


       REGULATION OF CELL DEATH IN DISEASE BIOLOGY

ABSTRACT
Programmed cell death (PCD) is a fundamental process that regulates tissue homeostasis and cellular turnover. Dysregulation of PCD mechanisms, including apoptosis, necroptosis, pyroptosis, ferroptosis, and autophagy, contributes to diseases such as cancer, cardiovascular and neurological disorders, and diabetes. Understanding these pathways has driven significant therapeutic advancements. In cancer, targeting ferroptosis and PANoptosis may help overcome drug resistance and enhance treatment efficacy. In cardiovascular diseases, exosome-based strategies modulating ferroptosis improve cardiomyocyte survival, benefiting patients with myocardial infarction. Neurodegenerative disorders, such as Alzheimer's and Parkinson’s, involve necroptosis and ferroptosis, where inhibiting necroptosis may reduce neuroinflammation and slow progression. Ferroptosis-linked oxidative stress and iron metabolism have also emerged as therapeutic targets. In diabetes, ferroptosis and pyroptosis contribute to vascular and renal complications, connecting oxidative stress, metabolic imbalance, and immune responses to disease progression. Research on ubiquitination and crosstalk among different PCD pathways highlights their complexity and therapeutic potential. This review explores recent advances in PCD regulation and its role in disease pathology. Future research into precisely modulating PCD pathways could enable the development of targeted therapies, ultimately improving patient outcomes across multiple diseases.
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INTRODUCTION
In multicellular animals, programmed cell death (PCD) is an essential mechanism that controls tissue homeostasis and development). Complex signaling cascades regulate apoptosis, a type of PCD that is necessary for regular cellular activity. Numerous human diseases, such as cancer, heart problems, and neurological disorders, can result from dysregulation of PCD. PCD is essential for plant growth and stress reactions. Novel therapeutic methods for disorders linked to anomalies in the cell cycle and cell death have been developed as a result of an understanding of the molecular mechanisms governing PCD. Although the regulation of many PCD mechanisms has been better understood, it is still unknown if there is common core machinery for regulating cell death in both development and illness [1].
Tissue homeostasis and the onset of illness are significantly influenced by cell cycle regulation and cell death processes. Numerous illnesses, including as cancer, heart disease, and neurological diseases, can result from the dysregulation of these systems. [2].Uncontrolled cell division is a hallmark of cancer, which frequently arises from mutations that impair cell cycle exit mechanisms. [3].Comprehending the molecular networks governing apoptosis and cell cycle progression is crucial for creating innovative therapeutic strategies [4]. In order to prevent unchecked cell development and cause growth arrest in cancer cells, recent studies have concentrated on targeting cyclin-dependent kinases (CDKs), important regulators of cell cycle progression.[5].Furthermore, blocking cell cycle checkpoints at crucial moments can increase tumor cells' vulnerability to apoptosis, opening up new avenues for cancer therapy[6]. These understandings of cell cycle regulation offer encouraging paths for the creation of tailored treatments for a range of human illness.

A class of cysteine proteases known as caspases is essential for inflammation and cell death. [7].These enzymes begin life as dormant zymogens and are triggered by signaling events that encourage complex formation. [8]. Inflammatory caspases generate active proinflammatory cytokines, whereas apoptotic caspases start regulated cellular destruction.  [9].Recent studies have identified gasdermin D as the effector of pyroptosis and interleukin release, as well as cross-talk between inflammatory and apoptotic caspases. [10].Large protein complexes that detect cellular stress and attract caspases, including as the DISC, apoptosome, inflammasomes, and PIDDosome, control caspase activation. [11].Since dysregulation of caspases is linked to a number of illnesses, such as cancer and inflammatory conditions, it is crucial to target them with therapeutic therapies. [12].


MYOCARDIAL INFARCTION
Numerous controlled and uncontrolled cell death processes, including as necrosis, apoptosis, and autophagy, are involved in myocardial infarction (MI). [13][14].

Dysregulated calcium handling and excessive production of reactive oxygen species (ROS) during MI cause the permeabilization of the mitochondrial membrane, which results in programmed cell death. [15].Both hyperglycemia and hypoglycemia have been linked to higher mortality rates in MI patients and have the potential to cause cell death. [16].Myocardial cell survival determines the size of the infarct region, which is critical for the prognosis of the patient. [17]. Exosomes and cell treatment have been the subject of recent studies because they can control the pathways leading to cell death following MI. [18]. Cardiomyocyte cell death inhibition offers substantial therapeutic promise for enhancing heart health and longevity.[19]. Developing novel therapeutics and enhancing patient outcomes require an understanding of the mechanisms governing cell death in MI.
Intercellular communication and tissue repair after myocardial infarction (MI) and ischemia-reperfusion (I/R) injury are critical functions of exosomes. [20].Bioactive substances found in these extracellular vesicles, such as microRNAs, regulate cell death, autophagy, inflammation, and angiogenesis. [21].Exosomes from different cell types, such as cardiomyocytes and stem cells, can affect receiving cells and take part in heart repair processes. [22].Exosomes' quality and quantity fluctuate depending on the clinical situation, indicating that they may be used as MI biomarkers for diagnosis and prognosis. [23]. Exosomes are also being researched as a cell-free treatment strategy for acute MI and I/R damage. [24].An important knowledge gap in the mechanisms underlying the repair of myocardial injury may be filled by comprehending the function of exosomes in heart repair. [25].
A possible treatment target for cardiovascular disorders is ferroptosis, a unique type of iron-dependent cell death marked by lipid peroxidation and iron excess. [26][27].
Numerous cardiovascular disorders, such as cardiomyopathy, myocardial infarction, ischemia/reperfusion injury, heart failure, and atherosclerosis, are linked to this controlled cell death process. [28][29]. 
The metabolism of iron, lipids, amino acids, and glutathione tightly regulates the start and completion of ferroptosis. [30][31].
Inhibiting cardiac ferroptosis using iron chelators, antioxidants that trap free radicals, GPX4 activators, and lipid peroxidation inhibitors may provide promising treatment approaches for cardiovascular diseases, according to recent studies. [32][33].
Understanding and addressing ferroptosis mechanisms may help reduce myocardial damage and enhance the outcomes of cardiovascular disease, since cardiomyocyte depletion is a major source of patient morbidity and mortality. [34][35].

a. NEUROLOGICAL DISEASES
Cell death in CNS: Necroptosis, a controlled type of necrotic cell death, is important in many diseases of the central nervous system (CNS), such as brain traumas and neurodegenerative diseases.[36][37][38][39].
Receptor-interacting protein kinases (RIPK1 and RIPK3) and mixed lineage kinase domain-like protein (MLKL) mediate this process, which is initiated by Toll-like receptors and tumor necrosis factor (TNF).[40][41].
Necroptosis causes neuroinflammation by rupturing cells and releasing intracellular components. [42].Recent research has demonstrated the significance of necroptosis in CNS disorders for both neurons and glial cells, especially astrocytes. [43].Compounds such as necrostatin-1 have demonstrated potential in the treatment of neurological disorders by inhibiting necroptosis.[44].Nonetheless, necroptosis also contributes to immunological responses and cancer control, highlighting its intricate involvement in CNS pathology and function [45].
Cell death in AD: The pathophysiology of Alzheimer's disease (AD) is significantly influenced by innate immune responses, which include astrocytes and microglia. [46].Through a variety of mechanisms, these cells can trigger programmed cell death, which results in the release of proinflammatory cytokines that aid in the removal of tau proteins and Aβ plaques. [47][48].
However, AD can be made worse by persistent neuroinflammation brought on by excessive cell death. [49].Neurodegenerative illnesses like AD are exacerbated by microglial dysfunction, which can manifest as either abnormal activation or diminished functionality. [50].Neuroinflammation and Aβ buildup combine to provide a positive feedback loop that sustains low-grade inflammation. [51].It is essential to comprehend these innate immune pathways in order to create future therapeutics for AD. [52][53].
To eliminate AD-related anomalies without causing chronic neuroinflammation, the innate immune response must be balanced. [54].
The possible involvement of oxidative stress-mediated cell death processes in Alzheimer's disease (AD) has been highlighted by recent studies. The pathophysiology of AD has been linked to ferroptosis, an iron-dependent kind of controlled cell death marked by lipid peroxidation. [55][56][57].
There is evidence that ferroptosis in AD is caused by iron buildup, increased lipid peroxides, and decreased glutathione levels. [63].Furthermore, AD neurodegeneration may possibly be influenced by cuproptosis, a copper-dependent cell death pathway, however more research is required. [58][59].
The onset, progression, and prognosis of AD are intimately linked to these cell death pathways. [60].Crucially, ferroptosis inhibitors have been beneficial in AD mice models and clinical studies, suggesting that anti-ferroptosis treatments hold promise as possible therapeutic approaches for AD. [61].Additional investigation into these pathways of cell death could yield important information for creating efficient therapies for AD.

Ferroptosis, pyroptosis, and cuproptosis have been shown to play important roles in the pathophysiology of Alzheimer's disease (AD) in recent studies. Clinical AD samples have been found to exhibit ferroptosis, an iron-dependent cell death mechanism marked by lipid peroxidation that is intimately associated with oxidative stress. [62][63].
Necroptosis and pyroptosis, which are linked to NLRP3 inflammasome activation, are also linked to the advancement of AD. [64].
Although more research is required, cuproptosis, a copper-dependent cell death type, may be a factor in AD neurodegeneration. [65].These controlled cell death processes provide possible treatment targets and are essential to the onset and prognosis of AD. [66]. Research on various forms of cell death in AD is expanding, according to bibliometric data, with oxidative stress, lipid peroxidation, and inflammasome activation emerging as major areas of interest. [67].Novel AD disease-modifying treatments could result from an understanding of these pathways.
Cell death in PK: The pathophysiology of Parkinson's disease (PD) is significantly influenced by oxidative stress, which leads to the selective death of dopaminergic neurons in The substantia nigra pars compacta (SNpc) [68] [69]. 
Oxidative stress in Parkinson's disease is caused by a number of variables, such as neuroinflammation, iron buildup, dopamine metabolism, and mitochondrial malfunction. [70][71]. 
Numerous thiol-based redox mechanisms control dopaminergic cell death, and glutathione depletion is an early occurrence in Parkinson's disease. [72]. 
DJ-1, PINK1, and parkin are examples of PD-associated gene products that affect mitochondrial function and oxidative stress vulnerability. [73]. 
These processes interact to produce a feed-forward situation in which early insults cause more oxidative damage and neurodegeneration.[74]. Clinical trials that target oxidative stress have not yet shown results in delaying the progression of disease, despite the fact that animal models have shed light on the molecular processes involved. [75].
Ferroptosis, an iron-dependent cell death process, has been implicated in the pathophysiology of Parkinson's disease (PD) in recent studies. Dopaminergic neuron loss in Parkinson's disease is influenced by glial activation and iron dyshomeostasis.[76]. 
Ferroptotic changes are caused by glial-neuronal interaction, which may involve exosomes and tunneling nanotubes for iron transfer. [77]. A characteristic of Parkinson's disease, α-synuclein buildup can cause ferroptosis by producing lipid peroxides and reactive oxygen species. [78]. 
The substantia nigra of PD patients had differentially elevated ferroptosis-related genes, according to single-cell RNA sequencing research, and ceruloplasmin was found to be a possible therapeutic target. [79]. 
Neurodegeneration results from the intricate interaction of genetic, environmental, and cellular variables that upsets neuronal homeostasis. [80]. 
Gaining knowledge about neuron-glia interaction in relation to ferroptosis and α-synuclein pathogenesis could lead to new treatment approaches for Parkinson's disease. [81].



CANCER
The development and therapy of cancer are significantly influenced by regulated cell death (RCD). Numerous RCD mechanisms have been found to be important aspects of carcinogenesis, including apoptosis, autophagy-dependent cell death, necroptosis, pyroptosis, and ferroptosis. [82][83][84]. 
The idea of PANoptosis results from the interconnection of these pathways. [85]. 
RCD may be a cause of oncogenesis as well as a protective mechanism against the development of cancer. Using small-molecule drugs to target RCD pathways has become a viable treatment strategy for a number of cancer types. [86][87]. 
Small-molecule drugs, immune checkpoint inhibitors, and nanoparticles to induce ferroptosis and PANoptosis are examples of recent developments in cancer treatment techniques [88].Developing more a potent cancer treatment requires an understanding of the complex interactions between various RCD subroutines. [89][90].
The primary regulator of ferroptosis, a type of controlled cell death marked by iron-dependent lipid peroxidation, is glutathione peroxidase 4 (GPX4). [91][92]. 
By employing glutathione as a cofactor to detoxify cellular lipid peroxidation, GPX4 shields cells. [93]. 
Cancer cells and other tissues experience ferroptotic cell death when GPX4 is depleted or inhibited. [94][95]. 
Iron chelators, vitamin E, and ferrostatin-1 can decrease ferroptosis, which can be caused by blocking the cystine/glutamate antiporter (Type I) or by directly targeting GPX4 (Type II). [96]. 
A possible method for causing ferroptosis in malignancies that are resistant to treatment is to target GPX4, especially in diffuse large B cell lymphomas and renal cell carcinomas.[97][98]. 
To assess the safety and effectiveness of GPX4 inhibitors in clinical settings, more investigation is necessary. [99].
An iron-dependent method of controlled cell death called ferroptosis has become a viable cancer treatment strategy. [100]. 
Chemotherapy, targeted therapy, and immunotherapy are among the cancer treatments that may be able to overcome drug resistance thanks to this innovative method. [101]. 
As an inherent tumor suppressor, ferroptosis works especially well against mesenchymal and dedifferentiated cancer cells, which are frequently resistant to conventional treatments. [102]. to cause ferroptosis in cancer cells, researchers have created a variety of methods, including the use of nanomaterials, pharmaceuticals, experimental chemicals, and genetic techniques. [103]. 
However, because ferroptosis may have an impact on anticancer immunity, it can both prevent and encourage the development of cancer. [104]. 
To completely comprehend and utilize ferroptosis's therapeutic potential in the treatment of cancer,	more investigation is required.
The "death triangle" of pyroptosis, apoptosis, and necroptosis is combined in PANoptosis, a newly identified type of programmed cell death. [105]. PANoptosis, which is controlled by the PANoptosome complex, is essential for controlling immune response and cell death in a variety of malignancies, which affects carcinogenesis and patient survival rates. [106]. 
This new mode of cell death has demonstrated promise in successfully preventing the growth, multiplication, and development of drug resistance in cancer cells. [107]. PANoptosis affects immune cell behavior and tumor growth through dynamic interactions with the tumor microenvironment. [108]. Targeting PANoptosis pathways for therapeutic objectives have been the focus of recent research. This includes tactics that target important signaling molecules such caspases, NLRP3, RIPK1, and RIPK3. [109]. A theoretical basis for creating novel targeted anticancer treatments is provided by the growing understanding of PANoptosis. [110][111].
Ubiquitination is essential for controlling cancer and inflammatory cell death. This post-translational alteration affects the processes leading to necroptosis and apoptosis by regulating protein degradation, complex formation, and receptor activation. [112]. 
The E1s, E2s, E3s, and DUBs that make up the ubiquitin system influence transcription and oncoproteins, among other biological functions. [113]. 
Different forms of ubiquitination regulate cell survival and death in death receptor signaling. [114]. 
Notably, apoptosis regulatory elements coordinate tissue repair and homeostasis while playing simultaneous functions in inflammation and cell death. [115]. 
When Caspase-8 is suppressed, ubiquitination controls necroptosis and both intrinsic and extrinsic apoptotic pathways. [116]. 
Knowing these regulatory processes helps develop possible treatment approaches for illnesses involving inflammation and cell death. [117][118].

b. DIABETES
Numerous forms of cell death, including as necrosis, pyroptosis, autophagy, and apoptosis, are associated with diabetic endothelium dysfunction. [119][120]. 

The quickest type of cell death, apoptosis, occurs often in endothelial cells and is dependent on caspase activation. [121][122]. 
Necrosis includes a variety of processes, including necroptosis, whereas autophagy entails the breakdown of damaged proteins and organelles. [123]. 
Diabetic retinopathy may be influenced by pyroptosis, an inflammation-induced cell death that specifically affects Müller cells. [124]. 
Complications from diabetes may also be caused by other types of cell death, such as ferroptosis and parthanatos. [125][126]. 
Endothelial cell death can be brought on by environmental stressors such as oxidative and metabolic stress, as well as immune-mediated mechanisms. [127]. 
Developing tailored therapeutics to address diabetic vascular problems requires an understanding of these pathways. [128][129].
In the pathophysiology of diabetic kidney disease (DKD), tubular epithelial cells' controlled cell death and cellular senescence are important factors. In the early stages of DKD, hyperglycemia causes cellular senescence in proximal tubules via a mechanism that is dependent on SGLT2 and p21. [130]. 
Cellular senescence and various types of controlled cell death in tubular epithelial cells are caused by a number of conditions, including as lipotoxicity, chronic inflammation, and oxidative stress. [131]. 
In DKD, telomere attrition, DNA damage, mitochondrial malfunction, and chronic inflammation are the causes behind cellular senescence. [132]. 
Tubular damage during DKD pathogenesis is largely caused by programmed cell death, specifically apoptosis, autophagic cell death, and pyroptosis.[133]. Comprehending these mechanisms offers fresh insights into the pathophysiology of DKD and could result in innovative treatment strategies that target tubular epithelial cells' controlled cell death pathways and cellular senescence.
The pathophysiology of type 2 diabetes mellitus (T2DM) and its consequences is significantly influenced by ferroptosis, an iron-dependent kind of controlled cell death. [134][135][136][137]. 
Iron-dependent lipid peroxide buildup and decreased antioxidant ability, namely involving glutathione peroxidase 4 (GPX4), are characteristics of this process. [138][139]. 
Insulin resistance in muscle, adipose, and liver tissues, pancreatic damage, and decreased glucose-stimulated insulin release are all consequences of ferroptosis in type 2 diabetes. [140][141]. 
Additionally, it contributes to retinopathy, cardiomyopathy, diabetic renal disease, and cognitive dysfunction, among other diabetes consequences. [142] 
Novel therapeutic approaches may result from an understanding of the mechanisms behind ferroptosis in type 2 diabetes, with possible targets including antioxidant systems and iron metabolism pathways.[143][144].


CONCLUSION
Cell death, including numerous processes such as apoptosis, necroptosis, pyroptosis, ferroptosis, and autophagy, control is an important component both of healthy physiology and of disease biology. The dysregulation of these processes plays a role in the enhancement of many illnesses, among them diabetes, cancer, heart disease, and various neurological problems. Developments in our understanding of molecular pathways underlying cell death have opened new ways for novel therapeutic intervention.
Targeting controlled cell death processes like ferroptosis and PANoptosis in cancer may help in overcoming medication resistance and improve the effectiveness of treatment. Exosome-based approaches that suppress ferroptosis to reduce cardiomyocyte death are improving heart healing and patient outcomes for cardiovascular conditions such as myocardial infarction. Like this, regulating cell death processes in neurological disorders, such as necroptosis in Parkinson's and Alzheimer's, may help decrease neuroinflammation and slow the course of the illness.
The interaction of oxidative stress, immunological responses, and metabolic imbalance highlights the intricacy of cell death pathways in conditions such as diabetes, where ferroptosis and pyroptosis are linked to vascular and kidney problems. The balance required to maintain tissue homeostasis and fight diseases is complex, and thus, the discovery of new regulatory mechanisms, including ubiquitination and cross-talk between cell death pathways, is important.
Further research in these mechanisms is required to make possible the creation of targeted treatments that can accurately modulate cell death pathways. The therapeutic potential of controlled cell death can help improve patient outcomes and quality of life by opening the door for novel treatments for many human diseases.
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