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Abstract

:

In the context of cell cycle inhibition, anti-proliferation, and the dysregulation observed in certain cancer pathologies, the protein p21 assumes a pivotal role. p21 links DNA damage responses to cellular processes such as apoptosis, senescence, and cell cycle arrest, primarily functioning as a regulator of the cell cycle. However, accumulating empirical evidence suggests that p21 is both directly and indirectly linked to a number of different metabolic processes. Intriguingly, recent investigations indicate that p21 significantly contributes to the pathogenesis of diabetes. In this review, we present a comprehensive evaluation of the scientific literature regarding the involvement of p21 in metabolic processes, diabetes etiology, pancreatic function, glucose homeostasis, and insulin resistance. Furthermore, we provide an encapsulated overview of therapies that target p21 to alleviate metabolic disorders. A deeper understanding of the complex interrelationship between p21 and diabetes holds promise for informing current and future therapeutic strategies to address this rapidly escalating health crisis.
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1. Introduction


The worldwide prevalence of diabetes mellitus presents a major public health issue. A total of 536.6 million people worldwide (10.5%) had diabetes in 2021, according to the International Diabetes Federation (IDF) [1]. The number of patients with diabetes is expected to rise, with projections suggesting that 643 million will be afflicted by 2030 and 783 million by 2045 [1]. Type 2 diabetes mellitus (T2DM) represents approximately 96% of all diabetes cases worldwide [2]. Therefore, understanding the pathogenesis of T2DM is essential to finding novel approaches to prevent and/or treat the disease.



Insulin resistance is a hallmark of T2DM, primarily characterized by impaired insulin signaling. This dysfunction affects the insulin receptor substrate (IRS), phosphoinositide-3-kinase (PI-3K), and the protein kinase B (PKB) axis, reducing the effect of insulin on target tissue, primarily skeletal muscle, liver, and adipose tissue [3]. Obesity is the main promoter of insulin resistance, where adipose tissue releases greater quantities of non-esterified fatty acids, glycerol, hormones and pro-inflammatory cytokines. However, some individuals with obesity remain insulin sensitive [4,5].



Further, the tumor suppressor protein p53 activates the DNA damage-induced checkpoint by transactivating genes that enforce cell cycle arrest [6]. Of particular interest, the p21WAF1/Cip1 protein (p21), encoded by the cyclin-dependent kinase inhibitor 1A (CDKN1A) gene, mediates p53-dependent G1 growth arrest [7]. p21 carries out its biological functions by binding to and inhibiting cyclin-dependent kinases (CDKs) within the cell. It also inhibits Proliferating Cell Nuclear Antigen (PCNA)-dependent DNA polymerase activity by binding to PCNA, preventing DNA replication and modulating a number of PCNA-dependent DNA repair mechanisms [8].



p21 is also involved in metabolic processes that include cellular senescence, DNA damage repair, response to cellular stress, and the regulation of apoptosis [9,10,11,12]. To do this, p21 also interacts with p53, the Signal Transducer and Activator of Transcription 3 (STAT3), c-Myc oncoprotein (c-Myc), and E2F Transcription Factor 1 (E2F1), among others [13,14,15,16]. Its involvement in the adenosine monophosphate (AMP)-activated protein kinase (AMPK) pathway hints at a link between stress responses and metabolic adaptation. Moreover, p21 is connected to the rat sarcoma (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase kinase (MEK)/extracellular-signal regulated kinase (ERK) pathway, which impacts cell proliferation and survival, suggesting a role in cell growth and metabolic decision-making [17,18,19].



Targeting p21 for suppression emerges as a promising strategy to preserve functional β-cell mass, seeing that p21 inhibits β-cell proliferation, triggers apoptosis, and degrades β-cell mass. Given its significant role in diabetes and metabolic disorders, finding ways to modulate p21 could lead to new therapeutic approaches that slow or prevent the loss of β-cell mass and function. This review thoroughly examines p21’s involvement in metabolism, with a particular emphasis on its role in diabetes.




2. Structure and Function of p21, the Cell Cycle Inhibitor


2.1. p21 Structure and Protein Network


The human p21 protein consists of 164 amino acids and its gene is located on chromosome 6 in the 6p21.2 region in the human cell. p21 is an intracellular protein expressed in all mammalian cells, but its levels and activity vary depending on the context. p21 expression is largely dependent on ongoing cellular processes and it plays a major role in stress responses; therefore, p21 expression is generally higher in tissues that experience frequent stress, rapid turnover, or require tight regulation of the cell cycle for differentiation or repair processes. The transcription of p21 can be p53-dependent or p53-independent and is induced in response to stimuli; cell stress, DNA damage, and chemicals are all examples of stimuli that promote the p53-dependent upregulation of p21. Furthermore, p21 can interact with several proteins involved in an array of important biological processes within the cell because it lacks a clearly defined tertiary structure [20,21,22]. p21 is regulated by transcriptional factors [23,24] and post-transcriptional regulators such as microRNAs (miRNAs) and RNA binding proteins [25], and undergoes post-translational modifications [26]. Apart from its role as a cell cycle regulator, p21 regulates DNA replication, repair, and apoptosis [21], and inhibits tumor growth as a tumor suppressor gene [27]. The presence or absence of p21 is largely dependent on the cellular processes taking place, but it is not ubiquitous across all cell types. However, it is not specific to certain cell types either; instead, it plays a role in stress responses [28].



Several domains within p21 help facilitate these functions. First, the PCNA binding domain enables p21 to regulate DNA replication and repair processes by inhibiting DNA synthesis, suppressing mutagenesis and promoting DNA repair [8]. p21 also contains two distinct cyclin-binding motifs, Cy1 and Cy2, which independently interact with cyclins to inhibit cyclin-Cdk kinases and suppress cell growth [29,30,31]. The nuclear localization sequence (NLS) guides p21 to the cell nucleus, where it regulates the cell cycle and participates in DNA damage responses [32]. Furthermore, p21 inhibits the transcriptional activity of c-Myc via its c-Myc binding domain, suppressing cell proliferation [29,33]. Calmodulin binding domains regulate p21 intracellular localization and phosphorylation [29,34]. Collectively, these domains contribute to the diverse functions and regulatory roles of p21.



The functional diversity of p21 is mediated through its complex network of protein interactions [35], captured in Figure 1. Different regions of p21 are responsible for binding to different proteins, as detailed in Table 1. For instance, the N-terminal domain of p21 inhibits cyclin-Cdk kinases, while the C-terminal domain inhibits PCNA to modulate DNA replication and cell growth, particularly under the conditions of cellular stress [36,37]. Additionally, the hydroxyl group of Tyr151 within p21 serves as a tethering point, facilitating precise recognition and alignment at the peptide–protein interface, and optimizing its binding affinity for PCNA [37]. Further, the C-terminus of p21 contains motifs that are crucial for regulating the function of the p300 sumoylation-dependent transcriptional repression domain, CRD1 [36]. Understanding the specific interactions and their implications provides valuable insight into the multifaceted role of p21 in cellular physiology.




2.2. p21 Protein Regulation


The primary transcriptional regulator of p21 is p53. Two conserved p53 responsive elements (p53RE) are found in the promoter of p21 [63]. p21 expression is activated by various molecules and transcription factors independently of p53. These factors interact with specific elements in the p21 promoter region when stimulated by signals like butyrate, phorbol myristate acetate (PMA), and the nerve growth factor (NGF) [24]. For instance, the retinoblastoma protein (pRB) [64], Sp1, and Sp3 [65], as well as double homeobox 4 (Dux4) and caudal-type homeobox 2 (CDX2), a member of the caudal-related homeobox gene family, enhance p21 expression by activating its promoter region [66,67]. In a p53-independent manner, Cdk5 and Abl Enzyme Substrate 1(Cables1) inhibit proteasomal degradation, promoting the stabilization of p21 in conjunction with other cell cycle regulators [62]. Furthermore, integrin β1 enhances p21 transcription by recruiting Sp1 to the p21 promoter region [68]. Additionally, Kruppel-like zinc finger transcription factor 6 (Klf6), a member of the Klf family, is recruited to the p21 promoter region and is acetylated by p300-CREBBP to initiate p21 transcription [69].



As for transcription factors, these include the signal transducers and activators of transcription (STAT), E2F-1/E2F-3, Smads, AP2, BETA2, GAX, CCAAT/enhancer binding protein-α (C/EBPα), C/EBPβ, and myoblast determination protein 1 (MYOD1) [24]. Extracellular antiproliferative signals such as transforming growth factor-β (TGF-β) can also activate transcription factors, including Sp1 and Smads, to induce p21 expression independently of p53 [70].



Conversely, p21 inhibits cyclin-dependent kinase activities directly by interacting with their N-terminal domains or indirectly by interfering with CDK1 and CDK2 phosphorylation [65]. The N-terminal p21 region has a crucial cyclin-binding motif 1 (Cy1) for cyclin subunit interaction and a weaker redundant motif, Cy2, in the C-terminal region, both pivotal for inhibiting cyclin-CDK complexes [71]. Furthermore, p21 downregulates MYC and CDC25A genes by binding to their promoters, recruited by STAT3 and E2F in the DNA damage response. This recruitment reduces histone H4 acetylation and inhibits p300 histone acetylase recruitment [72]. Moreover, p21 regulates several genes associated with cell division, senescence, and aging, including t-tGase, cathepsin B, PAI-1, fibronectin, and N-acetylgalactosamine-6-sulfate sulfatase [73]. Additionally, as part of the p53-DREAM pathway, p21 indirectly downregulates the genes involved in DNA repair, apoptosis and cell cycle regulation, such as BRCA1, BRCA2, H2AX, NET1, STK17B, E2F1, CHEK2 and CDK1 [74,75]. All p21 protein interactions are captured in Table 1 above.





3. Diabetes and Metabolic Disorders


Diabetes is a chronic metabolic condition characterized by elevated levels of glucose in the blood. There are several types of diabetes, the most common being type 1 diabetes mellitus (T1DM), T2DM, and gestational diabetes mellitus (GDM) [76]. T1DM is precipitated by the autoimmune destruction of the β-cells in the pancreas while T2DM is due to the mismatch between insulin levels and insulin sensitivity, impairing the body’s response to insulin and progressively reducing β-cell mass and function. T1DM is typically diagnosed in childhood and T2DM in adulthood based on two abnormal glucose readings in the case of ambiguous symptoms. The criteria to diagnose diabetes are fasting plasma glucose ≥ 7.0 mmol/L, or 2 h PG ≥ 11.1 mmol/L during the oral glucose tolerance test (OGTT), or HbA1C ≥ 6.5% (48 mmol/mol) [76]. Given that T2DM accounts for approximately 96% of diabetes cases [2], eclipsing the less common forms [77], the focus here is primarily on this most prevalent form.



β-cell mass refers to the total amount of β-cells in the pancreas and a sufficient β-cell mass is crucial for appropriate insulin production and maintenance of glucose homeostasis [78]. In contrast, β-cell function refers to the ability of β-cells to release insulin in response to fluctuations in blood glucose levels. An adequate β-cell mass enhances insulin production capacity, while compromised β-cell function, resulting from inflammation, oxidative stress, endoplasmic reticulum (ER) stress, excess cytokine secretion, and genetic aberrations, can inhibit insulin production [79].



Any reduction in β-cell mass places a heightened burden on the remaining cells, potentially provoking β-cell dysfunction, reduced insulin production and, ultimately, T2DM. Preserving β-cell mass and function is crucial for T2DM management through lifestyle changes, and medications targeting insulin secretion and β-cell protection [80]. In T2DM, the loss of β-cells occurs by apoptosis, leading to inadequate insulin secretion and elevated glucose levels [81,82]. Current evidence suggests that p21 expression increases when β-cells are under stress, potentially contributing to apoptosis by activating pro-apoptotic pathways and inhibiting anti-apoptotic ones [83,84].



Cell stress is a broad term used to describe situations where a cell faces disruptions to its normal functioning or survival. These challenges can arise from environmental changes, chemotherapy, radiation, oxidative stress, and ER stress. In response to these stressors, cells activate various responses, including heat shock responses, the unfolded protein response (UPR), DNA damage, and oxidative stress responses, to adapt and maintain cellular homeostasis. Cellular damage or death results in the setting of prolonged or severe stress responses [85].



β-cell stress refers specifically to the stress experienced by insulin-secreting β-cells in the pancreas [86], and can be attributed to a number of different causes. First, glucose toxicity due to prolonged high blood glucose leads to reactive oxygen species (ROS) accumulation, inducing oxidative stress and damage [87]. Second, lipotoxicity, induced by elevated free fatty acids in the bloodstream causing lipid build-up impairs insulin secretion [88]. Third, chronic inflammation, prompting the release of inflammatory cytokines such as interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α), intensifies β-cell stress and induces apoptosis [89]. Fourth, disruptions in protein folding and assembly within the ER, causing ER stress and activating the UPR, induce β-cell dysfunction and, ultimately, death [86,90]. Fifth, mutations in vital genes encoding insulin, MafA, Pdx1 and FoxO1, crucial for β-cell function and survival, trigger stress and dysfunction [91,92,93]. All these factors collectively contribute to impaired insulin secretion and eventual β-cell death, characteristic features of T2DM [86,87,88,89,90,91].




4. The Cell Cycle Regulator p21 Influences Diabetes


Cell cycle progression is not random; it is checkpoint-regulated by cyclin-dependent kinases (CDKs). During the G1/S transition, mitogenic factors activate intracellular signaling networks involving D-type cyclins (D1, D2, D3) binding to CDK4/6 and forming the cyclin D/CDK4/6 complex. This complex phosphorylates the tumor suppressor protein RB, releasing E2F transcription factors that drive the cell into the S phase [94,95].



CDK4/6 is regulated by two families of inhibitory proteins: INK4 and Cip/Kip. INK4 (comprising p15, p16, p18, and p19) hinders the binding of cyclin D to CDK4/6. Meanwhile, the Cip/Kip family deactivates CDK-cyclin complexes, preventing them from phosphorylating RB1. Among the Cip/Kip family members, p21 inhibits progression into the S phase by binding to PCNA [96]. The C-terminal domain of p21 is sufficient to inhibit DNA synthesis by displacing the enzymes associated with PCNA; however, this was never demonstrated in vivo because p21 is degraded during the S phase and not at any earlier stage [97]. Additionally, as detailed earlier, p21 is induced by p53 and thus bears responsibility for the life or death of a cell [98].



p21’s established role in cell cycle arrest during the G1 phase was demonstrated by Brugarolas and colleagues, in which radiation was shown to enhance p21 activity [99]. p21 is crucial to the G2 phase, inhibiting CDK-activating kinases and maintaining cell arrest in the presence of DNA damage by controlling cyclin B1 degradation. CDK1 kinase activity depends on the phosphorylation of threonine 161, mediated by CDK-activating kinase. The degradation of cyclin B1, which normally activates CDK1 for mitosis, deactivates CDK1 [100]. Finally, p21 is essential in the formation of the cyclin D/CDK4 complex discussed earlier, facilitating its roles in phosphorylating RB1 and initiating the transition into the S phase [97].



In 1999, Kaneto and colleagues were the first to report the link between p21 and diabetes. They induced oxidative stress in isolated rat pancreatic islets with hydrogen peroxide which increased p21 mRNA expression and decreased insulin mRNA expression. In Zucker diabetic fatty rats, overexpressing p21 using adenovirus induced p21 mRNA expression and reduced insulin mRNA expression as diabetes developed [101].



Further, Mihailidou et al. demonstrated that the transcription factor C/EBP homologous protein (CHOP), which induces ER stress-related apoptosis in diabetes, also regulates the expression of p21. p21 was shown to be inversely correlated with CHOP and it therefore inhibited ER stress-associated damage [102]. This finding builds upon a previous study showing that increased insulin demand in pancreatic β-cells triggers ER stress, leading to cell senescence and disrupting glucose homeostasis [103]. Thus, the authors concluded that p21 can be utilized to adjust cell sensitivity to ER stress, potentially reducing senescence and apoptosis and improving outcomes in diabetes [104].




5. p21 Regulates Diabetes Phenotypes


5.1. Cell Stress


p21 is activated under the conditions of chronic cellular stress, specifically prolonged elevated levels of blood glucose [105], oxidative stress [101] or an accumulation of the human islet amyloid polypeptide (IAPP) [106,107]. When activated, p21 halts cell cycle progression [108] and inhibits DNA replication [109] via mechanisms explained previously.



p21 is also responsible for mediating autophagy in the setting of cell stress. Autophagy is a ubiquitous process that serves as a recycling mechanism to engulf cellular contents, including organelles, in membrane-bound vacuoles (autophagosomes) and deliver them to lysosomes for degradation via proteolytic enzymes within the lysosomal compartment [110]. Autophagy plays a crucial role in promoting cell survival by eliminating damaged organelles and protein aggregates, as well as maintaining bioenergetic homeostasis [111].



This can be observed during prolonged nutrient depletion, where anabolic activity is reduced [112]. In cardiac cell stress, p21 promotes protective autophagy, while its suppression worsens oxidative stress, inflammation and mitochondrial damage [113]. Further, p21 demonstrates a variable regulatory role in apoptosis based on the type of cell stressor and the nature of the tissue [65,112]. Inhibition of apoptosis by p21 has been noted in hepatocyte cell lines [107], as well as breast cancer cell lines [108] where apoptosis is stimulated by p53 overexpression [65]. In oxidative stress, p21 has a pro-survival role, and its loss increases p53-dependent and PUMA-mediated cell death [114]. In β-cells exposed to chronic hyperglycemia, elevated p21 levels are linked to increased apoptosis and caspase 3 cleavage, a key apoptotic marker [107]. Taken together, it is apparent that p21 has a variety of roles in cell stress; however, the effect is consistently anti-proliferative and pro-apoptotic in β-cell stress, leading to a decline in β-cell mass [105,107]. p21-mediated apoptosis in β-cells is initiated through the intrinsic apoptotic pathway and facilitated by the pro-apoptotic BAX and BAK proteins. The suppression of either or both proteins decreases p21-induced caspase 3 cleavage [107]. Moreover, the increase in p21 leads to a reduction in glucose-simulated insulin secretion and β-cell function due to cell senescence [107,115,116].



Additionally, ER stress occurs when misfolded proteins accumulate in the ER due to disruption in its function [117,118]. Conditions such as nutrient deficiency, hypoxia, hyperglycemia, and hypocalcemia raise protein synthesis demands, exceeding the ER’s folding capacity, thereby leading to ER stress. This activates the unfolded protein response (UPR) to restore ER balance by increasing chaperone production and reducing mRNA translation. Prolonged ER stress can cause the UPR to become pro-apoptotic, resulting in cell death [118,119].



ER stress and the pathways it triggers play a causal role in the pathogenesis of several diseases, including cancer, neurodegenerative disorders, ophthalmological diseases, and metabolic disorders [117]. In diabetes, the upsurge of insulin demand induces ER stress in the secretory pancreatic β-cells. As the stressors remain, and the ER stress becomes prolonged, the β-cells are ultimately destroyed via apoptosis, diminishing pancreatic endocrine function and compromising blood glucose homeostasis [104]. p21 plays a role in both the pro-survival and pro-apoptotic pathways in ER-stressed β-cells as p21 is expressed in conditions of moderate ER stress but suppressed in conditions of intense ER stress [104]. When p21 is upregulated, it exhibits pro-survival features by inhibiting ER stress-mediated tissue damage. When downregulated via CHOP, a transcription factor induced in sustained UPR, it lowers the apoptotic threshold of cells, exacerbating ER stress-mediated tissue damage and apoptosis [102,120,121]. It is worth noting that p21 upregulates the pro-apoptotic protein BAX as part of its induction of apoptosis [97,107]. Paradoxically, suppressing p21 leads to a greater frequency of apoptosis versus when p21 is induced [102,120]. p21’s role is highly nuanced, and influenced by different upstream regulatory pathways, but ultimately culminates in controlling stress responses. Indeed, there is a delicate balance between protecting cells in stress conditions and eliminating them when their viability is compromised.




5.2. Cell Senescence


Cell senescence can occur due to several extrinsic and intrinsic stimuli, and two key pathways regulate it: p16/pRb and p53/p21 [97]. Telomere shortening leads to gradual senescence, while DNA damage accelerates it. Other stressors inducing senescence include RAS activation, oxidative stress, radiation, nutrient depletion, toxins, mitochondrial malfunction, inflammation, and tissue damage [122,123,124]. Furthermore, some senescent cells demonstrate increased senescence-associated β-galactosidase (SA-β-Gal) activity and secrete pro-inflammatory factors that form a senescence-associated secretory phenotype (SASP) [116], causing chronic inflammation. This promotes the development of several age-related diseases, such as atherosclerosis, lung disease, and diabetes [123,124]. Moreover, senescence impairs tissue repair, with the accumulation of non-proliferative cells, leading to the aging and dysfunction of the tissue [123]. In T2DM, senescent cells play a dual role, acting as both a causative factor, and a consequence of the disease. Senescent cells disrupt pancreatic β-cell function, triggering tissue damage and inflammation through the SASP. Simultaneously, T2DM-induced metabolic changes like elevated glucose promote cellular senescence, creating a diabetes-related feed forward cycle [115,116].



Cell senescence is typically associated with disease but, in embryonic development, it serves a programmed role in limb growth and patterning, without any associated pathology [125]. In transgenic mice that lack p21, the dysfunction of the apical ectodermal ridge (AER) has been noted, and alterations in pattern formation and cellular senescence have been found, suggesting that p21 mediates and is integral to senescence in embryonic development [125].



Given that p21 inhibits cell cycle progression, it serves as one of the primary regulators of senescence. Its expression is upregulated through both p53-dependent and p53-independent mechanisms in response to various senescence-inducing stimuli that include toxin exposure [123]. Additionally, increased oxidative stress and telomere shortening are found in the adipose tissue of obese individuals, also leading to senescence [116].



In mice, fat senescence usually occurs in the white adipose tissue of obese models and results in increased insulin resistance and diabetes. p21 was observed to accumulate in senescent fat cells, and the ablation of p21 in adipose tissue improved insulin sensitivity and glucose tolerance while suppressing the SASP phenotypes. This indicates that the p53/p21 pathway is directly involved in insulin resistance [124]. Metabolic stress, due to insulin resistance and an increase in blood glucose, promotes p21 expression, accelerating β-cell senescence and causing an age-independent decline in function. Senescent β-cells displayed an increased expression of senescence markers (p21, p16), SASP markers (Ccl2, Cxcl2, IL1α, IL6, TNFα), and the two genes catalase and LDHA, typically inhibited in non-senescent β-cells. On the other hand, senescent β-cells demonstrated the down-regulation of β-cell identity genes (Ins1, Mafa, Neurod1, Nkx6.1, Pdx1), involved in cellular depolarisation and glycolysis, components of incretin signal pathways, and constituents of insulin granules (Ins1, Ins2, Slc30a8). These changes can be linked to the loss of β-cell function associated with senescence [116,124].




5.3. Amino Acid Deficiency


Amino acids are the building blocks of proteins that serve as enzymes, structural compounds, signaling mediators, and energy metabolites. Though the human body can synthesize several amino acids endogenously, referred to as non-essential amino acids, there are nine amino acids (histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, valine) that the body cannot synthesize and can only absorb from food, referred to as essential amino acids [126]. Inadequate protein intake and protein deficiencies resulting from metabolic disorders can lead to amino acid deficiency, which is observed to play a role in the pathophysiology of T2DM, among other diseases. Arginine, glutamine, leucine, and phenylalanine directly promote insulin secretion, with arginine also being linked to increased insulin sensitivity [127]. Amino acid deficiencies have been shown to upregulate the expression of specific proteins. Specifically, in the HepG2 cells deprived of the essential amino acid histidine, there is an increase in the expression of both p21 and p27. The integrated stress response kinase GCN2, which upregulates p21, is also activated, halting cell cycle progression and inhibiting cell proliferation [112,128]. In MCF10A mammary epithelial cells, withdrawing methionine resulted in an increase in the p21 levels, causing the cell to become quiescent. By comparison, the withdrawal of leucine or lysine resulted only in a moderate increase in the p21 levels. Nevertheless, even with the moderately increased levels of p21, leucine deficiency arrested the cell cycle, contrary to lysine [129].




5.4. Involvement in Obesity


Obesity typically results from excessive calorie intake and inadequate physical activity, although genetics, underlying medical conditions, and specific medications can also contribute to its development [130]. Adipocyte hyperplasia or hypertrophy, which leads to the increased storage of lipids in adipose tissue, is an important characteristic of obesity [131]. Obesity typically precedes the onset of insulin resistance which, in turn, can accelerate the onset of cardiovascular diseases and T2DM [130]. p21 has a role in promoting adipose tissue expansion in obesity and exacerbating insulin resistance by participating in adipocyte differentiation and hypertrophy [131]. p21 plays a role in adipocyte differentiation from fibroblasts, and its absence inhibits the later stage of adipocyte differentiation. Additionally, p21 prevents the apoptosis of hypertrophic adipocytes, and when absent, adipose tissue expansion is suppressed, and obesity is ameliorated [131].



In obese mice, p21 is overexpressed in gonadal visceral adipose tissue (gVAT) cell lines. While an initial increase in p21high cells is observed in gVAT cell lines, liver hepatocytes subsequently exhibit elevated p21 levels, with no corresponding accumulation in muscle, brown fat, or the pancreas [94]. Moreover, obese mice display reduced insulin sensitivity and impaired glucose homeostasis. Notably, the elimination of p21high cells significantly improved metabolic function, even in the advanced stages. The results were mirrored in humans with obesity, where the elimination of the p21high cells in the visceral adipose tissue (VAT) improved the metabolic function. This suggests that p21 can be targeted therapeutically to reduce obesity-induced insulin resistance [94].





6. The Role of p21 in Glucose Homeostasis


6.1. p21’s Involvement in Pancreatic Function


p21 expression is vital for proper pancreatic function. Specifically, p21 levels increase in pancreatic islet cells during the onset of diabetes. The rise in p21 expression is likely to contribute to β-cell glucose toxicity by inhibiting both cell proliferation and insulin biosynthesis [101].



The transcription factor KLF10 is also involved in the regulation of pancreatic function via the SEI-1p21Cip1 pathway. Specifically, KLF10 binds to the p21 promoter and upregulates its expression which, in turn, regulates pancreatic β-cell function and survival [132]. Additionally, studies have revealed that the deficiency of KLF10 in mice leads to a reduction in pancreatic islet mass. Moreover, KLF10 has been identified as a regulator of acinar cell differentiation and proliferation via the SEI-1p21Cip1 pathway [132].



Research has revealed that p21’s response to DNA damage, induced by stress and metabolic disturbances, triggers cellular senescence and diminishes β-cell proliferation, ultimately contributing to the decline of pancreatic islet mass [133]. Glucose intolerance and hypoinsulinemia are exacerbated as p21 expression increases, leading to diabetes progression [86]. Stress-activated p21 has been identified as a factor responsible for β-cell mass reduction by stimulating intrinsic apoptotic pathways [86]. Surprisingly, p21’s overexpression can have both detrimental and beneficial effects on β-cells, as it exacerbates glucotoxicity-induced apoptosis while also promoting β-cell recovery after treatment with streptozotocin [104,134].



There is a paucity of studies that validate these findings in β-cells from human donors. However, one study that used non-diabetic human islets and the rat insulinoma INS 832/13 beta cell line observed that the deficiency of the p21 (Cdc42/Rac)-activated kinase (PAK1) induced glycemic dysregulation [135].



p21’s involvement in pancreatic function extends beyond metabolic disorders to pancreatic cancers. As pancreatic cancer transitions from normal tissue to adenocarcinoma, there is a significant upregulation of p21 expression in the carcinoma cells compared to the normal cells. This is met with an increase in p53. Together, p21 and p53 are crucial for regulating the cell cycle and inducing apoptosis in response to DNA damage. Their interaction plays a pivotal role in maintaining the integrity of pancreatic cells [136].




6.2. p21 Regulates Insulin Resistance


Obesity, often accompanied by chronic low-grade inflammation, is closely intertwined with insulin resistance and the onset of T2DM. Insulin resistance and hyperinsulinemia can also accelerate the onset of obesity [4]. One study showed that T2DM patients also experience an elevation in p21 levels, which, as detailed previously, correlates with impaired glucose metabolism. The removal of p21high cells from adipose tissue successfully alleviates insulin resistance in obese mice [94].



While p21 plays a crucial role in the final stages of adipocyte differentiation and hypertrophy, adipogenesis can occur in its absence. p21 knockdown in hypertrophic adipose tissue and fully differentiated 3T3-L1 adipocytes triggers p53 activation and subsequent apoptosis. This highlights p21’s role in protecting hypertrophied adipocytes from apoptosis, allowing adipose tissue to expand, and exacerbating both obesity and insulin resistance [131]. Furthermore, p21 has been identified as an inhibitor of insulin signaling and glucose uptake in adipocytes, thus contributing to insulin resistance. It naturally follows that p21 deficiency in mice has been associated with protection against insulin resistance induced by a high-fat diet [131,137]. These findings warrant further mechanistic investigations into the relationship between p21 and insulin resistance.




6.3. p21 Regulates Glucose Tolerance


The role of p21 in glucose tolerance becomes apparent within the context of cellular senescence and its relevance to diabetes. In instances of high fat diet-induced diabetes accompanied by obesity, a distinct pattern emerges wherein adipose tissues experience an accumulation of p21Cip1-highly expressing p21high cells during the early stage, followed by an increase in both p21high and p16 Ink4a-highly expressing (p16high) cells in the later stage. The removal of p21 high cells in visceral adipose tissue helps alleviate insulin resistance in obese mice [138]. That said, interventions targeting both p21high and p16high cells, such as the use of dasatinib plus quercetin, have improved glucose tolerance and reduced insulin resistance in immune-deficient mice transplanted with adipose tissue from obese patients [124,138].



Furthermore, the consideration of p21Cip1 as a viable candidate for senotherapy in obesity-linked diabetes stems from the fact that p21high cells contribute to NF-kB dependent inflammation [94]. However, the implications of p21high deletion on aging-related processes has been a subject of debate [139] partially attributed to the fact that, unlike p16Ink4, p21Cip1 plays a significant physiological role in vivo [140].




6.4. p21 Involvement in Glucose Starvation, Hyperglycemia, and Hypoglycemia


p21 mediates cellular adaptation to metabolic stress, especially in the cases of energy depletion caused by either starvation or the use of mitochondria respiration inhibitors. It has been reported that the effects of p21 activation in response to stress, such as cell cycle arrest and cell death, depend on the type, intensity, and duration of the specific stressor, as well as the type of cells affected [140]. Studies have revealed that short-term fasting increases the transcription of p21 in mice [141,142]. Additionally, Muñoz-Espín and colleagues demonstrated p21’s role in assisting stem cells in preserving their quiescent state and genomic integrity while preventing apoptosis. Nevertheless, under extended periods of stress, p21 can initiate apoptosis [140].



Under hyperglycemic conditions, insulin receptor substrate-1 (IRS-1) is downregulated in multiple cell types and insulin-like growth factor-I (IGF-I) signaling through IRS-1 is disrupted [143]. In the cell types that can undergo differentiation, such as vascular smooth muscle cells (VSMC), the downregulation of IRS-1 leads to the loss of P53/KLF4 association, which reduces the expression of myocardin and p21. This promotes VSMC differentiation and can accelerate atherosclerosis [144].





7. p21 Is Involved in Different Metabolic Pathways


7.1. p53/p21 Pathway and Warburg Effect


The distinct metabolic phenotype observed in cancer cells, known as the Warburg Effect, has long highlighted their metabolic divergence from normal cells. This phenomenon is characterized by increased glycolysis and decreased oxidative phosphorylation. In cancer cells, glucose uptake increases significantly, leading to persistent lactate production, despite the presence of oxygen and functional mitochondria. Extensively studied, the Warburg Effect underscores the unique energy utilization strategy of malignant cells [145].



Recent investigations have shed light on the role of p53 in regulating energy metabolism and the Warburg Effect. This function is predominantly carried out via the induction of TP53-induced glycolysis, the apoptosis regulator (TIGAR), and the Ras-related glycolysis inhibitor and calcium channel regulator (RRAD), which reduce glycolysis [146,147,148,149]. Additionally, p53 exerts transcriptional repression on GLUT1 and GLUT4, further reducing glycolysis [150]. Lastly, p53 plays a direct role in suppressing glucose metabolism by inhibiting glucose-6-phosphate dehydrogenase (G6PD), a key enzyme in the glycolysis pathway [151].



There is, however, a paucity of literature indicating the direct impact of p21 on the Warburg Effect’s pathways. Notably, Chu et al. also observed that the overexpression of miR-512-5p led to the knockdown of its target gene p21, inhibiting glycolysis and inducing apoptosis in both A549 and H1299 cell lines [152]. Similarly, Jin et al. suggest that p21 enhances glycolysis under hypoxic conditions via the transcriptional factor Hypoxia-Inducible Factor-1 alpha (HIF-1α), a factor known to regulate the transcriptional activation of a broad range of genes, facilitating the adaptation of tumor cells to hypoxic environments. Such genes include those that encode the enzymes GLUT1 and LDHA, responsible for enhancing glycolysis [153]. However, Chen et al. reported that Chromobox protein homolog 3 (CBX3) knockdown, mediated by the p53/p21 pathway, reduces the glycolysis in ovarian cancer cells [154]. While the evidence is compelling, it remains circumstantial, and more mechanistic studies are needed to elucidate the specific mechanisms by which p21 regulates glycolysis.




7.2. p21 and AMPK


Recent evidence indicates that p21’s involvement in metabolic stress may be related to the AMP-activated protein kinase (AMPK) pathway. AMPK serves as a highly sensitive sensor of cellular energy status, activated when there is a reduction in ATP production, often accompanied by an elevation in AMP and ADP levels [155]. Once activated, AMPK stimulates catabolic pathways to enhance ATP production while simultaneously suppressing anabolic ones [155]. Additionally, AMPK phosphorylates and activates p53 transcription, leading to the upregulation of p21 transcription, subsequently inducing cell cycle arrest from the G1 to the S phase [156]. Notably, a reduction in the ATP to AMP/ADP ratio has been observed during nutrient deprivation, particularly glucose deprivation, indicating that the glucose levels are involved in cell cycle progression through the AMPK-p21 pathway.



It is plausible that AMPK could modulate p21 by regulating ATP consumption in anabolic pathways or adjusting glycolytic flux patterns. However, it is unclear whether AMPK affects p21 directly by interacting with downstream pathways or indirectly through its connection to metabolic stress. Further mechanistic investigations would provide insight into the nature and directionality of this relationship.




7.3. p21 and RAS/RAF/MEK/ERK Pathway in Cancer Metabolism


The landscape of cancer research has been deeply influenced by the role of RAS mutations and the RAS pathway, which collectively exert a critical influence on cell cycle regulation and responses to growth signals [157,158,159]. Excessive RAS signaling triggers cell cycle arrest and senescence through the activation of RAF/ERK signaling. This phenomenon underscores the delicate equilibrium that exists between stimulating cell proliferation and inducing a state of growth arrest [160,161,162].



In specific types of cancer cells, the increase in p21 is linked to the actions of the enzyme I isoprenylcysteine carboxylmethyltransferase (ICMT) [163,164]. Evidence from mouse models of RAS tumorigenesis indicates that the loss of ICMT function causes the elevation of p21 levels, establishing a discernible link between the RAS pathway and p21 expression in orchestrating cellular processes [165,166,167,168].



Studying the effects of inhibiting ICMT, significant changes in cellular metabolism were observed. The cells sensitive to ICMT inhibition experienced a series of metabolic shifts, including reduced mitochondrial respiration, intensified autophagy, cell cycle arrest, and apoptosis [169,170,171]. Essentially, the RAS-associated pathways, p21, and the metabolism converged to propel the processes contributing to malignant transformation [166,167,168]. Figure 2 summarizes the metabolic pathways involving p21.




7.4. p21 and Autophagy


Cells are programmed to downregulate anabolic activity and upregulate autophagy to promote survival in response to metabolic stress [112]. This can be observed in diabetes, where the β cells in islets are exposed to very high levels of glucose. Yao et al. reported an increase in the autophagic activity in the β cells isolated from the subjects with T2DM. Furthermore, the viability of these β cells was significantly reduced after the knockdown of autophagy. These results suggest that autophagy plays a crucial role in protecting the cells from death and prolonging their insulin secretory function [172].



The direct involvement of p21 in the regulation of autophagy is yet to be thoroughly investigated. Nevertheless, numerous signaling molecules regulated by p21, such as Ask1, Gadd45, galectin-3, and prosaposin, have been implicated in the modulation of autophagy. Augmented autophagic activity was demonstrated in the human colorectal carcinoma cells (HCT1160) lacking p21 compared to the control group, confirming the inhibitory role of p21 in cellular autophagy. Also, the suppression of p21 is directly associated with elevated levels of Atg7, an essential enzyme involved in autophagy execution [173,174].



Recent evidence also indicates that Atg5, essential to the induction of autophagy, plays a regulatory role in H2O2-induced senescence by upregulating the expression of p21 [175]. This suggests that autophagy can activate p21, which in turn, promotes senescence.





8. p21 and the Efficacy of Diabetes Treatment


Diabetes is associated with a well-defined range of complications, such as nephropathy, retinopathy, peripheral neuropathy, cardiovascular diseases, delayed wound healing, and fertility issues [176]. Alongside its role in diabetes risk and severity, p21 is actively involved in these complications through the regulation of cell cycle arrest and senescence [177,178]. Targeting p21 as a potential treatment for diabetes offers the added advantage of addressing both diabetes and its related complications.



p21 is the most prominent effector molecule of the p53 target gene and has been shown to protect hypertrophied adipocytes from undergoing apoptosis in high fat diet-induced obese mice [179]. The upregulation of the p53/p21 axis in adipocytes by the retinoid X receptor (RXR) antagonist HX531 inhibits cellular hypertrophy and hyperplasia leading to cell cycle arrest in the G0/G1 stage. This leads to a reduction in fat pad mass, ameliorating the effects of obesity and diabetes [20]. RXR heterodimers and homodimers commonly target p21 [180], and treatment with HX531 reduces the binding of RXRα to RXRE’s upstream of the CDKN1A gene, also indicating that the up-regulation of this gene is not regulated by RXRs [181].



One study by Molnar et al. investigated the protective effects of metformin, a first line T2DM drug, and rapamycin, a macrolide, against diabetic nephropathy. The pathogenesis of diabetic nephropathy is attributed to cell proliferation and hypertrophy in the kidneys, primarily driven by cell cycle arrest and senescence [156]. The study showed that metformin protects against diabetic nephropathy by inhibiting p21, thereby preventing cell cycle arrest and offering renal protection. These effects were observed in human embryonic kidney cells. The study also revealed that increased glucose intake reverses the protective effects of metformin, inducing p21 expression and cell cycle arrest via the AMPK pathway [156].



Another treatment that exploits the role of p21 in inhibiting cellular hypertrophy and hyperplasia is ionizing radiation, which causes DNA damage and induces the p53 protein. p53 is phosphorylated after fibroblasts undergo apoptosis and senescence, thereby causing an increase in p21 expression [182]. However, cells that express mutant p53 are less sensitive to radiation and show prolonged induction of p21. p53-dependent cellular senescence was induced in human prostatic cells using ionizing radiation, revealing that the cells expressing mutant p53 had elevated p21 levels [183]. Furthermore, the accumulation of p21 depends on the p53/p21 axis, with mutant p53 acting as a substrate of DNA damage-induced protein kinases. The accumulation of mutant p53 due to Ser15 phosphorylation transactivates the p21 target gene [183]. Additionally, inducing the expression of p21 in an H1299 cell line also protects against the cytotoxic effects of ionizing radiation typically produced by double-strand breaks [184].



In a similar manner, genotoxic drugs lead to the activation of p53 in response to DNA damage. Several drugs fall under this category, and they exert their effect through the activation of p53. For example, doxorubicin is an anthracycline antibiotic derived from the Streptomyces peucetius bacterium [185]. Different concentrations of doxorubicin can produce different effects on DNA-damaged cells. Low concentrations of doxorubicin induce senescence by increasing the levels of p53, p21 and cyclin D1 [186]. The expression of p21 protects against the cytotoxic effects of doxorubicin, increasing senescence and decreasing apoptosis [185]. Conversely, apoptosis is characterized by low and prolonged p53 expression, the upregulation of E2F1, and the absence of p21 [187].



Another viable option for diabetes treatment is p53 gene therapy, where adenoviral vectors are used to transfer the wild-type version of the gene, allowing its direct expression. This type of gene therapy has previously been used for the treatment of lung cancer, preventing tumor formation [188]. p53 gene therapy induces autophagy and suppresses p21, which is associated with improvement in insulin resistance as reported in recent mice studies [124]. p21Cip1-highly expressing cells express SASP genes [189], which are closely correlated with insulin resistance [94]. Cell death is brought about by inducing ROS and depleting glutathione [190,191]. As such, the generation of ROS prevents senescence, which subsequently prevents insulin resistance [124]. In a related context, treatment with Gendicine has also been shown to induce the suppressive effects of p53 on glucose metabolism, as has been observed in cancer patients with insulin-dependent T2DM, with the effects persisting for over a year [192].



Given the strong relationship between oxidative activity and senescence downstream of CDKN1A [125], as first shown by Kaneto et al. [101], p21 gene therapy can be employed to induce ROS production in cancer cells by transfecting adenoviral vectors. Depending on the level of ROS induction, this can result in either apoptosis or senescence. By optimizing this relationship, it becomes possible to eliminate the senescent cells that contribute to the secretion of pro-inflammatory cytokines and chemokines, and which therefore provoke the deterioration of pancreatic β-cells. This approach aligns with recent strategies utilizing serotherapeutic principles in addressing T2DM [193].



A novel approach focuses upon the elimination of senescent cells, a process known as senotherapy, to treat metabolic disorders such as diabetes. The increase in fat mass seen due to an increase in the cell counts and the hypertrophy of the adipocytes [194], as well as a decline in adipogenesis, predisposes individuals over time to develop T2DM [195]. This is coupled with the senescence of white adipose tissue (WAT) in and around abdominal organs. Interestingly, the transplantation of WAT from the obese mice to the control mice induced insulin resistance, drawing a clear link between WAT senescence and diabetes [13].



Research involving mice has shown the involvement of both p16Ink4 and p21Cip1 in WAT senescence, specifically emphasizing the role of the p53/p21 axis in protecting against fat senescence [13,196,197]. Further research revealed that, while both the p16Ink4 and p21Cip1 levels increased in murine WAT, p21Cip1 elevation occurred earlier after the initiation of a high-fat diet, raising questions about its relative significance in senescence [94]. Moreover, targeting p21high cells through senolysis suppresses the expression of SASP and genes, and improves insulin sensitivity [138].



As such, senolysis has been proposed as a candidate for the future management and potential treatment of diabetes. One of the first proposed drug combinations is dasatinib, a drug traditionally used to treat cancer [198], and quercetin, a natural flavanol [199], which successfully cleared senescent cells [138]. One study by Peng and colleagues found that dasatinib-induced senescence in KIBRAF NSCLC cells was dependent on the accumulation of p21 [200]. Meanwhile, Ranelletti and colleagues previously demonstrated that quercetin inhibits p21-RAS expression in primary colorectal tumors and colon cancer cell lines [201]. The adverse effects associated with this combination are significant, however, and include fluid retention, hematologic dysfunction, skin rashes, and the prolongation of the QT interval [202].



A summary of the key studies regarding p21 in diabetes and related metabolic disorders is shown in Table 2.




9. Conclusions and Future Perspectives


Based on the evidence presented in this review, it is evident that p21 plays a central role in metabolic disorders and the severity of diabetic phenotypes. The involvement of p21 in cell cycle regulation and its participation in cellular senescence has been shown to exacerbate the development of metabolic disorders.



The regulation of p21 in various cell types in both animal and human subjects has emerged as a pivotal factor in the development of diabetic phenotypes. In many instances, lowering p21 levels through pharmacological means has resulted in improvements in diabetic symptoms [94].



However, it is important to recognize the intricate nature of p21’s role in diabetes. In certain contexts, evidence suggests that p21 acts as an inhibitor of ER stress-associated tissue damage. Boosting p21 activity may prove advantageous for managing diabetes and potentially other conditions characterized by undesirable ER stress-related cell death [105].



Therefore, while there is substantial evidence hinting at the potential benefits of inhibiting p21 for diabetes management, it is too early to definitively recommend this approach. Instead, it might be more prudent to focus on identifying the key pathways and genes that either regulate p21 or are regulated by it. In this regard, in a diet-induced obesity mouse model, it was observed that the Thr55 phosphorylation of p21 by MPK38 promotes its nuclear translocation and inhibits the PPARγ transactivation necessary for adipogenesis, ultimately leading to the amelioration of metabolic disorder traits [203].



As the number of individuals with diabetes continues to rise globally, it is imperative to develop novel preventative measures and treatments for diabetes. T2DM, which occurs mostly due to modifiable risk factors, accounts for 90% of the cases. Accumulating evidence suggests that further investigating the role of p21 in the development of diabetes may introduce new avenues of treatment and management.







Author Contributions


O.E., R.D., L.A.-J., A.A. and S.R. wrote the first draft of the manuscript. O.E. and S.R. contributed to visualization. A.S.H. and A.E.B. contributed to conceptualization and manuscript editing. A.E.B. is the guarantor of the work. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that they have no competing interests.




Abbreviations




	Abbreviation
	Definition



	AMP
	Adenosine Monophosphate



	AMPK
	AMP-Activated Protein Kinase



	AP2
	Activator Protein 2



	ASK1
	Apoptosis Signal-Regulating Kinase 1



	ATP
	Adenosine Triphosphate



	ATP1A1
	ATPase Na+/K+ Transporting Subunit Alpha 1



	BAX
	BCL2-Associated X Protein



	BAK
	BCL2 Antagonist/Killer 1



	BRCA1
	Breast Cancer 1



	BRCA2
	Breast Cancer 2



	CDK
	Cyclin-Dependent Kinase



	CDKN1A
	Cyclin-Dependent Kinase Inhibitor 1A



	CHOP
	C/EBP Homologous Protein



	CK2
	Casein Kinase 2



	CREBBP
	CREB-Binding Protein



	CRD1
	C-Terminal Sumoylation Domain



	DNA
	Deoxyribonucleic Acid



	DREAM
	Dp, Retinoblastoma (Rb), E2F, and MuvB Complex



	E2F
	E2F Transcription Factor



	ER
	Endoplasmic Reticulum



	ERK
	Extracellular Signal-Regulated Kinase



	FOXO1
	Forkhead Box Protein O1



	GADD45
	Growth Arrest and DNA Damage-Inducible Protein



	G6PD
	Glucose-6-Phosphate Dehydrogenase



	GLUT1
	Glucose Transporter 1



	GLUT4
	Glucose Transporter 4



	HCT116
	Human Colorectal Carcinoma Cell Line



	HIF-1α
	Hypoxia-Inducible Factor 1-Alpha



	IAPP
	Islet Amyloid Polypeptide



	ICMT
	Isoprenylcysteine Carboxyl Methyltransferase



	IDF
	International Diabetes Federation



	IGF-I
	Insulin-Like Growth Factor I



	IRS-1
	Insulin Receptor Substrate 1



	KLF10
	Kruppel-Like Factor 10



	KLF4
	Kruppel-Like Factor 4



	LDHA
	Lactate Dehydrogenase A



	MAPK
	Mitogen-Activated Protein Kinase



	MEK
	Mitogen-Activated Protein Kinase Kinase



	MDM2
	Mouse Double Minute 2 Proto-Oncogene



	NF-κB
	Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells



	NLS
	Nuclear Localization Signal



	PCNA
	Proliferating Cell Nuclear Antigen



	PKB
	Protein Kinase B



	PUMA
	p53 Upregulated Modulator of Apoptosis



	RAS
	Rat Sarcoma Virus Proto-Oncogene



	RAF
	Rapidly Accelerated Fibrosarcoma Proto-Oncogene



	RRAD
	Ras-Related Glycolysis Inhibitor and Calcium Channel Regulator



	SAPK
	Stress-Activated Protein Kinase



	SASP
	Senescence-Associated Secretory Phenotype



	STAT3
	Signal Transducer and Activator of Transcription 3



	T2DM
	Type 2 Diabetes Mellitus



	TGF-β
	Transforming Growth Factor Beta



	TIGAR
	TP53-Induced Glycolysis and Apoptosis Regulator



	TOK1
	Potassium Transporter TOK1



	UPR
	Unfolded Protein Response



	VAT
	Visceral Adipose Tissue



	VSMC
	Vascular Smooth Muscle Cells



	WISP3
	WNT1-Inducible Signaling Pathway Protein 3
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Figure 1. Network of protein interactions involving p21 in diverse cellular processes. Protein interaction network of p21. The dotted line describes reported protein interactions, whether that interaction was direct or indirect. WISp39: WISP3 (WNT1 Inducible Signaling Pathway Protein 3), TSG101: TSG101 (Tumor Susceptibility Gene 101), TOK1: TOK1 (K+ Transporter TOK1), SET: SET (SET Nuclear Proto-Oncogene), STAT3: STAT3 (Signal Transducer and Activator of Transcription 3), SAPK: MAPK8 (Mitogen-Activated Protein Kinase 8), Procaspase3: CASP3 (Caspase 3), MDM2: MDM2 (MDM2 Proto-Oncogene), GADD45: GADD45A (Growth Arrest and DNA Damage-Inducible Alpha), Cables1: CABLES1 (Cdk5 and Abl Enzyme Substrate 1), E2F-1: E2F1 (E2F Transcription Factor 1), c-Myc: MYC (MYC Proto-Oncogene), CK2: CSNK2A1 (Casein Kinase 2 Alpha 1), CARB: N/A (context needed), Calmodulin: CALM1, CALM2, CALM3 (Calmodulin 1, 2, 3), 20S proteasome: PSMB5 (Proteasome Subunit Beta 5), ASK1: MAP3K5 (Mitogen-Activated Protein Kinase Kinase 5), PCNA: PCNA (Proliferating Cell Nuclear Antigen). 
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Figure 2. Summary of various metabolic pathways involving p21. A schematic showing p21’s central role in multiple biological pathways. In the RAS/RAF/MEK/ERK cascade, activation triggers p21 to bind with cyclin-dependent kinases (CDKs), exerting inhibitory control over the cell cycle. Metabolic stress, including low glucose levels, influences p21 modulation, ultimately leading to the upregulation of both p53 and p21, resulting in cell cycle arrest. p21 actively participates in anti-oncogenic pathways by binding with PCNA for DNA repair. The diagram illustrates p21 and p53’s interplay, with p53 sensing oncogenic processes and p21 acting as a cycle progression switch. The RAS/RAF/MEK/ERK pathway was observed in mice embryonic stem cells [165]. The AMPK pathway was observed in human embryonic kidney cells [156]. The p53/TIGAR pathway was observed in various human tumor cells including breast, lung, and bone tumor (osteosarcoma) cells [146]. The p53/RRAD pathway was observed in human lung cancer cells [147]. The p53/GLUT pathway was observed in human bone tumor (osteosarcoma) cells [150]. The p53/G6PD pathway was observed in human lung cancer cells [151]. EGF: EGF (Epidermal Growth Factor),]; EGFR: EGFR (Epidermal Growth Factor Receptor); RAS: KRAS, HRAS, NRAS (various RAS Proto-Oncogenes); RAF: RAF1 (RAF1 Proto-Oncogene, Serine/Threonine Kinase); MEK: MAP2K1 (Mitogen-Activated Protein Kinase Kinase 1); ERK: MAPK1 (Mitogen-Activated Protein Kinase 1); ATP:ADP/AMP: ATP1A1; AMPK: PRKAA1, PRKAA2 (Protein Kinase AMP-Activated Catalytic Subunit Alpha 1 and 2); GLUT1: SLC2A1 (Solute Carrier Family 2 Member 1); GLUT4: SLC2A4 (Solute Carrier Family 2 Member 4); G6PD: G6PD (glucose-6-phosphate dehydrogenase); TIGAR: C12orf5 (TP53-Induced Glycolysis Regulatory Phosphatase); RRAD: RRAD (RAS-related glycolysis inhibitor and calcium channel regulator); PCRNA: PCNA (Proliferating Cell Nuclear Antigen). 
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Table 1. Protein interactions of p21 and their binding regions. Overview of protein–protein interaction networks of p21, showing the proteins that interact with p21 and the regions of p21 responsible for binding. p21 binding regions refer to amino acid positions within the protein sequence. Cyclins: cyclins (Regulatory Proteins for Cell Cycle), CDKs: CDKs (cyclin-dependent kinases), PCNA: PCNA (Proliferating Cell Nuclear Antigen), ASK1: ASK1 (Apoptosis Signal-Regulating Kinase 1), C8 α-subunit of 20S proteasome: C8 α-subunit of 20S proteasome (Proteasome Complex Component), Calmodulin: Calmodulin (Calcium-Binding Messenger Protein), CARB: CARB (Cellular Apoptosis Susceptibility Protein), CK2: CK2 (Casein Kinase 2), c-Myc: c-Myc (Myc Proto-Oncogene Protein), E2F-1: E2F-1 (E2F Transcription Factor 1), GADD45: GADD45 (Growth Arrest and DNA Damage-Inducible Protein), MDM2: MDM2 (Mouse Double Minute 2), Procaspase 3: Procaspase 3 (Inactive Caspase 3 Precursor), SAPK: SAPK (Stress-Activated Protein Kinase), SET: SET (Multifunctional Protein in Chromatin Structure and Apoptosis), STAT3: STAT3 (Signal Transducer and Activator of Transcription 3), TOK1: TOK1 (Potassium Channel Protein), TSG101: TSG101 (Tumor Susceptibility Gene 101), WISp39: WISp39 (Heat Shock Protein Co-Chaperone), Cables1: Cables1 (CDK5 and Abl Enzyme Substrate 1).
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	Proteins
	p21 Binding Regions
	References





	Cyclins
	17–24 and 155–7
	[38,39,40]



	CDKs
	53–8 and 74–9
	[38,39,40]



	PCNA
	143–60
	[38,39,40]



	ASK1
	1–140
	[41]



	C8 α-subunit of 20S proteasome
	140–64
	[42]



	Calmodulin
	145–64
	[43,44]



	CARB
	Not determined
	[45]



	CK2
	46–65
	[46,47,48]



	c-Myc
	139–64
	[49]



	E2F-1
	1–90
	[50]



	GADD45
	139–64
	[51,52]



	MDM2
	87–164
	[53]



	Procaspase 3
	1–33
	[54,55]



	SAPK
	1–84
	[56]



	SET
	140–4 and 156–64
	[57]



	STAT3
	Not determined
	[58]



	TOK1
	149–64
	[59]



	TSG101
	1–86
	[60]



	WISp39
	28–56
	[61]



	Cables1
	46–89
	[62]










 





Table 2. A summary of the key studies regarding p21 in diabetes and related metabolic disorders.






Table 2. A summary of the key studies regarding p21 in diabetes and related metabolic disorders.





	Author/Year
	Title
	Method of Study
	Cell Type
	Main Relevant Findings





	Kaneto. et al.

[101]
	Oxidative stress induces p21 expression in pancreatic islet cells: possible implication in beta-cell dysfunction
	Oxidative stress was induced in isolated rat pancreatic islet cells by treatment with hydrogen peroxide
	Rat pancreatic islet cells
	Oxidative stress triggers the upregulation of cyclin-dependent kinase inhibitor p21 in pancreatic islet cells, a response that becomes more pronounced with diabetes progression. This p21 activation likely plays a role in beta-cell glucose toxicity by limiting cell proliferation and impairing insulin synthesis.

This was noted when the overexpression of p21 was accompanied by the suppression of insulin mRNA in the isolated islets cells.



	Mihailidou et al.

[102]
	The regulation of P21 during diabetes-associated stress of the endoplasmic reticulum
	Examined p21 activity during ER stress and how is it regulated in the context of diabetes
	Hamster pancreatic islet β-cell line
	p21 can be utilized to adjust cell sensitivity to ER stress, which can reduce apoptosis and improve outcomes in diabetes.



	Zhang et al.

[105]
	The cytotoxic role of intermittent high glucose on apoptosis and cell viability in pancreatic beta cells
	Cells were treated with normal glucose (5.5 mmol/L), constant high glucose (CHG) (25 mmol/L), and IHG (rotation per 24 h in 11.1 or 25 mmol/L) for 7 days
	INS-1 cells
	Chronic exposure to intermittent high glucose will lead to effective induction of apoptosis by increasing the intracellular oxidative stress produced by hyperactivated xanthine oxidase activity.



	Inoue et al.

[131]
	Cyclin-dependent kinase inhibitor, p21WAF1/CIP1, is involved in adipocyte differentiation and hypertrophy, linking to obesity, and insulin resistance
	3T3-L1 fibroblasts were differentiated into adipocytes, and p21 expression was assessed. p21waf1/Cip1 knock-out mice were either maintained on a normal chow diet or an obesity-induced diet with a high fat high sucrose (HFHS) diet with weekly collections of their blood for metabolic analysis (measurement of blood glucose, insulin, triglyceride, total cholesterol, and free fatty acid) and measured body weight.
	3T3-L1 cells and p21waf1/Cip1 knock-out mice
	p21 prevents the apoptosis of hypertrophic adipocytes and increasing obesity is linked to insulin resistance. When p21is absent, adipose tissue expansion is suppressed, and obesity is ameliorated.



	Wang et al.

[94]
	Targeting p21(Cip1) highly expressing cells in adipose tissue alleviates insulin resistance in obesity
	2-month-old male C57BL/6 mice were given either regular chow diet or high-fat diet for 2 months, and single-cell transcriptomic (SCT) analysis was performed. SCT information from 11,401 and 7283 cells from lean and obese mice, respectively, was collected.
	p21high cells of mice adipose tissue
	Intermittent clearance of p21-high cells can prevent and alleviate insulin resistance in obese mice. Inactivation of NF-κB pathway within p21high cells helps reduce insulin resistance. Also, p21high cells within fat are sufficient to cause insulin resistance in vivo.



	Hernandez et al. [86]
	Upregulation of p21 activates the intrinsic apoptotic pathway in beta-cells
	INS-1-derived 832/13 cells were applied pharmacological stress by dexamethasone and thapsigargin. P21 overexpression was assessed by [3H]methyl-thymidine incorporation. Cell cycle analysis and apoptosis analysis was performed by flow cytometry.
	INS-1-derived 832/13 and 828/33 rat insulinoma cells
	Cellular stress impairs β-cell proliferation and induces apoptosis which leads to insulin secretion reduction and can make it harder to control glucose homeostasis in insulin resistance or type 2 diabetes



	Yang et al. [134]
	P21cip overexpression in the mouse β Cells leads to improved recovery from streptozotocin-induced diabetes
	A novel transgenic mouse model was developed to study the pancreatic β cell regeneration, which could specifically inhibit β cell proliferation by overexpressing p21 cip in β cells via regulation of the Tet-on system.
	Pancreatic mouse β cells
	p21’s overexpression can have both detrimental and beneficial effects on β-cells, as it exacerbates glucotoxicity-induced apoptosis while also promoting β-cell recovery.



	Tinkum et al.

[141]
	Forkhead box O1 (FOXO1) protein, but not p53, contributes to the robust induction of p21 expression in fasted mice
	Low-light bioluminescent imaging was employed to localize p21 expression to specific regions of the brain, which enabled the examination of p21 expression under short-term starvation (fasting)
	In vivo reporter mice
	Short-term fasting has been shown to increase p21 expression in mouse organs including the brain.





	Lopez-Guadamillas et al. [142]
	p21Cip1 plays a critical role in the physiological adaptation to fasting through activation of PPARα
	Mice were fed with standard chow diet or fasted for 48 or 24 h. Primary hepatocytes were extracted and an RNA analysis was performed. Serum analysis was also performed.
	Primary hepatocytes from mice
	Only p21 mRNA is upregulated in fasting, being more prominent in the liver and muscle, while p16Ink4a, p19Arf, p27Kip1, and p53 mRNAs are unaffected.



	Chu et al. [152]
	miR-512-5p induces apoptosis and inhibits glycolysis by targeting p21 in non-small cell lung cancer cells
	miR-512-5p was induced and inhibited in the cells, and the subsequent cell proliferation, apoptosis, glucose consumption, and lactate production were measured.
	Non-small cell lung carcinoma cells
	The overexpression of miR-512-5p induced apoptosis in non-small cell lung cancer (NSCLC) cells, while inhibiting glycolysis and migration. CDKN1A was identified as a target gene of miR-512-5p, with its overexpression leading to a decrease in both the p21 protein and mRNA levels. The knockdown of p21 mimicked the effects of miR-512-5p overexpression, including enhanced apoptosis and reduced glycolysis, and also counteracted the inhibitory effect of miR-512-5p on cell apoptosis.



	Jin et al. [153]
	A positive feedback circuit comprising p21 and HIF-1α aggravates the hhypox-ia-induced radioresistance of glioblastoma by promoting Glut1/LDHA-mediated glycolysis
	The cells were examined under hypoxic conditions and p21/HIF-1α and related genes were measured. The cells were also exposed to radiation and the same parameters were measured.
	Human glioblastoma and human glioma cells
	p21 is directly activated at the transcriptional level by HIF-1α, which subsequently enhances the transcription of HIF-1α itself. This results in the upregulation of HIF-1α-responsive genes, including glycolysis-related enzymes like Glut1 and LDHA, thereby promoting glycolysis. Increased glycolysis, in turn, contributes to the radioresistance of glioblastoma multiforme (GBM) through various molecular mechanisms.



	Chen et al. [154]
	CBX3 promotes ovarian cancer progression by regulating p53/p21-mediated glucose metabolism via inhibiting NCOR2
	The expression of Chromobox protein homolog 3 (CBX3) was analyzed in ovarian cancer cells, along with its effects on cell proliferation, cell cycle regulation, and apoptosis. Additionally, the modulatory influence of CBX3 on NCOR2 expression and p53/p21-mediated glycolysis was evaluated.
	Epithelial ovarian cancer tumor cells and corresponding adjacent non-tumor cells
	CBX3 was significantly overexpressed in the ovarian cancer (OC) tissues and cell lines, showing a negative correlation with NCOR2. It enhanced the viability, migration, and invasion of the OC cells by activating p53/p21-mediated glycolysis through the inhibition of NCOR2.



	Molnar et al. [156]
	p21WAF1/CIP1 expression is differentially regulated by metformin and rapamycin
	The cells were treated with varying doses of metformin and rapamycin, and the effects on p21 expression, AMPK activity, and cell cycle senescence were assessed. These results were compared to untreated control cells. Additionally, the drug-treated cells were exposed to a high-glucose environment to evaluate its impact on these parameters
	Human embryonic kidney (HEK293) cell
	This study demonstrates that metformin suppresses high glucose-induced p21 expression. High glucose promotes cell cycle senescence through p21, a recognized mechanism in the pathophysiology of diabetic nephropathy. Metformin was found to counteract this effect, mediate