (PSGL1 of monocyte and endothelial selectin interaction). Under physiological conditions, this can be obtained by blocking P-selectin and PSGL-1 using, for example, functional monoclonal antibodies [68].



The results are consistent with the previous study, in which it was demonstrated that P-selectin and PSGL-1, in conjunction with an array of inflammatory elements, play a role in the formation and advancement of atherosclerosis [69].



Transitioning from this targeted intervention approach, it is crucial to acknowledge the broader framework within which our model operates. Although the model is comprehensive in its current scope, it naturally focuses on specific aspects of the pathogenesis of atherosclerosis, particularly those related to macrophages and their interactions with other cellular and molecular players. Consequently, certain systemic factors that are recognized to impact the progression of atherosclerosis, such as diabetes, hyperinsulinemia, and endothelial dysfunction, were not explicitly integrated into the model. This choice demonstrates the inherent difficulty in constructing a model that strikes a balance between complexity and specificity, aiming to investigate specific mechanisms in depth while acknowledging the wider context of research on atherosclerosis.




3.4. Limitations of the Study


To effectively model a complex biological system with Petri nets, a certain level of generalization is necessary due to the inherent complexity and multitude of processes that typically underpin the phenomena modeled using such systems. This means that not all possible processes and pathways can be modeled, and certain simplifications are essential to make the model manageable and computationally feasible.



Furthermore, traditional network models mainly aim to capture the structure of biological systems, which is crucial for understanding their functionality. Such qualitative approaches are key to identifying these systems’ fundamental aspects and interactions, despite simplifying complex biological processes. They may not fully cover complex interactions or the entire range of dynamic behaviors, including the specifics of time-dependent changes. Moreover, simulating theoretical knockouts might not accurately mirror the effects of actual interventions in these systems.



Despite these drawbacks, the importance of network-based models in revealing system properties and guiding experimental validation should not be overlooked. However, caution should be exercised in interpreting the results, and, ideally, model-based predictions should be validated through experimental work. Unfortunately, gathering exhaustive experimental evidence covering all aspects of a complex long-term disease such as atherosclerosis might not always be practical or possible.




3.5. Potential Clinical Relevance of the Study


Our investigation into atherosclerosis using a Petri net-based model reveals clinical potential by elucidating the interplay between cholesterol homeostasis, macrophage dynamics, and plaque formation. The discoveries, such as the effects of inhibiting macrophage colony-stimulating factor (M-CSF) and targeting the CXCL12/CXCR4 pathway, introduce innovative approaches to mitigating plaque formation. These insights, in line with previous studies, indicate that alternative strategies, such as regulating macrophage M1 polarization, could drive therapeutic progress.



Nevertheless, translating these theoretical understandings into practical clinical uses encounters challenges, including verifying the accuracy of the model, considering individual patient variables, understanding the intricacies of biological processes, and carrying out thorough clinical tests. There are also ethical concerns surrounding the utilization of model-driven forecasts without solid empirical support and the necessity of effectively educating healthcare providers about the model’s intricacies. In conclusion, although the Petri net model demonstrates significant promise, its integration into clinical environments requires thorough assessment and collaborative work in various fields.





4. Conclusions


The study investigates the complex relationship between cholesterol homeostasis, macrophage dynamics, and atherosclerosis using a classical Petri net model based on biological and medical literature. The model suggests that inhibiting M-CSF significantly affects the formation of atherosclerotic plaques by altering macrophage behavior and inflammatory responses, while disturbances in cholesterol homeostasis continue to lead to lipid accumulation. This is supported by research indicating M-CSF’s pivotal role in macrophage activation, foam cell creation, and chronic inflammation, which are essential for plaque development and instability [44,46,49]. As a result, future therapeutic strategies that aim to target M-CSF and its associated cytokines are proposed to mitigate inflammatory conditions, thus potentially decreasing the risk of adverse events related to atherosclerosis [49].



The inhibition of IL-23 also shows its role in inflammation and atherosclerosis, suggesting therapeutic targets by modulating the IL-23/IL-17 axis. It is also associated with increased mortality in carotid artery stenosis and is detected in atherosclerotic plaques, emphasizing its role in promoting atherosclerosis through TH17 cell activation in mice [70]. Although IL-23 is investigated for atherosclerosis treatment, meta-analyses suggest that IL-23 blockers such as ustekinumab could not improve or worsen cardiovascular outcomes in patients with psoriasis. This highlights the complex role of IL-23, but the primary focus on psoriasis in these studies limits conclusions about its impact on atherosclerosis, making its direct effects uncertain [71,72].



The model also points to the potential of the CXCL12/CXCR4 pathway in the treatment of atherosclerosis by inhibiting HSPCs’ mobilization and plaque formation. This aligns with recent literature, suggesting that the CXCL12/CXCR4 axis performs more complex functions than previously understood. CXCL12 and its receptors are now considered potential therapeutic targets and biomarkers for atherosclerosis [73,74].



It also emphasizes that macrophage polarization towards anti-inflammatory states could markedly reduce plaque development. This aligns with current literature, which suggests that, since macrophage polarization plays a role at various stages, targeting it could be a key strategy for atherosclerosis management. Balancing macrophage subtypes and promoting anti-inflammatory transformations might offer effective prevention and treatment options [48,75,76,77].



The development of atherosclerosis is complex and cannot be fully halted by lipid-lowering therapies. These insights align with current research, highlight strategies such as reducing M1 polarization for therapeutic benefits, and underscore the importance of macrophage regulation and cholesterol pathways in atherosclerosis, suggesting avenues for future research and novel treatment approaches. Furthermore, our comprehensive mathematical model, which surpasses earlier suggestions [13,14,15,16,17,18,19,20,21,22], covers a broad spectrum of processes related to the interplay between cholesterol balance, macrophage behavior, and the development of atherosclerosis. This enhanced predictive capacity of the model not only confirms its value in identifying therapeutic targets but also facilitates the simulation of various clinical scenarios to explore new treatment strategies and responses to potential medications.
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The following abbreviations are used in this manuscript:





	ABCA1
	ATP-binding cassette protein A1



	ABCG1
	ATP-binding cassette protein G1



	ApoB
	apolipoprotein B



	ApoE
	apolipoprotein E



	CCL2
	chemokine (C–C motif) ligand 2



	CCL5
	chemokine (C–C motif) ligand 5



	CCR2
	(C-C motif) chemokine receptor 2



	CD36
	cluster of differentiation 36



	CD62L
	L-selectin



	CMP
	common myeloid progenitors



	CVD
	cardiovascular disease



	CXCL1
	C-X-C motif ligand 1



	CXCL12
	C-X-C motif ligand 12



	CX3CL1
	C-X3-C motif ligand 1



	CX3CR1
	C-X3-C motif chemokine receptor type 1



	CXCR4
	C-X-C motif chemokine receptor type 4



	EC
	endothelial cell



	eNOS
	endothelial nitric oxide synthase



	G-CSF
	granulocyte colony-stimulating factor



	GM-CSF
	granulocyte–macrophage colony-stimulating factor



	GMP
	granulocyte–monocyte progenitor



	HDL
	high-density lipoprotein



	HDL-C
	high-density lipoprotein cholesterol



	HSPCs
	hematopoietic stem and progenitor cells



	ICAM-1
	intercellular adhesion molecule-1



	IFN- γ 
	interferon gamma



	IL
	interleukin



	IL-3R β 
	interleukin-3 receptor beta



	LDL-C
	low-density lipoprotein cholesterol



	LFA-1
	lymphocyte function-associated antigen-1



	LP
	lipoprotein



	LPS
	lipopolysaccharide



	LXR
	liver X receptor



	Ly6C
	lymphocyte antigen 6 complex, locus C1



	Ly6Chigh
	monocytes with high expression of CCR2 and CD62L and moderate expression of CX3CR1



	Ly6Clow
	monocytes with high expression of CX3CR1 and low expression of CCR2 and CD62L



	M-CSF
	macrophage colony-stimulating factor



	M-CSFR
	macrophage colony-stimulating factor receptor



	NR4A1
	nuclear receptor subfamily 4 group A member 1



	modLDL
	modified low-density lipoproteins



	ODE
	ordinary differential equation



	oxLDL
	oxidized low-density lipoprotein



	PDE
	partial differential equation



	PSGL-1
	P-selectin glycoprotein ligand-1



	SMC
	smooth muscle cell



	SRA1
	scavenger receptor A1



	Th17
	T helper 17 cell



	TLR4
	toll-like receptor 4



	TNF
	tumor necrosis factor



	VCAM-1
	vascular cell adhesion molecule



	VLA-4
	very late activation antigen-4
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Table A1. t-invariants of the model.






Table A1. t-invariants of the model.











	t-Invariant
	Contained MCT Sets
	Contained Transitions
	Biological Interpretation





	   x 1   
	  m 1  ,  m 6  
	  t 8  ,   t 9  
	The cascade of events resulting from disturbances in cholesterol homeostasis, including the secretion of IL-17, leading to increased eNOS expression without triggering G-CSF release from peripheral cells and simultaneously contributing to inflammation and plaque formation.



	   x 2   
	  m 1  ,  m 4  
	  t 8  ,   t 9  
	The cascade of events resulting from disturbances in cholesterol homeostasis encompasses the secretion of IL-17, which in turn triggers the release of G-CSF from peripheral cells, but does not lead to increased eNOS expression, while simultaneously contributing to inflammation and plaque formation.



	   x 3   
	  m 1  ,  m 2  ,  m 6  
	
	Disturbances in cholesterol homeostasis contribute to inflammation, oxidative stress, and monocyte differentiation, leading to atherosclerotic plaque development, cellular accumulation in HSPCs, and promotion of early plaque formation with fibrous cap thinning.



	   x 4   
	  m 1  ,  m 2  ,  m 4  
	
	The activation of IL-17 leads to the stimulation of eNOS expression without triggering G-CSF release from peripheral cells. Simultaneously, it initiates the pathway linked to inflammation and the secretion of chemokines and cytokines by foam cells.



	   x 5   
	  m 1  ,  m 5  ,  m 6  
	  t 8  ,   t 15  
	The activation of IL-17, leading to the release of G-CSF from peripheral cells, which favors neutrophils over monocytes and macrophages but does not increase eNOS expression while also initiating a pathway that causes inflammation and triggers the secretion of chemokines and cytokines by foam cells.



	   x 6   
	  m 1  ,  m 4  ,  m 5  
	  t 8  ,   t 15  
	The activation of IL-17 triggers the release of G-CSF from peripheral cells, leading to a decrease in bone marrow macrophages, and simultaneously initiates a pathway that induces inflammation and stimulates foam cells to secrete chemokines and cytokines.



	   x 7   
	  m 1  ,  m 2  ,  m 5  ,  m 6  
	   t 15   
	The activation of IL-17 leads to the stimulation of eNOS expression without inducing G-CSF release from peripheral cells, contributes to decreased cholesterol efflux in HSPCs due to hypercholesterolemia, and is associated with the growth of atherosclerotic plaques and thinning of the fibrous cap.



	   x 8   
	  m 1  ,  m 2  ,  m 4  ,  m 5  
	   t 15   
	The activation of IL-17 leads to the release of G-CSF from peripheral cells, which favors neutrophils over monocytes and macrophages, contributes to decreased cholesterol efflux in HSPCs due to hypercholesterolemia, and is associated with the growth of atherosclerotic plaques and thinning of the fibrous cap.



	   x 9   
	  m 1  ,  m 3  ,  m 5  ,  m 6  
	
	IL-17 activation triggers G-CSF release from peripheral cells and reduces bone marrow macrophages, affecting cholesterol efflux in HSPCs and contributing to atherosclerotic plaque growth and fibrous cap thinning.



	   x 10   
	  m 1  ,  m 3  ,  m 4  ,  m 5  
	
	IL-17 activation stimulates eNOS expression without triggering G-CSF release from peripheral cells, affecting cholesterol efflux in HSPCs, and initiating a pathway that causes inflammation and prompts foam cells to secrete chemokines and cytokines.



	   x 11   
	  m 1  ,  m 2  ,  m 3  ,  m 5  ,  m 6  
	
	IL-17 activation results in the release of G-CSF from peripheral cells, favoring neutrophils over monocytes and macrophages, influencing cholesterol efflux in HSPCs, and triggering a pathway leading to inflammation and stimulating foam cells to secrete chemokines and cytokines.



	   x 12   
	  m 1  ,  m 2  ,  m 3  ,  m 4  ,  m 5  
	
	Activation of IL-17 leads to the release of G-CSF from peripheral cells and a reduction in bone marrow macrophages, which influences cholesterol efflux in HSPCs and initiates a pathway that induces inflammation and stimulates foam cells to secrete chemokines and cytokines.
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Figure 1. An overview of the general framework outlining the necessary steps that should be taken to construct the model, perform the analysis, and achieve the outcomes. 
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Figure 2. Macrophage dynamics analyzed in this study. 1. Activation of IL-23/IL-17-G-CSF pathway; 2. HSCPs’ mobilization in the bone marrow; 3. monocyte polarization (Ly6Chigh and Ly6Clow); 4. macrophages M1 and M2 in subendothelial space; 5. M1 phagocytes oxLDL forming foam cells; 6. foam cells secrete pro-inflammatory cytokines and enhance local inflammation, increasing atherosclerotic plaque. Parts of the figure were created using images from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/, accessed on 21 March 2024). 
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Figure 3. A Petri net-based model depicting the role of macrophages and disturbances in cholesterol homeostasis in the development and progression of atherosclerosis. This model is segmented into six subprocesses corresponding to MCT sets and is distinguished by various transition colors. Detailed descriptions of these subprocesses can be found in Table 3. In this model, transitions are represented as squares, whereas circles represent places. The locations depicted as two concentric circles refer to identical locations in the model and are referred to as logical places. To improve clarity and comprehension, we have selectively integrated crucial species’ names from Table 1 and Table 2 directly into the figure. 
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Figure 4. A graphical depiction is presented to illustrate the impact of knockout on the development of atherosclerosis, specifically focusing on transition   t 21   regarding the formation of atherosclerotic plaques (  t 41  ). In the graphical representation, the inactive transitions identified through simulation knockout are denoted by red circles. Active transitions are represented by rectangles filled with either green or yellow, indicating whether the activity of the transition has decreased (partially filled) or remained unchanged (fully filled) compared to the reference set. 
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Figure 5. A graphical representation that demonstrates the impact of knockout on the development of atherosclerosis, specifically focusing on the transitions   t 9   and   t 19   involved in the formation of atherosclerotic plaques (  t 41  ). In this graphical depiction, the inactive transitions identified by simulation knockout are represented by red circles. Active transitions are depicted as rectangles filled with green or yellow, indicating whether the activity of the transition has decreased (partially filled) or remained unchanged (fully filled) compared to the reference set. 
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Table 1. The list of places and their biological meaning.
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	Place
	Biological Meaning
	References
	Place
	Biological Meaning
	References





	   p 0   
	M1 macrophages
	[3,34]
	   p 23   
	splenic macrophages and dendritic cells mobilized
	[38,53]



	   p 1   
	monocytes in intima
	[34,54]
	   p 24   
	M-CSF
	[9]



	   p 2   
	strongly adherent monocytes to EC
	[34,54]
	   p 25   
	IFN- γ 
	[9,55]



	   p 3   
	E-selectin with P-selectin complex
	[34,54]
	   p 26   
	LPS
	[55]



	   p 4   
	VLA-4 and VCAM-1
	[54]
	   p 27   
	foam cell
	[3,34]



	   p 5   
	LFA-1 and ICAM-1
	[54]
	   p 28   
	cytokines IL-1, IL-6, TNF, IL-23, IL-2
	[34]



	   p 6   
	high endothelial selectins
	[34,54]
	   p 29   
	chemokines CCL2, CCL5, CXCL1
	[34]



	   p 7   
	PSGL-1 of tethered monocytes to EC
	[54]
	   p 30   
	macrophage retention factors, including netrin-1 and semaphorin 3E
	[34]



	   p 8   
	chemokines CCL2, CX3CL1, and CCL5 secreted by EC intimal, macrophages, and SMCs
	[34,55]
	   p 31   
	inflammatory mediators
	[34]



	   p 9   
	lipid molecules, lipoproteins, and ApoB accumulated in the intima
	[34,55]
	   p 32   
	M2 macrophages predominant in adventitia
	[8,50,56]



	   p 10   
	CMPs and GMPs in bone marrow
	[38]
	   p 33   
	IL-4, IL-13, IL-1, vitamin D3
	[50]



	   p 11   
	Ly6Clow, CCR2 low, CX3CR1 high, patrolling monocytes
	[8,34,54]
	   p 34   
	IL-10
	[8,50,56]



	   p 12   
	monocytes Ly6Chigh, CCR2 high, CX3CR1 low
	[34,54]
	   p 35   
	low ABCA1
	[38]



	   p 13   
	low HDL
	[38]
	   p 36   
	low ABCG1
	[38]



	   p 14   
	extramedullary HSPCs
	[38,57]
	   p 37   
	local low APOE
	[38]



	   p 15   
	low ApoE
	[38,53]
	   p 38   
	cells accumulated
	[38]



	   p 16   
	low CXCL12
	[38,57]
	   p 39   
	restorative atherosclerotic plaque caused by IL-10
	[56]



	   p 17   
	decrease in osteoblasts and nestin-positive mesenchymal stem cells (MSCs)
	[38,58]
	   p 40   
	high TLR4
	[38]



	   p 18   
	HSPCs mobilized in bone marrow
	[38,57]
	   p 41   
	oxLDL
	[34]



	   p 19   
	G-CSF with GMP complex
	[38,58]
	   p 42   
	atherosclerotic plaque with poor dynamic balance instability
	[3,34,56]



	   p 20   
	G-CSF
	[38,58]
	   p 43   
	myeloperoxidase peroxynitrite
	[34]



	   p 21   
	IL-17
	[38,53,58]
	   p 44   
	thrombus
	[3,34]



	   p 22   
	high IL-23
	[38,53]
	   p 45   
	atherosclerotic plaque, early phase
	[3,34]
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	Transition
	Biological Meaning
	References
	Transition
	Biological Meaning
	References





	   t 0   
	monocyte differentiation from Lyc6Chigh
	[3,9,34]
	   t 21   
	local production of M-CSF in the vessel wall
	[9,55]



	   t 1   
	monocyte entry into subendothelial space diapedesis
	[34,54]
	   t 22   
	SRA1 and CD36 binding
	[3]



	   t 2   
	monocyte slow roll on the inflamed endothelium
	[34,54]
	   t 23   
	oxidative processes in the artery wall
	[34]



	   t 3   
	endothelial selectin increased expression on cell surface
	[34,54]
	   t 24   
	secretion by foam cells
	[34]



	   t 4   
	monocyte roll over
	[54]
	   t 25   
	local inflammatory process
	[34]



	   t 5   
	PSGL-1 of monocyte and endothelial selectin interaction
	[54]
	   t 26   
	IL-10 production
	[8,56]



	   t 6   
	chemokine secretion
	[34,55]
	   t 27   
	monocyte differentiation from Lyc6Clow
	[8,34,50,56]



	   t 7   
	enhanced monocyte production in bone marrow
	[8,34,38,54,57]
	   t 28   
	inflammatory milieu chronically activating macrophages
	[50,59]



	   t 8   
	CMP and GMP expansion in bone marrow
	
	   t 29   
	diminution of pathological inflammation caused by IL-10
	[8,50,56]



	   t 9   
	cleavage of CXCR4 on HSPCs via increasing proteolytic activity caused by neutrophils
	[57]
	   t 30   
	decreased expression of LXR
	[38]



	   t 10   
	HSPC shift from the bone marrow into spleen, lungs, liver
	[38,57]
	   t 31   
	eNOS expression
	[58]



	   t 11   
	extramedullary hematopoiesis
	[38,53]
	   t 32   
	decreased cholesterol efflux pathway in HSPCs due to hypercholesterolemia
	[38]



	   t 12   
	low CXCL12 expression
	[38,57]
	   t 33   
	cell surface expression of cytokine receptors such as IL-3R β  and M-CSFR
	[38]



	   t 13   
	HSPC mobilization, dramatic expansion, and proliferation
	[38,57]
	   t 34   
	high NR4A1 expression in Ly6Chigh monocytes
	[9]



	   t 14   
	decreasing the number of bone marrow macrophages
	[38,57,58]
	   t 35   
	atherosclerotic plaque impacted by IL-10
	[56]



	   t 15   
	favoring neutrophils over monocytes and macrophages
	[58]
	   t 36   
	promoting thinning of the fibrous cap
	[3,34]



	   t 16   
	G-CSF travel to the bone marrow
	[38,58]
	   t 37   
	enhancement expression of TLR4
	[38]



	   t 17   
	G-CSF released by peripheral cells influenced by IL-17
	[38,58]
	   t 38   
	atherosclerotic plaque rupture
	[3,34]



	   t 18   
	Th17 activation
	[38,53]
	   t 39   
	sudden artery lumen occlusion by thrombus
	[3,34]



	   t 19   
	IL-23 secretion
	[38,53]
	   t 40   
	increased local inflammation
	[9,55]



	   t 20   
	defective cholesterol homeostasis
	[38,53,55]
	   t 41   
	atherosclerotic plaque formation
	[3,34]
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	MCT Set
	Contained Transitions
	Biological Interpretation





	   m 1   
	  t 0  ,   t 1  ,   t 2  ,   t 3  ,   t 4  ,   t 5  ,   t 6  ,   t 7  ,   t 10  ,   t 11  ,   t 19  ,   t 20  ,   t 21  ,   t 22  ,   t 23  ,   t 26  ,   t 27  ,   t 28  ,   t 29  ,   t 35  ,   t 38  ,   t 39  ,   t 40  
	Disturbances in cholesterol homeostasis lead to inflammation and oxidative stress, which in turn contribute to monocyte differentiation and the development of atherosclerotic plaque.



	   m 2   
	  t 30  ,   t 32  ,   t 33  ,   t 37  
	Decreased expression of key cholesterol transporters in HSPCs due to hypercholesterolemia, resulting in cell accumulation and increased expression of inflammatory receptors, see [60].



	   m 3   
	  t 12  ,   t 13  ,   t 14  
	Reduced macrophages and osteoblasts in bone marrow, along with lower expression of CXCL12, which triggers the mobilization and expansion of hematopoietic stem and progenitor cells (HSPCs).



	   m 4   
	  t 24  ,   t 25  ,   t 34  
	The secretion of macrophage retention factors, chemokines, and cytokines by foam cells leads to an intensification of the local inflammatory process, which is further intensified by inflammatory mediators.



	   m 5   
	  t 16  ,   t 17  
	The release of G-CSF by peripheral cells, influenced by IL-17, results in its migration to bone marrow and subsequent neutrophil production.



	   m 6   
	  t 36  ,   t 41  
	Early phase of plaque formation and promotion of fibrous cap thinning.










 





Table 4. The effect of removing certain MCT sets is determined by the percentage of transitions affected. This is calculated using two different methods: the approach described in [61] and simulation knockout, which is performed in the same way as described in [62].
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	MCT Set
	Biological Function
	Affected Transitions





	   m 1   
	Disturbances in cholesterol homeostasis lead to inflammation and oxidative stress, which in turn contribute to monocyte differentiation and the development of atherosclerotic plaque.
	97.62% (40.48%)



	   m 5   
	The release of G-CSF by peripheral cells, influenced by IL-17, results in its migration to bone marrow and subsequent neutrophil production.
	11.90% (9.52%)



	   m 2   
	Decreased expression of key cholesterol transporters in HSPCs due to hypercholesterolemia, resulting in cell accumulation and increased expression of inflammatory receptors.
	7.14% (0%)



	   m 3   
	Reduced macrophages and osteoblasts in bone marrow, along with lower expression of CXCL12, which triggers the mobilization and expansion of HSPCs.
	4.76% (0%)



	   m 4   
	The secretion of macrophage retention factors, chemokines, and cytokines by foam cells leads to an intensification of the local inflammatory process, which is further intensified by inflammatory mediators.
	4.76% (0%)



	   m 6   
	Early phase of plaque formation and promotion of fibrous cap thinning
	2.38% (0%)










 





Table 5. The effect of knocking out selected transitions on the atherosclerosis process (  t 41  ) is shown. The change in firing probability is indicated in parentheses, represented as a percentage point difference compared to the reference firing value for   t 41  , which is provided in the first row (where no knockouts occurred).
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	Disabled Transitions
	Average Chance of Firing for    t 41   





	Nothing is knocked out in the model
	  4.03 %   (reference value)



	  t 32  ,   t 33  
	  3.97 %   (  − 0.05 %  )



	  t 12  ,   t 13  
	  3.36 %   (  − 0.67 %  )



	  t 11  ,   t 16  ,   t 17  ,   t 18  ,   t 19  
	  2.69 %   (  − 1.34 %  )



	   t 9   
	  1.29 %   (  − 2.74 %  )



	  t 0  ,   t 1  ,   t 2  ,   t 3  ,   t 4  ,   t 5  ,   t 6  ,   t 7  ,   t 10  ,   t 20  ,   t 21  ,   t 22  ,   t 23  ,   t 40  
	  0.0 %   (  − 4.03 %  )
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