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SYNOPSIS 

1. Background and Rationale for the study: 

Atherosclerosis is a chronic inflammatory disease of the arterial 

vessel wall and remains the leading cause of morbidity and mortality 

worldwide. The pathogenesis of the disease is complex, involving 

endothelial dysfunction and a persistent inflammatory response 

driven by immune cells, particularly macrophages [1]. Macrophage 

plays a dual role in the disease pathogenesis, by initially clearing 

lipids to form foam cells, but subsequently contributing to the 

instability of the plaque by release of proinflammatory mediators 

[2]. 

The inflammatory cascade within the atherosclerotic plaque is 

tightly regulated by various signalling molecules. Among these, the 

pro-inflammatory cytokine Interleukin-1 beta (IL-1β) and the co-

stimulatory molecule CD40, along with its ligand CD40L, are 

recognised as a critical driver for the disease progression. IL-1β, in 

particular, promotes endothelial activation, recruitment of leukocyte, 

and plaque rupture, while the CD40-40L axis mediates the cross-talk 

between immune cells and endothelial cells, further amplifying the 

inflammatory and thrombotic environment [3,4] 

Nitric Oxide Synthases (NOSs) are a family of enzymes that produce 

Nitric Oxide (NO), a crucial signalling molecule in the 

cardiovascular system. Neuronal Nitric Oxide Synthase (NOS1, or 

nNOS) is typically associated with the neuronal function but is 

increasingly recognized for its non-neuronal roles, including 

immune regulation [5]. The present study is based on the hypothesis 

that NOS1-mediated signalling in macrophages may act as a key 

regulatory mechanism in generating the inflammatory phenotype, 

specifically by controlling the expression of key molecules such as 

IL-1β and the CD40 receptor. Understanding this regulatory 

mechanism is crucial for identifying novel therapeutic targets that 
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can serve as stabilizers of atherosclerotic plaques and prevent 

adverse cardiovascular events. 

 

 

 

 

 

 

 

 

 

Annink, Maxim E., et al Frontiers in Cell and Developmental Biology 12 (2024): 1446758 

 

Structure of the Synopsis 

This synopsis summarises the proposed research work, which is 

structured into three main aims. The first aim investigates the 

fundamental role of NOS1 in macrophage foam cell formation and 

expression of inflammatory markers. The second aim explores the 

downstream effects of NOS1-regulated IL-1β on the functioning of 

the endothelial cell. The third aim focuses on the therapeutic aspects 

by identifying small molecule inhibitors and 

peptide/peptidomimetics targeting the IL-1β/IL-1R1 and 

CD40/CD40L signalling axes. The synopsis is organised as follows: 

Section 2 presents the current review of the literature in the field; 

Section 3 details the research gap and hypothesis; Section 4 

specifies the research objectives; Section 5 provides the structure of 

the chapters; Section 6 provides a chapter-wise summary of the 

proposed thesis and Section 7 lists the references for the study. 
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2. Review of literature 

 

2.1. Macrophage polarisation and foam cell formation in 

Atherosclerosis 

The transformation of macrophages into lipid-laden foam cells 

is a hallmark of atherosclerosis progression. The process is 

driven by the unregulated uptake of modified lipoproteins, 

primarily oxidised low-density lipoproteins (oxLDL). 

Macrophages within the plaque exist in two different states, 

mainly pro-inflammatory (M1) and anti-inflammatory (M2). 

The M1 phenotype is characterised by high expression of pro-

inflammatory cytokines such as IL-1β, which is detrimental to 

the stability of the plaque. The literature strongly supports that 

modulating the macrophage phenotype is a promising strategy 

for atherosclerosis therapy[2]. 

 

2.2.Role of IL-1β and CD40-40L dyad: 

Interleukin-1 beta (IL-1β): IL-1β is a potent pro-inflammatory 

cytokine whose activity is tightly controlled by the 

inflammasome complex. Its binding to the IL-1 Receptor Type 1 

(IL-1R1) on the endothelial cells and other immune cells initiates 

a signalling cascade, including the MAPK and NF-κB pathways, 

thereby leading to the increase in vascular permeability and 

inflammation. Clinical trials, such as the CANTOS trial which 

targeted IL-1β, have validated the therapeutic potential of this 

pathway in reducing the risk of cardiovascular disease [3] 

 

CD40-40L Interaction: The CD40-40L dyad is a critical 

mediator for the activation of B-cell and T-cell, but its role in 

innate immunity and vascular inflammation is equally 

significant. CD40 is expressed on the macrophages, endothelial 

cells, and smooth muscle cells, while CD40L is expressed on the 

activated T-cells and platelets. Their interaction promotes the 
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release of matrix metalloproteinases (MMPs) and tissue factors 

thereby contributing to the plaque erosion and thrombosis [4].  

 

2.3.The Emerging Role of NOS1 in Macrophage Biology 

While endothelial NOS (eNOS) and inducible NOS (iNOS) are 

well-studied in the context of vascular biology and 

inflammation, the role of neuronal NOS (NOS1) in macrophage-

driven atherosclerosis is less understood. Preliminary evidence 

suggests that NOS1 is expressed in macrophages and may be 

involved in the regulation of the inflammatory responses [6]. The 

phosphorylation and activation of NOS1 could serve as a novel 

regulatory checkpoint for the inflammatory mediators, bridging 

the gap between cellular stress and production of cytokine [5]. 

The current literature lacks a definitive mechanistic link between 

the NOS1 activation and the downstream regulation of IL-1β and 

CD40 expression in the macrophages. 

     Solanki, K.S. et. al. PeerJ. 2022, 10:e13651 
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3. Research Gap and Hypothesis 

 

3.1. Research Gap 

Despite extensive research, a critical gap remains in the 

understanding of the upstream regulatory mechanisms that 

control the simultaneous expression of the key inflammatory 

mediators such as IL-1β and CD40 in the atherosclerotic 

macrophages. Also, targeting NOS1 is not beneficial as it plays 

important role in functioning of brain as well in maintaining the 

general physiology of heart, kidney and of gastrointestinal tract. 

Therefore, targeting the molecules expressed through NOS1 can 

be seen as a better therapeutic approach. As a result, there lies 

following research gaps: 

1. The precise role of NOS1 in macrophage foam cell formation 

and the subsequent activation of inflammatory response is not 

fully elucidated. 

2. The mechanistic link between NOS1 activation and the 

expression of IL-1β and CD40 in macrophages remains 

unknown. 

3. There is a lack of targeted therapeutic interventions that 

specifically modulate the IL-1β/IL-1R1 and CD40/CD40L 

pathways. 

 

3.2. Hypothesis 

Therefore, the current hypothesis is: NOS1-mediated signalling in 

macrophages acts as a key regulatory mechanism promoting the 

pro-inflammatory phenotype by upregulating the expression of 

IL-1β and CD40 receptor, and the therapeutic intervention 

targeting the IL-1β/IL-1R1 and CD40/CD40L interactions can 

effectively mitigate the vascular inflammation and endothelial 

dysfunction in atherosclerosis 
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4. Scope and Objectives of the Study 

The overall goal of this research is to elucidate the NOS1-

mediated inflammatory pathway in macrophages and endothelial 

cells and to develop therapeutic strategies against key 

inflammatory molecules. 

 

To study this, following objectives were accomplished: 

 

Aim 1: To study the role of NOS1 in foam cell formation and 

expression of inflammatory markers in macrophage. 

 1.1. Investigating the effect of NOS1 modulation 

(activation/inhibition) on macrophage foam cell formation 

using Oil Red O (ORO) staining. 
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  1.2. Quantifying the expression of pro-inflammatory 

cytokines (e.g., IL-1β, TNF-α) and the levels of NOS1 

phosphorylation and nitric oxide production in macrophage. 

 

Aim 2:  To study the effect of NOS1 mediated activation of IL-

1β on the endothelial cell. 

 2.1. Characterising the effect of OxLDL-stimulated 

conditioned media from macrophage on the endothelial cell 

permeability by analysing junction proteins and 

Transendothelial Electrical Resistance (TEER) analysis. 

  2.2. Determining the IL-1β mediated molecular mechanism 

leading to the endothelial dysfunction, focusing on the 

activation of MAPK and NF-κB signalling axis. 

 

Aim 3: To design a therapeutic intervention by targeting key 

inflammatory modulators involved in atherosclerosis 

 3.1. To identify/repurpose a therapeutic molecule(s) against 

the IL-1β-IL-1R1 interaction on the endothelial cells using 

in-silico screening and in-vitro validation. 

 3.2. To identify peptide/peptidomimetics as a therapeutic 

intervention against the CD40-40L interaction using 

molecular docking, molecular dynamics (MD) simulations 

and ADMET analysis. 
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5. Summary of the chapters: 

The complete research work is structured into the following 

chapters: 

Chapter 1: Introduction 

Chapter 1 provides the introductory context of the thesis. The 

chapter provides a comprehensive overview of the atherosclerosis 

pathogenesis, focusing on the crucial role of macrophage-mediated 

inflammatory response, foam cell formation and endothelial 

dysfunction. It also discusses about the role of reactive oxygen 

species and reactive nitrogen species in atherosclerosis and in 

macrophages. 

 

Chapter 2: Literature review 

The current chapter discuss about the Nitric Oxide synthase (NOS) 

and different types of NOS. Regulation and expression of Nitric 

Oxide synthase 1 (NOS1) is also discussed. Furthermore, it 

discusses about the role of NOS1 in different diseases such as 

Cancer, Diabetes, Obesity and other inflammatory diseases. The 

chapter further discusses about the role of IL-1β and CD40-40L 

interaction in atherosclerosis. It concludes by discussing the role of 

macrophage CD36 in atherosclerosis. 

 

Chapter 3: Role of NOS1 in macrophage inflammatory 

phenotype and foam cell formation 

This chapter presents the experimental findings addressing the Aim 

1, focusing on the role of NOS1 activation in macrophage stimulated 

by OxLDL. It highlights the finding that NOS1 activity is directly 

correlated with the foam cell formation and subsequent activation of 

inflammatory response. Key results highlight the upregulation of 

pro-inflammatory cytokines such as IL-1β and TNF-α in response to 



xv 
 

OxLDL-stimulated macrophage. A clear correlation with the 

production of pro-inflammatory cytokines and phosphorylation of 

NOS1 with simultaneous production of nitric oxide was detected. 

The chapter establishes the importance of NOS1 as a novel upstream 

regulator of macrophage-driven inflammation in disease 

progression. 

 

Chapter 4: NOS1 mediated IL-1β activation and small molecule 

inhibitors targeting IL-1β and IL-1R1 interaction 

This chapter addresses the findings related to Aim 2, investigating 

the downstream effect of NOS1-regulated IL-1β on the endothelial 

cells. Treatment of the recombinant IL-1β on the endothelial cell led 

to significant decrease in the Transendothelial Electrical Resistance 

(TEER) measurement and in the VE-Cadherin expression. 

Identification of the molecular mechanism shows that IL-1β triggers 

endothelial dysfunction through robust activation of key signalling 

pathways, specifically MAPK and NF-κB. This chapter also 

addresses the computational and experimental findings from Aim 

3.1. In-silico screening, ADMET analysis and MD simulations data 

identified two drugs: Lomitapide and Radotinib as a potent small 

molecule inhibitor for the IL-1β-IL-1R1 interaction. It includes 

molecular docking and MM-PBSA analysis, followed by the in-vitro 

validation showing that the identified compounds significantly 

supress the IL-1β-induced signalling axis and restore the endothelial 

function, thereby confirming their therapeutic potential. 

 

Chapter 5:  Design/Identification of Peptide/Peptidomimetics 

inhibitors targeting the CD40-40L interaction 

This chapter focuses on the work from Aim 3.2., highlighting the 

design and/or identification of novel therapeutic entities against the 

CD40-40L axis. The chapter includes designing of the peptide 
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inhibitor (p-KGYY) followed by the docking, ADMET analysis and 

MD simulation with the receptor. This was followed by the 

identification of peptidomimetics inhibitor and its derivatives to 

increase the therapeutic potential against the receptor. Further, 

ADMET analysis justified the identification of the peptidomimetic 

derivatives as a promising lead compound to target the CD40-40L 

signalling axis.  

 

Chapter 6: Summary, Conclusions and Future Directions 

This chapter provides the summary of the major findings across all 

the experimental chapters. It confirms the central hypothesis that the 

NOS1/IL-1β/CD40 signalling axis is a critical target for 

atherosclerosis. The chapter discusses the limitations of the in-silico 

and in-vitro studies and proposes future research directions, 

primarily focusing on the in-vivo validation and clinical translation 

of the identified therapeutic candidates. 
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1.1. Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease in which plaque 

builds up inside the wall of the arteries. It is the main driving force 

behind cardiovascular disease (CVD) and vascular diseases such as 

coronary artery disease (CAD), peripheral arterial disease (PAD), 

cerebrovascular accidents (CVAs), aortic atherosclerotic disease, and 

others [1]. Collectively, these diseases are termed as atherosclerotic 

cardiovascular diseases (ASCVD). ASCVD is the leading cause of death 

worldwide [2]. The main component of the disease formation is the 

accumulation of lipid and inflammation of the large arteries, which 

eventually may lead to its clinical complications, such as myocardial 

infarction (MI) and stroke [3]. Atherosclerotic lesions are characterized 

by lifelong accumulation and transformation of lipids, inflammatory 

cells, smooth muscles cells, and necrotic cell debris in the intimal space 

underneath the endothelial cell monolayer that line the interior vessel 

wall [3]. Overtime, lesions can become unstable which leads to its 

rupture resulting in the formation of local clot and obstructing the blood 

flow in the large arteries, thereby leading to MI. Alternatively, the clot 

can escape the heart and travel towards brain where it may cause stroke. 

[3] 

Over the last few decades, there has been increased awareness regarding 

the importance of inflammation and activation of inflammatory process 

in the development of atherosclerosis. Immune cells such as monocytes, 

T-cells and B- cells plays an important role in the development of the 

disease. Both innate and adaptive immunity has found be play a central 

role in the pathogenesis of the disease progression. [4] 

 

1.2.  Process of atherosclerosis development: 

1.2.1. Retention and modification of lipoproteins: 

The initial step in the development of atherosclerosis is the 

accumulation of low-density lipoproteins (LDL) that becomes 

accumulated in the subendothelial space by adhering to the 
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extracellular matrix proteins (ECM) rich in proteoglycans. 

Permeability to the endothelial cell results in the accumulation 

of the LDL inside the lumen. Once inside the sub-intimal space, 

LDL undergo modification and becomes aggregated and /or 

oxidised. The aggregated LDL undergoes pinocytosis or 

phagocytosis by the immune cells present in the subendothelial 

space. The presence of reactive oxygen species and enzymes 

such as lipoxygenases and myeloperoxidase modify the 

phospholipid and protein component of the LDL particle, 

thereby leading to their uptake by the scavenger receptor present 

on the immune cells. [3] 

 

1.2.2. Recruitment of monocytes and its differentiation into 

macrophages 

Various stimuli such as dyslipidaemia, smoking, hypertension, 

viruses and abnormal blood flow lead to endothelial damage. In 

the presence of damaging stimuli, the endothelium responds by 

upregulating the transcriptional factor NF-κB and releasing a 

series of factors that enhance the adhesion of leukocytes on the 

endothelium such as E-selectin, vascular and inter-cellular 

adhesion molecules (VCAM-1 and ICAM-1), as well as pro-

coagulant factors. Rolling leukocytes adhere to the endothelium 

and penetrate beneath the endothelial layer to reach the 

subintimal space. Modified LDL are taken up by tissue resident 

dendritic cells and macrophages in the arterial lumen. 

Expression of ICAM-1 on the endothelium leads to monocytes 

attachment which then migrate to the intima. In the 

subendothelial space, monocyte differentiate into macrophage 

and engulf modified LDL, thereby leading to storage of 

cholesterol inside as lipid droplets and giving macrophage a 

foam-like appearance. Production of foam cells further leads to 

release of cytokines and chemokines leading to further 

recruitment of immune cells, and activating the inflammatory 

response. [3] 
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1.3. Role of macrophage in disease pathogenesis 

Macrophages are crucial components of the immune system with 

diverse functions in both innate and adaptive immunity. 

Macrophages are present in various tissues throughout the body 

and act as a sentinel cell by surveying their microenvironment 

for the presence of cellular debris and pathogens. Upon 

encountering the foreign particles, macrophage undergoes 

phagocytosis which engulf the foreign pathogens inside the cells. 

Macrophage secrete a range of cytokines and chemokines that 

modulate the inflammation and recruit other immune cells to the 

site of infection or injury [5]. 

 

Based on their activation state, macrophages can be broadly 

classified into two main subtypes: classically activated M1 

macrophages and alternatively activated M2 macrophages. M1 

macrophages are classically activated by proinflammatory 

cytokines such as interferon-gamma (IFN-γ) and 

lipopolysaccharides (LPS). They produce high level of 

proinflammatory cytokines such as IL-1β, TNF-α and IL-6. M1 

macrophages also produces high level of inducible nitric oxide 

synthase (iNOS), which produces high level of nitric oxide (NO) 

that contribute to tissue damage and oxidative stress [6]. M1 

macrophages are located in the shoulder region of the 

atherosclerotic plaque, where they are exposed to 

proinflammatory stimuli and contribute to plaque destabilization 

by promoting degradation of matrix and formation of necrotic 

core. [7] M2 macrophages, on the other hand, are alternatively 

activated by anti-inflammatory cytokines such as interleukin-4 

(IL-4) and IL-13. They produce high levels of anti-inflammatory 

cytokines such as IL-10, and transforming growth factor-beta 

(TGF-β). M2 macrophages also express scavenger receptors 

such as CD206 and CD163, which are involved in phagocytosis 

of apoptotic cells and debris. M2 macrophages are located at the 
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core region of the atherosclerotic plaque, where they contribute 

to the tissue repair and resolution of inflammation by promoting 

angiogenesis and fibrosis [5] 

 

Local proliferation of macrophage contributes to ~87% of the 

macrophages accumulated in the advanced atherosclerotic 

lesions [8]. Foam cell formation occurs by uptake of oxidized 

LDL via scavenger receptors, notably type A scavenger receptor 

(SRA) and a member of type B family, CD36. Once ingested, the 

cholesteryl esters of the lipoproteins are hydrolyzed in the late 

endosome to cholesterol, also referred as free cholesterol, and 

fatty acids. Late endosomal free cholesterol is trafficked to 

peripheral cellular sites by late endosomal proteins NPC1 and 

NPC2. Delivery of free cholesterol to the endoplasmic reticulum 

(ER) has important roles in downregulating the LDL receptors 

and endogenous cholesterol synthesis by suppressing the sterol-

regulatory element binding pathway (SREBP). The free 

cholesterol undergoes re-esterification to cholesteryl fatty acid 

esters by the ER enzyme acyl-CoA: cholesterol ester transferase 

(ACAT), thereby leading to foam cell appearance. Defects in 

function of ACAT or processes involved in cholesterol efflux 

from the cells leads to free cholesterol-induced cytotoxicity and 

may promote death of macrophage in advanced lesion [9] 
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Figure 1.1. Overview of the role of macrophage in foam cell formation 

and disease progression (Image courtesy: Annink, Maxim E., et al 

Frontiers in Cell and Developmental Biology 12 (2024): 1446758) 

 

1.4. Role of Reactive oxygen species and reactive nitrogen 

species in Atherosclerosis 

Reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) play an important role in the induction of inflammatory 

response, facilitating atherosclerosis progression [10,11]. 

Uncontrolled production and release of ROS and RNS are 

especially dangerous [12]. Thus, the regulation of ROS and RNS 

is important for limiting disease progression. Specifically, ROS 

and RNS activate multiple inflammatory signaling cascades, 

promoting macrophage transformation into foam cells [13]. 

Whereas elevated ROS and RNS act as an atherogenic agents. 

 

The atherogenic procession involves multiple cell types, i.e., 

endothelial cells (ECs), smooth muscle cells (SMC), and 

immune cells such as macrophages [14]. The levels of 
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intracellular and extracellular ROS in these cells play an 

important role in vascular homeostasis and the development of 

atherosclerosis [15]. Importantly, it should be noted that at low 

physiological concentrations, ROS is required for cellular 

functions such as differentiation, migration, senescence, growth, 

and apoptosis [16]. Thus, ROS may play the role of a second 

messenger under physiological conditions. Conversely, the high 

concentration of ROS may contribute to endothelial dysfunction, 

leading to senescence and activation of inflammatory response 

in the endothelium. This in turn leads to the development of 

atherosclerosis [17]. 

 

It was proposed that oxidative stress triggers the onset of 

atherosclerosis by inducing early endothelial cell activation, 

endothelial permeability, glycocalyx disruption, and myeloid 

and progenitor stem cell activation [17]. Many important 

signaling pathways are activated or modulated by ROS, such as 

GPCR, Notch, MAPK, JAK-STAT, NF-κB, and PI3K/Akt [18–

22]. Enzymes such as superoxide dismutase (SOD), catalase, and 

heme-oxygenase-1 (HO-1) play an important role in scavenging 

ROS, thereby reducing its harmful effect [23]. Oxidative stress 

manifests when the production of ROS overcomes the ROS 

scavenging capacity of cells [23]. 

 

Peroxynitrite (ONOO-) is one of the major RNS and is involved 

in atherogenesis [24]. Formation of ONOO- is detrimental to NO 

generation because it leads to the uncoupling of eNOS and 

endothelial dysfunction [25].  ONOO- can modify the 

components of LDL, including lipids and proteins [26–28]. 

ONOO- oxidizes the eNOS cofactor tetrahydrobiopterin (BH4) 

to BH2 [27] as well as the zinc-thiolase cluster present in eNOS 

[29]. This leads to the uncoupling of eNOS and the generation of 

O2
- instead of NO, further promoting oxidative stress and disease 

progression. ONOO- also interacts with guanylate cyclase (GC) 
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which is expressed in smooth muscle cells. GC plays an 

important role in smooth muscle cell relaxation. ONOO--

dependent inhibition of GC disrupts the signal transduction 

pathway which is critical for smooth muscle cell relaxation. As 

a result, NO may be unable to relax smooth muscle cells in the 

presence of ONOO- [30]. Thus, formation of ONOO- results in 

facilitating atherosclerosis by regulating important molecules 

involved in maintaining vascular homeostasis. 

 

1.5. Effect of ROS and RNS in macrophage: 

NOS1-derived NO was found to play an important role in CD36 

mediated ox-LDL uptake and foam cell formation [31]. Further, 

NOS1-derived NO was also found to induce the ox-LDL-

mediated pro-inflammatory cytokines expression [31]. 

Interestingly, normal LDL was not able to induce the pro-

inflammatory cytokine expression [32]. Expression of 

proinflammatory cytokines is mediated through IKKβ 

dependent phosphorylation and degradation of IκBα and 

subsequent translocation of p65 subunit into the nucleus [33]. 

Interestingly, NOS1-derived NO mediated p65 activation did 

not involve the degradation of IκBα. Instead, IκBα was S-

nitrosylated at putative cysteine residue involved in its 

interaction with the p50/p65 heterodimer [31]. The S-

nitrosylation of the putative IκBα residue released its interaction 

with the p50/p65 heterodimer, leading to its translocation into 

the nucleus [31]. There are five putative cysteine residues in the 

structure of IκBα, among which Cys-215 is known to mediate 

the interaction of IκBα with the p50/p65 heterodimer [34–36]. 

The author suggested that Cys-215 was the site which was S-

nitrosylated by NOS1-derived NO leading to its translocation 

into the nucleus [31]. 

 

 



10 
 

Cholesterol crystals found in atherosclerotic plaques induce 

ROS production in macrophages via xanthine oxidase and 

NADPH oxidase [37]. ROS production in turn is involved in 

CD36 upregulation [38]. Kolta et al revealed that in 

macrophages, ROS activates the Bruton's tyrosine kinase (BTK) 

that causes tyrosine phosphorylation of the transcriptional co-

activator p300, a histone acetyltransferase. The phosphorylated 

p300, in turn, acetylates STAT1 [38]. The authors found that the 

acetylated STAT1 interacts with PPARγ, and the complex of 

acetylated STAT1 and PPARγ is more potent in increasing 

CD36 expression compared to PPARγ alone [38]. Thus, 

cholesterol crystals stimulate ROS production in macrophages, 

and the ROS-BTK-p300-dependent formation of the complex 

of acetylated STAT1 and PPARγ upregulates proatherogenic 

CD36 expression, promoting foam cell formation [38]. 

 

1.6. Nitric Oxide Synthase: 

The NOS enzymes are primarily responsible for oxidizing L-

arginine to L-citrulline in presence of co-factors, secondarily 

release biologically active NO free radical as a by-product. 

According to their abundance or the tissue type in which they 

were first discovered, three main NOS enzymes have been 

described; (a) neuronal NOS (nNOS or NOS1), (b) inducible 

NOS (iNOS or NOS2), and (c) endothelial NOS (eNOS or 

NOS3) [39]. In addition, there are five different isoforms of 

NOS1 proteins that are products of alternatively spliced NOS1 

mRNAs: NOS1-α, μ, β, γ, and NOS1-2.  

 

NOS1 is constitutively expressed in specific neurons of the 

brain. Although highly enriched in brain tissues, 

immunohistochemical analysis showed the occurrence of NOS1 

in kidney macula densa (MD), pancreatic islet, vascular smooth 

muscle cells, spinal cord, adrenal glands, and in peripheral 

nitrergic nerves [40]. In mammals, NOS1 is highly enriched in 
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skeletal muscles. As NOS1 is found in particulate and soluble 

fractions, and localizes to different intracellular compartments, 

therefore predict its multiple functions in tissue 

microenvironment [41]. However, the underlying molecular 

mechanisms are crucially unknown. 

 

1.7. Research Gap and Hypothesis 

 

1.7.1. Research Gap: 

Despite extensive research, a critical gap remains in the 

understanding of the upstream regulatory mechanisms that 

control the simultaneous expression of the key inflammatory 

mediators such as IL-1β and CD40 in the atherosclerotic 

macrophages. Also, targeting NOS1 is not beneficial as it plays 

important role in functioning of brain as well in maintaining the 

general physiology of heart, kidney and of gastrointestinal tract. 

Therefore, targeting the molecules expressed through NOS1 can 

be seen as a better therapeutic approach. As a result, there lies 

following research gaps: 

 

1. The precise role of NOS1 in macrophage foam cell 

formation and the subsequent activation of inflammatory 

response is not fully elucidated. 

 

2. The mechanistic link between NOS1 activation and the 

expression of IL-1β and CD40 in macrophages remains 

unknown. 

 
3. There is a lack of targeted therapeutic interventions that 

specifically modulate the IL-1β/IL-1R1 and 

CD40/CD40L pathways. 
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1.7.2. Hypothesis: 

Therefore, the current hypothesis is: NOS1-mediated 

signalling in macrophages acts as a key regulatory 

mechanism promoting the pro-inflammatory phenotype by 

upregulating the expression of IL-1β and CD40 receptor, and 

the therapeutic intervention targeting the IL-1β/IL-1R1 and 

CD40/CD40L interactions can effectively mitigate the 

vascular inflammation and endothelial dysfunction in 

atherosclerosis 

 

 

 

 

 

 

 

 

 

 

 

 

1.8. Scope and Objectives of the Study 

The overall goal of this research is to elucidate the NOS1-mediated 

inflammatory pathway in macrophages and endothelial cells and to 

develop therapeutic strategies against key inflammatory molecules. 

To study this, following objectives were accomplished: 
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Aim 1: To study the role of NOS1 in foam cell formation and 

expression of inflammatory markers in macrophage. 

•1.1. Investigating the effect of NOS1 modulation (activation/inhibition) 

on macrophage foam cell formation using Oil Red O (ORO) staining. 

• 1.2. Quantifying the expression of pro-inflammatory cytokines (e.g., 

IL-1β, TNF-α) and the levels of NOS1 phosphorylation and nitric oxide 

production in macrophage. 

 

Aim 2:  To study the effect of NOS1 mediated activation of IL-1β on 

the endothelial cell. 

•2.1. Characterizing the effect of OxLDL-stimulated conditioned media 

from macrophage on the endothelial cell permeability by analyzing 

junction proteins and Transendothelial Electrical Resistance (TEER) 

analysis. 

• 2.2. Determining the IL-1β mediated molecular mechanism leading to 

the endothelial dysfunction, focusing on the activation of MAPK and 

NF-κB signalling axis. 

 

Aim 3: To design a therapeutic intervention by targeting key 

inflammatory modulators involved in atherosclerosis 

•3.1. To identify/repurpose a therapeutic molecule(s) against the IL-1β-

IL-1R1 interaction on the endothelial cells using in-silico screening and 

in-vitro validation. 

•3.2. To identify peptide/peptidomimetics as a therapeutic intervention 

against the CD40-40L interaction using molecular docking, molecular 

dynamics (MD) simulations and ADMET analysis. 
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1.9. Structure of the Chapters: 

Chapter 1- Introduction and Literature Review 

Chapter 2- Literature Review 

Chapter 3- Role of NOS1 in different diseases and in Macrophage 

inflammatory phenotype and Foam cell formation 

Chapter 4- NOS1-mediated IL-1β signalling and Endothelial 

dysfunction and identification of small molecule inhibitors targeting IL-

1β-IL-1R1 interaction 

Chapter 5- Novel peptide inhibitors targeting CD40 and CD40L 

interaction: a potential for atherosclerosis therapy 

Chapter 6- Summary, Conclusions and Future directions 
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The current chapter discuss about the Nitric Oxide synthase (NOS) 

and different types of NOS. Regulation and expression of Nitric 

Oxide synthase 1 (NOS1) is also discussed. Furthermore, it discusses 

about the role of NOS1 in different diseases such as Cancer, Diabetes, 

Obesity and other inflammatory diseases. The chapter further 

discusses about the role of IL-1β and CD40-40L interaction in 

atherosclerosis. It concludes by discussing the role of macrophage 

CD36 in atherosclerosis. 

 

2.1. Nitric Oxide Synthase 

The NOS enzymes are primarily responsible for oxidizing L-

arginine to L-citrulline in presence of co-factors, secondarily 

release biologically active NO free radical as a by-product [1]. 

As a highly membrane permeable free radical, NO can modify 

significant number of molecular targets. Therefore, NO has the 

ability to regulate diverse biological activities within cells and 

tissues. As NO can modify cysteine residue(s) via the redox-

based mechanism, therefore, it controls myriads of cellular 

responses by activating NO-sensitive guanylyl cyclase; 

transcriptional and translational activities, for example, by 

interacting with iron-responsive elements; and post-translational 

modifications, such as ADP ribosylation [2]. Further, NO free 

radicals (NO*) can collide with superoxide anion (O2
−*) to form 

peroxynitrite (ONOO−) intracellularly. Peroxynitrite (ONOO-) 

species is equally a highly reactive molecule that can stimulate 

or modify biological processes including oxidative damage, 

nitration, peroxidation of lipids, and S-nitrosylation of proteins, 

lipids, and DNAs, while also generating nitryl and hydroxyl 

species [3]. Additionally, ONOO− can induce DNA single-strand 

breaks thereby activate poly-ADP-ribose polymerase (PARP). 

Superoxide dismutase (SOD) competes with O2
−* in reacting 

with NO* to form ONOO−. Under most physiological conditions 

NO occurs at a sub-micromolar concentration [4]; however, due 
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to the rate constant of ONOO− formation being a few orders of 

magnitude higher than that of SOD-mediated H2O2 formation by 

O2
−, ONOO− is always present even with high expression of 

SOD, and the formation of ONOO− gradually increase with 

increasing production of NO* by NOS [5]. The 

compartmentalized action of NO in the tissue microenvironment 

is diverse and complex. As NO and most of its downstream 

products are highly reactive and readily diffusible, therefore, it 

is not surprising to find involvement of NO in many 

pathophysiological states. 

According to their abundance or the tissue type in which they 

were first discovered, three main NOS enzymes have been 

described; (a) neuronal NOS (nNOS or NOS1), (b) inducible 

NOS (iNOS or NOS2), and (c) endothelial NOS (eNOS or 

NOS3) [6]. In addition, there are five different isoforms of NOS1 

proteins that are products of alternatively spliced NOS1 mRNAs: 

NOS1-α, μ, β, γ, and NOS1-2 [7]. With regards to their 

expression and localization, NOS2 is not constitutively 

expressed in cells, but its expression can be induced by infection, 

bacterial lipopolysaccharide (LPS), cytokines, and other 

agonists [8]. Although primarily identified in macrophages, the 

expression of the enzyme can be stimulated in many cell types 

or tissues, provided that appropriate stimuli are used. NOS3 is 

highly enriched in endothelial cells (ECs), responsible for the 

synthesis of NO to exert vasodilation and to regulate the flow of 

blood throughout the body. However, this enzyme has also been 

detected in cardiac myocytes, platelets, certain brain neurons, 

syncytiotrophoblasts of the human placenta, and kidney tubular 

epithelial cells [9]. NOS1 is constitutively expressed in specific 

neurons of the brain. Although highly enriched in brain tissues, 

immunohistochemical analysis showed the occurrence of NOS1 

in kidney macula densa (MD), pancreatic islet, vascular smooth 

muscle cells, spinal cord, adrenal glands, and in peripheral 
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nitrergic nerves [10]. In mammals, NOS1 is highly enriched in 

skeletal muscles. As NOS1 is found in particulate and soluble 

fractions, and localizes to different intracellular compartments, 

therefore predict its multiple functions in tissue 

microenvironment [11]. However, the underlying molecular 

mechanisms are crucially unknown. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Production of nitric oxide (NO) and functional domains 

of human NOS1, NOS2, and NOS3. (A) Production of nitric oxide 

(NO). NOS converts L-arginine to L-citrulline in presence of 

nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen 

to produce highly diffusible NO free radical in the tissue 

microenvironment. (B) Functional domains of human NOS1, NOS2, 

and NOS3. NOS1 harbors a PDZ domain at the NH2-terminus. The 

oxygenase and reductase domains are as shown. The oxygenase 

domain contains heme and tetrahydrobiopterin (BH4) interacting sites, 

whereas the reductase domain contains interacting sites for FMN, 
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FAD, and NADPH; the FMN domain connects to the oxygenase 

domain via a calmodulin-binding (CaM) domain. The NOS1 and 

NOS3 proteins contain an autoinhibition segment that interrupts the 

FMN domain, while NOS2 lacks. Myristoylation (Myr), 

palmitoylation (Palm), zinc-ligating (Zn) positions are as shown. 

 

2.2.Regulation of expression of NOS1 

 

The human NOS1 gene located at the chromosome 12q24.2 and is 

made of 29 exons, 28 introns, and these DNA elements are 

interspersed over 250 Kb genome. The open reading frame (ORF) 

of NOS1 is composed of 4,302 base pairs, and the translation starts 

at exon-2 and stops at exon-28, thereby give rise to 1,434 amino acid 

polypeptide species. The NOS1 gene can produce several 

alternatively spliced mRNA transcripts. Moreover, literature survey 

shows complex transcriptional regulation of NOS1 gene as 

described below. 

 

The enhancers, promoters and boundary elements (chromatin 

insulators) spread across the genome can fine-tune the expression of 

genes. These three major elements can titrate the levels of gene 

expression precisely, in temporo-spatial manner in response to 

specific signals. A promoter of gene usually represents a region of a 

genome that allows for the recruitment of DNA binding transcription 

factors (TFs) including epigenetic modifiers, where the activities of 

RNA polymerase facilitate the transcription of a gene. These 

promoter DNA sequences are located at the 5′ end (upstream) of the 

transcription initiation site (TSS), but could also be located 

downstream of TSS. TFs can be positive or negative regulators of 

gene transcription, however, the promoters, the TSS and the key TFs 

collaborate, thereby fine tune to regulate the activities of RNA 

polymerase. Additionally, the promoter DNA sequences can be 

found in both in forward and in reverse orientations. 
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The TFs including the epigenetic modifiers could directly or 

indirectly regulate the expression of human NOS1 is not clearly 

understood. Inspection of 5′ region of the human NOS1-promoter 

and enhancer suggest that the expression of this gene could be 

regulated by several TFs, e.g., AP-2, TCF/LEF1, CREB/ATF/c-Fos, 

Ets, p53, and NF-kappa B-like sequences [10]. In addition, we 

observed that there are also at least 2 Kruppel Like Factor-2 and -4 

(KLF2/KLF4) recognition sites (CACCC) in the human NOS1-

promoter/enhancer-500 bp upstream of TSS and at least 11 binding 

sites +3.5 kb downstream of exon-1, thereby increasing the 

complexity of transcriptional regulation of NOS1 gene by 

KLF4/KLF2 [12]. We also found putative binding sites for OCT4, 

Hypoxia Response Element (HRE) and Sox2. Additional levels of 

regulation of NOS1 expression are likely due to SNPs and 

polymorphic loci. Nevertheless, the NOS1-promoter driven green 

fluorescent protein (GFP) or Lac-Z reporter transgenic mice lines 

should be used with which to study the regulated expression of 

NOS1 in several pathophysiological setting. The neuronal specific 

functions of NOS1 are documented very well; however, in the 

following sections, we highlight the neglected roles of NOS1 in non-

neuronal disease settings. 
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Figure 2.2: Transcriptional regulation of NOS1. (A) Nucleotide 

sequence of the human NOS1-promoter of -500 bp upstream of the 

transcription start site (TSS) ATG as shown. The locations of putative 

binding sites for KLF2/KLF4, Hypoxia Response Element (HRE), 

OCT4, and SOX2 are indicated. (B) Hypothetical diagram of 

transcriptional regulation of NOS1 and the potential roles of epigenetic 

mediators KLF2/KLF4, HRE, OCT4, and SOX2. Epigenetic mediator-

induced expression of NOS1 gene could occur prior to the appearance 

of genomic instability, thereafter mutation and/or deletion of critical 

genes could drive tumor cell proliferation, resist apoptosis, together 

alter NOS1 expression. Additionally, SNPs and polymorphic loci in 

cis-regulating elements (e.g., enhancer) could up-or downregulate 

NOS1 expression. Expression of NOS1 gene could be measured by 

RT-PCR, epigenetic modifications by DNA methylation assays or by 

chromatin immunoprecipitation (ChiP) experiments. 
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2.3.  Role of NOS1 in different diseases: 

 

2.3.1.  Roles of NOS1 and NO in cardiovascular disease 

The NO is a fundamental modifier of wealth of biological 

processes in the heart and in the vasculature [13]. Owing to its 

fast reaction kinetics, the roles of NO in different circumstances, 

at best, is contradictory. For instance, in the vasculature, it acts 

as a vasodilator for smooth muscle cells and an anti-platelet 

aggregator for platelets, whereas in cardiomyocytes, it acts as a 

pro-apoptotic or necrotic if present in excessive amount [13]. 

Thus, the biological effect of NO can oscillate, subject to which 

NOS polypeptide species is engaged and the bioavailability of 

NO.  

The effector molecules downstream of NO include ion channels 

found in the membrane, enzymes, and several key proteins in the 

mitochondria, cytosol and nuclear compartment [14,15]. All 

three NOS isoforms are abundant in the heart and in 

atherosclerotic plaques [16] and have addressed the expression 

of NOS isoforms in normal and during the progression of 

atherosclerotic lesions. NOS3 found in quiescent blood vessels 

is expressed by ECs, where it maintains basal physiological 

functions. NOS3 expression does not decrease appreciably in 

early lesions but is significantly decreased in advanced lesions 

in the EC overlying the atherosclerotic lesion; whereas NOS1 

and NOS2 are expressed in early and advanced lesions in 

macrophages, ECs, and mesenchymal-appearing intimal cells, 

but not found in a normal quiescent vasculature. The expression 

of NOS2 was confirmed by immunohistochemical staining, 

while in situ hybridization did not detect its mRNA, suggesting 

that mRNA level was below the detection limit [17]. In mice the 

loss of NOS2 gene is atheroprotective, conversely, NOS3 

provided atheroprotective effect in ApoE−/− [18,19]. Thus, it can 

be surmised that NOS2 acts as a pro-atherogenic agent, while 
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NOS3 acts as an atheroprotective agent. Although, there are 

points and counterpoints regarding the role of NOS1 in 

atherosclerosis, studies have found that NOS1 acts as an anti-

atherogenic agent, which was evident by increased plaque 

formation and mortality in ApoE/nNOSα double knockout mice 

[19]. Additionally, NOS1−/− increased the mortality of 

ApoE−/− mice [20]. Reportedly, macrophage NOS1-derived NO 

mediated the uptake of ox-LDL and foam cell formation with the 

subsequent expression of adhesion molecules on the endothelial 

wall, thereby enhancing the inflammatory process [21,22]. 

Chakrabarti et. al. studied the effect of NOS1 by tumor necrosis 

factor (TNF) stimulation in ECs [23]. Accordingly, NOS1-

knockdown or inhibition by L-NPA (a selective inhibitor of 

NOS1) enhanced the inflammatory response by elevating 

expression of vascular cell adhesion molecule (VCAM)-1, IL-2, 

and IL-8. NOS1 inhibition also increased the expression of GM-

CSF, which plays a major role in the biology of leukocyte 

production and maturation in bone marrow. NOS1 inhibition did 

not increase the expression of intercellular cell adhesion 

molecule-1 (ICAM-1) and anti-inflammatory cytokines IFN-γ 

and IL-10, suggesting a paradoxical role of NOS1 in ECs. NOS1 

inhibition did not alter the mRNA level of VCAM-1, suggesting 

a posttranscriptional regulatory role of NOS1 in ECs [23]. 

NOS1-derived H2O2 had been described as an important 

vasodilator in ECs, and a reduction in NOS1 expression has been 

shown to lead to EC-dysfunction in ApoE−/− mice through 

decrease in H2O2 level and subsequently decreased vasodilation 

[24]. Ox-LDL reduced NOS1 expression and increased NOS-

Ser852 phosphorylation, thereby uncoupling of NOS1 with a 

subsequent decrease in NO and H2O2 level in ECs, thus 

generating oxidative stress. Impairment of H2O2 production in 

ECs by ox-LDL activated c-Jun and c-Fos, which mediate 

elaboration of inflammatory cytokines [25,26]. Notably, NOS1 

mediated the interaction between ECs and macrophages in the 
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early stage of atherosclerosis. CD40 ligand is expressed on 

macrophages by ox-LDL activated NOS1. Macrophage secretes 

soluble factors and increases the expression of the CD40 

receptor on ECs. Interaction between CD40-40L generates an 

inflammatory response and leads to EC-dysfunction [21]. A 

study of myocyte hypertrophy and ventricular stiffness revealed 

an increased response in NOS1−/− in the progression of both [20], 

thus signifying the beneficial effect of NOS1 on myocyte 

hypertrophy. As the (a) expression of NOS1 was found in early 

and advanced atherosclerotic plaques [16] and (b) the 

concentration of NO determines the pro-or anti-inflammatory 

processes, studies explaining the role of NOS1-derived NO in 

early and advanced atherosclerotic plaque by modulating the 

concentration of NO and its subsequent effect on atherosclerosis 

plaque could help clarify the role of NOS1-derived NO in these 

processes. However, laboratory animal experiments have their 

own limitations as these experiments are often carried out in 

inbred strains of mice coupled with restrictive dietary regiments. 

NOS1 is localized on the membrane vesicles of the smooth 

endoplasmic reticulum (SER) in cardiac muscles that modulate 

contractility of cardiac muscle and regulation of intracellular 

Ca2+ movement [7]. NOS1-derived NO inhibited Ca2+ influx 

into cardiomyocyte via regulation on L-type Ca2+ channel 

(LTCC) present on the cell membrane. It increased 

Ca2+ reabsorption in the SER by increasing phospholamblan 

phosphorylation and regulating the release of Ca2+ from the SER 

through S-nitrosylation of the ryanodine receptor (RyR) 

Ca2+ release channel present on the SER [7]. NOS1 gene 

deletion decreased the S-nitrosylation of RyR. However, these 

contrasting results suggest the ability of NOS1 in regulating the 

excitation-contraction (EC) coupling response in 

cardiomyocytes. Enhanced contraction and relaxation in left-

ventricular cardiomyocytes in NOS1−/− mice compared to wild-
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type mice have been documented [27], which was subsequently 

confirmed by others [28–30], although some studies 

demonstrated otherwise [20]. This signifies presence of other 

variable factors, which could modify the NOS1-derived 

physiological responses, e.g., temperature modulated NOS1 

behavior on EC coupling [31]. Temperature has been known to 

modulate NO production by affecting NOS activity [32]. 

Impairment in Ca2+ handling, such as Ca2+ leak, contribute to 

impairment in contractibility by depleting Ca2+ storage in the 

SER. Xanthine oxidase (XOR) and NOS1 have been shown to 

co-localize on the SER in proximity to RyR2. NOS1-derived NO 

mediates the inhibitory effect on XOR and thus regulates RyR2, 

and a decrease in NOS1 leads to a rise in the generation of 

superoxide anion [33] and the dysregulation of RyR2-mediated 

Ca2+ release. In wild-type cardiomyocytes, a reduction in 

temperature increased Ca2+ leak due to increased ROS 

generation through XOR activity and NOS1 uncoupling, 

therefore decreasing the S-nitrosylation of RyR2 and affecting 

the contractibility of myocardium. Every time NO collides with 

superoxide anion, this event generates peroxynitrite, which 

induces more damage to RyR2 compared to ROS [33]. Mice that 

lack denitrosylation machinery (GSNOR−/−) showed reversed 

cooling-induced ROS generation and calcium leak. In a 

NOS1−/− mice model, higher temperature (>30 °C) increased 

Ca2+ leak and elevated ROS [31]. Therefore, this observation 

indicated that the effect of NOS1 on cellular activity cannot be 

studied by modulating the intrinsic parameters only, as extrinsic 

factors could also be a major player. 

Further complicating the picture, epigenetic modification in the 

NOS gene and in the promoter/enhancer regions could also 

modulate disease states, because such modification can alter 

gene expression, generation and bioavailability of NO in the 

cells and tissues. Methylation of the NOS1 gene plays an 
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essential role in atherogenesis in children [34]. The methylation 

pattern of 16 CpG loci located within NOS1, NOS2A, NOS3, 

ARG1, and ARG2 genes was analysed in 377 children, with a 

history of carotid intima-media thickness (CIMT), and linear 

regression was plotted with CIMT measurement. CIMT was 

found to increase by 1.2 μm for every 1% increase in the average 

DNA methylation of the NOS1 gene (p = 0.02) [34]. Methylation 

patterns on the non-CpG island and their correlation to CIMT 

were addressed as well, in which the subject with high mean 

methylation on the non-CpG island of the NOS1 gene had a 15.8 

μm higher measurement of CIMT (p = 0.004). Although 

extrapolation of this study’s findings on larger cohorts would 

clarify the correlation of CIMT with NOS1 methylation status, 

the findings on these subjects signify the importance of 

epigenetic modification on NOS1 gene. In addition, the 

occurrence of single nucleotide polymorphism (SNP) in NOS1 

genome has been suggested to elevate the risk of cardiovascular 

disease, for example, in coronary heart disease and in 

hypertension [35]. In a total of 3,351 individuals (560 cases of 

coronary heart disease (CHD) and 2,791 controls in which 1,158 

individuals were hypertensive) genotyped for 58 SNPs in NOS 

genes, the presence of NOS1 SNP rs3782218 showed a positive 

correlation with disease pathogenesis in both cases of CHD and 

hypertension, whereas another NOS1 SNP (rs2682826) showed 

a positive correlation with CHD but not with hypertension [36]. 

Thus, early detection of these SNPs in individuals can serve as 

an effective marker for the pathogenesis of CHD and 

hypertension, leading to early treatment. Sudden cardiac death 

caused by abrupt decline of heart function within 1 h of the onset 

of these symptoms [37]. In this regard, coronary artery disease 

is likely the main driver of sudden cardiac death, and most deaths 

harbor genetic variations [38]. For example, SNP in NOS1 

adaptor protein (NOS1AP; also known as CAPON) was linked 

with QT prolongation phenomena (delayed ventricular 



34 
 

repolarization) in the general population and increased sudden 

death in patients with type 1 QT [39,40]. NOS1AP is expressed 

in the cardiac myocyte, which interacts with NOS1 to suppress 

the sarcolemma L-type calcium channel (LTCC) via the S-

nitrosylation, thereby enhance Iκr current, accelerating cardiac 

repolarization [41]. Analysis of SNP in NOS1AP could serve as 

an indicative marker for the estimation of potential sudden 

cardiac death and for early treatment in patients. Nevertheless, 

genetic experiments with mouse model mimicking human SNPs 

with the use of CRISPR/Cas9 technology, thereby introducing 

precise SNP variations analogous to human counterparts, might 

be useful in determining the precise roles of SNPs in the above-

described cardiovascular diseases. SNPs that are found within 

the promoter/enhancer regions have been hypothesized to 

increase or decrease or even create a new binding site for TFs, 

thereby controlling RNA-polymerase activities to turn on the 

transcription of downstream target genes. Careful genetic and 

biochemical studies are needed to address such possibilities. 

2.3.2. Role of NOS1 in Cancer: 

The roles of NO in cancer, at best, represent crucially important 

unknowns. For example, low levels (<100 nM) of NO are 

thought to enhance tumor progression and metastasis, while high 

levels (>300 nM) of NO induce cell cycle arrest, senescence, and 

apoptosis [42]. All three NOS have the potential to either inhibit 

or promote cancer growth by adjusting the level of NO. 

Accumulation of NOS1-derived NO in various types of cancer 

cells seemingly plays a crucial role in tumor progression, 

however, mechanistic details are far from understood [43]. NO 

can modify the DNA damage and repair mechanisms in tumor 

by upregulating p53, poly (ADP-ribose) polymerase (PARP), 

and DNA-dependent protein kinase (DNA-PK), thereby 

modulating the cellular apoptosis [44]. In the following sections, 
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we describe the cellular mechanisms governed by NOS1 in the 

progression of a subset of tumors. 

 

2.3.2.1.Cervical cancer 

Cervical cancer is the fourth most common form of cancer that 

occur in women [45]. In these patients, the expression of 

adenosine triphosphate (ATP)-binding cassette sub-family G 

member 2 (ABCG2) correlates strongly with anti-neoplastic 

drug resistance and migratory/invasive cancer cell phenotypes 

[46]. Accordingly, the mRNA expression of NOS1 and ABCG2 

were analyzed in 40 human cervical cancer tissues and 20 control 

tissues [47]. The expression levels of NOS1 and ABCG2 

mRNAs increased compared to the normal control group with a 

mean difference of 2.63 and 2.02 times, respectively (p < 0.05), 

and therefore strongly correlate (r-value, 1.246; p = 0.014). In an 

experiment, NOS1-depletion decreased ABCG2 protein level, in 

contrast, ABCG2-depletion did not change the NOS1 protein 

level, indicating that NOS1 is upstream of ABCG2 in cervical 

cancer cells. In their study, NOS1-depletion significantly 

decreased the proliferation and increased the apoptosis of 

cervical cancer cells (p < 0.05), suggesting pro-life roles of 

NOS1 in cervical cancer [47]. In a separate study, a positive 

correlation was reported between ABCG2 and NOS1 expression 

in cisplatin-induced chemoresistance in ovarian cancer [48]. 

Thus, delineating the signaling cascade involved in the 

regulation of ABCG2 by NOS1 would unravel clearer 

mechanism into the specific role of NOS1 in cervical cancer 

cells, which could be an effective target in the management of 

cervical cancer. 

 

2.3.2.2.Melanoma 

Perturbation of immune system is a hallmark of neoplastic 

transformation. For example, type I interferon (IFN) dysfunction 

allows for immune escape and tumor metastasis. In contrast, 
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constitutive activation of IFN signaling affords increased 

immune surveillance against cancer [49]. STAT1 

phosphorylation by IFNα activates the intrinsic signaling 

cascade, which activates the expression of interferon-stimulated 

genes (ISGs) [50]. In melanoma as well as colon and breast 

carcinoma, exposure to peripheral blood mononuclear cells 

(PBMC) with IFN-α ex vivo, activated ISGs, reduced 

phosphorylation of STAT-1 and decreased immune response, 

which was due to decreased expression of ISGs [50,51]. Studies 

identifying the link between the genetics of cancer patients and 

its effect on IFN signaling in PBMC can help in predicting the 

clinical outcome in the patient due to modulation in 

immunosurveillance. Analysis of the transcription level of the 

genes in different melanoma patients dictated that a decrease in 

IFN signaling in PBMC correlates with amplification of NOS1 

locus and its expression in melanoma cells [52]. The same 

research group further addressed the mechanism of action of 

NOS1 in the suppression of IFN signaling in melanoma cells 

[53]. Histone deacetylase 2 (HDAC2) plays a key role in the 

expression of ISGs at the transcriptional level, as HDAC2-

knockdown decreases the response to IFNα [54]. Accordingly, 

NOS1 mediated S-nitrosylation of HDAC2 at Cys-262 and -274 

[55]. In a controlled experiment, HDAC2 deacetylated H4K16, 

thereby recruiting RNA polymerase II to the promoter and lead 

to expression of ISGs in melanoma cells. In this study, NOS1 

decreased the IFNα response by S-nitrosylating HDAC2 at 

position Cys262/Cys274 [55]. S-nitrosylation of HDAC2 by 

NOS1 decreased the binding of HDAC2 to STAT1, thereby 

reduced HDAC2 recruitment to the promoter of ISGs, 

subsequently decreased deacetylation of H4K16. A mutant form 

of HDAC2 (Cys262/Cys274) that cannot be nitrosylated, 

reversed NOS1-mediated ISG inhibition, reduced NOS1-

induced lung metastasis, and inhibited tumor-homing 

lymphocytes in a mouse model of melanoma [53]. Thus, NOS1 
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mediated repression of ISGs through HDAC S-nitrosylation 

serves as a novel pathway in the progression of melanoma, and 

studies identifying the targets of NOS1 would help in 

understanding the cellular mechanism and in designing better 

immunotherapeutic strategies to target melanoma. 

 

2.3.2.3. Non-small cell lung carcinoma (NSCLC) 

The lung tumors such as NSCLC, lung adenocarcinoma, and 

lung squamous cell carcinoma, together add up to 80% of the 

lung cancer incidences [56]. A hallmark of tumor 

microenvironment is the accumulation of stromal fibroblasts, by 

interacting with tumor cells, these cells can accelerate tumor 

growth and metastasis [57,58]. Chemo-attractant cytokines, 

called the chemokines control cellular behavior such as cell 

migration during organogenesis and immune surveillance [59]. 

CXCL14 (C-X-C Motif Chemokine Ligand 14) is expressed in 

various types of cancer and in stromal cells [60,61]. The specific 

role of CXCL14 is likely context dependent, in that it can 

promote or regress depending upon which cell type expresses the 

ligand. For instance, when expressed by the stromal fibroblasts, 

it showed a tumor-promoting effect [62], in contrast, it acted as 

an antitumor when expressed by carcinoma cells [63]. 

Immunohistochemical combined with morphometric analyses 

were conducted to address the relevance of expression and 

correlation of CXCL14 and NOS1 in Stage I–IIIA NSCLC 

patients. In their analyses, CXCL14 was expressed by stromal 

fibroblasts as well as in cancer cells, while NOS1 was seen only 

in cancer cells, but not in stromal fibroblast. However, NOS1 

level in cancer cells was strongly associated with CXCL14 level 

in stromal fibroblasts, showing a decrease in progression-free 

survival (PFS) and overall survival (OS) [58]. While CXCL14-

expressing fibroblasts promoted the growth of prostate tumors 

by NOS1 secretion; in NCSLC, the expression of CXCL14 and 

NOS1 served as surrogate markers of cancer progression [64]. 
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Thus, more research is warranted to understand how CXCL14 in 

stromal fibroblasts modulates the level of NOS1 expression in 

relation to NSCLC disease states. In addition, it would be a 

rewarding endeavor to carry-out loss- and gain-of-function 

experiments, thereby titrating down- or up- the levels of 

CXCL14 to address how CXCL14 levels in stromal cells alters 

the fate of NSCLC. Indeed, if CXCL14 is required for tumor 

growth and metastasis, CXCL14 neutralizing antibody could 

have therapeutic use in the treatment of NSCLC. 

 

2.3.2.4.Colon cancer 

The N-terminus of the NOS1 protein harbors a PDZ (PSD-

95/Dlg/ZO-1) domain, which mediates its subcellular 

localization [65]. In their study, NOS1 protein translocated to 

mitochondria through Hsp90, as geldanamycin (C-terminal 

inhibitor of Hsp90) treatment inhibited mitochondrial 

localization. The mitochondria produced reactive oxygen 

species (ROS) in response to cisplatin, which mediated apoptotic 

pathway through the release of Cytochrome-c. Additionally, 

overexpression of mitochondrial NOS1 (mNOS1) inhibited the 

formation of superoxide anions and the expression of 

Cytochrome-c after cisplatin treatment. Thus, mNOS inhibits 

cisplatin-induced apoptosis via mitochondrial ROS suppression 

[66]. Superoxide dismutase 2 (SOD2) helps in the removal of 

mitochondrial superoxide [67]. Anticancer drugs increase ROS 

production to a toxic level in cells, thus mediating tumor cell 

death [68]. Sirtuin 3 (SIRT3) maintains mitochondrial ROS 

below toxic level, thereby optimizing tumor cell survival and 

proliferative mechanism. Enhanced SIRT3 activity enhanced 

cancer cell resistance to radiation, as well as by 

chemotherapeutic drugs [69]. mNOS1 increased SIRT3 activity, 

thereby attenuating mitochondrial superoxide- and cisplatin-

induced apoptosis [66]. Thus, Hsp90 induced translocation of 

mNOS1 to the mitochondria, accordingly enhanced SIRT3 
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activity to decrease cisplatin-induced ROS generation, 

suppressed intrinsic apoptosis pathway and promoted tumor 

growth [66]. Thus, NOS1 limits the magnitude of toxicity of 

superoxide in mitochondria, thereby providing survival 

advantage. However, sophisticated cellular and molecular 

experiments are needed to determine the roles of NOS1 and NO 

signaling in colon cancer progression. 

 

2.3.3. Role of NOS1 in diabetes 

Diabetes mellitus (DM) is a metabolic syndrome defined by 

chronic hyperglycemia occurring owing to defects in insulin 

secretion or action mechanisms, or a combination of both [70]. 

The magnitude and kinetics of hyperglycemia can give rise to 

EC dysfunction and blood vessel complications. These 

complications are, (a) microvascular: diabetic kidney disease, 

retinopathy, and neuropathy; and (b) macrovascular: coronary 

artery disease, peripheral vascular disease, and stroke, that are 

linked with morbidity and mortality events in diabetic patients 

[71]. One of the underlying factors in vascular pathophysiology 

is NO, where hyperglycemia has a major impact [72,73]. 

Additionally, the incidences of DM have been linked with 

alterations in NO-mediated vasomotor dysfunction [74]. NO 

function has been shown to regulate systemic and local 

hemodynamics [75]. NOS1-derived NO in MD cells and its role 

in the regulation of glomerular hemodynamic and renal 

dysfunctions is of great interest to nephrologists; accordingly, 

several studies reported NOS1-mediated NO in controlling the 

DM disease states [75]. Diabetes nephropathy (DN) represents 

one of the main chronic complications associated with T1DM 

and T2DMs, together represent the leading causes of renal 

failure, defined by an increased glomerular filtration rate (GFR), 

perfusion, and renal hypertrophy [76]. Although the role of 

NOS1-derived NO is not fully elucidated as it relates to 

pathogenesis of glomerular hyperfiltration in diabetes, a few 
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studies have delineated its significance and the underlying 

biological mechanism. A recent study reported a SGLT1 

(Sodium-Glucose Cotransporter 1)-NOS1-TGF signaling axis 

mediating acute hyperglycemia-associated glomerular 

hyperfiltration, where NOS1 and SGLT1 may prove to be key 

therapeutic targets [76]. This mechanism suggests that acute 

hyperglycemia-induced hyperfiltration increases luminal 

glucose at MD, leading to an increase in the expression and 

activity of NOS1 via SGTL1, thus blunting the tubuloglomerular 

feedback (TGF) response and promoting glomerular 

hyperfiltration. The authors observed that in both mice and 

human renal cortices, high glucose upregulated NOS1 level and 

increased phosphorylation of NOS1 at Ser1417. Interestingly, 

MD-NOS1 knockout showed no defect in NO generation and 

effect upon glucose addition to the MD perfusate, as well as no 

significant TGF response after glucose addition to tubular 

perfusate. Eventually, acute hyperglycemia-induced elevation in 

GFR was significantly attenuated, which suggests the key role of 

NOS1 in mediating glucose-induced hyperfiltration [76]. As 

discussed above the NOS1-mediated NO production is a major 

factor in the pathogenesis of renal hemodynamic changes in the 

early course of diabetes and considered it as the major 

denominator in the NO mechanisms in this pathology [77]. In 

their previous study, the inhibition of NOS1 by the 

administration of S-methyl-l-thiocitrulline (SMTC) both in 

control and experimentally induced diabetic rats increased blood 

pressure, but not in normal rats; additionally, diabetic rats 

showed elevated renal hemodynamic response, suggesting 

diabetic rats are more sensitive to this inhibition [74]. 

Subsequently, these authors reported that STZ-induced diabetic 

rats have increased the number of NOS1-positive cells; and in 

these rats SMTC administration normalized the elevated GFR in 

diabetic rats but had no effect on non-diabetic rats, defining the 

NOS1-specific role in renal hemodynamics in diabetes [78]. 
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Additionally, the same group of authors published a separate 

study to analyze the nephroprotective role of NOS1 and 

addressed the progression of renal injury in terms of proteinuria 

and glomerular sclerosis in uninephrectomized diabetic and non-

diabetic rats [77]. This time, the long-term impact of the NOS1-

selective inhibitor SMTC was assessed, revealing a modest 

effect where the renal injury was delayed in diabetic mice, 

whereas no beneficial effects were observed in normal rats; 

rather, it increased glomerulosclerosis. Further, SMTC-treated 

diabetic rats displayed a reduction in weight gain [77]. However, 

cyclooxygenase-2 (COX-2) expression and activity increase in 

renal injury, and its action has been implicated in the 

pathophysiology of such conditions, while NOS1 derived NO in 

MD is reported as one of the COX-2 activators [79]. Thus, NOS1 

inhibition can modulate COX-2 activity to provide therapeutic 

benefits in conditions such as proteinuria and 

glomerulosclerosis. However, SMTC inhibition of NOS1 had no 

effect in COX-2 level in the renal cortex, and this finding does 

not represent the COX-2 role in mediating the beneficial effect 

via NOS1 inhibition in diabetic rats; nevertheless, the effect of 

the NOS1-COX-2 axis during nephropathy cannot be excluded 

[77]. 

 

Excluding DN, the role of NOS1 has also been studied in 

diabetic cardiomyopathy (DCM). DCM is characterized by 

cardiac muscle dysfunction and change in cardiomyocyte 

architecture, caused mostly due to altered glucose metabolism 

homeostasis, characterized by cardiac muscle contractility 

dysfunction [80]. As diabetes progresses, systolic dysfunction 

develops, the cardiac muscle deteriorates, and the production of 

oxidative stress increases. An increase in oxygen species is 

directly proportional to NOS uncoupling, which can be reversed 

for NOS1, upon treatment with cofactor tetrahydrobiopterin 

(BH4) and sepiapterin, thereby reconfiguring the production of 
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superoxide rather than NO [81]. T1DM predicts adverse 

cardiovascular events, e.g., the incidence of heart failure is 2–3 

fold higher in diabetic than in normal cohorts [82]. Reduction of 

myocyte and cardiac contractility is the hallmark of DCM [83]. 

Due to NOS1 activity in the regulation of RyR2 S-nitrosylation 

[84], β-adrenergic in the heart, and preventing cardiac 

dysfunction [85], and the roles of NOS1-derived NO in DCM 

has been reported. Increased NO concentration could develop 

EC-dysfunction and atherosclerotic complications in DM; 

however, it may precipitate into insulin resistance. In one study, 

NOS1 knockout showed insulin resistance, hypertension, and 

dyslipidemia [86]. The subsequent hyperglycemia, 

hyperlipidemia, and insulin resistance, together, augmented 

oxidative stress in the diabetic cardiac muscles. In diabetic 

vascular and cardiomyopathy, the oxidation of NOS cofactor 

BH4 and dysfunctional activity of NOS are known. In a recent 

study, an increase in cardiac muscle BH4 prevented and reversed 

left ventricular remodeling and systolic dysfunction associated 

with diabetes, via a mechanism whereby NOS1-derived NO 

mediated an increase in insulin-independent myocardial glucose 

absorption and consumption [87]. 

 

Independent studies have reported that in DCM, NOS1-derived 

NO mediates the effect of the β3-adrenoceptor (β3-AR) being 

involved in an altered positive ionotropic activity to β-

adrenoceptor agonist stimulation [88,89]. NOS1 also exerts a 

crucial role in the mechanism of this disease by the β3-AR-

NOS1-RyR2 specific pathway. Inhibition of NOS1 leads to 

normalization of adverse conditions. In cardiomyocytes, NOS1 

is coupled to β3-AR/caveolin3 (Cav3) complex present in the 

sarcolemma. NOS1 translocation from the sarcoplasmic 

reticulum (SR) to Sarcolemma caveolae decreased the 

nitrosylation of RyR2 and activated to release uncontrolled Ca2+ 

induced arrhythmias [90]. Regular exercise plus insulin 
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treatment has been regarded as an effective therapy for avoiding 

the complications of type 1 diabetes (T1DM) [91]. Combined 

insulin treatment with exercise training was studied on diabetic 

male Wistar rats for 8 weeks to deduce its effect on baseline heart 

physiology and NOS1, β3-AR, and RyR2 signaling pathways. 

Experiments were conducted in four diabetic rodent cohorts: (1) 

with no treatment, (2) with insulin treatment, (3) trained with 

exercise, and (4) trained with exercise that received insulin. The 

diabetic control group showed decreased basal systolic and 

diastolic cardiac function, and RyR2 expression, with increased 

β3-AR and NOS1 expression. However, combined treatment in 

Group 4 did not display normalized diastolic pressure but 

showed normalized systolic pressure and induced increased 

RyR2 expression, and this effect was higher than in Group-2 and 

-3 rodents. Complete normalization of β3-AR and 

downregulation of NOS1 were observed in all three treatment 

cohorts [92]. 

 

Polymorphism in NOS1 in DM and the genetic variant of NOS1 

have been reported. For example, common variation in NOS1AP 

loci is associated with T2DM in African American and 

Caucasian cohorts; specifically, the study found that variation in 

NOS1AP rs12742393 was strongly linked with susceptibility to 

T2DM [93]. Analyses of 79 SNPs in a group of Shanghai 

Chinese subjects comprised of 1,691 diabetic and 1,720 normal 

individuals, an association between NOS1AP SNP rs12742393 

and T2DM were observed. Although this variant locus may not 

be a clinically relevant to T2DM incidence, its effect cannot be 

neglected [94]. Nevertheless, the roles of SNPs are far from 

clear, therefore, novel techniques are needed to address the roles 

of SNPs, not only in cardiovascular disease and diabetes, but also 

in many neglected diseases as well. 
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2.3.4. Role of NOS1 in Obesity 

Obesity is a major health concern worldwide as risks for 

hypertension, diabetes, metabolic syndrome, and stroke are 

increased in these patients [95]. Sedentary lifestyle and genetic 

variations are considered main drivers of obesity [96]. In this 

regard, obesity is associated with an imbalance of energy, where 

the consumption of calories is higher than those required by 

bodily processes [97]. The homeostatic steady state between 

energy consumption and expenditure is complicated, likely 

modulated by several factors, however, understanding 

underlying mechanism of this metabolic disorder and its key 

players is crucial. To this end, NO is likely to be a proximal cause 

of obesity [97], as obese rodents and human cells reportedly have 

elevated levels of BH2, an oxidized form of BH4. BH4 

deficiency is a major factor in the EC damage and dysfunction 

that occur during obesity, which uncouples the ability of NOS1 

to superoxide generation [97,98]. The underlying facts of NOS1-

derived NO in obesity are described as drivers of hyperphagia, a 

phenomenon in which individuals desire to increase food intake 

[97]. Mice cohort receiving a high-fat diet had an increase in 

NOS1 in their aortas, and the induction of NOS1 was 

demonstrated to be due to leptin stimulation [97]. Interestingly, 

a study stated that leptin deficiency decreases the expression of 

NOS1 and NO, with an increase in xanthine oxidoreductase 

(XOR) activity and oxidative stress, thus mediating imbalance in 

nitroso-redox generation and generating myocardium 

dysfunction in obesity. Mice lacking leptin (ob/ob) develop 

cardiac hypertrophy, increased apoptosis of cardiac muscle cells, 

and decreased survival. Nitrate and nitrite production were 

reduced in myocardium of ob/ob mice. Leptin treatment restored 

NOS1 protein in ob/ob mice. The ratio of GSH/GSSG was 

decreased, suggesting an increase in oxidative stress in ob/ob 
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mice [99]. In another study, the production NOS1 increased, but 

decreased catalytic activity of NOS1 in pancreatic beta-cell 

hyperactivity, in insulin-resistant rats and islets of obese human 

individuals. Islets from Zucker fa/fa rats showed increased 

sensitivity to glucose, with subsequent utilization and oxidation. 

These results in the hypersecretion of insulin due to the fatty acid 

esterification resulting from increased glucose responsiveness in 

beta cells [100]. Therefore, these studies suggested that 50–70% 

of the variation in body weight can be attributed to genetic 

variation. In a Korean population, three SNPs (rs2293048, 

rs9658490, and rs4766843) were described in the NOS1 gene; 

two of which (rs2293048 and rs9658490) showed close 

association with obesity. A total of six haplotypes among the 

SNPs of NOS1 (CCG, CGA, TCA, TCG, TGG, and CCG, and 

TCG and TGG) were associated with increased susceptibility to 

obesity [101]. Therefore, NOS1 in the regulation of obesity 

warrants more in-depth studies to reveal the significance of 

NOS1-derived NO in relation to obese subjects 

 

2.3.5. Role of NOS1 in other inflammatory diseases 

In addition to the above-mentioned diseases, the role of NOS1-

derived NO has also been described in other pathologies, such as 

sepsis, achalasia, and infantile hypertrophic pyloric stenosis. NO 

modulates leukocytes activities and the response of the immune 

system to infection, sepsis, or septic shock [102]. NOS1 also 

occurs in the epithelium and microvasculature of the 

gastrointestinal tract [103], in the myocytes of skeletal muscle, 

in the bronchial epithelium [104], in mast cells and neutrophils 

[105]. During sterile peritonitis, NOS1−/− mice displayed 

increased rolling of leukocytes and adhesion to the post-capillary 

venule endothelium and its subsequent migration to the 

peritoneal cavity. Although NOS1−/− mice displayed increased 

migration of leukocytes in chemical peritonitis and live bacterial 
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peritonitis, a genetic deficiency in NOS1 lead to increased 

mortality [106], indicating its pro-life function. 

 

In a mouse model sepsis, increased elaboration of 

proinflammatory cytokines TNF-α, IL-1β, IL-12, and IL-17 

were reported [107]. NO plays a pivotal role during sepsis, 

exemplified by hypotension (low blood pressure) or hypo-

responsiveness (decrease in the response to vasoconstrictors). 

NOS1 and soluble guanylate cyclase are expressed at high levels 

in vascular tissue during sepsis, and the blockade of NOS1 

inhibits cGMP production, indicating a physical interaction 

between the two. Pharmacological blockade of NOS1 by 7-

nitroindazole (7-NI) or S-methyl-L-thiocitrulline (SMTC) 

decreased hypo-responsiveness and increased vasoconstriction 

in a mouse model. Thus, inhibiting NOS1 may help to increase 

the effect of vasopressors during the late sepsis [108]. In 

contrast, NOS1-derived NO regulated downstream signaling and 

cytokine expression in macrophages [102]. This investigation 

suggested that NOS1-derived NO plays an early role and targets 

the SOCS1 protein, leading to its degradation. SOCS1 is mainly 

responsible for the proteasomal degradation of the TIRAP 

protein, which eventually disrupts TLR-mediated inflammatory 

signaling and inactivate TF NF-κB. However, the inhibition of 

SOCS1 by NOS1-derived NO activated NF-κB mediated 

elaboration of pro-inflammatory cytokines [102,109]. Therefore, 

it is conceivable that the complete ablation of NOS1 could alter 

signaling pathways at several cellular and molecular levels in the 

tissue microenvironment. 

 

Achalasia is a rare disorder, wherein a patient experience trouble 

passing food or liquid from the esophagus into the stomach. 

Reduced peristaltic action of the esophagus emerges as smooth 

muscles fail to relax, thereby causing the lower esophageal 

sphincter to remain closed, inhibiting the passage of food [110]. 
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NO activity can delay the contraction of the distal esophagus and 

relaxing the lower esophageal sphincter to allow peristaltic 

action [111]. A study of the genetic polymorphism of NOS 

correlated with the presence of nNOS29 C/T with achalasia 

[112]. NOS1 C/T allelic variant in exon 29 that resides in the 

untranslated region of the gene likely alters the NOS1 mRNA 

stability [113]. Thus, the loss of NOS1 predicts poor prognosis 

of achalasia. Analysis of two siblings with infant-onset achalasia 

displayed bilateral premature stop codon in the NOS1 gene, 

which resulted in defects in folding, cofactor binding, and NO 

production, suggesting the importance of NOS1-derived NO in 

the prevention of achalasia [114]. Nevertheless, additional 

studies in aged populations should provide a clearer insight into 

its role in achalasia. 

 

Infantile hypertrophic pyloric stenosis (IHPS) results from 

hypertrophy (increase in cell size) of the pyloric muscle and is 

the most common disease of the gastrointestinal tract in infants 

[115]. NOS1 is the main source of NO in the gut [116] and plays 

a major role as a neurotransmitter in the gastrointestinal tract, 

causing relaxation of smooth muscle of the tract [103]. Genetic 

disequilibrium of the NOS1 variant locus has been found to pose 

a susceptibility to IHPS [117]. Genetic analysis of the NOS1 

gene conducted in IHPS patients revealed two different 

mutations, (a) one between the 21st and 22nd exomes, which 

affected splicing, and (b) another at the 3′ untranslated region, 

which affects the binding of TFs. The first variant decreased the 

mRNA expression of NOS1 in IHPS patients [118]. However, 

there are contrasting results for NOS1 polymorphisms in IHPS 

patients. Genetic analysis of the NOS1 gene in IHPS patients 

found 19 polymorphisms in the NOS1 coding region but found 

no statistically significant correlation with IHPS [119]. SNP at 

−84 G/A on the promoter of NOS1 exon 1c (rs41279104) has 

been correlated with an increased risk for the development of 
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IHPS, with a 30% decrease in NOS1 expression in 16 IHPS 

patients [120], although no such correlation was found in 54 

familial and 28 sporadic cases of IHPS [121], suggesting that the 

expression of NOS1 in IHPS is regulated by different factors 

other than SNPs. The −84 G/A polymorphism of NOS1 with 

IHPS was correlated in Caucasian subjects but was not found in 

the Chinese population, suggesting that genetic heterogeneity in 

different populations also plays a crucial role [122]. Differences 

across population subjects in allelic frequency and linkage 

disequilibrium also allow for contrasting results. Analyses of 

DNAs obtained from three Swedish families with multiple 

affected members did not correlate with NOS1 locus [123]; 

however, a study of 37 Swedish vs 31 British families with IHPS 

suggested positive correlation [124]. The major limitation of all 

studies was the limited number of subjects used. Study on larger 

samples with individuals from different races might help rule out 

the possibility of genetic heterogeneity due to different 

populations and direct us in analysing the other factors 

responsible for NOS1 expression in IHPS. As discussed above, 

the mechanisms by which SNPs regulate gene expression 

constitute a large gap. To address this crucial gap, new 

technologies are required to fully elucidate the exact roles of 

SNPs in normal and disease settings. 

 

2.4.Conclusion: 

At the basal state, the NOS1 is the sole producer of NO in the 

brain, and involved in learning and memory development, and 

modulating synaptic plasticity. As NOS1 can be detected in non-

neuronal tissues and organs including in cardiovascular disease, 

cancer, diabetes, and obesity, therefore, we attempted to provide 

an overview of the roles of NOS1 in several pathologies to 

understand the importance of this molecule in different tissue 

and organ systems. The biological roles of NO in higher 

organism relies on its basal-state bioavailability and its temporo-
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spatial concentration. The organ- and cell type-specific NO 

production can also add to the complexity in signaling activities. 

Additionally, organelle specific localization or mis-localization 

could produce signaling cross-talks and unexpected phenotypes. 

However, the real workings of NOS1 mediated NO-modified 

proteins and how they transmit and modulate signaling 

mechanisms remain unknown. 

 

Although found in a subset of tumors, NOS1 is not an oncogene 

or a tumor suppressor gene; in other words, NOS1 inhibition or 

activation in tumor cells may not inhibit the tumor cell 

proliferation. Conversely, whether the overexpression of NOS1 

could transform NIH-3T3 fibroblast cells or the knockdown of 

NOS1 in tumor cells induce apoptosis, remain unknown. Thus, 

the precise role of NOS1 in tumor progression is not completely 

understood. Nevertheless, altered expression or misexpression 

of NOS1 and NO production thereby signaling cross-talks are 

likely to define pathophysiological states. Cell-specific NOS1 

gene knockouts studies are expected to clarify its exact function. 

Additionally, the use of small molecule agonist or antagonist for 

NOS1 and NO in combination with other tools that mediate 

downstream effect on e.g., NF-κB constitute a potential 

application for NOS1 mediated interventions in the 

complications associated with NO produced by NOS1. 

 

Thus, the expression of NOS1 outside the brain in regulating 

many pathological states can no longer be neglected. Therefore, 

sophisticated experiments delineating the signaling pathways 

and molecules regulated by NOS1-derived NO in non-neuronal 

tissues are needed. As the personalized medicine becomes more 

clinically relevant in combating certain ailments, elucidation of 

the complexity of NO signaling pathway will remain a topic of 

basic research. We feel that continued research on NOS1 in 

various pathophysiological situations will synthesize new 
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knowledge as well as to identify therapeutic targets. State of the 

art techniques including bioelectronics to generate NO in vivo, 

assay for transposase-accessible chromatin with sequencing 

(ATAC-Seq), single-cell RNA-seq and biochemical methods 

combined with computational approaches will be required to 

address this problem more effectively. 

 

 

Figure 2.3. Inflammatory and anti-inflammatory activities of 

NOS1-derived NO in indicated diseases. NOS1-mediated 

production of NO acts as an inflammatory molecule and 

mediates the progression of disease such as macrophage NOS1-

driven atherosclerosis, and in a subset of cancer, obesity and 

diabetes; while it acts as a protector in conditions such as 

endothelial NOS1-driven atherosclerosis, infantile hypertrophic 

pyloric stenosis (IHPS), sepsis and achalasia. 
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2.5.Macrophage mediated activation of IL-1β and CD40 

receptor: 

 

2.5.1. Macrophage mediated activation of IL-1β:  

Among the cytokines involved, interleukin-1 beta (IL-1β) is one 

of the most potent inflammatory mediators produced by 

macrophages within the arterial wall [125]. IL-1β is synthesized 

as an inactive precursor (pro-IL-1β) and requires dual 

regulation—transcriptional priming and inflammasome 

activation—for its maturation. This tight control reflects the 

powerful downstream effects of IL-1β signaling in vascular 

tissues [126]. 

 

IL-1β Production Pathway: 

IL-1β generation in macrophages involves two signals. Signal 1 

(priming) occurs through PRRs such as TLR2 and TLR4 

activated by oxLDL, cholesterol crystals, saturated fatty acids, 

or endothelial debris. This activates the MyD88/NF-κB pathway, 

inducing transcription of pro-IL-1β and inflammasome 

components (e.g., NLRP3). Signal 2 (activation) is triggered by 

cholesterol crystals, mitochondrial ROS, ATP-induced 

potassium efflux, lysosomal rupture, and ER stress. These 

initiate assembly of the NLRP3 inflammasome, recruitment of 

ASC, and activation of caspase-1, which cleaves pro-IL-1β to 

active IL-1β, enabling secretion [127,128]. 

 

Effects on Endothelial Cells: 

Macrophage-derived IL-1β is one of the earliest cytokines that 

disrupt endothelial homeostasis. It downregulates VE-cadherin 

and tight-junction proteins, increasing vascular permeability and 

facilitating LDL infiltration and leukocyte entry into the intima. 
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IL-1β also induces adhesion molecules (VCAM-1, ICAM-1, E-

selectin), enhancing monocyte adhesion and transendothelial 

migration. Through NF-κB activation, endothelial cells under 

IL-1β stimulation produce CCL2, IL-8, and CXCL1, which 

recruit monocytes. IL-1β further stimulates NOX-derived ROS 

production, reducing NO bioavailability and worsening 

endothelial dysfunction—hallmarks of early atherogenesis 

[129–131]. 

 

Monocyte Recruitment and Myelopoiesis: 

IL-1β plays a significant role in monocyte influx. It induces 

CCL2, CCL5, and CXCL1, forming chemotactic gradients for 

CCR2+ monocytes [132]. IL-1β also activates adhesion 

molecules on endothelial cells, enabling firm monocyte 

attachment [133]. Additionally, IL-1β increases systemic 

myelopoiesis by stimulating bone marrow progenitors, 

expanding circulating monocyte pools available for lesion 

recruitment [134]. 

 

Foam Cell Formation and Lipid Metabolism: 

Within plaques, IL-1β enhances macrophage lipid uptake by 

upregulating scavenger receptors such as CD36, SR-A1, and 

LOX-1. Simultaneously, it suppresses ABCA1 and ABCG1, 

impairing cholesterol efflux and promoting foam cell formation. 

IL-1β shifts macrophage metabolism toward glycolysis via HIF-

1α stabilization, supporting a pro-inflammatory phenotype that 

maintains chronic plaque inflammation [135,136]. 
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Inflammatory Amplification: 

IL-1β acts upstream in inflammatory networks. It sustains NF-

κB and AP-1 activation, inducing TNF-α, IL-6, GM-CSF, and 

further IL-1β transcription, forming a feed-forward cycle [137]. 

IL-1β also enhances NLRP3 expression, reinforcing 

inflammasome activity. Additionally, IL-1β promotes Th1 

recruitment and activation, increasing IFN-γ levels within 

plaques, which further amplifies macrophage inflammatory 

responses [138]. 

 

Pathological Consequences of IL-1β in Plaque Progression, 

Destabilization, and Clinical Relevance 

Macrophage-derived IL-1β contributes significantly to plaque 

progression and the development of unstable, rupture-prone 

lesions. Its effects extend across extracellular matrix remodeling, 

necrotic core expansion, smooth muscle cell (SMC) phenotype 

modulation, and promotion of thrombosis. 

 

Extracellular Matrix Degradation and Fibrous Cap 

Weakening: 

IL-1β stimulates macrophages and SMCs to secrete matrix 

metalloproteinases (MMP-1, MMP-3, MMP-9, MMP-12), 

which degrade collagen and elastin in the fibrous cap. This 

weakens structural stability and increases susceptibility to 

plaque rupture [139]. IL-1β also upregulates cathepsins and 

suppresses collagen synthesis, compounding the weakening of 

the fibrous cap [140]. 
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Cell Death, Necrotic Core Expansion, and Defective 

Efferocytosis: 

IL-1β promotes macrophage apoptosis and secondary necrosis, 

contributing to necrotic core expansion. Oxidative stress induced 

by IL-1β further disrupts efferocytosis, impairing clearance of 

apoptotic cells. Accumulation of necrotic debris creates a pro-

thrombotic lipid core, a defining feature of advanced 

atherosclerosis. 

 

Smooth Muscle Cell Modulation: 

IL-1β induces SMCs to shift from a contractile to a synthetic, 

inflammatory phenotype. These SMCs proliferate and migrate 

into the intima, where they secrete extracellular matrix 

components and inflammatory cytokines [141]. Although SMC-

driven matrix production initially contributes to plaque stability, 

chronic IL-1β signaling reduces SMC contractile protein 

expression and promotes detrimental matrix remodeling. 

 

Thrombogenicity and Plaque Rupture: 

IL-1β upregulates tissue factor on macrophages and endothelial 

cells, strongly promoting thrombogenicity. In advanced plaques, 

high IL-1β levels correlate with thin fibrous caps, large necrotic 

cores, and high tissue factor expression—features that facilitate 

acute thrombus formation upon plaque rupture, leading to 

myocardial infarction or stroke [142]. 

 

Human Studies and Clinical Evidence: 

Human atherosclerotic plaques consistently show high IL-1β 

expression in macrophage-rich regions, with strong correlations 

to necrotic core size and markers of plaque instability. Genetic 
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polymorphisms in IL1B, NLRP3, and IL1R1 genes are 

associated with increased cardiovascular risk. The most 

compelling evidence comes from the CANTOS trial, where 

selective IL-1β inhibition with canakinumab significantly 

reduced recurrent cardiovascular events independent of lipid 

lowering. IL-1β blockade decreased IL-6 and hsCRP levels, 

confirming the cytokine’s upstream regulatory role in systemic 

and vascular inflammation [143]. 

 

Therapeutic Implications: 

The pathogenic role of IL-1β highlights it as a prime therapeutic 

target. Existing agents such as canakinumab and anakinra 

demonstrate cardiovascular benefits but carry risks of increased 

infection due to systemic immunosuppression [144]. Thus, 

emerging strategies aim for macrophage-specific IL-1β 

suppression, such as nanoparticle-mediated delivery of IL-1β 

siRNA, inhibition of macrophage-specific inflammasome 

activation, and metabolic reprogramming to reduce IL-1β 

production. These approaches aim to retain the anti-

atherosclerotic benefits of IL-1β inhibition while minimizing 

systemic side effects. 

 

Conclusion: 

Macrophage-derived IL-1β is a central inflammatory mediator 

that acts at nearly every step of atherosclerosis—from 

endothelial dysfunction and monocyte recruitment to foam cell 

formation, plaque expansion, and final plaque destabilization. Its 

role as an upstream cytokine driving sustained inflammatory 

signaling, coupled with strong clinical evidence from IL-1β 

inhibition trials, establishes IL-1β as a causal and therapeutically 

actionable driver of atherosclerotic disease. Targeted modulation 
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of macrophage IL-1β offers a promising avenue for future 

cardiovascular therapies. 

 

2.5.2. Macrophage mediated activation of CD40 receptor and 

CD40-40L interaction:  

The CD40–CD40 ligand (CD40L) signaling axis is a central 

immunoregulatory mechanism that profoundly influences the 

initiation, progression, and destabilization of atherosclerotic 

plaques. CD40 belongs to the tumor necrosis factor receptor 

(TNFR) superfamily and is primarily expressed on 

macrophages, dendritic cells, endothelial cells, and vascular 

smooth muscle cells within atherosclerotic lesions. Its ligand, 

CD40L (also known as CD154), is predominantly expressed on 

activated T cells and platelets but can also be found on 

endothelial cells and some macrophage subsets. In the context of 

atherosclerosis, the macrophage–T cell interaction mediated 

through CD40–CD40L represents a powerful inflammatory and 

immunomodulatory pathway that amplifies lesion inflammation, 

supports foam cell formation, drives matrix degradation, and 

contributes to plaque instability [145,146]. 

 

CD40 Expression on Macrophages and Its Induction in 

Atherosclerosis 

In healthy tissues, macrophage CD40 expression is relatively 

low. However, in atherosclerotic plaques, macrophages are 

exposed to a variety of pro-inflammatory stimuli including 

oxidized LDL (oxLDL), cholesterol crystals, toll-like receptor 

(TLR) ligands, interferon-γ (IFN-γ), and tumor necrosis factor-α 

(TNF-α). These signals markedly upregulate CD40 transcription 

and surface expression [147]. Activated plaque macrophages 

display high levels of CD40 especially in lipid-rich and shoulder 
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regions of plaques—areas known to be prone to rupture [148]. 

Additionally, circulating monocytes from patients with coronary 

artery disease show increased CD40 expression even before 

entering the lesion, reflecting systemic priming. Macrophage 

polarization also influences CD40 expression; M1 (classically 

activated) macrophages exhibit higher CD40 levels compared to 

M2 macrophages, linking CD40 signaling to pro-inflammatory 

macrophage phenotypes associated with unstable plaque 

morphology [149]. 

 

Mechanisms of CD40 Activation by CD40L in the 

Atherosclerotic Microenvironment 

CD40 is activated through interaction with CD40L, which is 

expressed primarily on CD4+ T helper cells, especially Th1 cells 

that infiltrate atherosclerotic lesions [150]. Platelets, which are 

abundant at sites of endothelial injury and arterial shear stress, 

are also a major source of soluble and membrane-bound CD40L. 

Engagement of CD40 with CD40L leads to receptor 

trimerization and recruitment of TNF receptor-associated factors 

(TRAFs), particularly TRAF2, TRAF3, TRAF5, and TRAF6. 

These adaptor proteins initiate downstream signaling cascades 

including NF-κB, MAPK (p38, JNK, ERK), and PI3K/Akt 

pathways [151]. In macrophages, CD40–CD40L signaling 

generates a potent transcriptional response involving 

upregulation of inflammatory cytokines, chemokines, matrix 

metalloproteinases (MMPs), costimulatory molecules, and genes 

that regulate lipid uptake and antigen presentation [152]. 

In the plaque microenvironment, the interaction between CD40+ 

macrophages and CD40L+ T cells occurs within defined 

microdomains, particularly in regions of high cellularity and 

antigen presentation. These immune synapse–like interactions 

sustain chronic macrophage activation. Moreover, platelets 



58 
 

adhering to dysfunctional endothelium or aggregated within 

damaged plaques express high levels of CD40L, providing an 

abundant and sustained ligand source that activates CD40 

signaling even in the absence of T cells [153]. 

 

CD40–CD40L Signaling in Macrophage-Driven 

Inflammation 

CD40 ligation induces macrophages to produce a broad array of 

pro-inflammatory cytokines and chemokines including IL-1β, 

TNF-α, IL-6, CCL2 (MCP-1), CCL5, CXCL9, and CXCL10. 

These molecules recruit additional monocytes, T cells, and 

dendritic cells to the lesion, creating a highly inflamed 

microenvironment that supports plaque expansion. CD40 

signaling also enhances NLRP3 inflammasome priming by 

activating NF-κB, further promoting IL-1β maturation and 

secretion. This positions CD40 as an upstream amplifier of 

inflammasome-mediated inflammation [154]. 

Additionally, CD40 drives expression of costimulatory 

molecules such as CD80 and CD86, which enhance antigen 

presentation and T cell activation. This creates a bidirectional 

reinforcement loop: activated T cells provide more CD40L, 

which further activates macrophages, resulting in persistent 

inflammation. This loop is a key mechanism underlying the 

chronicity of atherosclerosis. 

 

CD40–CD40L Effects on Lipid Handling and Foam Cell 

Formation 

CD40 engagement alters macrophage lipid metabolism in ways 

that promote foam cell formation. CD40 signaling increases the 

expression of scavenger receptors including CD36, SR-A1, and 

LOX-1, enhancing uptake of oxidized and modified LDL 
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particles. The pathway also suppresses cholesterol efflux 

transporters ABCA1 and ABCG1 through NF-κB and JNK-

mediated repression, reducing cholesterol removal and 

encouraging intracellular lipid accumulation [155]. These events 

accelerate foam cell formation, a hallmark of early and 

progressive atherosclerotic plaques. Moreover, CD40 activation 

increases macrophage metabolic reprogramming toward 

glycolysis, which supports sustained inflammatory cytokine 

production and survival of foam cells within the hypoxic plaque 

environment [156]. This metabolic adaptation contributes to the 

persistence of inflammatory macrophages and the growth of 

necrotic cores. 

 

CD40–CD40L in Smooth Muscle Cell Modulation and 

Endothelial Dysfunction 

Macrophage-derived cytokines generated via CD40 signaling 

strongly influence endothelial cells (ECs) and vascular smooth 

muscle cells (SMCs). On endothelial cells, CD40 activation 

increases expression of adhesion molecules (VCAM-1, ICAM-

1, E-selectin) and enhances endothelial permeability. This 

promotes further monocyte recruitment and LDL entry into the 

intima [157]. Exposure to soluble mediators downstream of 

CD40 activation also induces oxidative stress, reduces nitric 

oxide bioavailability, and amplifies endothelial dysfunction. 

In SMCs, CD40 signaling promotes a phenotypic shift from a 

contractile to an inflammatory/synthetic phenotype. SMCs 

exposed to CD40L or macrophage-derived cytokines migrate 

into the intima, proliferate, and produce extracellular matrix 

components. While this initially contributes to plaque stability, 

chronic CD40-mediated inflammation increases SMC 

production of MMPs and reduces collagen synthesis, ultimately 

weakening the fibrous cap [158]. 



60 
 

 

CD40–CD40L and Matrix Degradation, Fibrous Cap 

Thinning, and Plaque Destabilization 

One of the most significant consequences of CD40–CD40L 

activation is the induction of matrix metalloproteinases (MMP-

1, MMP-3, MMP-9, MMP-12) and cathepsins (Cathepsin S, K, 

L) in macrophages and SMCs [159]. These proteases degrade 

collagen, elastin, and basement membrane components within 

the fibrous cap, contributing to thinning and weakening of 

plaque structure. TRAF6-dependent activation via CD40 is 

particularly important in MMP induction. The imbalance 

between ECM synthesis and degradation driven by CD40–

CD40L is a defining feature of unstable plaques [159]. 

Additionally, CD40 signaling enhances macrophage apoptosis, 

which contributes to enlargement of the necrotic core [160]. 

Inefficient efferocytosis in advanced plaques means these 

apoptotic cells undergo secondary necrosis, releasing cellular 

debris and pro-thrombotic lipid content. This further destabilizes 

plaques. 

 

CD40–CD40L and Thrombogenicity 

Beyond inflammation and matrix degradation, CD40–CD40L 

signaling promotes thrombosis [161]. CD40L on activated 

platelets promotes platelet aggregation and stabilization of 

thrombi [162]. CD40 activation on endothelial cells and 

macrophages induces tissue factor expression, the primary 

initiator of the coagulation cascade [163]. In vulnerable plaques, 

elevated tissue factor levels markedly increase the risk of 

thrombosis upon plaque disruption. Furthermore, soluble 

CD40L released by activated platelets amplifies thrombus 

formation independently of classic coagulation factors [164]. 
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Clinical Evidence Supporting the Role of CD40–CD40L in 

Atherosclerosis 

Human atherosclerotic plaques show high CD40 expression in 

macrophage-rich regions and elevated CD40L expression on 

infiltrating T cells and platelet aggregates [165]. Serum levels of 

soluble CD40L correlate with plaque burden, degree of 

inflammation, and risk of acute coronary events. Genetic studies 

indicate that polymorphisms in CD40 or CD40L modulate 

susceptibility to atherosclerosis and cardiovascular disease 

severity [166]. Importantly, experimental models show that 

disruption of CD40–CD40L interactions reduces plaque size, 

inflammation, and vulnerability [167]. 

 

Therapeutic Implications and Selective Targeting Strategies 

Given its central role, CD40–CD40L is considered a promising 

therapeutic target [167]. However, systemic blockade of CD40L 

caused thrombotic complications in clinical trials due to 

CD40L's role on platelets [168]. Therefore, recent strategies aim 

to selectively inhibit CD40–TRAF6 interactions while 

preserving TRAF2/3 pathways essential for immune 

homeostasis [169]. Blocking specific CD40 signaling arms 

reduces inflammation and plaque progression without causing 

immunosuppression [169]. Another promising avenue is 

nanoparticle-mediated delivery of CD40 siRNA to plaque 

macrophages, which selectively suppresses CD40 expression in 

atherosclerotic lesions without affecting systemic immunity. 
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Conclusion 

The CD40–CD40L interaction is a master regulator of immune-

mediated inflammation in atherosclerosis. Macrophage 

activation through CD40 signaling promotes lipid accumulation, 

cytokine production, endothelial dysfunction, extracellular 

matrix degradation, and plaque instability, while simultaneously 

increasing thrombogenic potential. Its upstream positioning in 

inflammatory signaling networks makes CD40–CD40L an 

attractive therapeutic target, but selective, macrophage-specific 

approaches are necessary to avoid systemic adverse effects. The 

pathway’s multifaceted involvement across inflammation, 

immunity, metabolism, and thrombosis underscores its 

importance as a driver of atherosclerotic disease. 

 

Figure 2.4. Role of CD40 receptor and ligand in atherosclerosis. (Image 

Courtesy: Bosmans, L.A. et al.  J. of Cardiovasc. Trans. Res. 14, 13–22 

(2021). https://doi.org/10.1007/s12265-020-09994-3) 
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2.6.Role of CD36 in Atherosclerosis: 

Macrophage CD36 is a multifunctional scavenger receptor that 

plays a central and highly influential role in lipid uptake, 

inflammatory activation, metabolic programming, and plaque 

destabilization in atherosclerosis [170]. CD36, an 88-kDa 

transmembrane glycoprotein of the class B scavenger receptor 

family, is abundantly expressed on macrophages within 

atherosclerotic plaques, particularly in lipid-rich and necrotic 

core regions. Its expression is tightly regulated by transcription 

factors such as PPARγ, LXRα, NF-κB, and STAT1, and is 

strongly induced by atherogenic stimuli including oxidized LDL 

(oxLDL), saturated fatty acids, advanced glycation end products, 

hypoxia, and inflammatory cytokines like IL-1β and TNF-α 

[171]. Circulating monocytes from individuals with metabolic 

syndrome or diabetes show elevated CD36 even before entering 

the arterial intima, indicating systemic priming and heightened 

susceptibility to foam cell formation [172]. 

 

CD36 is one of the principal receptors responsible for the 

internalization of oxLDL and other modified lipoproteins such 

as acetylated LDL and oxidized phospholipids [173]. Upon 

ligand binding, CD36 initiates actin-dependent endocytosis that 

leads to cholesterol ester accumulation and foam cell formation. 

This lipid loading is amplified by metabolic adaptations: CD36 

signaling suppresses cholesterol efflux transporters ABCA1 and 

ABCG1 while increasing the activity of ACAT1, promoting 

intracellular esterification and storage of cholesterol [174]. In 

addition to direct lipid uptake, CD36 activation induces 

mitochondrial dysfunction and reactive oxygen species (ROS) 

generation, which enhances oxidative stress and further 

increases the pool of oxidized lipids within the plaque [175]. 

Foam cells formed through CD36-mediated processes not only 
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accumulate lipids but also secrete pro-inflammatory cytokines, 

chemokines, and proteases that contribute to the amplification of 

local inflammation. 

 

Beyond lipid uptake, CD36 serves an essential role as a pattern-

recognition receptor linking metabolic signals to innate immune 

activation [171]. Binding of oxLDL or oxidized phospholipids 

causes CD36 to form complexes with TLR4 and TLR6, leading 

to MyD88-dependent activation of NF-κB, AP-1, and MAPK 

pathways [176]. This culminates in the production of 

inflammatory mediators such as IL-1β, TNF-α, IL-6, CCL2, and 

CXCL10. CD36 signaling also primes the NLRP3 

inflammasome by upregulating inflammatory gene expression, 

while cholesterol crystal accumulation drives the second 

activation signal, triggering caspase-1–mediated processing of 

IL-1β and IL-18 [177]. Through this mechanism, CD36 

integrates metabolic stress with inflammatory amplification, 

positioning it as a major driver of sustained inflammation within 

atherosclerotic plaques. Cytokines released downstream of 

CD36 activation also enhance endothelial adhesion molecule 

expression such as VCAM-1 and ICAM-1, facilitating 

recruitment of additional monocytes into the intima [178]. Thus, 

CD36 participates in a self-reinforcing cycle of immune 

activation and leukocyte infiltration. 

 

CD36 also contributes to efferocytosis, the process by which 

macrophages clear apoptotic cells, through recognition of 

oxidized phosphatidylserine on dying cells [179]. However, the 

lipid-rich, inflammatory conditions of advanced plaques impair 

this beneficial function. Excessive oxLDL uptake via CD36 

promotes ER stress, mitochondrial dysfunction, and apoptosis in 

macrophages [180]. Because efferocytosis becomes defective in 
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late-stage plaques, apoptotic macrophages undergo secondary 

necrosis, releasing cellular debris, proteases, and lipid material. 

This contributes to necrotic core expansion, increased 

inflammation, and heightened plaque vulnerability. Thus, CD36 

has a dual role in cell clearance—facilitating efferocytosis in 

controlled environments but contributing to defective clearance 

and necrotic core enlargement during chronic lipid overload. 

 

The effects of CD36 activation extend beyond macrophages to 

the vascular wall. Macrophage-derived cytokines and ROS 

impair endothelial function by reducing nitric oxide 

bioavailability and increasing endothelial permeability, allowing 

further LDL and monocyte entry into the intima [181]. CD36-

driven inflammatory signaling also influences smooth muscle 

cells (SMCs), promoting their migration from the media to the 

intima and shifting them toward a synthetic, pro-inflammatory 

phenotype [182]. These SMCs contribute to extracellular matrix 

remodeling but eventually participate in fibrous cap thinning due 

to increased matrix metalloproteinase secretion under 

inflammatory conditions. Platelets express CD36 as well, and 

CD36 activation enhances platelet aggregation and thrombosis 

[183]. Interactions between CD36+ platelets and macrophages 

within the plaque further elevate inflammatory signaling and 

create a highly pro-thrombotic environment [184]. 

 

Given its multifaceted role in lipid uptake, inflammation, cell 

death, and plaque destabilization, CD36 is an attractive 

therapeutic target in atherosclerosis [184]. Experimental models 

demonstrate that genetic deletion or pharmacological inhibition 

of CD36 reduces foam cell formation, plaque burden, and 

inflammatory cytokine production [184]. Therapeutic strategies 

include blocking CD36 with antibodies, inhibiting downstream 
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signaling, suppressing CD36 transcription, or delivering CD36-

targeted siRNA encapsulated in nanoparticles to plaque 

macrophages [185]. However, systemic inhibition of CD36 may 

carry risks because of its roles in fatty acid uptake, metabolism, 

taste signaling, and platelet function. Therefore, macrophage-

selective targeting strategies are being developed to exploit the 

therapeutic benefits of CD36 inhibition while minimizing 

unwanted systemic effects. 

In summary, macrophage CD36 is a central orchestrator of 

atherogenesis, integrating lipid uptake with inflammatory 

signaling and contributing to foam cell formation, 

inflammasome activation, necrotic core expansion, endothelial 

dysfunction, and thrombosis. Through its ability to couple 

metabolic stress with innate immune activation, CD36 drives the 

chronic inflammatory environment characteristic of 

atherosclerotic plaques. Understanding the diverse roles and 

regulatory mechanisms of CD36 provides important insights for 

therapeutic strategies aimed at reducing macrophage-driven 

inflammation and improving plaque stability in cardiovascular 

disease. 
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CHAPTER 3 

Role of NOS1 in Macrophage Inflammatory 

phenotype and foam cell formation 

 

3.1 Graphical Abstract 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. NOS1 mediated expression of inflammatory mediators. 

Figure depicts the Ox-LDL mediated activation of NOS1 further leading 

to p65 activation and activation of pro-inflammatory mediators such as 

IL-1β, CD40 and CD36 receptor 
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3.2. Summary 

Atherosclerosis is a chronic inflammatory disease in which plaque 

buildup inside the wall of the arteries. Macrophage plays an important 

role in the foam cell formation. Macrophage leads to uptake of Ox-LDL 

and activate the signalling cascade further leading to the expression of 

pro-inflammatory cytokines and inflammatory mediators. Inflammatory 

mediators such as IL-1β, CD40 and CD36 receptor plays an important 

role in generation of inflammation by mediating uptake of ox-LDL, 

binding to endothelial cell surface receptor and leading to endothelial 

permeability. In this context, we explored the role of NOS1 in activation 

of these inflammatory mediators. The result suggested that ox-LDL led 

to activation of NOS1. NOS1 further mediated the activation of p65 into 

the nucleus. Activation of p65 further led to expression of these pro-

inflammatory mediators such as IL-1β, CD40 and CD36 receptor. 

Overall, our study identified the novel role played by NOS1 in mediating 

the inflammatory process in atherosclerosis. 
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3.3. Introduction 

Atherosclerosis is a chronic inflammatory disease in which plaque 

build-up in the wall of the artery [1]. Macrophage plays an important 

role in the pathogenesis of the disease. Activation of macrophage by pro-

inflammatory stimulant leads to activation of the inflammatory cascade 

further leading to disease aggravation [2]. Pro-inflammatory cytokines 

such as IL-1β and TNF-α plays an important role in the pathogenesis of 

the disease. Also, expression of inflammatory molecules such as CD36 

and CD40 receptor further mediates the pathogenesis of the disease [3]. 

CD36 receptor is a scavenger receptor which is expressed on the surface 

of the macrophage. The receptor is involved in the binding to the ox-

LDL further leading to its uptake through phagocytosis. Uptake of Ox-

LDL leads to activation of inflammatory cascade further leading to 

disease progression [4]. Expression of CD40 receptor on the 

macrophage also plays an important role. It is a well-known fact that 

expression of CD40 receptor leads to binding of the macrophage with 

the CD40 ligand on the endothelial cells. Binding of CD40-40L 

interaction leads to adhesion of monocytes and macrophages on to the 

endothelial cells. It also leads to the expression of cell adhesion 

molecules such as ICAM-1 and VCAM-1 [5]. Expression of these 

molecules leads to further recruitment of immune cells at the site of 

lesion. Binding of immune cells to these receptors present on the 

endothelial cell leads to adhesion and internalisation of the immune cell 

inside the intima through chemotaxis. These further aggravates the 

disease pathogenesis by recruiting high number of inflammatory cells 

inside the intimal region, thereby leading to substantial increase in the 

plaque progression [6]. 

Nitric oxide plays an important role in maintaining the normal 

vasculature of the arteries as well as in vascular homeostasis [7]. Nitric 

Oxide synthase (NOS) is an enzyme which helps in the production of 

Nitric oxide inside the cells. As discussed earlier, there are three 

different isoforms of NOS: NOS1, NOS2 and NOS3. Role of NOS2 and 

NOS3 has been well documented in context of disease mechanism. 
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NOS2 is involved at the later stage of the disease generating NO and 

nitrosylating different proteins involved in the disease mechanism 

thereby regulating their functions [7]. NOS3 plays a pleiotropic role in 

the disease mechanism. High concentration of inflammatory stimulants 

leads to uncoupling of NOS3 enzyme, thereby generating free radicals 

of NO which further forms peroxynitrite species (ONOO-) [7]. 

Peroxynitrite is well known to mediate the progression of inflammatory 

pathogenesis by reacting with different proteins and modulating their 

actions [8].  

Although the role of NOS2 and NOS3 has been well documented, there 

lies a significant gap in understanding the role of NOS1 in pathogenesis 

of atherosclerosis. Thus, our study identified the novel role played by 

NOS1 in mediating the pro-inflammatory cascade activation in 

macrophage in response to Ox-LDL treatment. Our study identified that 

NOS1 plays a central role in mediating the foam cell formation in 

macrophage and NO generation. This further leads to activation of p65 

and downstream expression of pro-inflammatory cytokines and 

receptors involved in disease progression such as CD36 and CD40 

receptor. Thus, the study identified the novel role played by NOS1 in 

mediating the disease pathogenesis  
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3.4. Methods: 

 

3.4.1. Cell culture  

RAW264.7 cell line was obtained from NCCS, Pune and cultured in 

RPMI media (11875; Gibco). supplemented with heat-inactivated 10% 

fetal bovine serum (10270106; Gibco) and 100 U/ml penicillin and 

100μg/ml streptomycin (15140122; Gibco). To achieve maximum 

confluency, the cells were cultured in a humidified incubator with 5% 

CO2 at 37◦C. Oxidised LDL was prepared as mentioned earlier [9]. 

RAW264.7 cells were cultured for 24 hours and treated with oxLDL for 

2h. TRIM treatment was done 30 min prior to oxLDL treatment. All 

oxLDL related study on RAW 264.7 was conducted at 2h timepoint 

 

3.4.2. Nitrite detection 

Nitrite detection was done as previously described [10]. Briefly, 

RAW264.7 cells were treated with OxLDL with indicated time point 

followed by incubation with 5uM diluted DAF-FM diacetate (D23844; 

Invitrogen) in serum-free DMEM media for 60 minutes at 37oC. The 

cells were then washed with 1X PBS to remove the excess probe. The 

cells were incubated for an additional 30 minutes to allow complete de-

esterification of the intracellular diacetates. Fluorescence was captured 

at excitation and emission of 495 and 515 nm, respectively, using 

confocal laser scanning microscope (FV100; Olympus).   

 

3.4.3. Oil Red O Staining 

Oil Red O staining was done as previously described [10]. Briefly, 

RAW264.7 cells were treated with OxLDL with indicated time-point 

and stained with 0.3% freshly prepared Oil Red O (01391; Sigma 

Aldrich), for 10 minutes at room temperature followed by washing with 

1X PBS to remove the unbound dye. Further, cells were stained and 

mounted on coverslip with mounting media and DAPI premix solution 



102 
 

(F6057; Sigma-Aldrich). Stained lipids were visualised using confocal 

laser scanning microscope (FV100; Olympus) and image were captured 

at 60X magnification.  

 

3.4.4. qRT-PCR 

Total RNA was isolated from RAW264.7 by RNAiso Plus reagent 

(9109; Takara Bio Inc., Shiga, Japan) according to the manufacturer’s 

instructions. The concentration and purity of the isolated RNA was 

determined using Nanodrop. For cDNA preparation, a total of 1μg of 

RNA was reverse transcribed using cDNA Synthesis Kit (Takara) 

according to the manufacturer’s instructions. Real-time quantitative 

PCR (qPCR) was performed using SYBR green master mix (A25742; 

Applied Biosystems, MA, USA) in StepOnePlus Real-Time PCR 

Systems (Applied Biosystems). At least three independent sets for the 

genes GAPDH, CD36, TNF-α and IL-1β were performed. Primer 

sequences are provided in Supplementary file (Supplementary table 

3.1). The cycle threshold value was analysed using the 2-ΔΔCt method for 

the expression of relative cytokines. GAPDH was used as a reference. 

 

3.4.5. Immunofluorescence Staining 

Cells were seeded on glass coverslip in 12-well plates. After treatment, 

cells were fixed with 4% paraformaldehyde for 10 minutes and blocked 

with 5% BSA for 1 hour. Cells were then incubated overnight at 4oC 

with primary antibody against p-NOS1 (PA1-032; Invitrogen) and total-

p65 (33-9900; Invitrogen) with dilution of 1:200. After washing, cells 

were incubated with Rabbit anti-mouse Alexa Fluor 488 secondary 

antibody (1:1000; Invitrogen) for 1 hour at room temperature in the dark. 

Nuclei were counterstained with DAPI (F6057, Sigma-Aldrich) and 

mounted on coverslips. Images were acquired using confocal laser 

scanning microscope (Olympus, Tokyo, Japan). Mean fluorescence 

intensity was quantified using ImageJ [11]. 
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3.4.6.  Immunoblot  

Total protein was extracted from treated cells using 

radioimmunoprecipitation (RIPA) lysis buffer (Invitrogen) 

supplemented with protease and phosphatase inhibitors cocktail 

(Roche). Protein concentrations were determined using the Bradford 

assay dye reagent (500-0006; Bio Rad). Equal amounts of protein (30-

50 ug) were separated by SDS-PAGE on 10% polyacrylamide gels and 

then transferred overnight onto nitrocellulose membrane (Bio Rad). 

Membranes were then blocked with 5% BSA in TBST (Tris-buffered 

saline with 0.1% Tween-20) for 1 hour at room temperature. Membranes 

were then incubated overnight at 4oC with primary antibodies against 

total NOS2 (PA3-030A; Invitrogen) and β-actin (sc-47778; Santacruz). 

After washing, membranes were incubated with appropriate HRP-

conjugated secondary antibodies for 1 hour at room temperature. Protein 

bands were visualised using an enhanced chemiluminescence HRP 

substrate (Bio Rad) and imaged with Gel documentation system (Image 

Quant LAS 4000, GE Healthcare, Uppsala, Sweden). Densitometric 

analysis was performed using ImageJ and normalised to β-actin. 

 

3.4.7. Statistical analysis 

All experiments were performed in at least three independent replicates. 

Data are presented as mean ± SEM. Statistical analysis was performed 

using GraphPad Prism 8.0.0 for Windows (GraphPad Software, Boston, 

USA). Differences between groups were analysed using one-way 

ANOVA followed by Tukey’s post-hoc test for multiple comparisons, or 

unpaired Student’s t-test for two group comparisons. A p-value of <0.05 

was considered statistically significant. Specific statistical significance 

levels are indicated in the figures (e.g. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 
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3.5. Results: 

3.5.1. OxLDL led to increase in the Nitrite production in 

RAW264.7 macrophages 

To analyse the role of Ox-LDL in the production of Nitrite in the 

RAW264.7 macrophages, we incubated the cells with Ox-LDL 

for 2 hr time point. Staining with DAF-FM led to significant 

increase in the fluorescence intensity in the Ox-LDL treatment 

condition suggesting that ox-LDL led to increase in the nitrite 

production at 2-hour time point. To identify that NOS1 is 

involved in the nitrite production, NOS1 specific inhibitor TRIM 

(100nM) was incubated in presence of ox-LDL at 2hr time point. 

The result showed significant decrease in the fluorescence 

intensity compared to its non-inhibited counterpart. This 

suggested that the nitrite production in response to Ox-LDL was 

mediated through NOS1 (Figure 3.2A). 

 

3.5.2. OxLDL led to increase in phosphorylation of NOS1 in 

THP1 macrophages 

To check the activation status of NOS1 at the protein level, 

immunofluorescence staining of p-NOS1-S1417 was done. The 

cells were treated with Ox-LDL for 2 hrs and then incubated with 

the antibody against p-NOS1. The Ox-LDL condition showed 

significant upregulation of p-NOS1 intensity suggesting its 

activation in response to Ox-LDL. To derive the specificity, 

treatment with TRIM led to significant downregulation of p-

NOS1 intensity suggesting that Ox-LDL induced specific 

phosphorylation of NOS1. To check specificity of the ox-LDL 

induced NOS1 activation, activation of other isoform of NOS 

i.e., NOS2 was analysed. The result suggested no activation of 

NOS2 at the 2-hr time point, indicating that the effect is due to 

NOS1 mediated activation (Figure 3.2B) 
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3.5.3. OxLDL led to NOS1-dependent increase in the OxLDL 

uptake in the macrophage 

To check whether activation of NOS1 leads to uptake of Ox-LDL 

in RAW264.7 macrophage, we incubated the macrophage with 

ox-LDL for 2 hour and stained the cells with Oil Red O. The ox-

LDL treated group showed significant uptake of ox-LDL. To 

deduce the involvement of NOS1 in lipid uptake, Ox-LDL 

treatment in presence of TRIM showed significant 

downregulation of lipid uptake, suggesting that the uptake of 

lipids is mediated through NOS1 activation (Figure 3.2C) 

 

 

Figure 3.2:  Ox-LDL mediated activation of NOS1: A.) NO 

detection by DAF-FM method, B.) Immunofluorescence 

analysis of phospho-NOS1 (p-NOS1) ±TRIM and western blot 

analysis of NOS2. β-actin was used as a loading control.  C.) 

Uptake of Ox-LDL at 2hour time point ± TRIM. Statistical 

analysis was performed using unpaired two-tailed Student’s t-

test (p>0.05). Data are shown as mean ± SEM. (n=3) (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001) 
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3.5.4. NOS1 mediated OxLDL uptake led to increase in p65 

translocation into the nucleus 

To analyse the downstream signalling molecule activated by 

NOS1 in response to ox-LDL, we checked the p65 translocation 

into the nucleus at the indicated time-point. The result found 

significant migration of p65 into the nucleus in case of ox-LDL 

treatment. To see whether the p65 translocation is mediated 

through NOS1 activation, OxLDL in presence of TRIM showed 

significant inhibition of p65 translocation into the nucleus. The 

result suggested that activation of p-NOS1 by ox-LDL led to 

signalling cascade activation further leading to p65 translocation 

from the cytoplasm into the nucleus (Figure 3.3A). 

 

3.5.5. NOS1 mediated increase in the pro-inflammatory 

cytokines and scavenger molecule on the macrophage 

To check whether NOS1-induced p65 translocation leads to 

activation of pro-inflammatory cytokines, we incubated the 

macrophage with Ox-LDL for 2-hr time point. After treatment, 

relative mRNA expression of IL-1β and TNF-α were analysed. 

The result indicated significant upregulation of IL-1β and TNF-

α in response to ox-LDL treatment. Furthermore, treatment with 

TRIM significantly inhibited the IL-1β and TNF-α mRNA 

expression in response to ox-LDL suggesting that the cytokines 

expression is mediated in part through activation of NOS1. Also, 

similar expression pattern was observed for CD36 receptor on 

the macrophage, with 24-hr time point showing increased 

expression and inhibition of expression in presence of TRIM. 

The result thus suggested that NOS1 mediated activation of 

CD36 receptor and pro-inflammatory cytokines expression 

(Figure 3.3B).  

 

 



107 
 

 

Figure 3.3. Effect of oxLDL on IL-1β expression in RAW264.7 

macrophages. A.) Immunofluorescence image of translocation of p65 

into the nucleus at 2h time point. (B) Relative mRNA expression of 

CD36, TNF-α and IL-1β normalized to GAPDH. Immunoblot of CD40 

receptor in response to OxLDL ±TRIM. Statistical analysis was 

performed using unpaired two-tailed Student’s t-test (p>0.05). Data are 

shown as mean ± SEM (n=3) (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001)  

 

3.6. Discussion: 

The current study focused on the role of macrophage NOS1 in 

mediating the foam cell formation and activation of downstream 

signalling molecules leading to activation of pro-inflammatory 

cytokines and CD36 receptor. Treatment with Ox-LDL led to 

significant upregulation of nitrite formation followed by lipid 

uptake in the macrophage. The specificity of NOS1 activation 

was detected through immunofluorescence staining. NOS1 

activation further led to p65 translocation into the nucleus 

followed by activation of pro-inflammatory cytokines and CD36 

receptor. 

 

Foam cell formation by macrophage plays an important role in 

the pathogenesis of atherosclerosis. Uptake of Ox-LDL by 

macrophage leads to accumulation of lipids inside the 
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macrophage, thereby leading to foam cell formation [1]. NO 

produced by Nitric oxide synthase plays an important 

physiological role in mediating the disease pathogenesis [7]. In 

this context, we analysed the role of NOS1 in mediating the foam 

cell formation and activation of downstream inflammatory 

molecules leading to disease pathogenesis. Our initial result 

suggested that NOS1 induced NO production was regulated by 

ox-LDL treatment. Also, NOS1 led to the upregulation of lipid 

molecules inside the macrophage leading to foam cell formation. 

This result suggested that NOS1 plays an important role in the 

macrophage in the early pathogenesis of the disease.  

 

It is a well-known concept that foam cell formation in the 

macrophage leads to secretion of pro-inflammatory cytokines by 

the macrophage such as IL-1β, TNF-α and IL-6 along with other 

chemokines [3]. Transcription factor p65 plays an important role 

in the activation of pro-inflammatory cytokines. OxLDL leads to 

activation of downstream signalling cascade which further 

mediates activation of p65 and pro-inflammatory cytokines [3]. 

Our study identified that NOS1 acts an important regulatory 

molecule mediating the activation and translocation of p65 into 

the nucleus. Uptake of OxLDL leads to activation of NOS1 

which further leads to downstream p65 activation and 

translocation into the nucleus. Translocation of p65 leads to 

activation of pro-inflammatory cytokines such as IL-1β and 

TNF-α as well as scavenger receptor CD36. Expression of CD36 

further leads to increased uptake of oxLDL into the macrophage, 

thereby aggravating the disease pathogenesis. Also, our previous 

study had identified the expression of CD40 receptor on the 

macrophage in response to oxLDL stimulation [9]. Interestingly, 

inhibiting the NOS1 led to decrease in the expression of the 

CD40 receptor [9]. Overall, these leads to the conclusion that 

NOS1 is also involved in the expression of CD40 receptor, 

thereby further aggravating the disease pathogenesis. 
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Thus, our study identified a novel role of NOS1 in mediating the 

pathogenesis of atherosclerosis by activating the downstream 

transcription factor involved in the production of pro-

inflammatory cytokines and inflammatory molecules which 

further leads to disease pathogenesis. 

 

 

3.7. Conclusion: 

Our study identified the novel role of NOS1 in mediating the 

disease pathogenesis of atherosclerosis in macrophage in 

response to oxLDL. OxLDL stimulation led to NOS1 activation 

further leading to activation of p65 and expression of pro-

inflammatory cytokines. Other inflammatory molecules such as 

CD36 and CD40 receptor involved in the disease pathogenesis 

were also found to be regulated by the NOS1 activation. Thus, 

regulating the activation of NOS1 and delineating the 

downstream signalling molecules involved in the activation of 

inflammatory molecules might provide better understanding of 

the disease pathogenesis. 
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CHAPTER 4 

NOS1 mediated IL-1β activation and small molecule 

inhibitors targeting IL-1β and IL-1R1 interaction 

 

4.1. Graphical Abstract 

 

 

 

 

 

 

 

 

 

Figure 4.1. NOS1 mediated release of IL-1β and its effect on endothelial 

cell. Figure depicting the NOS1 mediated release of IL-1β from the 

macrophage. IL-1β binds to the IL-1R1 receptor on the endothelial cell further 

activating the MAPK cascade and p65 activation. p65 activation leads to 

phosphorylation and internalisation of VE-cadherin from the cell surface 

thereby inducing the membrane permeability 
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4.2. Summary 

Inflammation plays a major role in the progression of atherosclerosis 

and its complications. Macrophage-derived IL-1β is an important 

mediator that drives both acute and chronic vascular inflammation. 

When IL-1β signalling becomes dysregulated, it leads to endothelial 

damage, plaque instability, and worsening of the disease. Current 

biologic therapies that block IL-1β are effective but limited by their high 

cost, need for injection, and potential side effects. Therefore, there is a 

strong need for new, affordable, and orally available treatments that are 

safer and easier for patients to use. This study sought to identify and 

characterize novel small-molecule inhibitors capable of modulating IL-

1β signalling, with particular emphasis on its potential to attenuate 

inflammatory responses and preserve endothelial integrity. We 

employed a comprehensive strategy integrating in silico virtual 

screening of the IL-1R1 receptor with in vitro cell-based assays to 

validate biological efficacy. The screening identified two novel small 

molecules with favourable binding affinity and stable interaction with 

IL-1R1. In vitro, these compounds effectively preserved endothelial 

barrier integrity, as evidenced by the restoration of trans endothelial 

electrical resistance (TEER). Furthermore, co-treatment with IL-1β 

maintained VE-cadherin expression and localization in endothelial cells. 

It also led to downregulation of inflammatory cascade involved in the 

downregulation of VE-cadherin expression. Taken together, these 

findings establish the identified small-molecule inhibitors as a 

promising modulator of IL-1β signalling with demonstrated anti-

inflammatory and endothelial-protective effects, supporting its potential 

utility in mitigating cytokine-driven endothelial dysfunction and disease 

progression. 
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4.3. Introduction 

Atherosclerosis is a chronic inflammatory disease of the arterial wall and 

remains the leading cause of morbidity and mortality worldwide. 

Although traditionally considered a disorder for lipid storage, decades 

of research have equivocally established that vascular inflammation is a 

driving force for the initiation, progression and destabilisation of plaque 

[1]. Among the inflammatory mediators, interleukin-1 beta (IL-1β) has 

emerged as a central orchestrator of endothelial dysfunction, recruitment 

of leukocyte and vascular remodelling. Several evidence suggests that 

dysregulated signalling of IL-1β not only amplifies local vascular 

inflammation but also systematically contributes to the cardiovascular 

disease pathogenesis [2,3] 

IL-1β is predominantly produced by activated macrophages, monocytes 

and dendritic cells in response to damage-associated or pathogen-

associated molecular patterns. It is well reported that OxLDL plays an 

important role in activation and release of IL-1β from the macrophage 

[4]. OxLDL leads to activation of NOS1 at the early stage of the disease 

[5]. NOS1 activation further leads to proinflammatory signalling 

cascade activation and release of pro-inflammatory cytokines such as 

TNF-α and IL-1β from the macrophages [5,6]. Maturation of IL-1β 

requires assembly of inflammasome and caspase-1-mediated cleavage 

of pro-IL-1β into its active form [7–9]. IL-1β is then secreted and 

engages with the interleukin-1 receptor type 1 (IL-1R1) on the 

endothelial cells, smooth muscle cells, and infiltrating immune cells. 

This receptor-ligand interaction initiates the recruitment of the IL-1 

receptor accessory protein (IL-1RAcP) and downstream adaptor 

molecules such as MyD88 and IL-1 receptor-associated kinases (IRAK), 

leading to activation of mitogen-activated protein kinases (MAPK) and 

NF-κB pathways [10]. These pathways drive the transcription of 

adhesion molecules (VCAM-1, ICAM-1, E-selectin), chemokines 

(MCP-1, IL-8), and other cytokines, thereby leading to the infiltration 

of immune cells into the intima of vascular bed [11]. Also, IL-1β leads 

to induction of inducible nitric oxide synthase (iNOS) and excessive 
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production of nitric oxide, which in turn contributes to the oxidative 

stress and dysfunction of endothelial barrier [12]. 

Persistent activity of IL-1β is profound in the pathophysiological 

consequences of atherosclerosis. Exposure of IL-1β to endothelial cells 

upregulate the adhesion molecules for leukocytes, enhanced recruitment 

of monocyte to the lesion, further leading to proliferation of smooth 

muscle, secretion of extracellular matrix proteins, leading to thickening 

of intima [10,11]. Within the plaque microenvironment, IL-1β amplifies 

the formation of foam cell and promotes the expression of matrix 

metalloproteinase, thereby leading to weakened fibrous cap and 

predisposing plaques to rupture [10]. In line with this, several clinical 

studies strongly correlate with these mechanistic insights: elevated 

levels of circulating IL-1β correlate with the cardiovascular events, and 

the CANTOS trial provided direct evidence for therapeutic blockade of 

IL-1β with canakinumab leading to significant reduction in recurrent 

myocardial infarction and cardiovascular-related mortality [13]. 

Collectively, these findings establish IL-1β as a potential biomarker and 

mediator of atherosclerosis disease. 

Despite the success of biologics targeting IL-1β signalling, important 

limitations remain. Approved therapies such as anakinra, canakinumab 

and rilonacept require parenteral administration, are costly to 

manufacture, and may elicit immunogenic responses with long-term use 

[14,15]. These challenges lead to constrained accessibility and patient 

adherence, particularly in resource-limited healthcare systems [14]. 

Furthermore, the large molecular size of the biologics may restrict their 

tissue penetration, limiting their ability to act within the atherosclerotic 

lesions [14]. These shortcomings underscore the urgent need for novel 

small-molecule inhibitors that can selectively disrupt the IL-1β/IL-1R1 

signalling, offer good oral bioavailability and maintain its efficacy at the 

reduced cost. 

Small molecules hold particular promising in addressing these gaps. By 

virtue of their lower molecular weight, they exhibit favourable 
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pharmacokinetic properties, improved tissue penetration, and potential 

for oral delivery- features that would greatly enhance the patient 

compliance in management of chronic cardiovascular disease [16]. 

Moreover, rational drug discovery strategies, including structure-based 

virtual screening and molecular dynamics simulations, now enable 

identification of compounds capable of targeting specific receptor 

interfaces or allosteric sites with high precision [17]. In this context, we 

sought to identify and evaluate novel small-molecule inhibitors with the 

potential to block IL-1β induced endothelial activation and vascular 

inflammation. Using in-silico approaches, we screened chemical 

libraries against IL-1R1 and identified promising candidates capable of 

interfering with the interaction of IL-1β-IL-1R1. Among these, 

radotinib, a clinically approved tyrosine kinase inhibitor, and 

lomitapide, an FDA-approved microsomal triglyceride transfer protein 

inhibitor, emerged as a strong candidate with favourable binding 

stability and drug-like properties. Radotinib has been reported to exert 

anti-inflammatory effects beyond its oncologic indications [18], while 

lomitapide, a lipid-lowering agent, directly acts on the dyslipidaemia 

pathway central to atherosclerosis [19]. 

Our study dealt with the identification of these compounds as an anti-

inflammatory potential in reversing the IL-1β induced inflammation 

activation in endothelial cells (i.e. HUVEC and Ea.hy.926 cells) in 

context of atherosclerosis. Specifically, we evaluated the ability of these 

compounds to mitigate the IL-1β induced change in endothelial 

permeability, cytoskeletal organisation, localisation of VE-cadherin and 

processes linked to vascular integrity and extravasation of leukocytes. 

Through this integrated approach, we aim to provide mechanistic and 

functional evidence of the repurposed small molecules such as radotinib 

and lomitapide as a viable alternative to biologics in targeting the IL-1β 

driven vascular inflammation. Such findings would not only advance 

our understanding of endothelial response to IL-1β but also establish a 

foundation for developing orally bioavailable, cost-effective therapies 

for atherosclerosis. 
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4.4. Materials and methods 

4.4.1. Molecular docking and virtual screening 

A comprehensive virtual screening approach was employed to identify 

potential small molecule inhibitors targeting the IL-1R1 receptor. The 

crystal structure of human IL-1R1 (PDB 4DEP_Chain B) was retrieved 

from the Protein Data Bank (PDB). Protein preparation involved 

removal of water molecules, addition of hydrogen atoms and appropriate 

protonation states using Maestro. A binding site was defined around the 

known ligand binding pocket of IL-1R1 covering the domain 1 and 2 of 

the receptor. A library of commercially available FDA approved 

compounds from ZINC database and natural compounds from IMMPAT 

library was prepared for docking by generating 3D conformations and 

assigning partial charges. The compounds were docked using Standard 

precision (SP) mode in Glide module of Schrodinger [20] and 

simultaneously processed for docking in AutoDock Vina 1.2.0 [21]. The 

common compounds were shortlisted based on the higher binding 

affinity with the receptor in both the docking platforms, followed by 

binding to the active site residues and having good ADMET properties. 

The top compounds were further shortlisted based on the binding to at 

least 50% of the critical residues (6 out of 12 residues) on the IL-1R1 

receptor. The top compounds were then selected for MD simulation and 

MM-PBSA analysis 

 

4.4.2. Molecular Dynamics Simulations 

All-atom molecular dynamics simulations and subsequent trajectory 

analyses were carried out using the AMBER18 [22] software package 

along with AmberTools19, with the apo form and the docked complexes 

serving as the starting structures for the simulations. The ff14SB force 

field was employed to model the amino acid residues [23], whereas 

ligand parameters were generated using the updated General Amber 

Force Field (GAFF2) [24]. Partial atomic charges for the ligands were 

calculated with the Antechamber module of AmberTools19 [25]. The 
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systems were solvated using the explicit TIP3P water model [26], 

maintaining a 10 Å buffer from the protein surface. To neutralize the 

systems and achieve a physiological salt concentration of 0.15 M, 

appropriate numbers of Na⁺ and Cl⁻ ions were added. The solvated 

topology and coordinate files were then generated using the LEaP 

module of AmberTools19. During the simulations, long-range 

electrostatic interactions were treated using the particle mesh Ewald 

(PME) method [27], while covalent bonds involving hydrogen atoms 

were constrained with the SHAKE algorithm [28]. System pressure and 

temperature were controlled using the Berendsen barostat [29] and the 

Langevin thermostat [30,31], respectively. A time step of 2 fs was used 

in all simulations. The initial energy minimization was carried out in two 

stages. In the first stage, 5000 cycles of steepest descent followed by 

5000 cycles of conjugate gradient minimization were performed with 

the protein and ligand restrained. In the second stage, an unrestrained 

minimization was conducted using 100 cycles of steepest descent and 

900 cycles of the conjugate gradient algorithm. Subsequently, the 

systems were gradually heated from 0 K to 300 K under the NVT 

ensemble, followed by a 1 ns equilibration in the NPT ensemble. The 

production simulations were then carried out for 200 ns under NPT 

conditions, during which 20,000 snapshots were collected from each 

trajectory and analysed using the Cpptraj [32] module of AmberTools19. 

The simulations were performed with GPU acceleration using the 

pmemd.cuda [33,34] implementation in AMBER18. 

 

4.4.3. Binding Free Energy Calculation using MM/PBSA 

Binding free energies were estimated using the molecular mechanics 

Poisson–Boltzmann surface area (MM/PBSA) method, a widely applied 

end-point free energy calculation approach [35–38]. For each complex, 

a total of 2000 snapshots were analysed in the MM/PBSA calculations. 

In MM/PBSA, the binding free energy is expressed as follows - 

              ΔGbind= ∆H-TΔS=∆EvdW+∆Eelec+∆Gpol+Gnp- TΔS   (1) 
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Here, the terms ΔEvdW, ΔEelec, ΔGpol, and ΔGnp respectively represent 

the van der Waals, electrostatic, polar solvation, and non-polar solvation 

components of the binding free energy, which, combined with the 

entropy contribution -TΔS, give the binding free energy (ΔGbind). 

Entropy contributions were omitted from our binding free energy 

analysis due to their substantial computational cost. 

 

4.4.4. Cell culture  

The HUVEC primary cells was obtained from AIIMS, Delhi and 

cultured in Endothelial Cell Growth media (AL517; Himedia) 

supplemented with heat-inactivated 10% fetal bovine serum (10270106; 

Gibco) and 100 U/ml penicillin and 100μg/ml streptomycin (15140122; 

Gibco) plus supplements (AL517; Himedia). The Ea.hy.926 cell line 

was obtained from BITS Pilani, Hyderabad and grown in Dulbecco 

Modified Eagle Medium (DMEM) (Gibco) supplemented with heat-

inactivated 10% fetal bovine serum (10270106; Gibco) and 100 U/ml 

penicillin and 100μg/ml streptomycin (15140122; Gibco). To achieve 

maximum confluency, all cells were cultured in a humidified incubator 

with 5% CO2 at 37◦C. Ox-LDL conditioned media was derived from the 

macrophage as described earlier [39]. Recombinant IL-1β was 

purchased from Proteintech (HZ-1164). The identified small molecule 

compounds (Radotinib and Lomitapide) were purchased from Cayman 

and dissolved in dimethyl sulfoxide (DMSO) for stock solutions, with 

final DMSO concentrations in the cell culture experiments not 

exceeding 0.1% (v/v). 

 

4.4.5. Cell culture treatment 

For preparation of oxLDL-CM, BMDM were treated with oxLDL for 24 

hours. After treatment, supernatant was collected and 50% of CM was 

treated on the endothelial cell. For drugs related studies, endothelial cells 

were treated with test compounds 1 hour prior to IL-1β treatment 
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(10ng/ml). For detection of VE-cadherin and VCAM-1, endothelial cells 

were treated with IL-1β (10ng/ml) for 12 hours after treatment with 

drugs. For detection of p65 and MAPK cascade, IL-1β was treated at 

indicated timepoints 1 hour prior to drugs treatment. 

 

4.4.6. Cell Viability Assay (MTT) 

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. HUVEC and EA.hy.926 

cells were seeded in 96-well plates at a density of 1*104 cells/well and 

allowed to adhere overnight. Cells were then pre-treated with various 

concentrations of test compounds for 24 hours. After the treatment 

period, MTT solution (0.5mg/ml) was added to each well and incubated 

for 4 hours at 37oC. The resulting formazan crystals were dissolved in 

DMSO, and the absorbance was measured at 570 nm using microplate 

reader. Cell viability was expressed as a percentage relative to the 

untreated control cells. 

 

4.4.7. Transendothelial permeability assay (TEER) 

Endothelial barrier integrity was evaluated by measuring the 

Transendothelial Electrical Resistance (TEER). For TEER 

measurements, HUVEC cells were seeded on 12-well plate with 12mm 

permeable insert supplied with 3μm polycarbonate membrane. Cells 

were seeded at a density of 1x106 cells/insert and allowed to form a 

confluent monolayer. Test compounds were added to the apical chamber 

and incubated for 1 hour prior to IL-1β (10ng/ml) treatment. TEER 

values were measured using an EVOM volt-ohm meter (MillicellERS-

2, Millipore). The voltage was measured by placing the electrode tips 

between the chambers at pre-determined time intervals 
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4.4.8. Immunofluorescence Staining 

Cells were seeded on glass coverslip in 12-well plates. After treatment, 

cells were fixed with 4% paraformaldehyde for 10 minutes and blocked 

with 5% BSA for 1 hour. Cells were then incubated overnight at 4oC 

with primary antibody against VE-Cadherin (14-1449-82; Invitrogen), 

and ZO-1 (33-9100; Invitrogen) with dilution of 1:200. After washing, 

cells were incubated with Rabbit anti-mouse Alexa Fluor 488 secondary 

antibody (1:1000; Invitrogen) for 1 hour at room temperature in the dark. 

Nuclei were counterstained with DAPI (F6057, Sigma-Aldrich) and 

mounted on coverslips. Images were acquired using confocal laser 

scanning microscope (Olympus, Tokyo, Japan). Mean fluorescence 

intensity was quantified using ImageJ [40]. 

 

4.4.9. Immunoblot  

Total protein was extracted from treated cells using 

radioimmunoprecipitation (RIPA) lysis buffer (Invitrogen) 

supplemented with protease and phosphatase inhibitors cocktail 

(Roche). Protein concentrations were determined using the Bradford 

assay dye reagent (500-0006; Bio Rad). Equal amounts of protein (30-

50 ug) were separated by SDS-PAGE on 10% polyacrylamide gels and 

then transferred overnight onto nitrocellulose membrane (Bio Rad). 

Membranes were then blocked with 5% BSA in TBST (Tris-buffered 

saline with 0.1% Tween-20) for 1 hour at room temperature. Membranes 

were then incubated overnight at 4oC with primary antibodies against 

phospho-p65 (MA5-15160; Invitrogen), total p65 (33-9900; 

Invitrogen), phospho-ERK (9101S; CST), total ERK (9102S; CST), 

phospho-p38 (9211S; CST), total p38 (sc-7972; Santa Cruz) and β-actin 

(sc-47778; Santacruz). After washing, membranes were incubated with 

appropriate HRP-conjugated secondary antibodies for 1 hour at room 

temperature. Protein bands were visualised using an enhanced 

chemiluminescence HRP substrate (Bio Rad) and imaged with Gel 

documentation system (Image Quant LAS 4000, GE Healthcare, 
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Uppsala, Sweden). Densitometric analysis was performed using ImageJ 

and normalised to β-actin. 

 

4.4.10. Statistical analysis 

All experiments were performed in at least three independent replicates. 

Data are presented as mean ± SEM. Statistical analysis was performed 

using GraphPad Prism 8.0.0 for Windows (GraphPad Software, Boston, 

USA). Differences between groups were analysed using one-way 

ANOVA followed by Tukey’s post-hoc test for multiple comparisons, or 

unpaired Student’s t-test for two group comparisons. A p-value of <0.05 

was considered statistically significant. Specific statistical significance 

levels are indicated in the figures (e.g. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

4.5. Results 

4.5.1.  Ox-LDL conditioned media from macrophage and recombinant 

IL-1β leads to decrease in the expression of cell adhesion molecule 

and increase in the membrane permeability in primary HUVEC 

cells 

To check the effect of soluble factors released by OxLDL-stimulated 

macrophage on the endothelial integrity, OxLDL stimulated conditioned 

media (OxLDL-CM) was used on the endothelial cell. Endothelial cell 

adhesion molecule i.e. VE-Cadherin showed prominent decrease in the 

surface expression in case of OxLDL-CM compared to control (Figure 

4.2A). Furthermore, to analyse the effect of recombinant IL-1β on the 

expression of VE-Cadherin on the cell membrane and its effect on 

endothelial permeability, HUVEC was stimulated with IL-1β (10ng/ml) 

and incubated for 12 hours. Treatment with IL-1β significantly decrease 

the membrane VE-Cadherin expression on the HUVEC cells compared 

to control (Figure 4.2B). Furthermore, effect of IL-1β on the endothelial 

permeability of HUVEC cells was examined through TEER experiment. 
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Treatment with IL-1β significantly increased the permeability of 

HUVEC cells compared to control suggesting the effect of IL-1β on the 

permeability of HUVEC cells (Figure 4.2C). The result signifies the 

importance of the effect of IL-1β on the endothelial cells, limiting which 

can ameliorate the susceptibility to the disease. 

 

Figure 4.2. Effect of OxLDL-stimulated conditioned media and 

recombinant IL-1β on the integrity of endothelial junction: A.) 

Immunofluorescence staining VE-cadherin in primary HUVEC in 

presence of OxLDL-stimulated conditioned media. B.) 

Immunofluorescence staining of VE-cadherin in primary HUVEC in 

presence of recombinant IL-1β. C.) TEER values in HUVEC cells with 

treatment with IL-1β (10ng/ml). Statistical analysis was performed 

using unpaired two-tailed Student’s t-test (p>0.05, n=3) (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001) 

 

4.5.2. Recombinant IL-1β leads to activation of p65 and MAPK 

cascade molecules  

To check the expression and activation of p65 and MAPK cascade (p38 

and ERK) signalling molecules, recombinant IL-1β (10ng/ml) was 

treated on primary HUVEC cells and Ea.hy.926 cell line at various time 

points from 10 mins to 4 hours. The result indicated increase in 

activation of phospho-p65 at 10mins and 30 mins, indicating the 

activation of NF-κB signalling molecule (Figure 4.3A, B).  Moreover, 
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the activation of phospho-p38 and phospho-ERK was also detected from 

10mins up to 4 hours, indicating that IL-1β induced the activation of NF-

κB signalling axis through activation of MAPK cascade (Figure 4.3C). 

As p65 is known to regulate VE-cadherin expression, these results 

signify that IL-1β induces p65 signaling through activation of the 

MAPK cascade molecules ERK and p38 in HUVEC cells and EAhy926 

cells. 

 

 

Figure 4.3. Activation of p65, ERK and p38 in response to 

recombinant IL-1β. Figure depicting the western blot analysis 

of phospho-p65 and total p65 in primary HUVEC cells (A) and 

Ea.hy.926 cell line (B). Figure depicting the western blot 

analysis of phospho-ERK, total ERK, phospho-p38 and total p38 

in Ea.hy.926 cell line in the early time point (10-240mins) (C). 

β-actin is used as control. Statistical analysis was performed 

using unpaired two-tailed Student’s t-test (p>0.05, n=3) 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 
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4.5.3. Structural analyses reveal key interacting residues in IL-1β/IL-

1R1 and IL-1Ra/IL-1R1 binding 

Designing a therapeutic inhibitor for the IL-1β/IL-1R1 complex requires 

understanding of the molecular basis of ligand-receptor interaction. 

Figure 4.4 depicts structural analysis of ligand binding interfaces with 

the receptor. Figure illustrate the three-dimensional structure of IL-1β 

bound to IL-1R1 receptor (PDB 4DEP). For comparison, crystal 

structure of IL-1Ra bound to IL-1R1 receptor was used (PDB 1IRA). 

Table depicts the 4Å interacting residues between the IL-1R1 and both 

the ligands-IL-1β and IL-1Ra across all the three domains of the IL-1R1 

receptor. For instance, in Domain 1, residues like E11, K12, I13, I14, 

L15, V16, P28, and N30 of IL-1R1 are shown to interact with IL- 1β. 

Similarly, Domain 2 involves Q108, A109, I110, F111, K112, Q113, 

K114, L115, G122, V124, P126, Y127, E129, and R163, while Domain 

3 includes N204, K205, P206, Q236, L237, S238, D239, I240, Y242, 

K244, V249, I250, E252, E259, D260, Y261, Y262, S263, R271, L275, 

K298, T300, and H301. Similarly, IL-1Ra/IL-1R1 revealed key residues 

in the IL-1R1 receptor involved in binding with the ligand. Critical 

residues were identified based on the common interacting residues 

between both the ligands. In total, 12 critical residues- I14, L15, V16, 

Q108, A109, I110, F111, K112, Q113, V124, P126, and Y127 were 

identified as crucial residues between IL-1β/IL-1R1 complex, inhibition 

of which can prevent the binding of IL-1β with the IL-1R1 receptor 

(Figure 4.4). This detailed mapping of interacting residues provides 

crucial insights into the specific amino acids within the receptor that are 

essential for recognition and binding of ligand. Henceforth, taking these 

residues into consideration, libraries of small molecules compounds 

were screened against the receptor to target the receptor-ligand 

interaction. 
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Figure 4.4. In-silico analysis of IL-1β and IL-1Ra interaction with 

IL-1R1. Structural mapping of residues within 4 Å of the IL-1R1 

receptor binding site in complex with (A) IL-1β (PDB 4DEP) and (B) 

IL-1 receptor antagonist (IL-1Ra) (PDB 1IRA). Critical interacting 

residues from each receptor domain (Domains 1–3) are highlighted.  

 

4.5.4.  Identification of small molecule inhibitors targeting IL-1R1 

through in-silico screening 

Figure 4.5A depicts the workflow for the in-silico screening strategy 

employed to identify novel small molecule inhibitors. A combined 

library consisting of 3203 compounds were used to screen potential 

inhibitor against the receptor-ligand complex. Initial screening focused 

on binding affinity of the compound with a threshold of ΔG ≥ -

8.5kcal/mol, identifying 55 compounds with a dock score ≥ -8.5 

kcal/mol. These compounds were then subjected to further analysis for 

binding to the specific target site on IL-1R1, narrowing the pool to 49 

compounds. Subsequently, ADMET analysis further refined to 12 

compounds with favourable pharmacokinetic and safety profiles. 

Further, these 12 compounds were analysed for interacting with at least 

50% of the critical residues (6 in total). These further led to total of 2 

compounds of which Molecular dynamics (MD) simulations and MM-

PBSA (Molecular Mechanics Generalised Born Surface Area) analysis 
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was done to assess their stability and binding free energies. The binding 

of both the compounds with the IL-1R1 receptor was analysed which 

depicted that the compounds bound to the critical residues present in 

domain 1 and 2 of the receptor (Figure 4.5B and 4.5C). Detailed 

analysis of the binding site residues revealed that both Radotinib and 

Lomitapide were found to interact with at least 7 residues out of 12 with 

good dock score, suggesting strong interaction with the receptor. Also, 

both Radotinib, and Lomitapide showed docked score greater than -9.0 

kcal/mol which represents significantly strong affinity with the IL-1R1 

receptor. For comparison, anakinra, a known inhibitor for IL-1R1 was 

docked with the receptor which showed dock score of -6.5kcal/mol, 

suggesting that the identified compounds hold greater therapeutic 

potential in comparison to the currently available therapeutic.  

 

4.5.5.  Molecular Dynamic Simulation and MM-PBSA analysis 

provided top compounds with significantly higher stability and 

binding affinity 

All-atom molecular dynamics simulations of 200 ns each were carried 

out to probe the conformational dynamics of the apo protein and the 

ligand-bound complexes of radotinib, lomitapide, and the reference 

compound anakinra. Several stability metrics derived from the 

trajectories are shown in Figure 4.5D, E and F and Supplementary 

figure S4.1 and S4.2, and the last 100 ns averages are reported in 

Supplementary Table S4.1. To assess deviation from the starting 

production run conformation, the root-mean-square deviation (RMSD), 

a widely used metric, was computed. Backbone RMSD for the whole 

protein rose into the ~9–14 Å range across simulations, with stability 

differences among systems’ simulation trajectories, as seen in Figure 

S4.1A. The Radotinib- and Lomitapide-bound complexes showed the 

most stable RMSD profiles, whereas the apo trajectory displayed 

prominent mid-run fluctuations, and the Anakinra control system 

exhibited increased variability near the end. These observations were 
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also consistent with the high standard deviations of the whole protein’s 

backbone RMSD from the last 100 ns trajectories reported in Table S4.1 

(8.81 ± 2.06 Å for apo and 12.21 ± 2.12 Å for the Anakinra complex). 

Broadly, as the three structured regions of the protein are linked by 

loops, the loop segments exhibited comparatively higher fluctuations in 

the trajectories. To better resolve region-specific deviations, RMSD as 

well as other metrics were computed separately for residues 6–201 

(denoted as domains 1+2) and residues 210–311 (denoted as domain 3). 

Across systems, the domain-wise RMSD values were smaller in 

magnitude and overall stable, with only minor variability noted for the 

Radotinib complex as shown in Figure 4.5D, S4.1B. The last 100 ns 

mean backbone RMSD for domains 1+2 in the Radotinib complex 

(Table S4.1) was slightly elevated relative to the other systems at 2.46 

± 0.21 Å, whereas domain 3 showed comparable average RMSD values 

across systems. Overall, the whole protein backbone RMSD and the 

domain-wise RMSD indicated trajectory convergence over the 

simulated timescale. Further, the binding pocket RMSD was evaluated 

for the three complexes and is presented in Figure S4.1D and Table 

S4.1. For each complex, binding-site residues were defined as those 

within a 5 Å of the bound ligand. As observed, the control Anakinra 

complex stabilized at a higher pocket RMSD range, averaging 2.66 ± 

0.31 Å, compared with Radotinib (1.40 ± 0.18 Å) and Lomitapide (1.43 

± 0.15 Å), consistent with a more stable binding pocket for the novel 

inhibitor complexes. Further, residue-wise flexibility was quantified via 

root-mean-square fluctuation (RMSF), providing per-residue 

fluctuations for the apo protein and each bound complex. As shown in 

Figure S4.1C, Radotinib and Lomitapide-bound systems exhibited 

lower RMSF at many protein segments than the apo and Anakinra 

control, consistent with reduced flexibility in multiple regions, including 

the binding site. Ligand stability was assessed by tracking the distance 

between each ligand and its initially defined pocket residues (those 

within 5 Å of the ligand) over time, as depicted in Figure S4.1F. Across 

all three complexes, the ligands remained confined to the pocket, with 

pocket-ligand distances staying at approximately 8 Å or less throughout 
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the simulations. To analyse the conformational stability of the ligands, a 

ligand heavy atom RMSD–based potential of mean force was further 

computed by histogramming the RMSD coordinate into 100 bins, 

assigning the most populated bin(s) as zero energy, and converting other 

bin populations to relative free energies (Figure S4.1E). Each complex 

displayed a single PMF minimum along the ligand heavy atom RMSD 

coordinate, with minima centered around approximately 2.2–2.6 Å, and 

Radotinib and Lomitapide showed slightly broader distributions than the 

control. Taken together, the analyses indicate that each ligand remained 

conformationally stable in the binding pocket over the simulation 

timescale. 

Further, to analyse the compactness and solvent accessibility, radius of 

gyration (RoG) and solvent-accessible surface area (SASA) were 

evaluated for domains 1+2 and domain 3, with results summarized in 

Table S4.1 and Figure S4.2A, B for domain 1+2 and Figures S4.2C, D 

for domain 3. Overall, RoG values remained in a similar range across 

systems. In domains 1+2, the Lomitapide and Anakinra complexes 

trended slightly lower in RoG toward the end of the simulations relative 

to the others. SASA over time for domains 1+2 was lower in the 

complexes than in apo (mean 104.24 ± 2.42 nm²), consistent with 

solvent displacement upon binding. Across domains 1+2 and domain 3, 

the Lomitapide complex exhibited a narrower and lower SASA 

distribution than the others, suggesting more extensive protein–ligand 

and intradomain contacts, reduced water exposure in the pocket and 

nearby regions, and thereby relatively greater complex stability. Ligand–

protein binding energetics were evaluated using the molecular 

mechanics Poisson–Boltzmann surface area (MM/PBSA) approach, an 

efficient end point method for estimating binding free energies from 

molecular dynamics trajectories, as shown in Table S4.2 and Figure 

4.5E. Table S4.2 shows that the control Anakinra complex had a binding 

free energy (ΔGbind) of -19.15 kcal/mol, whereas the novel molecules 

bound more favorably, with Lomitapide at -37.39 kcal/mol and 

Radotinib at -28.38 kcal/mol, both substantially more negative than the 
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control. In the MM/PBSA decomposition, the dominant contributors to 

binding were the van der Waals, electrostatic, and non-polar solvation 

energy terms of the binding free energy. Both Radotinib (ΔEvdW = -56.76 

kcal/mol) and Lomitapide (ΔEvdW = -50.11 kcal/mol) displayed 

markedly more favorable van der Waals interaction energies, which 

stabilized their binding. Although the Radotinib complex exhibited the 

most favorable van der Waals stabilization, its net polar contribution 

(ΔEelec + ΔGpol = 33.68 kcal/mol) was more unfavourable overall, and 

conversely, the Lomitapide complex (ΔEelec + ΔGpol = 18.06 kcal/mol) 

had the least penalty from the net polar terms, giving the most favorable 

overall affinity among the three (Control ΔEelec + ΔGpol = 28.19 

kcal/mol). Overall, the results support Radotinib and Lomitapide as 

promising IL-1β inhibitor candidates for therapeutic development. 

One key stabilizing interaction in protein-ligand binding is hydrogen 

bonding. The time-series analysis across the trajectories indicates that 

the Lomitapide complex maintained the lowest H bond counts, implying 

a lesser role for H bonding in its binding mode (Figure S4.2E). Key 

hydrogen bonding residues included Lys132 (26.79% occupancy) and 

Asn136 (22.03% occupancy) in the Anakinra complex, Gly122 (16.03% 

occupancy) in the Radotinib complex, and Glu11 (10.48% occupancy) 

in the Lomitapide complex (Table S4.3). To quantify residue-level 

contributions to binding, per-residue free energy decomposition was 

performed for each complex, as shown in Figure 4.5F, S4.2F and Table 

S4.4. As summarized in Table S4.4, the Radotinib complex featured 

notable favorable contributions from Arg25, Tyr127, Ser17, Pro28, and 

Phe111, each with < -1 kcal/mol energy contribution. The Lomitapide 

complex shows Tyr261, Ile13, and Pro28 with contributions below -1 

kcal/mol, whereas in the Anakinra control, only Hie60 met this 

threshold. Conversely, unfavorable per residue contributions included 

Asp23 (Gtotal = 5.32 kcal/mol), Ser18 (Gtotal = 1.04 kcal/mol), and Glu21 

(Gtotal = 1.03 kcal/mol) for the Radotinib complex, offsetting some 

favorable effects. The Anakinra complex showed a sizable penalty from 

Lys63 (Gtotal = 2.85 kcal/mol), whereas in the Lomitapide complex, only 
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Glu11 exceeded +1 kcal/mol (Gtotal = 1.35 kcal/mol). Overall, the per-

residue energy decomposition offers insights into the binding 

mechanism and can be leveraged to optimize the compounds or to 

design new therapeutics. 

Figure 4.5. In silico screening, Molecular Dynamics and MM-

PBSA/GBSA analysis for IL-1β inhibitors. A.) Summary of the virtual 

screening workflow. B) Schematic representation of the binding of 

Radotinib with the IL-1R1 receptor. C.) Schematic representation of the 

binding of Lomitapide with the IL-1R1 receptor. D.) MD simulation for 

the domain 1 and 2 of the IL-1R1 receptor in presence of IL-1β inhibitors 

and positive control (Anakinra). E.) MM-PBSA/GBSA analysis for 

Radotinib and Lomitapide along with positive control. F.) Per-residue 

free energy decomposition showing contributions of key residues to 

ligand binding 

 

4.5.6. Both the compounds restore the expression and localisation of 

VE-Cadherin in IL-1β treated endothelial cells 

Adheren junction plays an important role in maintaining the integrity of 

endothelial barrier. VE-cadherin plays an important role in this regard. 

Therefore, we investigated the effect of both the compounds on the 

expression as well as localisation of VE-Cadherin using 

immunofluorescence. Figure 4.6 shows the representative 
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immunofluorescence images for VE-Cadherin in HUVEC under 

different treatment conditions. VE-cadherin was linearly present on the 

membrane in control cells, indicating an intact endothelial barrier, 

whereas stimulation with IL-1β (10ng/ml) shows fragmented and 

discontinuous staining of VE-cadherin. This suggests the disruption of 

the integrity of membrane. Co-treatment of Lomitapide (400 and 

800nM) and Radotinib (400 and 800nM) with IL-1β (10ng/ml) resulted 

in restoration of the VE-Cadherin expression on the periphery of the 

membrane, suggesting recovery of the membrane integrity with the 

compound treatment. Specifically, both Lomitapide and Radotinib at 

800nM showed increased restoration of membrane integrity depicted by 

the enhanced expression of VE-cadherin on the membrane. 

 

Figure 4.6. Effect of IL-1β and small molecule inhibitors on 

endothelial junctional integrity. (A) Immunofluorescence staining of 

VE-cadherin in primary HUVECs under different treatment conditions: 

untreated control, IL-1β (10 ng/ml), IL-1β + Lomitapide (400 nM, 800 

nM), and IL-1β + Radotinib (400 nM, 800 nM). B.) Measurement of 

fluorescence intensity of Lomitapide. C.) Measurement of fluorescence 
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intensity of Radotinib. Statistical analysis was performed using unpaired 

two-tailed Student’s t-test (p>0.05) Data are shown as mean ± SEM 

(n=3) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 

 

4.5.7. Both the compounds attenuated IL-1β induced cytotoxicity and 

preserved the endothelial barrier integrity 

To assess the biological effects of the identified compounds, we first 

investigated its impact on the cell viability and integrity of endothelial 

barrier. As per the MTT assay results, both the compounds were found 

to be non-toxic, which is consistent with their status as FDA-approved 

molecules (Figure 4.7A, B). To evaluate the endothelial barrier integrity 

in response to compounds, Transendothelial Electrical Resistance 

(TEER) analysis was done in HUVEC cells up to 24 hours. IL-1β 

treatment (10ng/ml) showed time-dependent decrease in the barrier 

integrity with 24 hours showing decrease of 24.6% in the barrier 

integrity. In response, co-treatment of compounds with IL-1β showed 

significantly increase in the barrier integrity. Specifically, Radotinib at 

800nM showed increase of 24.8% of barrier integrity at 24 hours 

compared to IL-1β treatment. Same result was observed with the co-

treatment of lomitapide with IL-1β with 800nM showing an increase of 

20.9% of barrier integrity compared to IL-1β alone (Figure 4.7C, D). 

Thus, these findings suggest that both the compound not only showed 

reduced cytotoxicity but also prevented the IL-1β induced decrease in 

the integrity of the endothelial barrier. 
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Figure 4.7. Cytotoxicity of selected IL-1R1 inhibitors in 

endothelial cells and endothelial permeability. MTT assay 

showing dose-dependent effects of lead compounds on HUVEC 

primary cell line (A) and EA.hy.926 (B). Data are expressed as 

percentage cell viability relative to untreated controls. 

Transendothelial electrical resistance (TEER) measurements of 

HUVEC monolayers following treatment with IL-1β (10 ng/ml) 

alone or in combination with Radotinib (400 and 800 nM) (C) or 

Lomitapide (400 and 800 nM) (D). Statistical analysis was 

performed using unpaired two-tailed Student’s t-test (p>0.05, n=3). 

Data are shown as mean ± SEM, with values normalized to untreated 

control. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 

 

4.5.8. Both the compounds were effective in decreasing the activation 

of p65 while Radotinib and Lomitapide led to decrease in 

VCAM-1 and MAPK cascade respectively. 

Furthermore, to check the effect of the compounds in reducing the 

activation of NF-κB signalling axis, the compounds were tested at 400 

and 800nM concentration at 30 min time point. Both the compounds 

showed significant dose-dependent decrease in the phospho-p65 

expression. While Radotinib was effective in decreasing the expression 

of VCAM-1, Lomitapide was effective in decreasing the expression 

phospho-ERK and phospho-p38 molecules, indicating that Lomitapide 

might be mediating its effect through inhibition of MAPK cascade and 

NF-κB signalling axis and Radotinib might be acting through different 

signalling cascade in decreasing p65 activation and VCAM-1 expression 

(Figure 4.8). 
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Figure 4.8. Effect of small molecule inhibitors against the activation 

of VCAM-1, p65 and MAPK Cascade in response to IL-1β. Western 

blot analysis of effect of drugs on the key signalling molecules such as 

VCAM1, phospho-p65, phospho-ERK and phospho-p38 in response to 

Radotinib and Lomitapide in different concentration (400 and 800nM) 

in presence of IL-1β (10ng/ml). β-actin was used as control. Statistical 

analysis was performed using unpaired two-tailed Student’s t-test 

(p>0.05, n=3). Data are shown as mean ± SEM, with values normalized 

to untreated control. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 
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4.6. Discussion 

This study identified and characterised novel small-molecule inhibitors 

targeting the IL-1β signalling pathway, with the objective of reducing 

the inflammatory responses and preserving the endothelial integrity. By 

combining in silico analyses with the in vitro validation, we 

demonstrated that both Radotinib and Lomitapide exhibit significant 

anti-inflammatory properties. These findings provide new insights into 

the molecular regulation of IL-1β signalling and open promising 

therapeutic avenues for inflammatory diseases. Our initial 

computational screening employed molecular docking and molecular 

dynamics simulations, which identified Radotinib and Lomitapide as a 

high-affinity binders for the IL-1R1 receptor. These analyses suggested 

that the compounds either directly compete with the IL-1β for receptor 

binding or induce allosteric confirmational changes that disrupt 

signalling initiation. This computational prediction was further 

confirmed through cellular assays in human endothelial cell models 

(HUVEC and EA.hy.926 cell line).  

Our initial study found that oxLDL plays an important role in the 

activation of NOS1 at the early stage of the disease. Activation of NOS1 

leads to uptake of OxLDL, which further leads to activation of signalling 

cascade, p65 translocation into the nucleus and activation of pro-

inflammatory cytokines, such as TNF-α and IL-1β. These results align 

with the previously reported literature that NOS1 plays an active role at 

early stage of the disease through activation of inflammatory cascade 

and disease progression [5]. IL-1β, in particular, play a prominent role 

in mediating the further progression of the disease. OxLDL induced 

release of IL-1β from the macrophage acts on the IL-1R1 receptor 

present on the endothelial cell further leading to the activation of 

signalling cascade and membrane permeability in the endothelial cell, 

thereby aggravating the disease progression [10,11]. Several literatures 

supports the notion that IL-1β plays an important role in atherosclerosis 

disease progression by acting specifically on the endothelial cells 

[41,42]. Therefore, therapeutic strategy targeting the binding of IL-1β 
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with the receptor on the endothelial cell can prevent the cytokine-

induced permeability in the endothelial cells and can thereby reduce the 

disease progression. In line with this, other studies had also analysed the 

IL-1β/IL1R1 receptor complex to design therapeutics to limit the 

receptor-ligand interaction for mitigating inflammatory cascade 

activation [43–45] 

Our in-silico docking analysis and MD-MMPBSA analyses against the 

IL-1R1 receptor revealed two compounds binding to the receptor with 

higher affinity and better stability compared to positive control 

(Anakinra). Further in-vitro analyses found positive response of the 

compounds with the endothelial cells. One of the key observations of 

the effect of compounds on the endothelial cells was the preservation of 

the endothelial barrier integrity. Endothelial dysfunction, characterised 

by the loss of junctional proteins leading to increased permeability, is a 

hallmark of inflammatory diseases [46]. We observed that both 

Radotinib and Lomitapide restored the Transendothelial electrical 

resistance (TEER) values and maintained the expression and localisation 

of VE-Cadherin at the cellular junctions, with cotreatment with IL-1β. 

This suggests that the compounds prevent disassembly of adheren 

junctions, thereby protecting against the IL-1β induced vascular 

permeability. Preservation of endothelial integrity plays a central role in 

the prevention of diseases such as atherosclerosis, sepsis, and acute 

respiratory distress syndrome, where vascular leakage contributes to the 

disease pathology [46].  

Regulation of VE-cadherin is highly dependent on the key signalling 

molecules such as NF-κB, ERK and p38 MAP kinase [47]. p38 MAP 

kinase plays an important role in the regulation of the VE-cadherin 

expression on the cell surface [47]. The surface expression of VE-

cadherin is highly regulated by the phosphorylation and 

dephosphorylation of VE-cadherin subunits [48]. In that regard, p38 

MAP kinase has been shown to mediate the phosphorylation of VE-

cadherin, thereby leading to its disassembly from the membrane and its 

subsequent degradation [47]. Also, studies have identified that 
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activation of ERK contributes to the Transendothelial permeability by 

triggering the dissociation of VE-cadherin/β-catenin complex through 

β-catenin phosphorylation and VE-cadherin downregulation [49]. 

Therefore, to identify the activation of these signalling molecules in 

response to IL-1β treatment leading to VE-cadherin downregulation, 

protein expression and activation of p65, ERK and p38 were analysed. 

Our result identified prominent increase in the expression of phospho-

p65, phospho-ERK and phospho-p38 in response to IL-1β, suggesting 

that the resulting activation of signalling molecules might have an effect 

on the VE-cadherin downregulation in response to IL-1β treatment. 

Furthermore, to check whether upregulation of VE-cadherin expression 

in response to drugs treatment is correlated with the inhibition of these 

signalling molecules, we tested both Radotinib and Lomitapide at 

different concentrations. The result indicated significant decrease in the 

level of phospho-p65, phospho-ERK and phospho-p38 in response to 

Lomitapide in dose-dependent manner. Thus, the results indicated that 

Lomitapide might act through inhibiting these signalling molecules 

involved in VE-cadherin downregulation, thereby regaining the 

junctional permeability in response to IL-1β treatment. 

When comparing with the existing literature, our findings extend the 

current understanding of modulation of IL-1β by therapeutic targets. 

Currently available therapies targeting the IL-1β signalling such as 

Anakinra, Canakinumab and Rilonacept neutralise IL-1β or block the 

IL-1R1 receptor [50]. While showing clinical effectivity, their 

widespread use is hindered by high cost, parenteral administration, and 

potential immunogenicity [14,15]. In contrast, small molecule inhibitors 

offer potential advantages offering good oral bioavailability, lower 

manufacturing costs, and improved tissue penetration [16]. Both 

Radotinib and Lomitapide has previously been used for the treatment of 

diseases such as chronic myeloid leukemia and familial 

hypercholesterolemia respectively [18,19]. Specifically, Radotinib is a 

second-generation tyrosine kinase inhibitor (TKI) primarily used in the 

treatment of chronic myeloid leukemia (CML) [18]. It exerts its action 
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by selectively binding to the ATP-binding site of the Bcr-Abl kinase, 

thereby inhibiting its kinase activity and blocking downstream 

signalling pathway that promote leukemogenesis [18]. Lomitapide is an 

inhibitor for microsomal triglyceride transfer protein (MTP), which is 

essential for the assembly of lipoproteins containing Apolipoprotein B 

(ApoB) in the liver and intestine [19]. By blocking MTP, lomitapide 

reduces the production of very low-density lipoproteins (VLDL) and 

chylomicrons, thereby lowering the low-density lipoprotein (LDL) 

cholesterol levels in the blood [19]. The novel identification of both the 

drugs targeting the IL-1β/IL1R1 signaling highlights their potential for 

therapeutic repurposing. Such repurposing of drugs enhances their 

translational process since their safety profiles are already well 

established.  

The function of Radotinib and Lomitapide in protecting the endothelial 

barrier integrity can act as a key regulator in suppressing the disease 

progression. The effect of compounds on preservation of vascular 

integrity can lead to decrease in the severity of diseases such as 

atherosclerosis and sepsis where preservation of vascular integrity is 

paramount in its prevention [46,51–53]. Beyond this, the compounds 

can be relevant to chronic inflammatory disorders such as rheumatoid 

arthritis and inflammatory bowel disease, where IL-1β acts as central 

player in progression of disease phenotype [54,55].  

Nevertheless, certain limitations need to be acknowledged. First, the 

experimental validation was largely confined to in vitro endothelial 

models. Validation through animal model is needed to confirm the 

efficacy, pharmacokinetics, and drug safety profile. Second, although 

computational studies strongly suggested direct binding of the drugs 

with the IL-1R1 receptor, experimental validation through methods such 

as surface plasmon resonance or isothermal titration calorimetry is 

necessary. Also, the broader off-target effects of these drugs need careful 

evaluation in context of long-term therapeutic use. 
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In conclusion, this study provides compelling evidence that both 

Radotinib and Lomitapide represent a promising small-molecule 

inhibitors potentially by its direct interaction with the IL-1R1 receptor 

and thereby preserving the endothelial integrity in response to IL-1β. As 

a repurposed molecule, these compounds could hold potential as a novel 

and cost-effective treatments for inflammatory and vascular diseases. 

These in silico combined with the in vitro work need to be translated to 

in vivo models to propose these compounds for its clinical application. 

 

4.7. Conclusion 

The study identified and characterized novel small molecule inhibitors, 

that effectively target the IL-1β signaling pathway. Our in silico and in 

vitro findings demonstrated that these compounds possess potent anti-

inflammatory and endothelial protective effects by suppressing IL-1β-

induced inflammatory mediators and preserving endothelial barrier 

integrity. These findings underscore the significant therapeutic potential 

of these novel small molecules as orally bioavailable agents for the 

treatment of a wide spectrum of IL-1β-mediated inflammatory diseases 

and conditions characterized by endothelial dysfunction. This research 

provides a strong foundation for future preclinical and clinical 

development, offering a promising new avenue for more accessible and 

effective anti-inflammatory therapies. 
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CHAPTER 5 

Novel peptide inhibitors targeting CD40 and CD40L 

interaction: a potential for atherosclerosis therapy 

 

 

5.1. Graphical Abstract 

 

 

 

 

 

Figure 5.1. Graphical summary of binding of peptide and 

peptidomimetic inhibitors with the CD40 receptor. Figure depicting 

the binding of peptide, peptidomimetic and peptidomimetic derivatives 

with the active site of the CD40 receptor. 
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5.2. Summary: 

 

Atherosclerosis is a chronic inflammatory disease characterized by 

plaque build-up in the arteries, leading to the obstruction of blood flow. 

Macrophages are the primary immune cells found in the atherosclerotic 

lesions and are directly involved in atherosclerosis progression. 

Macrophages are derived from extravasating blood monocytes. The 

monocytic CD40 receptor is important for monocyte recruitment on the 

endothelium expressing the CD40 ligand (CD40L). Thus, targeting 

monocyte/macrophage interaction with the endothelium by inhibiting 

CD40-CD40L interaction may be a promising strategy for attenuating 

atherosclerosis. Monoclonal antibodies have been used against this 

target but shows various complications. We used an array of computer-

aided drug discovery tools and molecular docking approaches to design 

a therapeutic inhibitory peptide that could efficiently bind to the critical 

residues (82Y, 84D, and 86N) on the CD40 receptor; essential for the 

receptor’s binding to CD40L. The initial screen identified a parent 

peptide with a high binding affinity to CD40, but the peptide exhibited 

a positive hepatotoxicity score. We then designed several novel 

peptidomimetic derivatives with higher binding affinities to CD40, good 

physicochemical properties, and negative hepatotoxicity as compared to 

the parent peptide. Furthermore, we conducted molecular dynamics 

simulations for both the apo and complexed forms of the receptor with 

ligand, and screened peptides to evaluate their stability. The designed 

peptidomimetic derivatives are promising therapeutics targeting the 

CD40-CD40L interaction and may potentially be used to attenuate 

atherosclerosis. 
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5.3. Introduction 

 

Atherosclerosis is a chronic inflammatory disease in which plaque 

build-up due to the deposition of cholesterol, lipids, and fats as well as 

extravasation of immune cells in the arteries lead to an obstruction of 

blood flow. Atherosclerosis is a major cause of cardiovascular diseases 

(CVD) and is a risk factor for myocardial infarction (MI) and ischemic 

stroke [1]. Pharmacological treatments such as lipid-lowering therapies, 

anti-hypertensive agents, and anti-platelets drugs reduce the risk of 

CVD, but atherosclerosis-related complications remain persistent 

worldwide [2,3]. Thus far, several clinical trials have focused on 

targeting inflammatory molecules implicated in the progression of 

atherosclerosis  [4–6]. Another strategy is to inhibit inflammation and/or 

to modulate the immune checkpoint proteins, promoting inflammation 

[7] . The CD40-CD40L dyad is an important immune checkpoint protein 

complex that is expressed on major immune cells, and its activation 

leads to the progression of atherosclerosis [8,9] 

 

CD40L plays an important role in the pathogenesis of 

atherosclerosis[10]. Cells such as myeloid and lymphoid cells, platelets, 

endothelial cells and vascular smooth muscle cells (VSMCs) are known 

to express CD40L on their surfaces [11]. CD40L expression is primarily 

found on T-cells and platelets in atherosclerosis [12]. CD40L present on 

these cells would bind to CD40 receptor expressed on antigen presenting 

cells (APCs) to amplify the signaling [13] . Apart from CD40, CD40L 

also bind to other co-stimulatory receptor present on the cell surface to 

activate the inflammation response [9]. One of the major roles of CD40-

CD40L interaction is the recruitment of monocytes and other immune 

cells to the site of inflammation during the initial phase of plaque 

formation. The endothelial cells are activated when the monocytic CD40 

receptor binds the endothelial CD40L. This enhances the expression of 

cell adhesion molecules (CAMs) such as vascular cell adhesion 

molecule (VCAM)-1, intercellular cell adhesion molecule (ICAM)-1 

and E-selectin on the endothelium [14]. Remarkably, high Ox-LDL 
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levels drive the expression of the CD40 receptor on 

monocytes/macrophages and CD40L on the endothelial cell, further 

enhancing the expression of CAMs on the endothelial cells and 

facilitating the recruitment and transmigration of monocytes into the 

arterial intima, critical steps of atherosclerosis progression [15] . 

Migration of monocytes into the intima leads to their differentiation into 

macrophages. These macrophages secrete various pro-inflammatory 

molecules and further enhance the inflammation process. Thus, 

inhibition of the CD40-CD40L interaction may be important for 

preventing chronic consequences of atherosclerosis. Indeed, studies 

have found that genetic or antibody-mediated inhibition of CD40 or 

CD40L reduces the inflammatory cell number within the plaque with a 

subsequent decrease in the lesion size and enhanced plaque stability 

[16–18]. CD40-TRAF6 interaction is present downstream of CD40-40L 

interaction [19]. Inhibition of CD40-TRAF6 with TRAF-STOP 

inhibitors have shown promising results [20]. Multiple antibodies have 

been developed to target the CD40-CD40L interaction [21] , but the 

strong immune response against the antibodies and thromboembolic 

complications limit their usage [22]. Thus, it is important to search for 

better therapeutic strategies that would have enhanced efficacy with 

limited side effects. 

 

In the past few years, peptides and peptidomimetics have emerged as 

promising candidates to treat various diseases by modulating protein-

protein interactions (PPIs) [23,24]. There are now peptides that successfully 

target certain biologically important protein complexes, such as 

transcription factors, which are traditionally considered as undruggable 

targets for small molecules because of their complex architecture and 

stability [25]. However, peptides possess certain characteristics that limit 

their usage as therapeutic candidates, such as low metabolic stability 

towards proteolysis in the gastrointestinal tract and serum, their poor 

absorption after oral ingestion, and their rapid excretion through the liver 

and kidneys [23]. Hence, advancements are necessary to meet the increased 

therapeutic demands. Recent technological advances in formulation, 
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delivery, and chemistry have driven the focus of drug discovery teams 

toward peptidomimetics [26–28] . Peptidomimetics are compounds whose 

essential elements (or pharmacophore) mimic a peptide or protein in their 

3D space and which primarily tend to retain the ability to interact with the 

specified biological target and impart the same biological effect. Certain 

limitations of peptides can be compensated through creating 

peptidomimetics with increased stability against proteolysis, receptor 

selectivity or potency, among others. Hence, peptidomimetics have a great 

potential in drug discovery [24]. Also, designing/deriving compounds that 

contain the same backbone elements as peptidomimetic with few 

modifications in the side chains, which can increase the affinity of the 

compound with the target, can be a better therapeutic strategy against the 

target molecule [29].  

 

Identification of the critical residues on the target protein is important for 

designing the molecules limiting the protein-protein interaction. In-vitro 

studies have identified three critical residues on the CD40 receptor (Y82, 

D84, and N86) having a key role in its interaction with CD40L [30]. In this 

study, we focused on designing peptides that may bind to these critical 

residues. Furthermore, we derived promising peptidomimetics and their 

derivatives with increased affinity to the CD40 receptor and improved 

physicochemical properties. 

 

5.4. Methods 

5.4.1. Analyses of CD40-40L interface and docking of CD40-CD40L 

The crystal structure of CD40-CD40L interaction (PDB ID: 3QD6) was 

retrieved from RCSB Protein Data Bank (https://www.rcsb.org). The 

crystal structure was analysed by the X-Ray diffraction method with a 

resolution of 3.5Å.  The complex contains a total of 4 CD40 receptor 

chains (Chain R, S, T, and U) interacting with 6 CD40L chains (Chain 

A, B, C, D, E, and F) in a ratio of 2:3 of receptor: ligand complex [31]. 

The complex was downloaded as a PDB file, and the monomer of the 

CD40 receptor (Chain S) interacting with the CD40L monomer (Chain 

C) was taken for further interaction studies. 4Å interacting residues 
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between the complex were analysed in UCSF Chimera [32]. Also, the 

individual monomers of both the receptor and the ligand were 

structurally minimized using Amber ff14SB [33] in the UCSF Chimera, 

and site-specific docking was done in PyDockWEB 

(https://life.bsc.es/pid/pydockweb) [34] providing the 4Å interacting 

residues between the complex. 

 

5.4.2. In-silico mutational analysis of CD40-40L interaction 

As the in-vitro mutational study had identified Y82, D84, and N86 as a 

critical residue on the CD40 receptor mediating the interaction with the 

ligand, we wanted to further confirm the result through in-silico study. 

Individual mutations on the CD40 receptor (Y82, D84, and N86) were 

done using the Rotamer option in UCSF Chimera [32], replacing key 

residues with alanine one at a time. The structure was then minimized 

using Amber ff14SB [33] in Chimera and docked with the CD40L 

(Chain C) in HDOCK (http://hdock.phys.hust.edu.cn/) [35] providing 

the 4Å interacting residues between the complex. Also, the triple 

mutations were done in CD40 before docking with wild type CD40L to 

compare the change in binding affinity with the individual mutations. 

Similar strategy was employed on CD40L by mutating the residues 

K143 and Y145 individually and by performing the double mutations 

(Chain C) and docked to CD40 in HDOCK 

(http://hdock.phys.hust.edu.cn/) [35] 

 

5.4.3. The design and docking of the peptide 

Four-amino acid peptide (p-KGYY) was designed against the critical 

residues on the receptor to block the receptor-ligand interaction. Stretch 

from residues 143-146 on the CD40L was used to design the peptide 

using the “Build structure” option in UCSF Chimera [32]. The designed 

peptide was then minimized using Amber ff14SB and docked with the 

CD40-receptor (Chain S) in PyDockWEB [34] and ZDOCK [36]. 4Å 

interacting residues between the complex were analysed in UCSF 

Chimera to find the critical residue(s) on the receptor involved in the 

binding with the peptide. Further, physicochemical and ADMET 
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analyses of the peptide were done using the pkCSM server 

(https://biosig.lab.uq.edu.au/pkcsm/) [37]. pkCSM uses graph-based 

signatures of the compounds to analyse the ADMET properties of the 

compounds by comparing them with the in-vitro data available on the 

server. The SMILES file of the compounds was generated on the 

pepSMI server (https://www.novoprolabs.com/tools/convert-peptide-

to-smiles-string) and then analysed on the pkCSM server to optimize its 

ADMET properties. 

 

5.4.4. The docking of peptidomimetic with the receptor  

To address the limitations of the designed peptide, peptidomimetics that 

mimic the structure as well as the pharmacophore of the designed 

peptide were searched on the pep:MMs:MIMIC server 

(http://mms.dsfarm.unipd.it/pepMMsMIMIC/) [38]. pep:MMs:MIMIC 

is a server in which the 3D-similarity search of the peptides is possible 

among 3.9 million commercial compounds in the MMsINC database 

(http://mms.dsfarm.unipd.it/MMsINC/search/) [39]. Side chains of the 

lysine and tyrosine residue on the peptide were selected and fingerprint-

based filtering of shape similarity and pharmacophoric similarity-based 

methods were used to provide the top 200 compounds from the database. 

All the compounds were downloaded in the 3D SDF format and docked 

to the CD40 receptor (Chain S; PDB 3QD6). Two docking platforms 

were used: AutoDock Vina (v1.2.0) [40,41] and the Glide module of the 

Schrodinger suite [42]. Preparation of the receptor for docking in 

AutoDock Vina (v1.2.0) was done by adding polar hydrogen bonds 

followed by the addition of Kolmann charges in AutoDock 4.2.6 [43]. 

A grid box was generated around the receptor covering the whole 

receptor molecule. For docking in Schrodinger, the protein preparation 

wizard of the Schrodinger suite [44] was used in which missing 

hydrogens were added, followed by the removal of heteroatoms and 

water molecules. The structure was then refined and optimized at pH 7.0 

using PROPKA [45], followed by minimization using OPLS4 force-

field [46]. The receptor grid was generated by selecting the 4Å residues 

on the CD40 receptor interacting with the ligand in the crystal structure. 
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The docked compounds were shortlisted based on the interaction of the 

peptidomimetic with all three critical residues (Y82, D84, and N86) in 

AutoDock Vina (v1.2.0) and Schrodinger. Further, physicochemical and 

ADMET analyses of the lead compounds were done on the pkCSM 

server [37]. 

 

5.4.5. The docking of peptidomimetic derivative  

As the derived peptidomimetic had limitations in its ADMET property, 

we sought to find the derivatives of the lead compounds which can 

increase the binding affinity with the receptor as well as have good 

ADMET properties. A structural similarity search of the lead 

compounds was done in PubChem (https://pubchem.ncbi.nlm.nih.gov/) 

by uploading the SMILES ID of the peptidomimetic structure. The 

resulting compounds were downloaded as 2D SDF and converted to 3D 

by the LigPrep module of the Schrodinger suite [47]. 3D SDF files were 

converted into pdbqt in Open Babel   and docked with the CD40 receptor 

(Chain S) in AutoDock Vina (v1.2.0) [40,41]. Compounds were then 

screened accordingly through their interaction with the three critical 

residues on the receptor. The shortlisted compounds were further docked 

in Glide [42] to find a similar interaction with the receptor. 

Physicochemical analysis of the top compounds in both platforms was 

done in the pkCSM server [37] to find the compound(s) with good 

ADMET properties. 

 

5.4.6. Molecular dynamics simulation 

To assess the stability of the screened peptide p-KGYY in complex with 

the CD40 receptor as well of peptidomimetic and peptidomimetic 

derivatives with the CD40 receptor, molecular dynamics simulations 

were performed using GROMACS 2025.4 [48] with the 

AMBER99-ILDN force field [49]. Each system was solvated in a cubic 

periodic box centred on the protein using the TIP3P water model, and 

counter-ions were added to neutralize the overall charge. After energy 

minimization, the systems were equilibrated under NVT at 300 K with 
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position restraints on the protein–ligand complex, followed by NPT at 1 

bar to stabilize density. Long-range electrostatics were treated with the 

Particle Mesh Ewald (PME) method, and bond constraints were applied 

using the LINCS algorithm. Production simulations were then carried 

out for 200 ns with a 2 fs timestep under periodic boundary conditions. 

Trajectory analyses, including RMSD, RMSF, radius of gyration and 

solvent accessibility, were conducted using built-in GROMACS utilities 

and QtGrace software to evaluate conformational stability and dynamic 

behavior of the systems. 

 

5.5. Results 

 

5.5.1. Structural analysis and docking of the CD40 receptor with the 

CD40 ligand  

To validate our computer modelling approach, we first analysed the 

crystal structure of the CD40-CD40L protein complex (RCSB: PDB 

3QD6) to deduce the critical residues involved in the protein-protein 

interactions. The protein-protein interface of the CD40 receptor (Chain 

S) and CD40 ligand (Chain C) was scrutinized using UCSF Chimera 

[32] to identify all residues which are found within the range of ionic 

and hydrogen bonding interactions of 4Å (Figure 5.2A and 5.2B). Our 

analysis confirmed a previous study finding that there are three critical 

residues on the CD40 receptor (Y82, D84, and N86) and two critical 

residues on the CD40 ligand (K143 and Y145) contributing to the 

protein-protein interactions within the CD40R-CD40L protein complex 

[30]. The monomeric chains of the CD40 receptor (Chain S) and ligand 

(Chain C) were also docked using PyDockWEB [34]  and then analysed 

for the 4Å range residues within the CD40R-CD40L complex. The 

docking results again showed the involvement of similar residues in 

mediating CD40R-CD40L interactions (Figure 5.3). 
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Figure 5.2. Analysis of the crystal structure of CD40-CD40L (PDB 

3QD6): A.) Schematic representation of the CD40 receptor (Chain S) 

interacting with CD40L (Chain C). 4Ǻ interacting residues between the 

complex have been highlighted in the circle. B) Table showing 4Ǻ 

interacting residues between the CD40 receptor (Chain S) and CD40L 

(Chain C). Residues in bold indicate critical residues in the receptor and 

the ligand. CD40 is highlighted in blue, and CD40L is highlighted in 

pink. 

 

Figure 5.3. Comparison of the crystal structure and the docked 

structure: A.) Crystal structure of CD40 (Chain S) and CD40L (Chain 

C) along with 4Ǻ residues highlighted in the circle. B.) Docking of 

CD40 (Chain S) and CD40L (Chain C) in PyDockWEB along with 4Ǻ 
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residues highlighted in the circle. C.) Table showing 4Ǻ interacting 

residues between crystal and docked structures of CD40-CD40L. 

Matching residues between the crystal and the docked structures are 

highlighted in bold and critical residues (82Y, 84D, and 86N) are 

underlined. CD40 is highlighted in blue, and CD40L is highlighted in 

pink. 

 

5.5.2. In silico mutational analysis of the CD40 receptor and CD40L  

To further decipher the importance of the critical residues on the 

receptor (Y82, D84, and N86) and the ligand (K143 and Y145), in-silico 

point mutational analysis was performed during which the critical 

residues on the CD40 receptor were individually replaced with alanine. 

Additionally, we created the CD40 receptor mutant in which all three 

critical residues were replaced with alanine. We then docked each in-

silico created mutant of the CD40 receptor with the CD40 ligand using 

the HDOCK server (http://hdock.phys.hust.edu.cn/) [35] . Control 

docking of the wild type CD40 receptor (without mutations) with the 

CD40 ligand was performed to compare the docking scores among the 

wild type and mutated complexes. The results showed decreases in the 

docking scores of the individually mutated CD40 receptors compared to 

the wild type CD40 receptor used as a control, with the highest decrease 

in the mutated CD40 receptor where all three critical residues were 

replaced with alanine (Figure 5.4). Similarly, the critical residues on the 

CD40 ligand (K143 and Y145) were also mutated individually or 

together and then docked with the CD40 receptor using HDOCK [35]. 

The result again showed decreases in the binding affinity in the mutated 

structures compared to the control, with the highest decrease found in 

the combined mutated structures (Figure 5.5). 
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Figure 5.4. Effect of mutation(s) on the critical residue(s) on the 

receptor binding with the ligand: Figure showing the docking of 

CD40 (Chain S) and CD40L (Chain C) with individual mutation(s) 

along with the dock scores in HDOCK. A.) Wild-type (no mutation). B.) 

Y82A. C.) D84A. D.) N86A. E.) All three mutations. F.) Graph 

comparing the dock scores between all mutations. Residues 82, 84, and 

86 in the receptor are highlighted in red, and residues 143 and 145 in the 

ligand have been highlighted in green. CD40 is highlighted in blue, and 

CD40L is highlighted in pink. 
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Figure 5.5. Effect of mutation(s) on the critical residue(s) on the 

binding of CD40L with CD40: Figure showing the docking of CD40 

(Chain S) and CD40L (Chain C) with individual mutation(s) along with 

the dock scores in HDOCK. A.) Wild-type (no mutation). B.) K143A. 

C.) Y145A. D.) Both the mutations. E.) Graph comparing the dock 

scores between all the mutations. Residues 82, 84, and 86 in the receptor 

are highlighted in red, and residues 143 and 145 in the ligand are 

highlighted in green. CD40 is highlighted in blue, and CD40L is 

highlighted in pink 

 

5.5.3. Designing of the inhibitory peptide and its docking to the CD40 

receptor 

Since the interaction of CD40 and CD40L is strongly implicated in 

atherogenesis, we next set out to design a small therapeutic inhibitory 

peptide capable of preventing the CD40-CD40L complex formation. A 

continuous stretch of residues in the CD40 ligand (143-146), critical for 

the interaction with CD40, was used as a template to design the 

therapeutic inhibitory peptide structure. The peptide (p-KGYY) was 

designed using UCSF Chimera [32] and then docked to the CD40 

receptor (PDB 3QD6; Chain S) using PyDockWEB [34] and ZDOCK 

[36]. The residues within the 4Å range in the docked peptide-CD40 

complex were analysed and compared with the interacting residues in 

the crystal structure of the CD40-CD40L complex. We found that the 

peptide-CD40 interface was very similar to that of the equivalent stretch 

in the CD40-CD40L crystal structure (Figure 5.6). However, while 

conducting the physicochemical and ADMET analyses of the peptide 

using the pkCSM server [37], we found that the designed peptide may 
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exhibit hepatotoxicity (Table S5.1). These urged us to search for a better 

therapeutic molecule with a safer profile. 

Figure 5.6. The docking of peptide (p-KGYY) with the CD40 

receptor: A.) Diagrammatic representation of docking of the peptide 

with the CD40 receptor in PyDockWEB. 4Ǻ interacting residues are 

shown in a circle. B.) Diagrammatic representation of docking of the 

peptide with the CD40 receptor in ZDOCK. 4Ǻ interacting residues are 

shown in a circle. C.) 4Ǻ interacting residues in the crystal structure of 

CD40-CD40L (PDB 3QD6). D.) 4Ǻ interacting residues between the 

peptide and the receptor in PyDockWEB and ZDOCK. Similar residues 

in the docked structure and the crystal structure are highlighted in bold 

and critical residues on the receptor (82Y, 84, and 86N) are underlined. 

CD40 is highlighted in blue, and the peptide is highlighted in pink. 

 

5.5.4. Peptidomimetics as a therapeutic strategy to block CD40-CD40L 

interactions  

To address the limitations of the derived peptide structure, 

peptidomimetics were used as an alternative therapeutic strategy.  The 

peptidomimetic pep:MMs:MIMIC server 

(http://mms.dsfarm.unipd.it/pepMMsMIMIC/) was used to derive the 

best peptidomimetic structures from the publicly available database. 

pep:MMs:MIMIC utilizes a 3D-similarity search of the peptide among 
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17 million available conformers of 3.9 million commercially available 

compounds in the MMsINC database [39] and provides the top 200 

molecules. The resultant molecules were individually docked to the 

CD40 receptor using AutoDock Vina (v1.2.0) [40] and the Glide module 

of the Schrodinger suite [42] and were then shortlisted based on their 

interaction with all the three critical residues (Y82, D84, and N86) on 

the CD40 receptor. One molecule (MMs01727545) was found to be 

interacting with all the three critical residues on CD40 along with the 

good docking score in both platforms (Figure 5.7). However, the 

physicochemical and ADMET analyses still flagged a positive 

hepatotoxicity value for this compound (Table S5.2). Therefore, we 

next set out to search for the derivatives of our peptidomimetic structure 

(MMs01727545) with a comparable or greater binding affinity to CD40 

and a negative hepatotoxicity value. 

 

Figure 5.7. The docking of peptidomimetic (MMs01727545) with the 

CD40 receptor: A.) Diagrammatic representation of the docking of the 

peptidomimetic (MMs01727545) with the CD40 receptor. Docking 

scores for AutoDock Vina and Schrodinger are indicated B.) 2D 

interaction diagram of the interacting residues between the receptor and 

the peptidomimetic structure (MMs01727545). 
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5.5.5. Designing the peptidomimetic derivatives and their docking to 

CD40  

In this case, we utilized PubChem (https://pubchem.ncbi.nlm.nih.gov/) 

to identify the peptidomimetic derivatives. We performed a similarity 

search of the molecules by uploading SMILES ID of our lead 

peptidomimetic structure (MMs01727545) and downloading 1000 

structurally identical molecules. The docking of these molecules was 

performed using AutoDock Vina (v1.2.0) [41]  and Schrodinger 

Software [42]. Three molecules were identified (PubChem ID 

121356761, 146599825, and 126700407) that were able to bind to all 

three critical residues of CD40 in both docking platforms (Figure 5.8). 

Excitingly, the physicochemical and ADMET analyses of these 

molecules yielded negative hepatotoxicity values. In summary, these 

three derivatives interacted with all three critical residues on CD40 

(Y82, D84, and N86), exhibited a higher binding affinity to CD40 as 

compared to the original peptidomimetic structure, and possessed good 

physicochemical and ADMET properties (Table 5.1). 

 

Figure 5.8. The docking of the peptidomimetic derivatives with the 

CD40 receptor: Diagrammatic representation of the docking of 

individual peptidomimetic derivatives with the CD40 receptor in 

AutoDock Vina and Schrodinger along with the 2D interaction diagram. 

A) 121356761, B) 146599825, and C) 126700407. Individual docking 

scores have been indicated. Interacting residues between the complex  
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have been highlighted. CD40 is highlighted in blue, and 

peptidomimetics are highlighted in pink 

 

Table 5.1: Summary of docking of peptidomimetics and their 

derivatives:  

 

A.) Dock Scores and residual interaction of peptidomimetic 

(MMs01727545) and their derivatives (PubChem ID: 121356761, 

146599825 and 126700407). 

Parameters MMs01727545 121356761 146599825 126700407 

Dock 
Scores 

Autodock 
Vina -6.9 -7.4 -7 -6.8 

Interaction 82: h-bond, C-
H bond; 84: h-
bond; 86: VdW 

82: pi-pi; 
84: H-

bond; 86: 
VdW 

82: H-bond; 
pi-pi; 84: H-
bond; 86: 

VdW 

82: H-bond; 
pi-pi; 84: H-
bond; 86: 

VdW 
Schrodinger -3.406 -5.8 -5.6 -4.2 

Interaction 82: pi-pi; 84: h-
bond; 86: VdW 

82: H-
bond; pi-
pi; 84: H-
bond; 86: 

VdW 

82: H-bond; 
pi-pi; 84: H-
bond; 86: 

VdW 

82: H-bond; 
pi-pi; 84: H-
bond; 86: 

VdW 
 

 

. 
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B.) Comparison of physiochemical and ADMET properties of the 

peptide (p-KGYY), peptidomimetics and their derivative 

Parameters 
p-

KGYY 
MMs01727545 121356761 146599825 126700407 

Physicochemical 
properties 

M.W. 531.61 812.8 691.686 737.799 767.781 

LogP -1.92 1.7 2.27742 3.3973 2.4469 

Rotatable 
bond 

15 9 8 13 8 

Acceptor 

bond 
6 15 13 13 15 

Donor bond 8 5 6 6 6 

Absorption 

Water 
Solubility 

-3.086 -3.073 -3.255 -3.392 -3.045 

Caco2 
permeability 

-0.26 0.368 0.281 0.391 0.314 

Intestinal 
absorption 

6.574 71.983 78.598 66.907 70.84 

Skin 
permeability 

-2.735 -2.735 -2.735 -2.735 -2.735 

Distribution 

Fraction 
unbound 

0.39 0.173 0 0.067 0.1 

BBB 
permeability 

-0.692 -1.925 -1.883 -1.826 -2.184 

CNS 
permeability 

-4.368 -4.195 -4.31 -4.052 -4.351 

Metabolism 

CYP2D6 
substrate 

No No No No No 

CYP2D6 
inhibitor 

No No No No No 

Excretion 
Total 

Clearance 
1.094 1.274 -0.392 -0.13 -0.466 

Toxicity 

AMES toxicity No No No No No 

Hepatotoxicity Yes Yes No No No 

Skin 
sensitization 

No No No No No 
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5.5.6. Molecular Dynamic simulation 

The peptide as well as peptidomimetic derivative compounds 

demonstrate pronounced structural stability and coherent binding to the 

CD40 receptor, as revealed by the 200 ns molecular dynamics 

simulations. In comparison to the native CD40R–CD40L complex 

(RMSD: 0.451 ± 0.103 nm; Rg: 2.276 ± 0.057 nm; SASA: 91.83 ± 2.04 

nm²), the designed derivatives consistently exhibit lower backbone 

deviations (RMSD: 0.312–0.348 nm), reflecting reduced 

conformational drift and enhanced stability of the receptor–ligand 

interface (Figure S5.2-S5.5 and Table S5.3). The radius of gyration 

values remained tightly clustered (2.14–2.22 nm), indicating that the 

global compactness of the receptor is preserved across all systems, while 

solvent-accessible surface area values (86.78–89.71 nm²) are reduced 

relative to the native ligand, suggesting a more restrained solvent 

exposure and stabilized packing of the protein surface (Figure S5.2-

S5.5 and Table S5.3). Residue-level RMSF analysis further supports 

this stabilization, with fluctuations across the CD40 backbone remaining 

below 0.4 nm and consistently lower than those observed in the apo 

state, highlighting dampened local flexibility and reduced dynamic 

perturbations at critical binding regions. Taken together, these 

quantitative metrics provide strong evidence that the peptidomimetic 

derivatives engage CD40 with superior structural stability and dynamic 

control compared to its natural ligand, thereby reinforcing their 

mechanistic potential as rationally designed inhibitors with therapeutic 

relevance. 
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5.6. Discussion 

Computer-aided drug design approaches are powerful tools for drug 

discovery. In this study, we used these tools for in silico design of 

inhibitory peptides that could potentially disrupt the interaction between 

the CD40 receptor and CD40 ligand. The CD40-CD40L complex 

formation is implicated in the pathogenesis of atherosclerosis [9]. The 

CD40-CD40L interaction is critical during the rolling and adhesion of 

CD40 bearing monocytes on the CD40L positive endothelium, 

promoting monocytes extravasation and then transformation to 

macrophages that may later become foam cells after engulfing oxidized 

LDL [10]. Macrophage accumulation in plaques causes atherosclerosis 

progression [50]. Mechanistically, interaction of CD40 with the CD40L 

triggers the recruitment of Tumor necrosis factor receptor-associated 

factors (TRAFs) such as TRAF-2, -3, -5 and -6 [19]. Interaction of 

CD40-TRAF6 has found to play an important in plaque formation while, 

interaction with TRAF-2, -3 and -5 plays a minor role in the disease 

progression [19,51]. Indeed, targeting CD40-TRAF6 interaction by 

TRAF-STOP inhibitor was found to attenuate the formation of 

atherosclerosis plaque in Apoe-/- mice [20] . Atherosclerosis is a major 

CVD and a risk factor for myocardial infarction and stroke. Although 

lipid-lowering therapies, anti-hypertensive agents, and anti-platelets 

drugs are helpful in reducing the risk of CVD and save patient lives, 

novel alternative pharmacological tools are still needed. Thus, blocking 

CD40-CD40L interactions with a targeted peptide would reduce 

macrophage accumulation in atherosclerotic lesions, and this may lead 

to the regression of atherosclerosis [8]. The current study identified 

peptide and its peptidomimetic derivative which binds to the critical 

residues on the CD40 receptor involved in its interaction with the ligand 

and can block the receptor-ligand interaction, thus attenuating the 

disease progression. 
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5.6.1. The docking of the CD40 receptor to the CD40 ligand  

The crystal structure of CD40-CD40L was downloaded from RCSB 

PDB (PDB 3QD6), and the monomeric chains of the CD40 receptor 

(Chain S) and CD40 ligand (Chain C) were studied to identify the 

interacting partners for each residue within the 4Å range known to 

characterise ionic and hydrogen bonding in protein complexes. Analyses 

of the 4Å residues between the complex is crucial as it dictates the 

involvement of critical residues involved in the interaction between the 

complex. We used UCSF Chimera [32] to perform this task. In-vitro 

mutational study established the critical role of residues Y82, D84, and 

N86 on CD40 and K143 and Y145 on CD40L in mediating the 

interaction within the protein-protein complex [30]. Our analysis of the 

4Å interacting residues using the published crystal structure atomic 

coordinates also found the involvement of the same residues on the 

receptor as well as in the ligand, validating our computer modelling 

approach. We further validated our ability to identify critical residues in 

CD40 (Chain S) docked to CD40L (Chain C) by using PyDockWEB 

server [34]. PyDockWEB is a user-friendly server which allow the use 

of PyDOCK rigid-body protein-protein docking and scoring is 

performed based on electrostatics and desolvation energy [34,52]. 

Again, the 4Ǻ interacting residues were successfully identified in the 

docked structure. We found the maximum similarity of residues between 

the docked and the crystal structure (Figure 5.2), which further confirms 

the importance of these residues in mediating the receptor-ligand 

interaction. 

 

5.6.2. The mutational analysis of CD40 and CD40L  

After confirming in silico the importance of residues Y82, D84, and N86 

on CD40 as well as K143 and Y145 residues on CD40L [30], we next 

aimed to perform the in-silico mutational analysis by replacing these 

critical residues with alanine which can impede the binding within the 

CD40-CD40L complex, resulting in the decrease in the binding affinity 

of CD40L to CD40. Replacement of critical residues using site-directed 

mutagenesis can help in deciphering the importance of that residue(s) in 
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the interaction with the ligand. Alanine is the most common residue used 

as it is a simpler amino acid. Our result indeed indicated a decrease in 

the binding affinity of the receptor with the ligand in individually 

mutated complexes. The binding affinity was further decreased when 

the combined all three mutations were done in the CD40 receptor 

binding domain, further confirming the importance of these residues in 

the interaction with CD40L (Figure 5.4). Vice versa, the replacement 

with alanine of the residues K143 and Y145 in the CD40L binding 

domain, individually or combined also resulted in a decrease in the 

binding affinity of the mutated CD40L to CD40 with a maximum 

decrease found when both residues were mutated simultaneously 

(Figure 5.5). These results again confirmed the importance of the 

CD40L binding site residues for the interaction of the receptor and 

ligand, targeting which can help in the inhibition of the interaction 

between these two proteins. 

 

5.6.3. Designing the blocking peptide and its docking to CD40  

CD40L is important for the interaction of the immune cells and the 

platelets. Various cells involved in the plaque pathogenesis expresses 

CD40L on their surfaces[11]. CD40L expression by cells such as T-cells 

and platelets plays an important role in their activation and disease 

progression [12] . Also, CD40L present on the platelets plays a major 

role in the stabilization of thrombus [53]. Notably, monoclonal antibody 

against CD40L has shown adverse side effects, such as thromboembolic 

events in humans and primates [54,55]. Therefore, in our study, we used 

the CD40 receptor as a therapeutic target. Another study has also 

targeted the CD40 receptor in atherosclerosis and found positive results 

in limiting the disease progression [19]. Thus, a therapeutic peptide was 

designed against the CD40 receptor to limit its interaction with CD40L. 

Designing a therapeutic peptide is a well-known strategy to limit the 

protein-protein interaction (PPI) [56]. Due to large and shallow 

interfaces of PPIs and the lack of binding pockets, PPIs is mostly 

regarded “undruggable” by small molecule inhibitors, while peptides 

designed against the critical residues involved in PPI serves as a good 
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antagonist which can limit their interaction [57,58]. Our peptides mimic 

the residues in the binding site of CD40, thus limiting the binding 

affinity of CD40L to CD40. Also, the usage of peptides as a therapeutics 

has several advantages over proteins or antibodies, such as low cost, 

lower toxicity, lower accumulation in tissues, high biological and 

chemical diversity, and high potency [59].  

To identify the similarity of the involved residues between the docked 

structure of receptor-peptide complex and the crystal structure, the 4Å 

interacting residues between the docked CD40 receptor-peptide 

(pKGYY) complex were analysed and compared with the interacting 

residues in the crystal structure. We found similarity in some of the 

interacting residues between the CD40 receptor-peptide (pKGYY) and 

the crystal structure of CD40-CD40L (Figure 5.6). This result suggested 

that the peptide was interacting at the interface site of the receptor 

known for its interaction with the ligand and thus can limit the 

interaction of the receptor with the ligand. Therapeutic peptides have 

been successfully used as an antagonist for various cell-surface 

receptors [60]. Although Y82 and D84 interacted with the p-KGYY, 

N86 was not involved in the interaction. To analyse the ADMET 

properties of the peptide, we used pkCSM server [37]. pkCSM relies on 

the distance-based graph signature of the molecule to predict the 

pharmacokinetic and toxicity profiles. Many others studies have also 

reported the use of pkCSM for predicting the pharmacokinetics and 

toxicity profile of the molecule(s) [61–65]. For ADMET analysis, 

following parameters where chosen. In absorption parameter, water 

solubility, CaCo2 permeability, intestinal absorption and skin 

permeability were considered. Water solubility reflects the solubility of 

the molecule in the water at 25o C. Higher the negative value, better the 

solubility. CaCo2 permeability is used as an in-vitro model of human 

intestinal mucosa to predict the absorption of orally administered drugs. 

LogPapp greater than 0.9 suggest high CaCo2 permeability. Intestinal 

absorption predicts the percentage of compound absorbed through 

human intestine. Compound with value less than 30% considered poorly 

absorbed. Skin permeability predicts whether given compound is skin 
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permeable for transdermal delivery. logKp > 2.5 considered low skin 

permeable. In distribution parameter, fraction unbound, blood-brain 

barrier (BBB) permeability and central nervous system (CNS) 

permeability were considered. Fraction unbound predicts the fraction of 

the drug free from binding with the serum proteins. More the binding 

with the serum proteins, less efficiently it can diffuse. It predicts the 

value on scale of 0-1. BBB permeability is the ability of compound to 

cross the blood-brain barrier. logBB value above 0.3 is considered 

readily crossable, while value below -1 suggest poor distribution in 

brain. logPS value > -2 considered penetrable for CNS permeability 

while logPS < -3 considered impenetrable. In metabolism parameter, 

substrate and inhibitor for isoform of cytochrome P450 (CYP450) and 

total clearance were considered. Cytochrome P450 is a detoxifying 

enzyme in the liver which deactivates the drug. Cytochrome P450 

substrate suggest whether the compound is substrate for CYP450 

isoforms CYP2D6 and CYP3A4 for effective clearance. Cytochrome 

P450 inhibitor predicts whether compounds act as an inhibitor for 

isoforms of CYP450. Total clearance predicts the bioavailability of the 

drug and to suggest the dosing rates to achieve steady-state 

concentration. It combines hepatic and renal clearance. Positive value 

corresponds to high clearance. In toxicity parameter, ames toxicity, 

hepatotoxicity and skin sensitization were considered. Ames Toxicity 

indicates the mutagenic potential of the compound. Positive value 

suggest compound is mutagenic and potential carcinogenic. 

Hepatotoxicity predicts whether the compound likely to associate with 

the disrupted normal functioning of the liver. Skin sensitization predicts 

whether the compound induce allergic contact dermatitis when 

encountered by skin.  In silico physicochemical and ADMET analyses 

of the peptide revealed hepatotoxicity to be positive (Table S5.1). 

Hepatoxicity/ Drug-induced liver injury (DILI) is one of the most 

frequent cause for the termination of drug development programs [66]. 

Therefore, we further focused on the modifications of the parent peptide 

to improve its ADMET properties. 
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5.6.4. Peptidomimetic as a therapeutic strategy against CD40  

There are several limitations associated with the natural peptides which 

limit their use, such as low oral bioavailability, short half-life, rapid 

clearance, and low metabolic stability, among others [23]. We found that 

our designed peptide was not interacting with all the three critical 

residues in CD40 as well as the ADMET analysis predicted positive 

hepatotoxicity of the peptide. To address these drawbacks, 

peptidomimetics were used as a therapeutic option. Peptidomimetic has 

been sought as an improved therapeutic option compared to the peptide. 

Peptidomimetics mimics the original structure of the peptide with 

increased stability, improved target specificity, and good membrane 

permeability due to the addition of unnatural amino acids, backbone 

amide modification, and/or the addition of hydrophobic residues 

[24,67]. Several reports had found improved outcomes when 

peptidomimetics were used as a therapeutic option [68–71]. 

Peptidomimetics utilizes 3D conformations and pharmacophoric 

properties of the input peptide to provide resultant peptidomimetic 

structures present in the database. We used peptidomimetic server 

pep:MMs:MIMIC (http://mms.dsfarm.unipd.it/pepMMsMIMIC/) [38] 

to find the best peptidomimetic structures in the database. The resultant 

molecules were docked to CD40 in AutoDock Vina (v1.2.0) [40] and 

Glide module of the Schrodinger suite [42]. After analysing the top 200 

molecules, one molecule (MMs01727545) was found to be interacting 

with all three critical residues (Y82, D84, and N86) along with the good 

dock score in both platforms (Figure 5.7). Further, physicochemical and 

ADMET properties of the compound were analysed in pkCSM server. 

The peptidomimetic MMs01727545 still showed positive hepatotoxicity 

(Table S5.2). Therefore, we resorted to identifying the derivatives of 

MMs01727545 which would preserve its backbone elements with slight 

modification in the side chains, that can increase the binding affinity of 

it to the receptor and may reduce the molecule hepatotoxicity.  
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We used PubChem server (https://pubchem.ncbi.nlm.nih.gov/) for 

conducting the similarity search of the parent peptidomimetic molecule 

using 3D conformers by uploading SMILES ID of the peptidomimetic 

structure (MMs01727545). This resulted in the identification of 1000 

structurally identical molecules from the database. After docking these 

molecules using AutoDock Vina (v1.2.0) [41] and Schrodinger, we were 

able to narrow the number of hits to three molecules (PubChem ID 

121356761, 146599825, and 126700407). These three modified 

peptidomimetics interacted with all three critical residues of CD40 in 

both docking platforms (Figure 5.8). Interestingly, analysis of the 

ADMET properties of these molecules predicted no hepatotoxicity in 

pkCSM server (Table 5.1). In conclusion, our similarity search for the 

better modified peptidomimetics led us to the three best derivatives that 

were found to be interacting with the critical residues on CD40 receptor 

(Y82, D84, and N86) with higher binding affinity compared to the 

original peptidomimetic structure and had better physicochemical and 

ADMET properties compared to its counterpart (Table 5.1). Thus, we 

successfully identified peptidomimetics inhibitors capable of blocking 

the interaction between CD40 and CD40L. Such peptidomimetic 

inhibitors may potentially be useful for treating various autoimmune 

diseases such as atherosclerosis where CD40-40L interaction plays an 

important role in the progression of the disease.  

 

5.6.5. Molecular Dynamic simulation of CD40-peptide and 

peptidomimetics derivatives 

Molecular dynamics simulation was carried out for period of 200ns for 

all the apo and complex systems. The MD results were evaluated to 

understand the conformational changes and structural deviations. For 

the analysis of macromolecular structures and their dynamic changes, 

the root-mean-square deviation (RMSD) stands out as a widely accepted 

measure of similarity. This examination helps us assess whether the 

simulation has reached a state of equilibrium and there were minimal 

disturbances towards the end of the simulation. It determines the change 

in selection of atom from a particular frame with respect to the reference 
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frame. Compared to the CD40-40L complex, the peptide as well as the 

peptidomimetic derivatives showed better stability metrics suggesting 

that the peptide as well as peptidomimetic derivatives were having stable 

interaction with the receptor. 

RMSF measures the variation or fluctuation in the positions of atoms 

over the course of an MD simulation. High RMSF values at specific 

regions of the molecule indicate that those areas are highly flexible and 

undergo significant fluctuations during the simulation. Conversely, low 

RMSF values suggest rigidity or minimal atomic movements. There was 

no significant difference observed in the RMSF values of the receptor 

with the peptide and peptidomimetics compared to CD40L. This 

suggests that the residue-wise fluctuations were not significant in all the 

complexes. 

Radius of gyration plot indicates the compactness of the protein. Smaller 

Rg values indicate a more compact and tightly folded structure, while 

larger Rg values suggest a more extended and less compact structure 

[72] . There was no significant difference observed in the Rg values of 

the receptor with the peptide and peptidomimetics compared to CD40L. 

This suggests the compactness of all the receptor-ligand complex. 

SASA, or solvent-accessible surface area, comes in handy during 

molecular dynamics (MD) simulations. It acts as our guide to discerning 

how much of a molecule's surface is available for interaction with the 

surrounding solvent molecules, offering valuable insights into the 

molecule's overall structure and behaviour. High SASA values imply 

that a larger portion of the molecule's surface is exposed to solvent, 

suggesting greater flexibility and conformational changes while low 

SASA values suggest that the molecule is more compact and buried 

within its own structure or is shielded from solvent molecules [73]. 

Monitoring SASA can help identify conformational changes in proteins. 

Increased SASA may indicate the opening of a protein's binding pocket, 

while decreased SASA can signal pocket closure. It was found that the 
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SASA values were slightly better for peptide and peptidomimetics 

derivatives compared to CD40-40L complex. 

 

5.7. Conclusion 

 

The current study identified three compounds that can bind to the critical 

residues on the CD40 receptor and can potentially inhibit the interaction 

of CD40 and CD40L. The compounds possess good physicochemical 

and ADMET properties with higher binding affinity compared to the 

parent compound. Interaction of CD40 and CD40L is implicated in 

atherosclerosis progression. Based on the molecular dynamics analysis, 

the CD40-peptide complex is relatively stable than the CD40-CD40L 

complex based on RMSD, RMSF, radius of gyration, SASA, and H-

bonds. Therefore, the designed molecule may potentially help reduce 

atherosclerosis. Although this in-silico study has its limitations, in-vitro 

testing of these compounds should be done to validate the computational 

findings. 
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CHAPTER 6 

Summary, Conclusion and Future prospects 

 

 

6.1. Graphical Summary 

 

 

 

 

 

 

 

 

 

Figure 6.1. Overall summary of the work. Figure depicting the overall 

summary of the work. Uptake of Ox-LDL leads to the activation of NOS1 

which further leads to activation of p65 and other inflammatory mediators such 

as IL-1β and CD40 receptor on the macrophage. The figure illustrates the 

targeting of IL-1β/IL-1R1 and CD40-40L interaction by small molecule 

inhibitors and therapeutic peptide, thereby reducing the disease pathogenesis. 
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6.2. Concluding points: 

1.  Nitric Oxide Synthase -1 (NOS1) plays an important role in 

mediating the foam cell formation and generation of nitric oxide 

in the macrophage in response to OxLDL stimulation. Ox-LDL 

stimulation in the RAW264.7 macrophage led to 

phosphorylation of NOS1 and translocation of p65 into the 

nucleus at 2-hour time point. TRIM treatment led to decrease in 

the NOS1 phosphorylation and p65 translocation, confirming the 

central role played by NOS1 in mediating the disease 

progression 

 

2. Phosphorylation of NOS1 and subsequent translocation of p65 

into the nucleus led to increase in the expression of pro-

inflammatory cytokines such as TNF-α and IL-1β. It also led to 

increase in the inflammatory markers such as CD36 and CD40 

receptor on the surface of the macrophage. This leads to the 

conclusion that NOS1 mediated p65 activation and translocation 

into the nucleus leads to expression of inflammatory mediators, 

further aggravating the disease progression. 

 
3. Secretion of IL-1β by the macrophage binds to the IL-1R1 

receptor present on the endothelial cell. Activation of IL-1R1 

signalling axis further leads to changes in the membrane 

permeability of the endothelial cells as observed by the IL-1β 

induced VE-cadherin degradation and decrease in the electrical 

resistance of the membrane. 

 
4. IL-1β induced IL-1R1 activation leads to activation of signalling 

cascade including of MAPK Cascade such as ERK and p38. 

These leads to downstream phosphorylation and activation of 

p65 which further is involved in pathway mediating the VE-

cadherin degradation. 
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5.  Computational analyses for the therapeutic inhibitors targeting 

the interaction between IL-1β and IL-1R1 led to identification of 

Radotinib and Lomitapide as a key inhibitor which might be 

involved in the inhibition of this interaction. Experimental 

analyses indicated increased electrical resistance and increase in 

the cell surface VE-cadherin expression in response to the drugs 

and IL-1β co-treatment. Also, lomitapide led to decrease in the 

ERK and p38 activation and subsequent decrease in the p65 

activation. These results suggest that both radotinib and 

lomitapide can be a useful therapeutic entity targeting the IL-

1β/IL-1R1 signalling axis. 

 
6. Analyses of the CD40-40L interaction led to identification of key 

residues involved in the interaction. This led to designing of 

therapeutic peptide inhibiting this interaction by binding to the 

key residues on the CD40 receptor. Further refinement to 

increase the binding efficiency and better ADMET properties led 

to identification of three peptidomimetics derivatives with 

improved binding affinity and physicochemical characteristics. 

Furthermore, molecular dynamics simulation showed better 

stability with the receptor, thus confirming the peptidomimetic 

derivatives as a useful therapeutic strategy against the CD40-40L 

interaction. 
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6.3. Conclusion: 

The current study deals with the identification of NOS1 as a central 

regulator for the Ox-LDL induced p65 activation and subsequent 

activation of pro-inflammatory mediators such as IL-1β, CD40 and 

CD36 receptor on the macrophage. Furthermore, it also deals with the 

identification of the therapeutic entities targeting the IL-1β/IL-1R1 and 

CD40-40L interactions by repurposed small molecule inhibitors and 

peptidomimetic derivatives respectively to ameliorate the disease 

progression. 

Macrophage plays an important role in mediating the atherosclerosis 

disease progression. Oxidation of low-density lipoproteins (LDL) in the 

intimal region of the arteries leads to generation of oxidised LDL species 

(Ox-LDL). Ox-LDL binds to the scavenger receptor present on the 

macrophage such as CD36 receptor, further leading to its phagocytosis 

and engulfment inside the macrophage. Nitric oxide plays an important 

role in the pathogenesis of the disease. Nitric oxide produced from Nitric 

oxide synthase (NOS) plays an important role in vascular diseases. In 

that regard, the current study explored the role of NOS1-derived Nitric 

oxide production and its effect on the macrophage in foam cell 

formation. The study identified that ox-LDL led to production of NOS1-

derived NO with increase in the NOS1 phosphorylation and ox-LDL 

uptake by the macrophage. Uptake of ox-LDL led to translocation of 

p65 into the nucleus, which further led to expression of pro-

inflammatory cytokines and inflammatory mediators such as IL-1b, 

CD36 and CD40 receptor. Expression of these pro-inflammatory 

mediators further enhanced the disease progression by acting on the 

endothelial cell, leading to various physiological consequences such as 

recruitment of immune cells (via CD40 receptor), endothelial 

permeability (via IL-1β) and uptake of ox-LDL by the macrophage (via 

CD36 receptor). 

Furthermore, the study explored the intrinsic role played by IL-1β on the 

endothelial cell. Release of IL-1β by the macrophage leads to its binding 
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with the IL-1R1 receptor present on the endothelial cell. These receptor-

ligand interaction leads to activation of inflammatory signalling cascade 

such as MAPK cascade containing p38 and ERK, which further lead to 

activation of p65 in the endothelial cell. Activation of p65 leads to 

signalling events leading to phosphorylation of VE-cadherin on the 

surface. VE-cadherin phosphorylation leads to its internalisation inside 

the cells, thereby reducing the VE-cadherin expression on the surface 

and leading to permeability of membrane on the endothelial cell. 

Therefore, inhibiting the IL-1β/IL-1R1 interaction might be beneficial 

in the context of reducing the pathogenesis of the disease. 

Therefore, to inhibit the IL-1β/IL-1R1 interaction, we explored for the 

therapeutic entities which can inhibit this interaction. Screening of FDA-

approved and plant natural compound libraries led to identification of 

two molecules (i.e. Radotinib and Lomitapide) which bounded to the 

active site of the receptor, thereby inhibiting the receptor-ligand 

interaction. Further in-silico analyses found better stability and binding 

efficiency with the receptor compared to positive control. In-vitro 

analyses of the compounds showed reduction in the permeability of the 

endothelial cell, with increase in the surface expression of the VE-

cadherin. Also, lomitapide showed decrease in the activation of MAPK 

cascade molecules such as ERK and p-38, which further led to decrease 

in the p65 activation. These led to conclude that the compounds were 

effective in neutralising the IL-1β mediated effect on the endothelial 

cell. 

CD40-40L interaction also plays an important role in mediating the 

interaction between immune cells and endothelial cells. This leads to 

expression of cell adhesion molecule leading to invasion of immune cell 

into the intima and disease progression. Therefore, to target the CD40-

40L interaction, we designed therapeutic peptide against the CD40 

receptor. The peptide showed good binding with the critical residues of 

the receptor, but the ADMET analyses showed hepatoxicity associated 

with it. Therefore, we identified peptidomimetic with improved 

ADMET properties compared to peptide. To further increase the binding 
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affinity and ADMET properties, we identified peptidomimetic 

derivatives which had better binding efficiency and better ADMET 

properties compared to peptidomimetic structure. The identified 

peptidomimetics also possessed good stability with the receptor. Thus, 

these peptidomimetics derivatives need to be further validated through 

in-vitro and in-vivo analyses to identify as a therapeutic entity against 

the CD40-40L interaction 

 

6.4. Future Prospects 

Although the current study identified the novel role of NOS-1 in 

mediating the foam cell formation in the macrophage and therapeutic 

entities targeting IL-1β/IL-1R1 and CD40-40L axis, certain limitations 

remain which can be further explored: 

6.4.1. Signalling intermediates involved in NOS1 induced foam cell 

formation and p65 activation 

Although the study identified the role of NOS1 in foam cell 

formation and p65 activation, signalling intermediates involved 

in the activation of NOS1 and the mechanism of NOS1 mediated 

p65 activation remains to be explored. Identifying this signalling 

mechanism might provide a clear view of the involvement of the 

NOS1 in the disease pathogenesis. 

 

6.4.2. Experimental validation of the effect of NOS1 in ApoE KO 

mice 

The limitation with the current study is the identification of 

NOS1-mediated mechanism in the in-vitro cell culture model. 

Further replicating the same results in the ApoE KO mice model 

will justify the crucial role played by NOS1 in the disease 

pathogenesis of atherosclerosis.  
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6.4.3. Precise identification of the binding mechanism of the IL-

1R1 inhibitors 

Although, the study identified the therapeutic entities targeting 

the IL-1β/IL1R1 interaction, certain limitations still remain. 

Firstly, the experimental validation was largely confined to in 

vitro endothelial models. Validation through animal model is 

needed to confirm the efficacy, pharmacokinetics, and safety 

profile of the drug. Second, although computational studies 

strongly suggested direct binding of the drugs with the IL-1R1 

receptor, experimental validation through methods such as 

surface plasmon resonance or isothermal titration calorimetry is 

necessary. Also, the broader off-target effects of these drugs need 

careful evaluation in context of long-term therapeutic use. 

 

6.4.4. Experimental validation of the therapeutic peptide and 

peptidomimetic inhibitors against the CD40-40L 

interaction 

In-silico analyses of the therapeutic peptide and peptidomimetic 

inhibitor showed good binding efficiency with the receptor with 

better ADMET properties. Although the current study was 

limited to in-silico analyses, further in-vitro and in-vivo studies 

remains to be explored to better characterise the therapeutic 

peptide and peptidomimetic inhibitor as a CD40-40L inhibitors. 
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APPENDIX 

Appendix A: Supplementary Figures 

 

Chapter 4: NOS1 mediated IL-1β activation and small molecule 

inhibitors targeting IL-1β and IL-1R1 interaction 

 

 

Supplementary figure S4.1.  Structural and energetic analysis of IL-

1R1 in complex with radotinib, lomitapide, and anakinra. (A) 

Backbone RMSD of whole protein backbone, (B) Backbone RMSD of 

domain 1 and 2, C.) Cα-RMSF of residues across the protein, (D) 

Backbone RMSD of binding pocket region, (E) Potential of mean force 

(PMF) versus heavy-atom RMSD of the ligands, (F) Distance between 

the center of mass (COM) of the binding pocket and the ligand 

 

 

 

 

 

 



208 
 

 

 

 

 

Supplementary figure S4.2. Structural and energetic analysis of IL-

1R1 in complex with radotinib, lomitapide, and anakinra.  (A) 

Radius of gyration (RoG) of domain 1 and 2, (B) Solvent-accessible 

surface area (SASA) of domain 1 and 2, (C) Radius of gyration (RoG) 

of domain 3, (D) Solvent-accessible surface area (SASA) of domain 3, 

(E) Number of hydrogen bonds formed between protein and ligands over 

time, (F) Per-residue free energy decomposition showing contributions 

of key residues to ligand binding 
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Chapter 5: Novel peptide inhibitors targeting CD40 and CD40L 

interaction: a potential for atherosclerosis therapy 

 

 

 

 

 

 

 

 

Supplementary Figure S5.1. Molecular Dynamic Simulation of the 

CD40 receptor (apo protein). Figure depicting the RMSD, RMSF, Rg 

and SASA values of the apo CD40 receptor. 

 

 

 

 

 

 

 

 

Supplementary Figure S5.2. Molecular Dynamic Simulation of the 

CD40 receptor with CD40 ligand. Figure depicting the RMSD, RMSF, 

Rg and SASA values of the CD40 ligand with the CD40 receptor. 
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Supplementary Figure S5.3. Molecular Dynamic Simulation of 

peptide (p-KGYY) with the CD40 receptor. Figure depicting the 

RMSD, RMSF, Rg and SASA values of the peptide (p-KGYY) with the 

CD40 receptor. 

 

 

 

 

Supplementary Figure S5.4. Molecular Dynamic Simulation of 

peptidomimetic (MMs01727545) with the CD40 receptor. Figure 

depicting the RMSD, RMSF, Rg and SASA values of the peptide 

(MMs01727545) with the CD40 receptor. 
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Supplementary Figure S5.5. Molecular Dynamic Simulation of the 

three peptidomimetic derivatives with the CD40 receptor. Figure 

depicting the RMSD, RMSF, Rg and SASA values of the three 

peptidomimetic derivatives with the CD40 receptor. 
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Appendix B: Supplementary Tables 

 

Chapter 3: Role of NOS1 in different diseases and macrophage foam 

cell formation in atherosclerosis 

 

Supplementary Table S3.1. Primers sequences used for qRT-PCR   

Primers Forward primer Reverse primer 

GAPDH 5’-
GCACAGTCAAGGCCGAG
AAT-3’ 

5’-
GCCTTCTCCATGGTGGTG
AA-3’ 

IL-1β 5’-
TGCCACCTTTTGACAGT
GATG-3’ 

5’-
AAGGTCCACGGGAAAGA
CAC-3’ 

TNF-α 5’-
AGGCACTCCCCCAAAAG
ATG-3’ 

5’-
CCACTTGGTGGTTTGTGA
GTG-3’ 
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Chapter 4: NOS1 mediated IL-1β activation and small molecule 

inhibitors targeting IL-1β and IL-1R1 interaction 

Table S4.1: Average metrics from the last 100 ns of production 
trajectories across all systems, with standard deviations in parentheses. 

Metric Apo Radotinib 
Complex 

Lomitapide 
Complex 

Anakinra 
Complex 

Backbone RMSD 
(Whole) (Å) 

8.81 
(2.06) 

10.84 
(0.99) 

13.49 
(0.81) 

12.21 
(2.12) 

Backbone RMSD 
(Domains 1+2) (Å) 

1.98 
(0.30) 

2.46 
(0.21) 

2.09 
(0.18) 

1.99 
(0.22) 

Backbone RMSD 
(Domain 3) (Å) 

1.02 
(0.11) 

1.08 
(0.16) 

1.07 
(0.12) 

1.11 
(0.14) 

Backbone RMSD 
(Binding Pocket) 

(Å) 

- 1.40 
(0.18) 

1.43 
(0.15) 

2.66 
(0.31) 

Ligand-Protein 
Distance (Å) 

- 7.97 
(0.79) 

7.19 
(0.53) 

5.61 
(0.98) 

Radius of Gyration 
(Domains 1+2) (Å) 

19.16 
(0.17) 

19.20 
(0.17) 

18.69 
(0.19) 

18.65 
(0.15) 

Radius of Gyration 
(Domain 3) (Å) 

14.08 
(0.07) 

14.13 
(0.07) 

14.17 
(0.07) 

14.10 
(0.06) 

Solvent-Accessible 
Surface Area 

(Domains 1+2) 
(nm2) 

104.24 
(2.42) 

100.89 
(2.31) 

96.84 
(2.35) 

99.91 
(2.23) 

Solvent-Accessible 
Surface Area 

(Domain 3) (nm2) 

54.81 
(1.47) 

55.59 
(1.34) 

51.14 
(1.39) 

54.56 
(1.29) 
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Table S4.2: MM/PBSA-based binding free energy components of the 
simulated complexes in kcal/mol. The standard errors of the mean are 
listed in parentheses alongside the average values. 

System ΔEvdW ΔEelec ΔGpol ΔGnp ΔGbind 
Anakinra 
Complex 

-43.00 
(0.09) 

-19.62 
(0.39) 

47.81 
(0.37) 

-4.34 
(0.01) 

-19.15 
(0.13) 

Radotinib 
Complex 

-56.76 
(0.10) 

-14.63 
(0.10) 

48.31 
(0.13) 

-5.31 
(0.01) 

-28.38 
(0.11) 

Lomitapide 
Complex 

-50.11 
(0.08) 

-124.97 
(0.43) 

143.03 
(0.36) 

-5.34 
(0.01) 

-37.39 
(0.15) 

ΔEvdW, ΔEelec, ΔGpol, and ΔGnp, respectively, indicate the van der Waals, 

electrostatic, polar solvation free energy, and non-polar solvation free energy 

components of the binding free energy, while ΔGbind represents the binding free 

energy. The entropy calculations have been avoided due to high computational 

cost. 

 

 

 

Table S4.3: Analysis of hydrogen bond formation through the molecular 

dynamics’ simulations. Only hydrogen bonds with an occupancy greater 

than 10% are shown. 

Acceptor Donor Dist. Angle Occupancy 
(%) 

Anakinra Complex 
Lig@O2 Asn136@N 2.89 151.55 22.03 

Lys132@O Lig@N2 2.85 152.45 26.79 
    Radotinib Complex 

Gly122@O Lig@N3 2.84 156.97 16.03 
Lomitapide Complex 

Glu11@OE2 Lig@N1 2.74 162.53 10.48 
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Table S4.4: Residue-wise binding free energy (kcal/mol) decomposition 

of the crucial contributing residues. 

Residue EvdW 
(kcal/mol) 

 

Eelec 
(kcal/mol) 

 

Gpol 
(kcal/mol) 

 

Gnp 
(kcal/mol) 

 

Gtotal 
(kcal/mol) 

 

 

Anakinra Complex  
Hie60 -3.02 -1.63 3.44 0 -1.20  

Lys132 -1.86 -2.76 3.81 0 -0.82  
Asn135 -0.52 -1.35 1.18 0 -0.69  

Radotinib Complex  
Arg25 -3.12 -9.66 10.23 0 -2.56  
Tyr127 -4.13 0.58 1.42 0 -2.13  
Ser17 -1.67 -1.15 1.11 0 -1.71  
Pro28 -1.98 -1.19 1.90 0 -1.27  

Phe111 -1.49 -0.35 0.64 0 -1.20  
Arg194 -1.75 -2.51 3.28 0 -0.98  
Leu15 -1.09 -0.18 0.46 0 -0.81  
Phe130 -0.61 -0.32 0.42 0 -0.51  

Lomitapide Complex  
Tyr261 -3.55 -1.18 1.98 0 -2.75  
ILe13 -2.78 0.15 -0.06 0 -2.68  
Pro28 -2.84 0.39 0.63 0 -1.82  
Pro26 -1.62 -1.30 1.96 0 -0.97  

Phe130 -1.02 0.28 -0.02 0 -0.76  
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Chapter 5: Novel peptide inhibitors targeting CD40 and CD40L 

interaction: a potential for atherosclerosis therapy 

Supplementary Table S5.1. Physicochemical and ADMET 

analysis of peptide 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water solubility (logS)- defines solubility in water at 25 °C; Skin permeability- 
logkpௗ>ௗ−ௗ2.5 classifies low skin permeability; Fraction unbound- defines 
unbound state in plasma protein remaining for pharmacological action; BBB 
permeability- logBBௗ<ௗ−ௗ1 classifies poorly distributed to the brain; CNS 
permeability- logPSௗ>ௗ−ௗ2 classifies CNS penetration and logPSௗ<ௗ−ௗ3 classifies 
no CNS penetration; Total clearance- includes both hepatic and renal clearance 

Parameters KGYY 

Physiochemical 
parameters 

M.W. 531.61 
LogP -1.92 

Rotatable bond 15 
Acceptor bond 6 

Donor bond 8 

Absorption 

Water Solubility -3.086 

Caco2 permeability -0.26 

Intestinal absorption 6.574 

Skin permeability -2.735 

Distribution 

Fraction unbound 0.39 
BBB permeability -0.692 

CNS permeability -4.368 

Metabolism 
CYP2D6 substrate No 
CYP2D6 inhibitor No 

Excretion Total Clearance 1.094 

Toxicity 
AMES toxicity No 
Hepatotoxicity Yes 

Skin sensitization No 
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Supplementary Table S5.2. ADMET analysis of peptidomimetic 
(MMs01727545) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water solubility (logS)- defines solubility in water at 25 °C; Skin permeability- 
logkpௗ>ௗ−ௗ2.5 classifies low skin permeability; Fraction unbound- defines 
unbound state in plasma protein remaining for pharmacological action; BBB 
permeability- logBBௗ<ௗ−ௗ1 classifies poorly distributed to the brain; CNS 
permeability- logPSௗ>ௗ−ௗ2 classifies CNS penetration and logPSௗ<ௗ−ௗ3 classifies 
no CNS penetration; Total clearance- includes both hepatic and renal clearance 

Parameters MMs01727545 

Physiochemical 
parameters 

M.W. 812.8 
LogP 1.7 

Rotatable bond 9 
Acceptor bond 15 

Donor bond 5 

Absorption 

Water Solubility -3.073 

Caco2 permeability 0.368 

Intestinal 
absorption 71.983 

Skin permeability -2.735 

Distribution 

Fraction unbound 0.173 

BBB permeability -1.925 

CNS permeability -4.195 

Metabolism 
CYP2D6 substrate No 
CYP2D6 inhibitor No 

Excretion Total Clearance 1.274 

Toxicity 

AMES toxicity No 
Hepatotoxicity Yes 

Skin sensitization No 
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Supplementary Table S5.3. Average metrics calculated using the 200 
ns of production run trajectories, with standard deviations in 
parentheses. 

 

 

Metric Apo CD40L peptide peptido
mimetic 

Comp
1 

Comp2 Comp3 

Protein 
RMSD (nm) 

0.29763
6 
(0.0554
002) 

0.45086
5(0.102
845) 

0.324422 
(0.051850
5) 

0.31285 
(0.07096

37) 

0.3168
12 
(0.0415
391) 

0.377597 
(0.06414
09) 

0.348178 
(0.0470708

) 

Radius of 
Gyration 

(nm) 

2.21312 
(0.0463
692) 

2.27648
(0.0573
152) 

2.22748 
(0.043246
4) 

2.22366 
(0.05183

62) 

2.1685
5 
(0.0399
85) 

2.23019 
(0.04392
44) 

2.13952 
(0.044533) 

Solvent-
Accessible 

Surface 
Area (nm2) 

89.4292 
(1.6767
4) 

91.825 
(2.0420
8) 

89.0813 
(1.77758) 

89.3604 
(2.26223

) 

88.312
8 
(1.7047
1) 

89.7115 
(1.94118
) 

86.7775 
(2.17026) 




