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Role of Programmed Cell Death in Kidney Development: A Comprehensive Histological Review


Abstract : Apoptosis is important form of cell death in the morphogenesis of the nephron during kidney organogenesis. The kidney is one of the most complex organs to develop because of its extraordinary cellular diversity, highly ordered architecture of tissues, and its absolute reliance upon the highly regulated and spatiotemporally coordinated mechanisms of cell death. The goal is to offer a thorough perspective of the contemporary scientific knowledge of programmed cell death processes in kidney development, focusing on histological proof shown for cell death, molecular mechanisms which regulate these pathways, and the implications of these processes for nephron formation and kidney morphogenesis. The search for apoptosis in kidney development was completed through systematic searches in scientific databases like PubMed, Nature, and other relevant developmental biology journals, resulting in publications on the topic from 2010 to 2024. Kidney development is greatly influenced by apoptosis, which involves nephron patterning, branching morphogenesis of the ureteric bud, and cell death when cells in excess grow during kidney remodeling.. Apoptosis is also tightly regulated during kidney development to determine nephron number and the arrangement of the kidney's complex three-dimensional structure. Disturbance of apoptosis would therefore contribute to congenital anomalies of the kidney and urinary tract as well as other forms of progressive kidney disease. The knowledge of programmed cell death in kidney development offers valuable information related to normal nephrogenesis and abnormal kidney conditions. In the future, kidney therapies could become more effective if apoptotic pathways involved in kidney development and regenerative processes are identified.
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Introduction
The mammalian kidney is one of the most complexly organized organs in the body, with more than 20 different cell types and approximately one million functioning units called nephrons (1). The development of this complex organ requires the careful regulation of timing and space of multiple cellular processes e.g., cell cycle progression, differentiation, migration and cell death (2). Among these processes, apoptosis is especially important in the development, final architecture and functionality of the mature kidney (3). Kidney formation begins at about embryonic day 9.5 in the mouse, or 5 weeks in gestation in humans, and primarily involves complex reciprocal interactions between the ureteric bud and metanephric mesenchyme (4). In humans, kidney formation is the complete growth process that continues until approximately the 36th week of pregnancy, when it stops for life (5). Furthermore, programmed cell death (PCD) at this stage of development plays a crucial role in determining the final number of nephrons and kidney function in adulthood (6). Recent results in scientific studies have proven that programmed cell death is necessary to remove tissue during the kidney growth stage, and to regulate and remove the excess number of cells during normal growth (7).more, apoptosis is an important contributor to structural remodeling and regeneration throughout the life of an organism, especially following injury (8). Therefore, as the literature suggests developmentally programmed aspects of kidney structure and adult susceptibility to chronic kidney disease (9), better understanding of the underlying mechanisms is needed. In addition, the mature mammalian kidney is relatively quiescent (i.e., little mitotic activity, and little apoptosis) when homeostatic (10).The resting state of a mature kidney is starkly different from the highly dynamic cellular environment of kidney developmental embryogenesis, where programmed cell death is regulated by an explicit spatiotemporal program to attain the proper organ architecture (11). The process of development dynamically transitioning to a resting mature kidney is a major shift in cellular processes in the kidney that, to date, we do not fully comprehend (12). This review is aimed to present the current state of knowledge concerning mechanisms of programmed cell death in kidney development and focuses primarily on histological evidence and molecular pathways of programmed cell death during nephrogenesis.
Embryonic Kidney Development and Apoptotic Patterns
Stages of Kidney Development
Mammalian kidney development occurs in three distinct sequential developmental stages: pronephros, mesonephros, and metanephros (13). Each stage has unique cell death patterns contribute to the transition from rudimentary to more complex kidney structures (14).The pronephros, the first structure that appears during embryonic development, will undergo complete regression via extensive apoptotic cell deaths, while also providing a number of signaling molecules that promote the next stages of kidney development (15). The mesonephros develops next and is functional as a kidney via mid-gestation in mammals (16). Themesonephros ultimately undergoes selective apoptosis of the tubular structures, where the majority of tubular structures undergo apoptosis but the Wolffian duct is retained to form portions of the male reproductive system (17). The apoptotic patterns in mesonephros regression illustrates the precision of apoptotic mechanisms in selectively removing specific populations of cells while retaining others (18). The metanephros represents the final and defining kidney structure in mammals. Development of the metanephros occurs through complex interactions between the ureteric bud and adjacent metanephric mesenchyme (19). In contrast to previous stages, the metanephros actually exhibits selective patterns of apoptosis for tissue remodelling rather than simply eliminating structures (20). This selective apoptosis ultimately plays an important role in establishing the proper kidney architecture and assigning final nephron number (21).
Histological Evidence of Apoptosis During Nephrogenesis 
Histological analyses of developing kidneys show distinct spatial and temporal patterns of apoptotic cell death throughout nephrogenesis (22). In the early stages of metanephric development, apoptosis is largely confined to the peripheral, or outer regions of the metanephric mesenchyme, where it plays a role in establishing appropriate cell density for the formation of highly specialized nephron structures (23). The pattern of apoptosis in the early phases of nephrogenesis seems to correspond with gradients of growth factors and morphogens that pattern the developing kidney (24). As nephrogenesis progresses, apoptosis becomes increasingly spatially anchored to specific anatomical regions and development phases of nephron formation (25). During the mesenchymal-to-epithelial transition that marks the start of nephron development, selective apoptosis of mesenchymal cells can occur to eliminate those that will not contribute to the epithelial structure (26). This quality control measure ensures only appropriately specified cells contribute to nephron development (27). The apoptosis pattern of the developing nephron is stage-specific as it matures from the first mesenchymal aggregate to the mature functioning unit (28). The renal vesicle and comma-shaped body stages of nephron development show minimal to no apoptosis, followed by later stages with significant cell death as it pertains to lumen formation and cellular differentiation (29). The S-shaped body stage possesses characteristic patterns of apoptosis that reflect specific nephron segments (30).
Branching Morphogenesis and Programmed Cell Death
The ureteric bud undergoes extensive branching morphogenesis to create the collecting duct system of the mature kidney (31). This process requires precisely coordinated cell death events that help form the complex three-dimensional architecture of the collecting system (32). Apoptosis during branching morphogenesis primarily occurs at branch points and in locations where excessive cellular proliferation would have blocked tubular formation (33). MMPs have been identified as being involved in both extracellular matrix remodeling (ECM) and cell death during branching (34). The role of MMP9 during kidney development is significant, with it limiting apoptosis and facilitating branching (35). Establishing appropriate branching patterns during assembly system growth is crucial due to the association between MMP activity and apoptosis, which is considered functional cell death (36). The complicated regulatory networks that govern kidney growth can be seen in the relationship between apoptosis and cell branching (37). Growth factors, transcription factors, and ECM components are responsible for regulating the initiation of apoptosis during branching (38). Disruptions of these organizational networks can cause deviations in the branching of the assembly system and abnormal branching in it (39).
Molecular Mechanisms of Apoptosis in Kidney Development
Intrinsic Apoptotic Pathways
This pathway important role in development kidney (40). During organogenesis of kidney occur apoptosis due to different signal example a deficiency of growth factors (41). The mitochondrial release of cytochrome c and the consequent activation of caspases is the final common pathway for apoptosis that occurs in most developmental aspects of the kidney (42). The Bcl-2 family of proteins are the best-documented mediators of the intrinsic apoptotic pathway during kidney development (43). The developing nephron structures express pro-survival members including Bcl-2, Bcl-xL and Mcl-1, particularly in areas where cell survival is necessary for the correct formation of the organ (44). The pro-apoptotic members of this family include Bax, Bak, and a variety of BH3-only family of proteins and these anti-survival factors are upregulated in areas that would ultimately be targeted for cell death via apoptosis (45). The spatial and temporal expression patterns of Bcl-2 family proteins in the developing kidney correlate closely with regions of cell survival versus cell death (46). Immunohistochemical studies have revealed that transitions between high and low Bcl-2 expression often mark boundaries between surviving and dying cell populations during nephrogenesis (47). The expression of Bcl-2 family proteins seem to regulate their intrinsic apoptotic pathway component of kidney development (48). 
Extrinsic Apoptotic Pathways
Although the intrinsic pathway is the primarily implicated cell death mechanism during kidney development, extrinsic apoptotic pathways will also come into play for some aspects of kidney development (49). Signaling through death receptors such as Fas and TNF receptor pathways also contribute to the clearance of inflammatory cells and shaping the development of the immune system in the kidney (50). Extrinsic pathways become more important later in development and for certain pathological conditions (51). The Fas/FasL system is one extrinsic apoptotic mechanism that is especially important in regulating apoptosis of developing kidney structures (52). Aspects of this pathway become important during the transition from mesenchyme to epithelium of multiciliated cells in the kidney. FasL is expressed in developing tubular epithelial cells and Fas receptors are expressed in the immediate surrounding mesenchyme and inflammatory cell populations (53). This spatial orientation of the ligand and receptor allows the selective clearance of specific cells during kidney development (54). TNF-α and related cytokines are also apoptotic mediators during kidney development, especially early in response to stress conditions and later in response to abnormal development (55). The balance between pro-survival and pro-death signals through TNF family receptors are critical to the overall survival of different cell populations during nephrogenesis (56). The dysregulation of these extrinsic pathways has been implicated in developmental kidney disease and congenital malformations (57).
Transcriptional Regulation of Developmental Apoptosis
The p53 transcription factor modulates apoptotic programming in kidney development in response to DNA damage and cellular stressors (58). In developing deforming p53 expression increases in regions of the developing kidney cells that may have been exposed to potential high levels of developmental signals or cellular metabolic stress that will be associated with DNA damage (59). The function of the p53 in response to the developmental signals will act to eliminate or restrain cells if DNA has sustain genetic aberrancies prior to being passed on to malformation for the entire organ (60). Developmental transcription factors involved in kidney development, including Pax2, Wt1, and Six2, will also directly regulate the expression of apoptotic genes during kidney development (61). Developmental transcription factors will coordinate survival and death decisions along with other developmental processes including cellular fate and morphogenetic movements (62). Functional abrogation or loss-of-function mutations in these transcription factors elicits variability within the patterns of apoptosis associated with developmental defects (63).  The Hox gene family is responsible for the broader regional specification of apoptotic patterns in the developing kidney (64). Different Hox genes are expressed in different regions of the developing kidney and guide the boundaries that define cell survival versus death decisions (65). The combinatorial expression of Hox genes creates a positional code that ultimately informs susceptibility to apoptotic signals in kidney development (66).
Histological Mechanisms of Cell Death in Kidney Structures
Development of Glomerulus with Apoptosis
Glomerulus development is among the more complex morphogenetic events during kidney development, which was undertaken through fine-tuning of multiple cell types such as podocytes, endothelial cells, and mesangial cells (67). Apoptosis plays important functions in organizing the final architecture of the glomerular tuft and regulating the total number of cells in each glomerulus (68). During early development, the mesenchymal cell population consisted of excess cells that had not differentiated into a specialized glomerular cell type will die through apoptosis (69). Podocytes development has interesting examples of apoptosis regulation (70). These specialized cells must survive the complex differentiation process where they progress from simple epithelial cells through a complex cellular architecture required for glomerular filtration (71). The apoptotic machinery in differentiating podocytes is controlled to avoid inappropriate cell death, but importantly to initiate programmed cell death for damaged or malformed cells (72). Endothelial cell apoptosis in the developing glomerulus leads to a more complex capillary network in the glomerular tuft (73). Selectively apoptosis is needed in demolishing the extrinsic layer endothelial cells and rearranging the original vascular networks of endothelial cells forming a tube and remodeling it (74). In this regard, either by angiopoietins begin to promote endothelial cell survival and acts on the apoptotic events that need to occur during the pre-coalescence stage (75).
Nephron Tubule Development and Pathways to Cell Death
The development of the nephron tubular segments is characterized by selectivity of apoptosis that contributes to a distinctive structure with unique functional regions (76). For example, each tubular segment such as the proximal tubule, loop of Henle, and distal tubule have their own unique selectivity to cell death during development (77). These patterns are inherently linked to functional eccentricities and characteristics based on unique cellular compositions of the distinct functional tubular segments (78). During proximal tubule morphogenesis, the initial cellular proliferation is complemented with increased and selective patterns of apoptotic cell removals (79). The removal of cells in excess within the proximal tubule is scheduled with metabolic cues and distinct growth signalling pathways that encompasses the mature proximal tubule cells with their functionally high levels of metabolic activity (80). The growing proximal tubule removes cells that cannot sustain the energy supply for proximal tubule function (81). Selective patterns of apoptosis exhibited in the loop of Henle, establish the defining architecture features in this initial tubular segment (82). For example, forming a hairpin structure requires selective states of apoptosis at the turning point of the Loop of Henle. Excessive cell number along the length of the distal tubule, due to not allowing sufficient cell death will create physical obstacles for proximodistal morphogenesis (83). The relationship of apt cell death control through selective patterns in the proximal tubule, appears linked in part to mechanical forces involved across and the adhesion properties of the cells that respond to sensing an appropriate densification of cells (84).

Interstitial & Vasculature Development
The kidney interstitium undergoes considerable remodeling during development, incorporating apoptotic mechanisms to create appropriate spacing around nephrons and blood vessels (85). During the process of programmed cell death (apoptosis) there is a removal of excess interstitial cells that would interfere with nephron function (86). The timing of interstitial cell death is coordinated with nephron development to allow for the appropriate structural support throughout the process (87). During kidney vascular development there needs to be precise regulation of endothelial cell proliferation, migration, and death (88). The creation of renal vasculature involving the proper formation or formation of afferent and efferent arterioles, peritubular capillaries, larger blood vessels, is a result of selective elimination (deletion) of excess or mis-located vascular cells within the complex renal microenvironment (89). The angiogenic factors VEGF, FGF, and PDGF direct vascular cell survival and death during kidney development (90). The renal lymphatic system also invokes programmed cell death mechanisms to help create proper lymphatic drainage patterns during development (91). Lymphatic endothelial cells undergo selective apoptosis to establish the branching lymphatic network draining the kidney interstitium (92). Regulation of apoptosis and lymphatic development appears to use many of the same molecular mechanisms involved in the formation of blood vessels (93).

Pathological Implications of Dysregulated Apoptosis
Congenital Anomalies and Developmental Programming
An advantage of dysregulated apoptosis in kidney development is that it may lead to various congenital anomalies and malformations (94). Inadequate apoptosis could leave behind elements that normally would have been eliminated, e.g., remnants of the mesonephric duct system  causing cystic malformations (95). On the other hand, too much apoptosis at a critical time during development could produce a nephron deficit, with a commensurate decrease in kidney function (96). Another concept is that of developmental programming, where the impact of environmental conditions (e.g., maternal malnutrition, maternal and fetal exposure to toxins, other stressors) during kidney development can modify the structure and function of the organ permanently, through their effect on apoptosis mechanisms (97). As discussed previously, many of the changes that occur during embryonic development represent a shift from a normal pattern of apoptosis. Deviations from this pathway may lead to alterations in kidney development, which may ultimately increase the risk of chronic kidney disease later in life (98). Research indicates that during human kidney development there are factors that set the nephron population prior to birth, and this number cannot increase or change postnatally (100). Thus, any changes that happen while apoptosis is occurring during fetal development will have detrimental effects on the function of the kidney for life (101). Understanding the above processes will be critical for proposing viable options for the improvement of developmental kidney omentum, particularly relative to the avoidance or prevention of developmental kidney disease (102).

Acquired Kidney Disease and Cell Death
While this review deals with mainly developmental apoptosis it is important to point out that a lot of the molecular pathways involved in developmental cell death are again activated in acquired kidney diseases (103). In acute kidney injury, there is usually an immense amount of tubular epithelial cell apoptosis whereas chronic kidney disease has progressive nephron cell loss with different forms of cell death occurring (104). The insights into developmental apoptosis gives a useful framework to consider also the pathological processes (105). Diabetic nephropathy is purely a subset of chronic kidney disease and as such is a major cause, and it is associated with dysregulated apoptosis in different types of kidney cells (106). Podocyte apoptosis leads to glomerular injury and proteinuria, whereas apoptosis involving tubular cells is associated with interstitial fibrosis and progressive impairment in kidney function (107). Many of the pathways involved in apoptosis in diabetic nephropathy have overlaps with pathways activated during normal kidney development (108). Polycystic kidney disease is not usually thought of as an apoptotic disease, it is primarily thought to be a proliferation disorder. Polycystic kidneys have a different balance of cell death and proliferation, and thus at the same time it could be thought of as also having alterations in apoptosis (109). The abnormal proliferation of the cyst showed that developmental programs regulating the balance between proliferation and death in cystic kidneys, which differs considerably from normal kidney tissue (110). Treatment options for polycystic kidney disease may be informed by developmental apoptosis (111).

Applications in Regenerative Medicine
New advances in regenerative medicine and organ engineering have illustrated the fact that for functional kidney tissue to be created, it is important to understand the role of developmental apoptosis (112). The efforts being made to advance methods for generating kidney organoids and bioengineered kidneys must follow a typical developmental pathway, including the pattern of cell loss (113). Without directional control of the apoptotic processes, engineered kidney tissues will retain their architecture, but will rarely develop normal structure and/or function (114). Stem cell-based treatments of kidney disease could also benefit from a similar form of controlling apoptotic pathways to allow for cell survival and integration (115). Understanding the manner in which apoptosis is regulated throughout typical kidney development could provide valuable background information when enhancing this line of inquiry (116). The issue when focusing on desirable cell survival is balancing allowing for proper cell death of damaged or poorly developed cells (117). With new technologies in kidney development in vitro modeling, some new approaches to studying mechanisms of apoptosis has been added to the experimental toolbox (118). Some researchers are interested in the ability to manipulate a defined apoptosis pathway and then monitor how kidney development and function are altered through technological capabilities (119). These studies of developmental apoptosis are generating new knowledge concerning the mechanisms that define, and impact, the developmental apoptosis molecular pathway in the kidney (120).

Future Directions and Therapeutic Implications
Therapeutic Modulation of Development Pathways
Therapeutic Modulation is bright idea through study mechanism of occur apoptosis (121). Therapeutics that modify pathways related to specific apoptotic processes during kidney development are being developed and evaluated to treat specific kidney conditions (122). The key to the therapeutic opportunities involves selective modification of pathological processes associated with kidney disease without adverse effects on the normal physiological functions of the kidney (123). Clinical intervention through manipulation of kidney developmental apoptotic gene expression is a very suitable approach to therapeutic modulation (124). Epigenetic regulation of apoptotic genes, as well as DNA methylation and histone modifications, and non-coding RNAs, may all have advantageous features in modulating the pathological endpoints related to developmental abnormalities and acquired kidney diseases (125). Modulation through epigenetic means is desirable because some of the epigenetic modifications are reversible (126). Exploration in the application of growth factor/cytokine therapies towards developmental apoptotic pathways may have therapeutic potential for a kidney specific disease process (127). Growth factor signaling is the principal organizer for development and may permit, in a disease setting, a possible restoration of structural repair and functionality via apoptosis signaling. regeneration and repair for disease states (128). However, when altering such fundamental cellular functions, caution should be exercised with respect to potential side effects (129).

Personalized Medicine Approaches
Studies are now underway to assess how genetic variation in apoptotic regulation during kidney development leads to personalized medicine approaches for kidney disease (130). Genetic testing to screen for genetic variants in apoptotic pathway genes could also allow for early intervention and potentially prevent the onset of kidney disease (131). Gaining this level of understanding in developmental apoptosis and how it relates to genetic variants is required for this type of approach (132). Biomarkers to assess apoptotic pathway activity in development could assist in early screening for the potential at-risk population for kidney disease (133). For example, circulating factors that may indicate developmental apoptotic activity could theoretically be measured to assess the status of kidney development and the predicted risk of disease later in life (134). Of course the development of bio markers such as this would require extensive moderating of the detected circulating factors associated with known biomarkers over a large population study (135). Pharmacogenomic approaches that incorporate individual variation within apoptotic pathways may assist with appropriate drug selection and dosing for kidney disease treatment (136). It will be critical to know and understand how genetic variants will impact responses to drugs that modulate apoptosis for personalized therapeutic approaches (137). Although still in its infancy, personalizing therapeutics in terms of pharmacogenomics is promising for improving patient outcomes (138).

Conclusions
Cellular demise, commonly referred to as apoptosis, during the processes of renal development and organogenesis serves as a pivotal transition in both normative physiological functions and the emergence of pathological conditions. This review elucidates the fundamental characteristics of renal development and apoptosis, as well as the interrelationship of this process with the establishment of appropriate architectural structures, nephron allocation, and the cellular composition of the associated tissues. The spatiotemporal dynamics of cellular death that transpire during renal development underscore the intricate nature of the molecular pathways that govern organogenesis. A principal insight derived from these discourses is that apoptosis encompasses a multitude of functions throughout renal development, ranging from the elimination of ephemeral developmental structures to the morphological refinement of the cellular composition within the evolving nephron. These varied functions are mediated by numerous, interconnected molecular pathways during renal development, which involve an array of regulatory elements, including members of transcription factor families, growth signaling cascades, and pathways associated with cellular demise. Efforts to elucidate these multifaceted roles of cellular death, particularly concerning therapeutic interventions aimed at modulating apoptosis in the context of congenital or acquired injury or loss, should constitute a significant objective. The histological evidence pertaining to the sequential waves of apoptosis during renal development provides significant insights not solely into the morphogenetic processes (including but not limited to apoptosis) that orchestrate, construct, and establish the intricate three-dimensional architecture of the kidney. These distinct "waves" contribute to the temporal and spatial dimensions of the developmental program, wherein particular cell fates are intricately linked with morphogenetic movements and the remodeling of tissues. Should apoptosis or other morphogenetic processes lack proper organization, it may disrupt the developmental program and potentially result in substantial developmental abnormalities that possess enduring implications throughout the lifespan. Recognizing the clinical significance of our current comprehension of developmental apoptosis extends implications well beyond the therapeutic management of congenital renal malformations, encompassing aspects of renal regeneration and repair. By emulating normative developmental mechanisms and, ideally, integrating suitable patterns of cellular demise, it may be feasible to facilitate renal regeneration in instances of organ pathology. This methodology further underscores the necessity of acknowledging the intricate regulatory networks that govern the processes of developmental apoptosis.
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