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3. Introduction 
 

3.1. Diabetes mellitus 

Diabetes mellitus is a chronic, non-infectious metabolic disorder that primarily affects glucose 

metabolism, but also impacts protein and lipid metabolism. It is a major global contributor to 

mortality and morbidity. Current estimates suggest that more than 537 million people have 

diabetes worldwide, and this number is projected to increase over time. [1]. Diabetes is defined 

by hyperglycaemia, which is caused by relative or exact insulin insufficiency. [2]. Such 

meticulous control supports overall well-being and mitigates complications linked to both 

hyperglycemia and hypoglycemia. The regulation of glucose homeostasis relies on a complex 

interaction of hormones and neuropeptides produced by the pancreas, liver, brain, gut, adipose 

tissue, and muscle. These biochemical mediators collaboratively ensure effective blood sugar 

regulation and promote physiological balance. [3]. The endocrine pancreas is responsible for 

the secretion of two principal hormones, glucagon and insulin, both of which are essential for 

the regulation of blood glucose homeostasis.  

3.2. Type 1 diabetes mellitus (T1DM) 

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disorder defined by an absolute 

deficiency of insulin. This condition arises when the immune system erroneously targets and 

destroys the pancreatic beta cells responsible for insulin production. [4]. It makes up roughly 

5–10% of all diabetes individuals. [2]. Polymorphisms in human leukocyte antigen (HLA) DR 

and HLA DQ are associated with an increased risk for developing T1DM. [5]. Class II HLA 

DR and DQ present antigens to helper T-cells with CD4+ [6]. Studies have found that both 

genetic predisposition and environmental factors contribute to the development of T1DM by 

inducing stress in the endoplasmic reticulum of beta cells. [7]. Environmental factors consist of 

low vitamin D levels, limited sunlight exposure, maternal age above 35, certain viral infections 

(such as retroviruses, picornaviruses, enteroviruses, herpesviruses, and rotaviruses), and issues 

related to the gut microbiome. [4]. Glutamic acid decarboxylase 65 (GAD65), insulinoma 

antigen 2 (IA2), zinc transporter (ZnT8), non-specific islet cell autoantigens (ICA), pancreatic 

duodenal homeobox factor 1 (PDX1), chromogranin A (CHGA), islet-specific glucose-6-

phosphatase catalytic subunit-related protein (IGRP), heat shock protein 60 (hsp60), and islet 

cell antigen 69 (ICA69) are considered to be the primary islet β -cell autoantigens for 

autoreactive T-cells.[4,8]. In T1DM, immune responses typically target autoantigens, leading 

to the destruction of beta cells. Current understanding suggests that pancreatic autoantigens are 
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processed by macrophages, dendritic cells, or B-lymphocytes functioning as antigen-presenting 

cells, and are then presented to naive T-cells in pancreatic lymph nodes, resulting in the 

generation of autoreactive CD4+ T-cells. However, the exact mechanisms underlying the 

initiation and progression of beta-cell loss remain unclear. Autoreactive T-cells secrete 

cytokines that stimulate CD8+ cytotoxic T-cells and promote B-lymphocyte, dendritic cell, and 

macrophage proliferation, ultimately causing beta-cell death [9].  

 

3.3. Peptidylarginine deiminases (PADs) 

Peptidylarginine deiminases (PADs) constitute a group of calcium-dependent enzymes that 

catalyze the post-translational conversion of arginine residues to citrulline, a process called 

citrullination or deimination. This modification changes protein structure and function, 

affecting gene regulation, immune responses, and cellular signaling. In humans, there are five 

PAD isoforms (PAD1, PAD2, PAD3, PAD4, and PAD6), each exhibiting tissue-specific 

expression. PAD2 and PAD4 have been studied for their involvement in the central nervous 

system and immune system. PAD2 is distributed across the brain, spinal cord, skeletal muscles, 

pancreas, and immune cells, while PAD4 is primarily found in granulocytes and monocytes. 

Both enzymes participate in regulating gene transcription via histone citrullination and are 

involved in processes such as NETosis and pyroptosis [10,11]. (Figure 1.) 

Dysregulation of PAD activity has been observed in various pathological conditions. In the 

brain, PAD2 and PAD4 are present in the cerebral cortex and hippocampus, and their altered 

activation has been linked to neurodegenerative diseases, including Alzheimer's disease (AD). 

Increased citrullination of proteins in the central nervous system is associated with the 

development of protein aggregates and neuroinflammation, which are characteristic of AD 

pathology. In the immune system, PAD2 and PAD4 are involved in the pathogenesis of 

autoimmune diseases such as rheumatoid arthritis (RA) by generating citrullinated proteins that 

act as autoantigens and stimulate the production of anti-citrullinated protein antibodies 

(ACPAs), a marker of RA. PAD2 also contributes to macrophage differentiation and immune 

signaling, indicating its involvement in both physiological and disease processes. Research on 

PAD inhibitors is ongoing to assess their therapeutic potential in inflammatory and 

neurodegenerative disorders [12,13]. 
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3.4. Role of NETosis markers in diabetes (PAD4, Citrullinated Histone H3, 
Neutrophil Elastase) 

In T1DM, the formation of neutrophil extracellular traps (NETs) has been identified as a 

significant factor contributing to pancreatic inflammation and β-cell destruction. The process 

of NETosis is mediated by the enzyme peptidylarginine deiminase 4 (PAD4), which facilitates 

the citrullination of histone H3 (CITH3). This modification leads to chromatin decondensation 

and the subsequent release of DNA-protein complexes known as NETs. Notably, 

pharmacological inhibition of PAD4 using Cl-amidine considerably reduced NETosis and 

inflammation, emphasizing the pivotal role of PAD4 in T1DM pathogenesis and its promise as 

a therapeutic target [14–16]. 

Additional data from both human and murine models further corroborate the association 

between hyperglycemia and enhanced NETosis. Neutrophils isolated from individuals with 

T1DM display increased PAD4 expression and an augmented propensity for NET formation 

upon exposure to elevated glucose conditions. Raised levels of CITH3 and neutrophil elastase 

Figure 1. The diagram briefly depicts the five primary human PAD enzymes. 



9 
 

(NE) are observed in diabetic wound tissues and blood samples, reflecting systemic NETosis 

activity. Importantly, PAD4-deficient mice exhibit reduced NET generation and improved 

wound healing, highlighting the enzyme’s involvement in diabetes-associated tissue injury. 

Mechanistically, calcium influx activates PAD4, leading to histone citrullination and chromatin 

release, while NE further degrades nuclear components, thereby intensifying NETosis. 

Collectively, these findings indicate that NETosis markers—PAD4, CITH3, and elastase—

serve not only as biomarkers of inflammation but also as active mediators of autoimmune and 

inflammatory damage in T1DM. ( Figure 2.) 

 

 

 

 

 

3.5. Streptozotocin (STZ)-Induced Diabetic Rat 

Streptozotocin (STZ) is an antibiotic that destroys pancreatic islet β-cells. It is commonly used 

in experiments to create a model of T1DM. The diabetogenic characteristics of STZ, which was 

first discovered from Streptomyces achromogenes in 1960, were not disclosed until 1963 [17]. 

Figure 2. A schematic diagram illustrating NETosis in the pancreas during T1DM. 

It highlights how neutrophils release NETs that infiltrate pancreatic islets, damage beta cells, and 
activate immune responses. MPO, myeloperoxidase ; CITH3, Histone H3 citrullination ; NE, 
neutrophil elastase.  
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Junod, Lambert, Stauffacher, and Renold (1969) defined this activity based on earlier studies 

[18] showing that the diabetogenic effects are caused by the selective death of pancreatic islet 

β-cells.This activity causes the rats to exhibit symptoms of T1DM [19], including insulin 

insufficiency, hyperglycemia, polydipsia, and polyuria. Males are more susceptible to STZ than 

females, and age has an inverse relationship with susceptibility to the diabetogenic effects of 

STZ. Interestingly, some rat strains, such as Wistar-Kyoto rats, exhibit resistance to STZ, 

whereas the more common strains, Wistar and Sprague-Dawley rats, do not. The major methods 

of administering STZ are intraperitoneal (IP) and intravenous (IV).  

Rats and mice are the predominant species used in diabetic research, accounting for a 

remarkable 94% of the field's publications [20]. This preference is largely attributed to their 

rapid reproduction rates, short generation intervals, and ease of accessibility, making them 

invaluable in endocrinology research [21,22]. Their widespread use has significantly advanced 

our understanding of diabetes and its underlying mechanisms. The ability of STZ-injection to 

modify the disease makes the rat model of diabetes highly comparable to human conditions 

[23]. Rats are favored in diabetes research due to their short gestation period of 21–22 days and 

their sexual maturity reached at postnatal days 60–70 [24,25]. These characteristics make them 

ideal for studying the effects of various treatments on disease progression and management. 

Furthermore, their physiological responses to diabetes are remarkably similar to those observed 

in humans, providing valuable insights into the effectiveness and safety of potential therapies. 

Chemically induced models of T1DM in rats often involve the administration of STZ in varying 

doses and methods. Researchers may use a single high dose of STZ, ranging from 35 to 65 

mg/kg, administered either IV or IP, as noted by Srinivasan and Ramarao in 2007 [22]. 

 

 

3.6. Expression of cytokines in β-cells injured by STZ through glucose 
transporter 2 (GLUT2) 

Through GLUT2, STZ, a cytotoxic glucose analog, tends to accumulate in pancreatic beta cells. 

Based on the structure of the bond between the carbon-2 of hexose and N-methyl-N-nitrosourea 

(MNU), STZ operates as an analogue of nitrosourea. The methyl-nitrosourea moiety of STZ's 

DNA alkylating activity determines how hazardous it is. DNA fragmentation results from the 

methyl group being transferred from STZ to the DNA molecule, which damages the molecule 

in a specific sequence of events [26]. (Figure 3.) 
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While GLUT2 is also expressed in smaller amounts in the small intestine, kidneys, and central 

nervous system, it serves as the primary glucose transporter in the β-cells of pancreatic islets 

and hepatocytes. Under typical conditions, GLUT2 facilitates the movement of glucose into 

cells, allowing for the equalization of glucose concentrations on both sides of the cell membrane. 

Importantly, variations in GLUT2 have been linked to a range of metabolic and endocrine 

disorders, highlighting its critical role in maintaining normal physiological functions. In 

addition to direct cytotoxicity, STZ also triggers oxidative stress and inflammatory responses, 

further exacerbating beta-cell damage [26]. The loss of beta cells initiates a cascade of immune 

responses, including the activation of resident macrophages and infiltration of immune cells 

into the islets [27]. 

Cytokines play a pivotal role in mediating and amplifying the inflammatory response during 

STZ-induced beta-cell destruction. Proinflammatory cytokines such as interleukin-1β (IL-1β), 

interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) are upregulated and contribute to 

beta-cell dysfunction by activating nuclear factor-kappa B (NF-κB) signaling pathways, leading 

to increased expression of inducible nitric oxide synthase (iNOS) and nitric oxide production, 

which are toxic to beta cells. Interestingly, several investigations have demonstrated that during 

beta-cell death, neutrophils might infiltrate the pancreas due to the attraction of cytokines and 

chemokines [28]. 

 

 

 

3.7. Inflammation markers and PAD4  

Cytokines and chemokines are key regulators of PAD4 activity in neutrophils, initiating the 

process of NETosis. PAD4 catalyzes the citrullination of histone proteins—particularly histone 

H3—resulting in chromatin decondensation, which is essential for NET formation. Pro-

inflammatory cytokines such as TNF-α and IL-8, together with chemokines including CXCL-

1 and CXCL-2, activate neutrophils via G-protein–coupled receptors and subsequent 

intracellular signaling pathways involving PKC, Raf-MEK-ERK, and NADPH oxidase. These 

Figure 3. The STZ pathway in the pancreas  
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cascades facilitate the production of reactive oxygen species (ROS), further enhancing PAD4 

activation. Once activated, PAD4-mediated histone citrullination relaxes chromatin structure, 

allowing the release of DNA decorated with antimicrobial proteins such as elastase and 

myeloperoxidase (MPO), thus forming NETs [29]. 

Persistent inflammatory stimuli or unresolved infections can intensify PAD4-driven NETosis. 

Inchronic inflammatory conditions, prolonged exposure of neutrophils to cytokines and 

chemokines leads to sustained PAD4 activation and excessive NET generation, which may 

cause tissue injury and contribute to the development of autoimmune and thrombo-

inflammatory disorders. Notably, TNF-α not only stimulates PAD4 but also enhances IL-8 

production, serving as a strong chemoattractant and activator for neutrophils. Elastase released 

during NETosis contributes to extracellular matrix degradation and propagates the 

inflammatory response. In pathologies such as rheumatoid arthritis and sepsis, elevated 

concentrations of citrullinated histones and elastase act as biomarkers for NETosis and correlate 

with disease severity [30]. (Figure 4.) 

Further, PAD4’s activity is not limited to histone citrullination; it also modifies other substrates 

such as glycogen synthase kinase-3β and ADAMTS13, thereby affecting broader 

immunological and coagulation mechanisms. The regulation of PAD4 depends on calcium 

influx and may be influenced by post-translational modifications or protein interactions that 

lower its calcium threshold. Biomarkers like MPO, NE, and CITH3 are consistently upregulated 

in PAD4-mediated NETosis, offering reliable indicators of neutrophil activation and systemic 

inflammation. Elucidating these molecular mechanisms provides potential therapeutic targets 

aimed at modulating PAD4 activity to address NET-related diseases while maintaining host 

immune competence [31]. 
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3.8. Diabetic heart and Endothelial-to-Mesenchymal Transition (EndMT) 

DM is a leading global health burden and a major risk factor for cardiovascular disease (CVD) 

[32]. (Figure 5.) Despite intensive glucose-lowering strategies, patients with diabetes continue 

to experience elevated cardiovascular morbidity and mortality, pointing to underlying 

mechanisms beyond hyperglycemia alone [33]. A growing body of evidence identifies 

endothelial-to-mesenchymal transition (EndMT) as a crucial pathophysiological process 

linking diabetes to cardiac dysfunction and vascular complications [34]. EndMT refers to the 

transdifferentiation of endothelial cells (ECs) into mesenchymal-like cells. During this 

transition, ECs lose their characteristic markers, such as VE–cadherin and CD31, and acquire 

mesenchymal features, including α-SMA and collagen I. This shift promotes extracellular 

matrix (ECM) deposition, fibrosis, and vascular stiffness [35]. In the diabetic context, 

hyperglycemia, oxidative stress, and chronic inflammation act synergistically to drive EndMT 

both locally and systemically. In vitro studies using human umbilical vein endothelial cells 

(HUVECs) show that high glucose environments induce EndMT through the TGF-β1/ ERK 

pathway. Suppression of this transition has been achieved with ERK inhibitors like PD98059 

or antioxidants such as N-acetylcysteine [36]. Consistent with these findings, cardiac tissues 

from diabetic patients display increased mesenchymal marker expression, indicating persistent 

EndMT even under controlled glycemia [37].  

Figure 4. The diagram illustrates NETosis.  

A variety of ROS and cytokines may stimulate NETosis. CITH3, Histone H3 
citrullination 
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3.9. Inducible Nitric Oxide Synthase (iNOS) and Myeloperoxidase (MPO) in 

Heart and Neutrophils 

Inducible nitric oxide synthase (iNOS) and myeloperoxidase (MPO) are critical enzymes in 

neutrophils that govern inflammatory responses and contribute to the generation of NETs, a 

process highly reliant on PAD4. PAD4 mediates histone citrullination, which facilitates 

chromatin decondensation and subsequent NET release. MPO, contained within azurophilic 

granules, not only produces reactive oxidants such as HOCl but also regulates neutrophil 

activation, lifespan, and NET formation [15]. iNOS, through the production of nitric oxide (NO), 

modulates oxidative stress and inflammatory signaling pathways, indirectly influencing PAD4 

activity and NETosis. In cardiovascular disease, especially following myocardial infarction 

(MI), PAD4-dependent NETs have demonstrated roles in shaping macrophage polarization 

toward an anti-inflammatory M2 phenotype, thus promoting tissue repair. Conversely, PAD4 

deficiency is associated with heightened inflammation, impaired healing, and altered cardiac 

remodeling [38]. 

Within the context of heart failure and chronic cardiac inflammation, NETosis—mediated by 

PAD4, MPO, and NE—drives processes such as myocardial fibrosis, cardiomyocyte death, and 

adverse remodeling. These mechanisms are integral to heart failure progression. Although 

NETs initially serve protective functions, their dysregulation can result in persistent 

inflammation and tissue injury. The citrullination of histones by PAD4 is pivotal for NET 

formation, and excessive PAD4 activity has been implicated in autoimmune and thrombo-

inflammatory disorders. MPO further intensifies this response by promoting chromatin 

decondensation and facilitating NET release. Collectively, these enzymes create a feedback 

loop that perpetuates neutrophil activation and inflammatory signaling within the cardiac 

environment, thereby exacerbating pathological progression [39]. 

Figure 5. The clinical background to cardiovascular disease in diabetic patients. 
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EndMT involves the loss of endothelial characteristics and the acquisition of mesenchymal 

features, contributing to fibrosis and vascular dysfunction in cardiovascular pathology. Chronic 

inflammation and oxidative stress—conditions augmented by NETs and their constituents such 

as MPO and PAD4—are potent drivers of EndMT [40]. NETs compromise endothelial integrity, 

enhance TGF-β signaling, and facilitate the conversion of endothelial cells into myofibroblast-

like phenotypes, establishing a mechanistic link between neutrophil activity and EndMT. This 

association underscores the roles of iNOS, MPO, and PAD4 not only in immune regulation but 

also in vascular remodeling and fibrosis via EndMT, highlighting their potential as therapeutic 

targets in the management of heart disease [41]. (Figure 6.) 

 

 

 

3.10. Peroxynitrite (ONOO-) interacts with matrix 
metalloproteinase(MMPs) and  tissue inhibitors of MMPs (TIMPs) 

Peroxynitrite (ONOO⁻), a reactive nitrogen species generated through the reaction of nitric 

oxide (NO) with superoxide (O₂⁻), plays a critical role in mediating oxidative stress and 

inflammation within cardiovascular diseases [38]. In neutrophils, peroxynitrite is capable of 

activating PAD4, thereby enhancing histone citrullination and facilitating the formation of 

NETs. This mechanism contributes to endothelial dysfunction and myocardial injury. In the 

context of heart disease, increased levels of peroxynitrite aggravate tissue injury by modifying 

proteins, lipids, and DNA, as well as perpetuating inflammatory signaling pathways. Activation 

of PAD4 by peroxynitrite serves as a mechanistic link between oxidative stress, chromatin 

remodeling, and NETosis, processes implicated in both acute and chronic cardiac pathologies. 

Figure 6. The role of neutrophil and inflammatory mediators media in the pancreas-heart axis  
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Matrix metalloproteinases (MMPs) and their endogenous inhibitors, tissue inhibitors of 

metalloproteinases (TIMPs), are essential for regulating extracellular matrix (ECM) remodeling 

in the myocardium. An imbalance in MMP/TIMP activity is associated with fibrosis, persistent 

inflammation, and structural changes in heart failure [42]. MMPs may indirectly modulate 

PAD4 function by shaping the inflammatory microenvironment and promoting neutrophil 

infiltration; for instance, elevated MMP-2 levels are linked to increased NET formation and 

PAD4 activation [43]. Conversely, TIMPs—particularly TIMP-1—can mitigate these 

pathological effects by restricting MMP activity and curbing neutrophil-mediated tissue injury 

[44]. The interaction among MMPs, TIMPs, and PAD4 underscores a complex regulatory 

system governing ECM composition, immune cell dynamics, and cardiac structural remodeling 

[45]. EndMT represents a pathological process that contributes to cardiac fibrosis and vascular 

dysfunction. NETs, under the influence of PAD4 and modulated by peroxynitrite and MMPs, 

can induce EndMT by disrupting endothelial junctions and activating profibrotic signaling 

pathways, including TGF-β and NF-κB. Peroxynitrite intensifies oxidative stress, a recognized 

inducer of EndMT, while MMPs facilitate endothelial cell detachment and transition by 

degrading basement membranes. PAD4-dependent NET formation further amplifies this 

progression via the release of inflammatory mediators and proteases. Collectively, the actions 

of peroxynitrite, MMPs, TIMPs, and PAD4 establish a pro-EndMT milieu, thus linking immune 

responses to fibrotic remodeling in cardiac disease [46]. (Figure 7.) 
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Figure 7. The diagram illustrating how MMPs, TIMPs and neutrophils are 
related in cardiac disorders. MMPs, Matrix Metalloproteinases; TIMPs, Tissue 
Inhibitors of Metalloproteinases; acPGP, N-acetyl-proline-glycine-proline. 

acPGP, or N-acetyl-proline-glycine-proline, is a matrikine derived from collagen breakdown 
by MMPs and directly attracts and activates neutrophils, causing calcium mobilization and 
the release of pro-inflammatory mediators 
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3.11. The Role of Inflammation in Cardiac Fibrosis Complications 

Cytokines and chemokines function as key mediators in both inflammation and fibrosis 

associated with cardiac pathologies, particularly through their regulatory effects on EndMT 

[47]. Transforming growth factor-beta (TGF-β) serves as a principal regulator of EndMT and 

fibrotic pathways, activating SMAD-dependent and independent mechanisms that prompt 

endothelial cells to relinquish markers such as VE-cadherin in favour of acquiring 

mesenchymal characteristics, including α-smooth muscle actin (α-SMA) and vimentin [48]. 

This cellular transition facilitates the proliferation of myofibroblasts, which are responsible for 

increased synthesis of extracellular matrix proteins like collagen, ultimately resulting in cardiac 

tissue stiffening and scarring. Pro-inflammatory cytokines, such as IL-1β and TNF-α, can 

collaborate with TGF-β to intensify EndMT processes and fibrogenic activity [49]. 

In addition, chemokines such as CXCL-1 and CCL-2 significantly contribute to the recruitment 

of immune cells into cardiac tissue, perpetuating chronic inflammation and further enhancing 

EndMT [50,51]. These molecules also drive the generation of ROS, which activate TGF-β 

signalling and PAD4-mediated NETosis [52]. ROS exacerbate damage to endothelial cells 

while simultaneously reinforcing the transition to a mesenchymal phenotype. Increased 

expression of α-SMA and vimentin in endothelial cells undergoing EndMT is indicative of their 

conversion into cells with fibrogenic potential. Such mechanisms are especially pertinent in 

cases of heart failure and post-myocardial infarction, where ongoing inflammation and 

oxidative stress foster progressive cardiac fibrosis [53]. 

The complex interactions among cytokines, chemokines, ROS, and EndMT indicators, 

including α-SMA and vimentin, establish a sustained cycle of inflammation and fibrosis within 

cardiac tissue. TGF-β remains central in this network, integrating signals from oxidative stress 

and immune mediators to promote EndMT. The resultant mesenchymal cells contribute 

substantially to extracellular matrix accumulation and tissue rigidity, which are defining 

features of cardiac fibrosis. Therapeutic approaches targeting these molecular pathways—

particularly those involving TGF-β signalling and ROS production—show promise in 

mitigating or reversing fibrotic cardiac remodelling [54]. 
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3.12. Cytokines and EndMT in Citrullinated Heart 

Cytokines are integral to the regulation of cardiac function, playing pivotal roles under both 

normal and pathological conditions. These small proteins, including TNF-α, TGF-β, and 

various interleukins (IL-1, IL-6, IL-8) [55], are central to inflammatory responses that can lead 

to heart diseases such as ischemic heart disease, myocardial infarction, and heart failure. In the 

realm of heart disease, cytokines serve as markers of inflammation and contribute directly to 

the pathogenesis of ischemic injury, positioning them as potential targets for therapeutic 

interventions [56]. Conversely, some cytokines are involved in tissue repair following ischemia, 

underscoring their dual role in both damaging and healing cardiac tissues [57]. 

In addition to cytokines, ROSs are crucial for heart health, acting as subcellular messengers 

within signal transduction pathways [58]. While low levels of ROS are vital for normal cellular 

functions, excessive ROS production results in oxidative stress, which is implicated in various 

cardiovascular diseases, including myocardial infarction and heart failure. EndMT is another 

significant process, wherein endothelial cells transform into mesenchymal-like cells, 

contributing to cardiac fibrosis and other cardiovascular pathologies [59]. 

Moreover, citrullination has been identified in heart failure patients, affecting the function of 

myofilament proteins and potentially linking inflammation to structural changes in the heart 

[60]. This modification can alter protein function and contribute to the progression of heart 

failure [61]. Understanding these complex interactions and modifications is essential for 

developing targeted therapies that address both the inflammatory and reparative processes 

within cardiac tissues, ultimately improving heart disease outcomes and patient health [62]. 

(Figure 8.) 

 

 

  
Figure 8.  The brief mechanism of EndMT during cardiac fibrosis 
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3.13. Cl-amidine: a PADs inhibitor 

Cl-amidine is an  inhibitor of PADs, with a specific focus on targeting the PAD1, PAD3, and 

PAD4 enzymes. This compound demonstrates inhibitory concentration (IC50) values of 0.8 

μM for PAD1, 6.2 μM for PAD3, and 5.9 μM for PAD4. By effectively inhibiting these 

enzymes, Cl-amidine plays a critical role in regulating the activity of PAD enzymes. This 

compound is well-regarded for its ability to induce apoptosis in cancer cells and arrest the cell 

cycle by upregulating the expression of microRNA-16. Furthermore, Cl-amidine inhibits 

histone 3 citrullination and the formation of neutrophil extracellular traps, both of which are 

critical processes in inflammatory responses. (Figure 9.) Its demonstrated effectiveness in 

enhancing survival rates in murine sepsis models underscores its significant potential for 

therapeutic applications. Additionally, ongoing research continues to uncover new dimensions 

of its efficacy, making it a promising candidate for further clinical exploration in various 

medical contexts [63]. 

This inhibition is particularly significant in diseases marked by excessive NETosis, such as 

rheumatoid arthritis, sepsis, and acute respiratory distress syndrome (ARDS). Research has 

demonstrated that localized delivery of Cl-amidine can effectively attenuate PAD4-mediated 

NETosis in tissue environments, presenting a targeted strategy to mitigate inflammation and 

tissue damage [64]. The intricate interplay between ROS, cytokines, and PAD4 highlights the 

complexity of immune regulation and the therapeutic potential of PAD4 inhibitors like Cl-

amidine in managing inflammatory and autoimmune diseases [65,66]. 
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Figure 9. Diagram shows concept of STZ-induced NETosis in pancreas and 
citrullination. (A) Peripheral neutrophils infiltrate to pancreas during STZ-induced 
diabetes in pancreas (B) Ca2+ is a cofactor for activating PADs. (C) The process of 
NETosis is mediated by PADs, which facilitates the CITH3. This modification 
leads to chromatin decondensation and the subsequent release of DNA-protein 
complexes known as NETs.  

(A) 

(B) (C) 
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4. Objectives/Aims 

I. Investigate whether PAD4-mediated histone citrullination and NETosis represent a 

central, unifying mechanism in the pathogenesis of type 1 diabetes mellitus (T1DM). 

II. Assess how increased PAD4 activity in the pancreas contributes to systemic 

inflammation. 

III. Explore whether the resulting proinflammatory and oxidative milieu facilitates 

endothelial–mesenchymal transition (EndMT) in the diabetic heart. 

IV. Integrate pancreatic and cardiac endpoints to establish PAD4 as a common upstream 

driver of multi-organ diabetic complications. 

V. Provide a mechanistic rationale for the development of PAD4-targeted therapeutic 

strategies. 
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5. Materials and Methods  

 

 

 

 

 

 

 

 

5.1. Experimental Protocol for studying PAD4 

After acclimation, Wistar Rats were able to discriminate between the T1DM group and the 

control group. The T1DM group received an intraperitoneal (IP) injection of streptozotocin 

(STZ) at a dose of 60 mg/kg/body weight (dissolved in saline), while the control group received 

an IP injection of saline in (Exp. A).(PAD4 enhance group) and B.(PADs inhibiting group). 

First, we performed experiment A to confirm PAD4 expression in STZ-induced diabetic rats 

(diabetes induced for 6 weeks). Second, we conducted a separate PAD4 inhibition trial ((Exp. 

B)) to evaluate the role of PAD4 in STZ-induced diabetic rats [67]. (Diabetes-induced duration 

with PAD4 inhibition: 6 weeks + 10 days of Cl-amidine I.P.) 

In experiment B (PADs inhibiting group), we inhibited PAD4. The dose of Cl-amidine (Merck, 

506282) was 5 mg/kg/IP for ten consecutive days. The vehicle for dissolving Cl-amidine was 

Figure 10. The summary of all experiments in current study. (A) In the A experiment, 
PAD4 enhance group, we employed STZ to promote PAD4 expression in the pancreas. 
Additionally, we investigated cytokines, Ca2+ levels, citrullinated histone 3, PAD4 mRNA, 
and protein (B) In the B experiment, PADs inhibiting group, we utilized Cl-amidine to 
inhibit PAD4. Next, we harvested pancreas and blood to determine the degree of NETosis. 
(C) In the C experiment, heart EndMT group, we used numerous markers to screen the 
heart, aorta, and blood during the EndMT mechanism.  
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dimethyl sulfoxide (DMSO, Merck, 102952), which was treated in the control group. 

Throughout the trial, each rat’s weight was noted, and at the sixth week, it was euthanized. 

Before termination, each rat fasted for a day to allow for blood glucose measurements. Each 

rat’s pancreas, blood, and liver were meticulously removed and used. Every tissue was stored 

in Triton at −80 °C for biological measurements. 

5.2. Measurement of Calcium Ion in the Pancreas in (Exp. A)  

The Calcium Detection Assay Kit (Abcam, ab102505, Waltham, MA, USA, range: 0.4–100 

mg/dL) was used to measure the Ca2+ level after pancreas resection. All the pancreases were 

homogenized in PBS plus NP-40, then put on ice and centrifuged for five minutes at 10,000 

rpm. The supernatants’ measurements were carried out using the specified standards. Optical 

densities (ODs) were measured at λ = 575 nm. The data are expressed in nanograms per well. 

5.3. Western Blot of CITH3, PAD4 in (Exp. A) 

The pancreatic samples were stored in a solution that contained RIPA buffer (Merck Millipore, 

Burlington, MA, USA) and 1/10 of the final volume of phenylmethylsulfonyl fluoride (PMSF) 

(Sigma-Aldrich, Budapest, Hungary). Using the UP-100H Ultrasonic Homogenizer (Hielscher 

Ultrasonics, Teltow, Germany), the homogenates were homogenized three times for 10 s on ice 

before being centrifuged at 15,000× g for 10 min at 4 °C. The protein content of the supernatants 

was determined using the Bradford test. A total 50 μg of protein was extracted from each sample 

according to its protein content and placed onto 10% sodium dodecyl sulfate (SDS) 

polyacrylamide gels for two hours at a voltage of 90 V. The gels were transferred to 

nitrocellulose membranes after 2.5 h at 35 V. The membranes were dyed with Ponceau S and 

then washed with TBS-T (pH 7.4). The membranes were blocked in 5% BSA throughout the 

night. After blocking, blots were washed three times for 10 min in TBS-T. The first pair of 

antibodies—anti-PAD4 (Dilution: 1:3000, Catalog Number: 17373-1-AP, Proteintech, 

Manchester, UK) and anti-CITH3 (1:750, Catalog Number: ab5103, citrulline R2&R8&R17, 

Abcam, Cambridge, UK)— were incubated for two hours at room temperature. Then, using 

anti-mouse antibodies conjugated with horseradish peroxidase (DAKO Agilent, Santa Clara, 

CA, USA), they were kept for 1 h at room temperature. Quantity One Software version 4.5 

(Bio-Rad Laboratories, Hercules, CA, USA) was utilized for analysis, and an enhanced 

chemiluminescence system (ECL Plus, Amersham Pharmacia Biotech., Buckinghamshire, UK) 

was used to display band pictures. Each membrane was stripped and used for the detection of 

β-actin for normalization (ab20272, Abcam, Cambridge, UK; anti-mouse secondary antibody, 
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DAKO Agilent, Santa Clara, CA, USA). The results were normalized to β-actin and presented 

as relative expressions. 

5.4. Measurement of Pancreatic TNF-α, IFN-γ, IL-6, IL-10, IL-18, NETosis, 
and IL-33 Concentrations in (Exp. A) 

After sacrifice, TNF-α (Invitrogen, Catalog: BMS622), IFN-γ (Invitrogen, Catalog: BMS621), 

IL-6, IL-10 (Invitrogen, Catalog: BMS625), IL-18 (Invitrogen, Catalog: KRC2341), NETosis 

(ELK Biotechnology, Catalog: ELK1521), and IL-33 (Abcam, Catalog: ab236714) levels were 

measured using ELISA kits obtained from several vendors and used in compliance with each 

manufacturer’s recommendations. 

5.5. RNA Extraction, Reverse Transcription, and Quantitative Real-Time 
Polymerase Chain Reaction (qRT-PCR) in (Exp. A) 

Pancreatic samples were homogenized in 1 milliliter of TRIzol reagent (Life Technologies) 

using the MT-13K-L small, portable, homogenizer (MiuLab). Following the manufacturer’s 

recommendations, the samples were centrifuged for 10 min at 13,000 rpm, and total RNA was 

isolated from the upper phase using the Monarch Total RNA Miniprep Kit (BioLabs). The 

quantity and quality of isolated RNA were evaluated using DeNovix DS-11 (DeNovix). The 

QuantiTect reverse transcription kit (Qiagen) was used to convert 100 ng of total RNA to cDNA 

in accordance with the manufacturer’s instructions. cDNA levels were determined using QPCR 

and the Rotor-Gene Q real-time PCR System (Qiagen). The QuantiNova SYBR Green PCR Kit 

(Qiagen) was used to perform reactions using the following primer sets: 

PAD4 sense: GCTCCCTCTCATCAGTTCCA. 

PAD4 antisense: GGCTTGTCACTCGAGTTTTGA. 

HPRT sense: CATTAATATTTAACGATGTGGATGCGTTTCA. 

HPRT antisense: GCCTACCATCTTTAAACTGCACAAT. 

In order to avoid false-positive results from the amplification of contaminated genomic DNA 

during the cDNA synthesis, we selected primers that had spanexon–exon junctions. There were 

at least four biological replicates used for each measurement. The ratio of each PAD4 mRNA 

to the HPRT was calculated using the 2−ΔΔCT technique [68]. (Figure 11.) 
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5.6. STZ injection for EndMT study in (Exp. C) 

Male Wistar rats from BRC in Szeged, Hungary, were housed in cages as the experimental 

animals. Before they were sacrificed, the habitat was maintained for four weeks at a consistent 

temperature of 20–22 ◦C and humidity of 40–50% with a 12/12 h light/dark cycle. The rats 

weighed between 200 and 230 g, and they were fed and hydrated without restriction. Weighted 

measurements of body weight were taken both at the beginning and the end of this study. We 

just needed the bare minimum of rats to perform this experiment, and the required sample size 

was established using the resource equation and our prior trial as a guide (n = 5–15, depending 

on assay). We also piloted this trial in our laboratory. Every procedure was approved by the 

European Community rules and complied with the Directive of the European Parliament 

(2010/63EU). (Ethics license, University of Szeged: XXXIX./2040/2023). We were able to 

distinguish randomly between the Type 1 Diabetes Mellitus (T1DM) group and the control 

group following acclimatization. Intraperitoneal (IP) injections of saline were given to the 

control group, and 60 mg/kg/body weight of STZ was given to the T1DM group. Throughout 

the trial, the weight of each rat was noted, and, at the fourth week, they were all sacrificed. Each 

rat’s heart and aorta were carefully removed and used. Blood samples were collected as well, 

for future measurements. Before analysis, every tissue was kept in −80 ◦C for biological 

measures. 

5.7. Determination of Cardiac Cytokines ROS, EndMT Markers (IL 
18,6,33,10, lL-β1, ROS, Peroxynitrite (ONOO−), Nitric Oxide Synthases 

(NOS) Isoforms, and TNF-α Concentration in (Exp. C) 

Cardiac samples were homogenized in ice-cold phosphate buffer (pH 7.4) for 20 s. After 

centrifugation (10 min, 3500 rpm, 4 ◦C), supernatants were collected carefully and used for 

ELISA and protein measurements. According to the manufacturer’s datasheet (Gen Asia 

Biotech Co., Ltd., Shanghai, China), the amount of either 40 μL cardiac tissue supernatant or 

50 μL standard solution was added to the wells that were pre-coated with cytokine/ROS 

Figure 11. Scheme showing the primers and SYBR Green in RT-PCR 
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monoclonal antibody. Additionally, the supernatant-containing wells were completed with a 

second antibody labeled with biotin. Subsequently, Streptavidin-HRP was also added to both 

the supernatant and the standard-containing wells, which consequently formed an immune 

complex with a biotin-labeled antibody. After the incubation procedure at 37 ◦C, the plate was 

washed five times; thus, the unbound enzymes have been removed. For the color development, 

substrate solutions A and B were added to the wells and incubated for 10 min at 37 ◦C hidden 

from light. As the last step, the stop solution was pipetted, which resulted in a change from blue 

to yellow with the effect of acid. Theoptical density was measured at 450 nm. According to 

standard concentrations and the corresponding OD values, the linear regression equation of the 

standard curve and the samples’ concentrations were calculated. 

5.8. Matrix Metalloproteinase 2 (MMP-2), MMP-2 Zymography in (Exp. C) 

The procedure for performing gelatin zymography was carried out as previously mentioned 

[69]. From rat heart homogenates, MMP-2 was extracted as follows: on an 8% SDS-

polyacrylamide gel copolymerized with 2 mg/mL gelatin from pig skin, 50 μg protein/lane was 

loaded and separated by electrophoresis under non-reducing conditions (Sigma-Aldrich; St. 

Louis, MO, USA). Following electrophoresis, gels were gently shaken and cleaned in 2.5% 

Triton-X 100 before being incubated for 20 h at 37 ◦C in a zymography development buffer (50 

mM Tris-HCl, pH 7.5, containing 200 mM NaCl and 5 mM CaCl2). After destaining and 

staining zymographic gels with a 0.05% Coomassie Brilliant Blue R-250 solution, zymograms 

were scanned, and density was calculated by ImageJ software version 1.52. 

5.9. Western Blot Analyses of Cardiac Discoidin Domain Tyrosine Kinase 
Receptor 2 (DDR-2),Citrullinated Histone H3 (H3Cit), Vimentin in (Exp. C) 

To determine the molecular mass of DDR-2, citrullinated histone and vimentin SDSPAGE 

was performed using 10% (w/v) acrylamide gel. The proteins were diluted (to 20 ug) in Laemli 

sample buffer (Invitrogen-Waltham, MA, USA). Following SDS-PAGE, the proteins were 

transferred onto a nitrocellulose membrane (Invitrogen Waltham, United States) and blocked 

in TBS-Tween buffer (20mMTris (pH 7.4–7.6), 0.5MNaCl, 0.05% Tween) with 5% (w/v) milk. 

The membranes were then incubated overnight in TBST ween and 1% milk in the presence of 

primary antibody at 4 ◦C. The next day, the membranes were incubated with secondary 

horseradish peroxidase, and detection was carried out using enhanced chemiluminescence 

(Amersham Biosciences, Buckinghamshire, UK) 
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5.10. Determination of Cardiac Myeloperoxidase (MPO) Activity in (Exp. 
C) 

Hexadecyltrimethylammonium bromide (0.5%) was added to the phosphate buffer (pH 6.0) 

before the heart tissues were homogenized. The homogenized samples were cooled to 37 ◦C in 

a water bath, and then they were placed in liquid nitrogen. After completing these procedures 

three times, the samples were centrifuged at 15,000× g for 15 min at 4 ◦C, and the supernatants 

were gathered. The measurement was carried out using a plate with 96 wells. A total of 280 μL 

of o-dianisidine diHCL and 12 μL of either the sample or the standard (diluted from peroxidase) 

were pipetted into the plate. After shaking for 59 s, cardiac MPO activity was measured at 490 

nm and expressed as μU/mg protein. 

5.11. Protein Content Measurement from heart in (Exp. C) 

Using a commercial protein assay kit (Bio-Rad Labs, Hercules, CA, USA), aliquots 

(20 μL) of the diluted samples were mixed with 980 μL of distilled water, with 300 μL of 

BCA reagent added to each sample. After mixing and following a 10-min incubation, the 

samples were assayed spectrophotometrically at 595 nm. The protein level was expressed 

as ug protein/uL. 

5.12. Statistical Analysis 

The results are reported as mean ± SEM for per group. For statistical comparisons, due to the 

normal distribution of all group data, the student’s two-tailed t-test was used. p values less than 

0.05 were considered significant differences. 
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6. Results 

6.1. Verifying That STZ Injured the Pancreatic Tissue, Not the Liver, at the 

SIXTH Week in (Exp. A) 

Since STZ enters cells through Glucose transporter 2 (GLUT2), which is abundant in the liver 

and pancreas, it was first necessary to confirm that STZ harmed β cells in the pancreas rather 

than the liver. Therefore, liver inflammation may draw granulocytes; however, our findings 

show no discernible liver inflammation based on TNF-α expression measurements (Figure 12.) 

 

 

6.2. Validating the Inflammation in Pancreas During the Sixth Week in (Exp. 

A) 

As demonstrated in Table 1, STZ-induced diabetes was associated with a significant decrease 

in the anti- inflammatory cytokine IL-10 and an increase in the proinflammatory cytokines 

CXCL-1, IFN-γ, IL-6, IL- 18, and IL-33 [55,70]. (Table 1.) 

  

Figure 12. The expression of 
TNF- α in the plasma, liver, 
and pancreas. According to 
the comparison, 
over the first six weeks, STZ 
may only damage DNA in the 
pancreas through GLUT2. 
Neither the 
liver nor the other organs were 
damaged. (n = 10), * p < 0.05. 
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Table 1. Concentration of various inflammatory and anti-inflammatory cytokines in the 

pancreas. Summary of the analysis of various proinflammatory/anti-inflammatory cytokines 

in the pancreas of STZ-treated diabetic rats and control. * p ≤ 0.05, n = 10 (unit: pg/mg protein). 

 

6.3. PAD4 mRNA Level in the Pancreas at the Sixth Week in (Exp. A) 

PAD4 is implicated in NETs and plays a significant role in NETosis. Thus, we investigated 

the pattern of PAD4 gene expression in pancreatic tissue from STZ-treated and untreated 

control rats concurrently with the protein level investigations. According to our RT-PCR results, 

pancreatic samples from treated animals had a noticeably greater PAD4 mRNA level than the 

controls. (2−ΔΔCT: 1.018 ± 0.408 vs. 3.122 ± 1.151). Neutrophil infiltration may be explained by 

the elevated level of PAD4 mRNA, but more research is required to validate this. (Figure 13.) 

 

6.4. The Expression of PAD4 and Citrullinated Protein in the Pancreas at the 

Sixth Week in (Exp. A) 

Our primary findings on PAD4 are significant enough to meaningfully depict the difference 

between control and T1DM groups in the pancreas in order to determine NET (p < 0.05). Figure 

14 shows that the T1DM group has higher levels of expressed PAD4 than the control group, as 

Figure 13. PAD4 mRNA levels 
in Pancreas.  
Change of PAD4 mRNA in 
pancreas between control and 
T1DM group. (P < 0.05). 
Results are presented as mean 
± S.E.M. (Control, n=7; 
T1DM, n=10) 
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determined by quantifying the protein expression and normalizing it to the internal control (beta 

actin) from extracted pancreas. According to a review paper, PADs in various tissues may play 

a significant role as a regulator during the pathogenic process of type 1 diabetes. Additionally, 

we compared the levels of CITH3 in the control and T1DM groups and found that the latter had 

a considerably higher level of CITH3 than the former. To guarantee the citrullinated substrate 

for PAD4 and assess the effectiveness of the disease animal model, we assessed the intensity 

of CITH3 in the pancreas between the control and T1DM groups in the current investigation, 

which was based on the hypothesis of post-translational modification. (Figure 14.) 

 

 

 

 

 

 

 

 

6.5. Ca2+: A Prerequisite Cofactor for Citrullination Among PADs in the 

Sixth Week in (Exp. A) 

Because PAD4 is a calcium-dependent enzyme, when calcium becomes stuck in the active 

pocket, it starts to citrullinate. Here, we examined the alteration in the pancreatic 

microenvironment linked to PAD4 expression by measuring Ca2+ levels between the control 

and T1DM groups. According to our findings, PAD4 may bind to calcium ions and boost 

citrullination activity in T1DM, causing the pancreas to produce less calcium ions than the 

control group. (Figure 1 5 .) 

  

Figure 14. (A) PAD4 protein expression in Pancreas. PAD4 protein level between Control 
and T1DM against internal control (Beta-actin), elucidating PAD4 expression in T1DM was 
greater than in Control within pancreas (*P < 0.05). Results arepresented as mean ± S.E.M. 
(Control, n=7; T1DM, n=10) (B) CITH3 levels in Pancreas. Change of the expression of 
citrullinated histone-3 (CITH3) between Control and T1DM group. The result indicated 
successful induction of T1DM according to citrullinated level (*P < 0.05). Results 
arepresented as mean ± S.E.M. (Control, n=8; T1DM, n=6) 
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6.6. Blood Glucose Measurement Before Termination in (Exp. A) and B 

In order to accurately determine the state of TDM, the procedure for STZ-induced T1DM 

induction requires blood glucose to be confirmed prior to sacrifice. In experiments A and B, 

before termination, we measured the blood glucose levels. Every blood glucose reading 

between the STZ and control groups was significant. (Figure 16.) 

 

 

 

 

 

6.7. NETosis Level in the Serum and Pancreas in (Exp. B) 

Neutrophil elastase (NE) plays a critical role in extracellular trap formation (NETosis). We 

looked at NE expression in the pancreas and serum to make sure T1DM was successful in 

causing NETosis. Despite not being evident in the serum, Cl-amidine suggested 

a substantial difference between the control and STZ groups. (Figure 17.) 

  

Figure 1 5 . Ca2+ content 
in Pancreas. Change of the 
expression of Calcium ion 
between Control and 

T1DM group, Ca2+  is a 
cofactor for PAD4 and our 
measurement presented 
profound impact in pancreas  
between  Control and 
T1DM group (*P < 0.05). 
Results are   presented   as   
mean   ±   S.E.M. (Control, 
n=5; T1DM, n=6) 

Figure 16. Blood Glucose level before termination (A) At 6th week, by confirming blood 
glucose levels, T1DM was successfully induced. (B) In experiment B, we used a PADs 
inhibitor (PADI) to further examine PAD4 expression. After ten days of dosing, we also 
checked the blood glucose level. ***P < 0.001 (All groups, n=10) 
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Figure 17. NETosis level in Serum and Pancreas in (Exp. B). A component of extracellular trap 

formation is neutrophil elastase (NE). We employed Cl-amidine, one of the PADs inhibitors (PADI). 

*P < 0.05, ***P < 0.001, (A) Vehicle-Control, n=5; PADI-Control, n=7, Vehicle-TIDM, n=5, PADI-

T1DM, n=8 (B) Vehicle-Control, n=5; PADI-Control, n=7, Vehicle-TIDM, n=5, PADI-T1DM, n=7 

 

6.8. The Expression of Various Cytokines in the Heart 

In this study, cardiac cytokines were measured to map the inflammatory status in the heart. We 

obtained significant results (IL-6, IL-33, IFN-γ, and TNF-α: p < 0.05, IL-18:p < 0.01) for 

primary confirmation. The inflamed status of the heart was determined due to a high level of 

inflammatory cytokines in the STZ-DM group. Results are presented as mean + SEM, n = 5–

9/group. (Figure 18.) 

 

 Figure 18. Cytokines Expression in Heart *, p < 0.05; **, p < 0.01; NS, 
non-significant. 



34 
 

6.9. Basic ROS Examination in the Heart 

ROS is one of the main root causes of an EndMT microenvironment. We utilized Peroxynitrite 

(ONOO−) and MPO to estimate the ROS condition. The data only presented increased 

peroxynitrite (p < 0.01)) in STZ, suggesting a high ROS surrounding in the cardiac area. Results 

are presented as mean + SEM; n = 4–9/group.( Figure 19.) 

 

 

 

6.10. Nitric Oxide Synthases (NOS) Determination in the Heart 

Here, we detected inducible NOS (iNOS), endothelial NOS (eNOS), and neuronal ROS (nROS) 

in cardiac tissue. Our data showed that iNOS was only significantly higher in the STZ-DM 

group (p < 0.05). As a result, immune cells were likely to accumulate in the cardiovascular 

system. Results are presented as mean + SEM; n = 5–6/group.( Figure 20.) 

 

 

 

6.11. The Assessment of EndMT by DDR-2, MMP-2, and TIMP-1 in the 

Heart 

For the purpose of assessing EndMT, we observed DDR-2, MMP-2 activity, and TIMP-1. The 

underlying mechanism is that TIMP-1 is capable of inhibiting MMP-2, and DDR-2 can promote 

MMP-2-mediated proliferation. Interestingly, our data indicated that MMP-2 (p < 0.001) and 

TIMP-1 (p < 0.01) were decreased simultaneously in the hearts of the STZ-DM group. 

Figure 19. Peroxynitrite and MPO activity Expression in Heart **, p < 0.01; 
NS, non-significant. 

Figure 20. iNOS, eNOS and nMOS Expression in Heart *, p < 0.05; NS, non-
significant. 
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Nevertheless, DDR-2 was increased in the hearts of the STZ-DM group (p < 0.05). Results are 

presented as mean + SEM; n = 5–8/group. (Figure 21.) 

 

 

 

 

 

6.12. Biomarkers of Mesenchymal Cells and Neutrophils in the Heart 

Continuously, we measured citrullinated histone to confirm whether CXCL1 attracted 

neutrophils. Additionally, we measured some typical biomarkers (vimentin [71], versican, and 

α-SMA) to sense mesenchymal cells [72]. Our data indicated that vimentin was lower (p < 

0.01)butα-SMA was higher (p < 0.05) in the STZ-DM group. Additionally, the STZ-DM group 

presented high CXCL1 (p < 0.01) and H3Cit (p < 0.05) levels, proving that neutrophils were 

able to infiltrate the heart during EndMT. Results are presented as mean + SEM; n = 6–

15/group.( Figure 22.) 

Figure 21. MMP-2, MMP-2 Zymography, DDR-2 and TIMP-1 Expression in Heart  *, p 
< 0.05; **, p < 0.01; *** p < 0.001. MMP-2, Matrix Metalloproteinase-2; DDR-2, Discoidin 
Domain Receptor 2; TIMP-1, Tissue inhibitor of metalloproteinases 
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6.13. TGF-β Level of Heart, Aorta, and Plasma 

TGF-β is an important factor for EndMT and an upstream indicator to trigger EndMT [73]. 

We continued to detect TGF-βexpression since we obtained lower vimentin in the STZ-DM 

group [74]. The TGF-β level in the heart of the STZ-DM group was exceedingly lower, as 

proven by statistical significance (p < 0.0001), as well as in the aorta (p < 0.05) and plasma (p 

< 0.05). Results are presented as mean + SEM; n = 4–8/group.( Figure 23) 

 

 

 

6.14. Endothelin-1 Expression in Heart and Aorta 

Endothelin-1 has been linked to the pathophysiology of other biological diseases, especially 

irregular EndMT [75]. We also measured endothelin-1 expression in the heart and aorta. Our 

data only indicated that endothelin-1 expression in the aorta of the STZ-DM group was higher 

than the control group (p < 0.05) [76]. Results are presented as mean + SEM; n = 5–7/group. 

(Figure 24.) 

Figure 22. CXCL-1,Vimentin, H3Cit ,α-SMA and versican Expression in 
Heart *, p < 0.05; **, p < 0.01; NS, non-significant. CXCL-1, C-X-C Motif 
Chemokine Ligand 1; H3Cit, Histone H3 citrullination; α-SMA, Alpha-Smooth 
Muscle Actin 

 

Figure 23. TGF-β Expression in Heart, Plasma and Aorta. *, p < 0.05; **** p 
< 0.0001. 
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7 Discussion 

In this study, we first established a PAD4 enhancement group to observe overexpression 

of PAD4 in the STZ-induced pancreas. We then used Cl-amidine to inhibit PAD4 and evaluate 

systemic inflammation resulting from NETosis. Furthermore, we examined the pancreas-heart 

axis by assessing cytokines, chemokines, and various EndMT biomarkers in both the heart and 

aorta. Our findings may offer reasonable insights into the development of diabetic 

cardiomyopathy. 

In the diabetic pancreas, elevated PAD4 expression promotes β-cell destruction through 

NETosis, while in the diabetic heart, the resulting cytokine storm and oxidative stress contribute 

to EndMT and cardiac fibrosis. As both processes involve CITH3 and neutrophil activation, we 

propose that PAD4 activity orchestrates a shared citrullination-driven inflammatory axis 

linking islet pathology to cardiovascular complications in T1DM. Targeting CITH3 may thus 

attenuate not only pancreatic autoimmunity but also downstream cardiac remodeling [77].  

The role of citrullination and PADs in T1DM has recently gained significant attention. 

Most previous studies have concentrated on PAD2 and PAD4, particularly elucidating the 

mechanisms of glucokinase citrullination in the pancreas and liver of NOD mice. In contrast, 

the present study specifically investigated PAD4 expression and its link with inflammation in 

an STZ-induced T1DM rat model [78].  

Various PTMs, including citrullination, oxidation, phosphorylation, acetylation, 

methylation, deamidation, and carbonylation, have been implicated in modulating T1DM 

autoimmunity, glucose regulation, and insulin metabolism. However, whether these PTMs are 

causative factors or secondary consequences of T1DM pathology remains uncertain. Although 

animal models and ex vivo studies have provided valuable insights, their findings cannot fully 

Figure 24.  Endothelin-1 Expression in Heart and Aorta *, p < 0.05; NS, non-significant. 
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replicate the complexity of human T1DM. Previous research demonstrated an increase in 

citrullinated protein levels in STZ-induced T1DM models. However, the specific contribution 

of PAD4 to disease pathogenesis requires further clarification.  

PAD4 is a critical mediator of NETosis, a process exacerbating inflammatory responses. 

While numerous studies have reported elevated citrullinated protein levels in autoimmune 

diseases, the direct evaluation of PAD4 protein expression in T1DM remains limited. Our 

results demonstrate significantly higher PAD4 mRNA and protein levels in the pancreas of 

T1DM group compared to the controls. This observation aligns with the findings from various 

immune-mediated conditions, where increased PAD activity correlates with disease severity. 

Moreover, PAD4 activation is calcium-dependent, and our data reveal decreased pancreatic 

Ca2+ content in the T1DM group, suggesting calcium mobilization into PAD4′s active site 

during enzymatic activation [79]. Simultaneously, increased levels of CITH3, a hallmark 

biomarker of NETosis, were observed, further reinforcing PAD4′s role in disease progression. 

Recent studies highlighted that PAD4 can initiate NETosis through enhanced ROS production 

via NADPH oxidase and mitochondrial dysfunction [80]. Although reduced circulating 

neutrophil numbers have been noted in prediabetes and early T1DM, our findings underscore 

enhanced local pancreatic NETosis activity rather than systemic changes. Supporting this, the 

results emphasize that PAD4-driven NETosis substantially contributes to autoimmune disease 

pathogenesis, including T1DM, and that PAD4 inhibition represents a promising therapeutic 

strategy [81].  

Moreover, while a previous cross-sectional study associated circulating PAD4 gene 

expression with neutrophil counts in long-term T1DM patients, our findings indicate that 

pancreatic PAD4 mRNA levels may not directly correlate with neutrophil numbers, suggesting 

a need for further investigation into localized immune responses. We also analyzed several pro-

inflammatory cytokines, including IL-6, IL-18, IL-33, TNF-α, and IFN-γ, which are 

predominantly secreted by macrophages and T cells during insulitis, leading to β-cell apoptosis 

and enhanced neutrophil recruitment [82]. Our data corroborate the previous observations, 

demonstrating increased cytokine levels correlating with β-cell mass reduction. Conversely, the 

anti-inflammatory cytokine IL-10, which provides protection against β-cell damage, was 

decreased in T1DM [83], consistent with the earlier findings. Collectively, our data support the 

hypothesis that PAD4-mediated NETosis contributes significantly to pancreatic inflammation 

and β-cell destruction in T1DM [84]. The pharmacological inhibition of PAD4 has been shown 

to attenuate disease progression in animal models. Notably, Cl-amidine, a pan-PAD inhibitor, 

has demonstrated protective effects against diabetes development in NOD mice by irreversibly 
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inactivating PAD enzymes. The promising results reported further strengthen the potential for 

PAD4 inhibitors as therapeutic agents in managing T1DM and other autoimmune diseases [85].  

PAD4 expression has been previously implicated in NETosis and β-cell damage in mouse 

models, but limited data are available on PAD4’s role in the pancreas of STZinduced rats [86]. 

Our findings demonstrate that PAD4 mRNA and protein levels are significantly elevated in 

diabetic rat pancreas, paralleling the increases in CITH3 and neutrophil elastase activity. 

Moreover, these effects were mitigated by Cl-amidine treatment, confirming functional 

inhibition [87]. (Figure 25.) 

 

Figure 25. Scheme showing possible mechanism by STZ-induced T1DM 

Diabetic cardiomyopathy (DCM) represents a distinct myocardial disorder observed in 

individuals with diabetes mellitus, characterized by both structural and functional cardiac 

abnormalities that occur independently of coronary artery disease or hypertension. Clinically, 

DCM typically manifests as early diastolic dysfunction, which may progress to heart failure 

with preserved ejection fraction (HFpEF), and in more advanced stages, to heart failure with 

reduced ejection fraction (HFrEF). Principal pathological features include left ventricular 

hypertrophy, myocardial fibrosis, and impaired myocardial relaxation, primarily driven by 

chronic hyperglycemia, insulin resistance, lipotoxicity, oxidative stress, and microvascular 

dysfunction. Patients are frequently asymptomatic in the early stages, with subtle changes 

detectable only through advanced imaging techniques such as tissue Doppler or strain imaging. 

Over time, clinical manifestations including exertional dyspnea, fatigue, and signs of 

congestive heart failure become apparent. Prognosis remains poor due to limited targeted 

therapeutic options and the frequent concurrence of other diabetic complications [88]. In this 
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context, we employed a STZ-induced T1DM rat model to investigate the role of CITH3 in 

EndMT and the pathogenesis of diabetic cardiomyopathy [89]. 

Our study of heart EndMT group provides an integrative view of how diabetic conditions 

promote EndMT and fibrotic remodeling in the heart, highlighting several intersecting 

molecular pathways. Using the STZ-induced rat model of T1DM, which replicates key human 

pathological features such as chronic hyperglycemia, systemic inflammation, and cardiac 

remodeling, we identified a multifaceted interplay among proinflammatory cytokines, oxidative 

stress, extracellular matrix dysregulation, and epigenetic modifications contributing to 

endothelial dysfunction and EndMT [90]. These findings offer translational insights relevant to 

diabetic cardiovascular complications in humans. A central feature of diabetic pathology is the 

systemic proinflammatory state, which we confirmed by elevated levels of IL-6, IL-18, IL-33, 

TNF-α, and IFN-γ in cardiac tissue. These cytokines are well-documented contributors to 

cardiac inflammation and have previously been implicated in diabetic cardiomyopathy [91].  

Notably, TNF-α may act upstream to activate CXCL1 signaling, which we found to be 

upregulated, suggesting a potential biomarker and effector of EndMT [92]. Prior studies have 

associated CXCL1 and CXCL2 with neutrophil infiltration and myocardial injury in diabetes; 

our results expand on this by connecting CXCL1 expression to EndMT regulation, a link that 

remains relatively underexplored [93,94]. Our data also reinforce the pivotal role of oxidative 

stress in diabetic heart disease. Elevated levels of ROS and iNOS were observed, consistent 

with prior studies demonstrating ROS-induced endothelial injury. In particular, the 

accumulation of peroxynitrite (ONOO−) mirrors findings from ischemia-reperfusion models, 

further implicating oxidative damage in the cardiac remodeling seen in diabetes [95]. This 

oxidative stress environment appears to disrupt extracellular matrix homeostasis. We observed 

significantly reduced MMP-2 activity and TIMP-1 expression, aligning with evidence that 

oxidative stress inhibits MMP function at high ROS levels [96]. These changes are consistent 

with a profibrotic shift that facilitates EndMT and tissue remodeling. Interestingly, versican—

a known ECM proteoglycan and EndMT marker—was not altered in our model, suggesting 

temporal or disease-stagespecific regulation. An unexpected finding was the reduced TGF-β 

expression in both the heart and aorta of diabetic rats. While TGF-β is a canonical inducer of 

EndMT and fibrosis, its downregulation in our model contrasts with reports of increased TGF-

β  activity in other cardiovascular disease contexts. This suggests a complex, possibly 

compensatory, regulation of TGF-β signaling in early versus advanced stages of diabetic 

cardiovascular disease [97]. Supporting this, prior studies show that TGF-β inhibition can 
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exacerbate aortic wall inflammation in animal models. We also found reduced vimentin content, 

which may have dual consequences: impairing cytoskeletal integrity and removing its 

inhibitory effect on ROS synthesis, thereby amplifying oxidative stress [98]. This could also 

explain the observed increase in CITH3, an epigenetic marker of inflammation linked to NET 

formation. The relationship between vimentin loss, increased ROS, and CITH3 provides a novel 

mechanistic insight into how epigenetic and cytoskeletal changes may jointly promote 

inflammation and EndMT [99]. 

Further, our study confirms increased expression of α-SMA, a hallmark of mesenchymal 

transformation. This aligns with in vitro findings of high-glucose-induced EndMT in human 

endothelial cells and reinforces the relevance of our in vivo results. The upregulation of 

DDR2—a collagen-binding receptor sensitive to matrix stiffness and hyperglycemia—adds 

another layer of complexity [100]. DDR2 has recently been implicated in enhancing EndMT in 

fibrotic environments, and our findings suggest it may act as a mediator between mechanical 

and metabolic stress in diabetic cardiac remodeling [101]. (Table 2.) 

Table 2. EndMT and cardiovascular markers in diabetic heart. ↑, Higher expression in 
STZ-DM model;↓, Lower expression in STZ-DM model; ≈, non-significant between STZ-
DM model and control. 
 

Factor/Marker 
Change in 
STZ-DM 

Model 
Role in EndMT/Cardiovascular Pathophysiology 

TGF-β ↓ Master EndMT inducer; low levels impair mesenchymal transition 
CXCL-1 ↑ Chemokine attracting neutrophils; pro-inflammatory 
TNF-α ↑ Inflammatory cytokine; upstream activator of CXCL-1 
IL-6 ↑ Pro-inflammatory; promotes endothelial dysfunction 
IL-18 ↑ Inflammatory mediator; promotes cytokine storm 
IL-33 ↑ Involved in innate immunity and inflammation 
IFN-γ ↑ Stimulates Th1 responses and immune cell activation 

Vimentin ↓ Mesenchymal marker; lower levels suggest impaired transition 
α-SMA ↑ Mesenchymal marker: elevation indicates EndMT progression 

Versican ≈ ECM proteoglycan; no significant change observed 
DDR-2 ↑ Collagen receptor; increased in stiff/fibrotic matrix[102,103] 
MMP-2 ↓ Degrades ECM; decreased activity leads to fibrosis 
TIMP-1 ↓ Inhibits MMPs; decreased expression disrupts ECM regulation 

H3Cit ↑ 
Histone modification; indicates neutrophil activation and chromatin 
remodeling 

Endothelin-1 ↑ Vasoconstrictor; elevated in diabetic aorta, promotes EndMT 
Peroxynitrite ↑ ROS indicator; initiates oxidative damage and EndMT 

iNOS ↑ Enzyme producing NO; high levels promote inflammation 
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Figure 26. Brief summary of EndMT pathway in the diabetic heart of T1DM. Dotted box, 
another assumed pathway results in fibrosis. 
 

Our findings of increased CITH3 are particularly significant in this context, as recent 

studies show histone citrullination is modulated by oxidative stress and linked with NET 

formation and fibrotic remodeling. Furthermore, confirmation of EndMT markers in human 

diabetic heart tissues validates the translational relevance of our animal model. (Figure 26.) 

Besides, we propose a model in which hyperglycemia-induced oxidative stress and 

inflammation initiate endothelial dysfunction, while chemokine signaling, ECM remodeling, 

and epigenetic changes sustain and amplify this response [104]. The interplay between reduced 

TGF-β signaling, increased DDR2 expression, and ROS-CITH3 feedback loops is particularly 

novel and warrants further exploration. By contextualizing these findings within the broader 

landscape of diabetic cardiovascular research, we highlight new potential targets for early 

intervention in diabetic cardiomyopathy. (Figure 27.) 
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Figure 27. Scheme showing possible EndMT in the heart by STZ-induced T1DM. (A) In 

STZ DM rats, increased peroxynitrite truncates MMP-2, rendering it inactive. (B,C) MMP-2 

facilitates the hydrolysis of TGF-β, causing activated TGF-β to induce the downstream 

pathway. In STZ DM, decreased MMP-2 suppressed TGF-β transduction [105]. (D) Vimentin 

is one biomarker in mesenchymal cells during EndMT that is activated by TGF-β; a decrease 

in TGF-β causes a corresponding drop in vimentin [106]. (E) On the other side, elevated TNF-

α led to an increase in CXCL-1. DDR-2, a different biomarker during EndMT, was aberrantly 

elevated in the interim. Certain papers about in situ carcinoma suggest that diabetic heart 
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disease may also have elevated DDR-2 [107]. (F) In mesenchymal cells, higher α-SMA is a 

classical phenomenon during EndMT. (G) CXCL-1 from endothelial cells is likely to attract 

immune cells, particularly neutrophils. In the diabetic heart, neutrophils may close as a result 

of an inflammatory signal being drawn to them. (H) CXCL-1 may induce citrullination in 

neutrophils [108]. 

8. Summary 

The pancreas-heart axis in T1DM represents a complex interplay between autoimmune, 

metabolic, and inflammatory processes. The autoimmune destruction of pancreatic β-cells leads 

to insulin deficiency, which not only disrupts glucose homeostasis but also contributes to 

systemic inflammation and oxidative stress [83]. These factors adversely affect cardiac function, 

increasing the risk of diabetic cardiomyopathy and vascular complications. Understanding this 

axis highlights the importance of integrated therapeutic strategies that address not only 

glycemic control but also immune modulation and cardiovascular protection in individuals with 

T1DM. 
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