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Abstract

:

Despite lacking the central apoptotic machinery, senescent or damaged RBCs can undergo an unusual apoptosis-like cell death, termed eryptosis. This premature death can be caused by, or a symptom of, a wide range of diseases. However, various adverse conditions, xenobiotics, and endogenous mediators have also been recognized as triggers and inhibitors of eryptosis. Eukaryotic RBCs are unique among their cell membrane distribution of phospholipids. The change in the RBC membrane composition of the outer leaflet occurs in a variety of diseases, including sickle cell disease, renal diseases, leukemia, Parkinson’s disease, and diabetes. Eryptotic erythrocytes exhibit various morphological alterations such as shrinkage, swelling, and increased granulation. Biochemical changes include cytosolic Ca2+ increase, oxidative stress, stimulation of caspases, metabolic exhaustion, and ceramide accumulation. Eryptosis is an effective mechanism for the elimination of dysfunctional erythrocytes due to senescence, infection, or injury to prevent hemolysis. Nevertheless, excessive eryptosis is associated with multiple pathologies, most notably anemia, abnormal microcirculation, and prothrombotic risk; all of which contribute to the pathogenesis of several diseases. In this review, we provide an overview of the molecular mechanisms, physiological and pathophysiological relevance of eryptosis, as well as the potential role of natural and synthetic compounds in modulating RBC survival and death.
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1. Introduction


Erythrocytes or red blood cells (RBCs) transport gases (O2 and CO2) between tissues and lungs, and maintain acid/base equilibrium in the body. Being the most abundant cell type in the body, they serve as an important health indicator. Analysis of the erythrocyte membrane phospholipid organization of the outer leaflet is crucial to understand the role of cell membrane biology in health and disease [1]. Although, the erythrocytes lack important organelles, such as mitochondria and a nucleus, which are required in the execution of apoptosis, damaged RBCs can undergo programmed cell death-like apoptosis, called eryptosis [2,3].



Injury of the cells leading to the death of the erythrocytes can be triggered by various exogenous factors, such as xenobiotics, toxins, and heavy metal exposure, along with the administration of antibiotics [4,5,6]. Moreover, several physiological dysfunctions, such as oxidative stress, osmotic shock, energy depletion, hyperosmolarity, and release of prostaglandin E2 (PGE2), induce a rapid self-destruction process in mature erythrocytes [7,8].



The characteristics of eryptosis involves dysfunctional ion exchange, cell shrinkage, ceramide accumulation, cell membrane vesiculation due to cytosolic calcium overload, and membrane phospholipid scrambling with alteration of the cell membrane asymmetry and phosphatidylserine (PS) exposure at the cell surface [9,10]. Ca2+ influx opens Ca2+-sensitive K+ channels, or Gardos channels, leading to subsequent loss of KCl, hyperpolarization of the membrane, loss of water, and cell shrinkage [11,12]. Further, Ca2+ influx also stimulates the formation of ceramide, which causes disruption of cell membrane asymmetry [12,13]. Plasma membrane asymmetry plays a critical role in the function of membrane proteins and in the interactions with the cytoskeleton, influencing the mechanical properties of the cell and performing a key role in the integrity of the RBC [14]. An increased number of erythrocytes with membrane dysfunction can lead to seriously detrimental health conditions, such as anemia, microcirculation dysfunction, and thrombogenic activation [8]. It contributes to the pathogenesis of several clinical conditions, such as anemia, chronic kidney disease, Wilson’s disease, liver failure, diabetes, hypertension, heart failure, thrombosis, obesity, metabolic syndrome, arthritis, and lupus, which not only exacerbates fatigue but is also correlated with lower survival rates [15,16]. Moreover, diabetes-induced renal failure, hypertension, and sepsis are all associated with impairments in erythrocyte deformability [17].



From a physiological point of view, eryptosis is a protective mechanism mostly similar to the apoptosis of nucleated cells, to remove defective erythrocytes. It is an important process as it enables a form of erythrocyte cell death other than hemolysis, which results in rupture of the membranes with release of damaged RBC contents and consequent inflammation [18]. Thus, a balance between eryptotic and anti-eryptotic mechanisms is important to maintain a normal erythrocyte count to prevent blood associated irregularities. However, excessive eryptosis without accompanying erythropoiesis and enduring an increase of reticulocytes initiates phagocytosis of RBCs and compromises microcirculation by loss of circulating erythrocytes [16]. The process of eryptosis regulation is complex, implicating a multitude of cellular machinery, and there are various triggers and inhibitors. Several kinases, including cyclin-dependent kinase 4, p38 mitogen-activated kinase, casein kinase 1α (CK1α), mitogen- and stress-activated kinase MSK1/2, and Janus-activated kinase JAK3, have been shown to participate in the stimulation or inhibition of eryptosis [10,19]. Many food-derived phytochemicals and natural compounds, including phenolic compounds and alkaloids, with antioxidant and anti-inflammatory properties have been reported to prevent eryptosis-driven cell death and associated clinical conditions [20].




2. Structural Stability of RBCs


In RBCs, the cytoskeleton and plasma membrane are tightly coupled to form a basic and intricate structure known as the membrane skeleton. This is crucial for the structure and deformability of RBCs. Due to maintenance of the membrane structural integrity, RBCs remain flexible and are able to survive in the circulation [21].



In mature RBCs, the membrane is formed of a very particular lipid bilayer and interacts with other membrane proteins through protein–protein interactions. All cells have a double-layered surface called a cell membrane, which is composed of phospholipids, glycolipids, and cholesterol. While cholesterol is normally uniformly distributed across the two leaflets, the four major phospholipids are organized in an asymmetrical fashion [21].



The structural integrity of the RBC depends on the phospholipids, namely the PS and phosphoinositides, being arranged in an asymmetrical fashion in the inner leaflet [22]. Disruption of this lipid asymmetry results in PS appearing on the outer leaflet, which may contribute to the rapid mortality of RBCs [5,23]. Markers, such as cytosolic Ca2+ and increased hemoglobin, are present in the cytosol. Phospholipid bilayers have a role in lipid homeostasis through enzyme activities, membrane transport, and signal transduction. Polar hydrophilic heads and non-polar hydrophobic hydrocarbon tails give the numerous different molecular species of phospholipids their distinctive identities. Sphingomyelin is composed of sphingosine instead of glycerophospholipids [24,25].



To facilitate physiological activities, such as signal transduction, the membrane forms specialized portions called rafts, which are composed of clumps of lipids and proteins. Cholesterol in the membrane is sequestered between two lipid bilayers, where it cannot be sterilized. In lipid rafts, which are rich in cholesterol and sphingolipids, Flotillins, stomatin, G-proteins, and adrenergic receptors are found [26]. The lipid bilayer is composed of two types of phospholipids: choline-phospholipids (phosphatidylcholine [PC]) and amino-phospholipids (phosphatidylserine [PS] and phosphatidylethanolamine [PE]). Ceramide is the hydrophobic backbone and the most frequent and widespread type of the sphingolipid class [24,27].



There are three different protein classes that help in the transmembrane passage and lipid structural organization in the RBC membrane (Figure 1). Floppase regulates the movement of PS, SL, and cholesterol in the opposite direction, from the inner to the outside leaflet, where choline-containing phospholipids are stored (against concentration gradients). The aminophospholipidtranslocase, or flippase, moves phospholipids containing amino acids from one leaflet to the other [28]. Scramblase triggers the energy-free, concentration-dependent transport of phospholipids across the RBC membrane. Activation of phospholipid scramblase has been connected to the loss and disruption of the membrane’s asymmetry of phospholipids, which is a crucial mechanism for maintaining stable RBC lipid levels [25,28].



As a result of exchanging phospholipids from the outer monolayer for ATP, magnesium-ATP-dependent flippase can keep phospholipids in the correct proportions. The asymmetry of phospholipids is broken down and PS is exposed due to an action that scrambles phospholipids. Removal of PS from the inner leaflet of RBCs requires an increase in intracellular Ca2+, which in turn inhibits the flippase and activates the scramblase [29]. Energy-independent flippase catalyzes the synthesis of a variety of glycoconjugates, including glycosphingolipids, N-glycoproteins, and GPI-anchored proteins [30]. They contribute to the rapid balancing of molecules of ubiquitous phospholipids between the two membranes. Scramblase is nonselective in its facilitation of the lipid switch between the inner and outer leaflets.



Lipids are transported from one monolayer to another by scramblase, with the direction of transport determined only by the concentration gradient. Band 3, one of the red blood cell’s structural proteins, plays a crucial role in anion transport across the RBC membrane and cytoskeleton organization when calcium is present. Band 3 is a multi-spanning, transmembrane protein or ion channel that anchors the lipid bilayer to spectrin. Its cytoplasmic domain interacts with ankyrin, which is connected with spectrin [5].



The RBC membrane contains nearly 850 minor and 20 major proteins that serve as a cytoskeleton. The cell membrane skeleton is a pseudohexagonal meshwork of spectrin, actin and its associated proteins (tropomyosin, tropomodulin, adducin, and dematin), protein 4.1R, and ankyrin. The function of these proteins is to maintain the stability of the membrane, the shape and flexibility of the cell, and to limit diffusion of integral proteins within the bilayer [31]. During oxidative stress, the sulfhydryl side chains of two cysteine residues react to form a disulfide bond that causes cross linking and aggregation of membrane skeletal proteins [32].




3. Biochemical and Molecular Mechanisms of Eryptosis


Erythrocytes, under some conditions, incur a kind of cell death termed eryptosis before their full lifespan has been attained [33]. Many clinically relevant conditions and their treatments, such as oxidative stress, hyperosmolarity, heavy metal exposure, energy depletion, xenobiotics, and antibiotics, can trigger this kind of cell death [34]. Erythrocytes are continuously shuttled through high-pressure environments. The erythrocyte may be subjected to oxidative stress in the lungs or osmotic shock in the kidneys. Figure 2 shows the changes that occurs in the erythrocyte membrane, such as membrane blebbing, cell shrinkage, and phosphatidylserine exposure, all of which are features shared by apoptosis and eryptosis [35]. Osmotic shock and oxidative stress raise cytosolic calcium (Ca2+), triggering eryptosis [36]. PGE2 induces cell membrane vesiculation, enabling Ca2+ ions to enter erythrocytes. Ca2+ activates Gardos channels, causing the erythrocyte to leak KCl and water. Erythrocytes lose KCl and water during Ca2+-sensitive K+ channel-induced eryptosis [36]. PGE2 increases Ca2+ ion levels and exposes cell membrane PS when Cl− ions are removed [36]. Cell membrane phospholipid scrambling exposes PS. After the erythrocyte’s PS is exposed, circulating macrophages with PS receptors identify and engulf it, removing it from the circulation [37,38].



During this process, the activation of the cysteine endopeptidase calpain degrades cytoskeleton proteins, such as ankyrin R complex, resulting in cell membrane blebbing and increased erythrocyte adhesiveness [20]. This phospholipid scrambling of the membrane causes shifting of PS from the inner to the outer cell membrane and disruption of cell membrane asymmetry [12,13]. Plasma membrane asymmetry plays a critical role in the function of membrane proteins and in the interactions with the cytoskeleton, influencing the mechanical properties of the cell [39]. Asymmetric arrangement of plasma membrane phospholipids, especially the organization of phosphoinositides and PS to the inner leaflet, performs a key role in the integrity of the RBC [14]. By facilitating enzymatic reactions participating in membrane transport and signal transduction pathways, the phospholipid bilayer plays a key role in lipid homeostasis [5]. The lipid-associated changes in membrane structure and properties change the entire signal transduction pathway, which may affect the cytoskeleton and plays major role in the premature destruction of RBCs [40]. The exposed PS on the erythrocyte cell membrane is recognized by circulating macrophages with specific phosphatidylserine receptors, which engulf and removal the erythrocyte from the circulation [39,41,42].



Additionally, cell death triggers the release of platelet activating factor (PAF). Sphingomyelinase, either endogenous to the erythrocyte or exogenous, disrupts sphingomyelin, releasing ceramide and contributing to the regulation of inflammation. Ceramide, when secreted into the plasma, elevates the amount of Ca2+-sensitive K+ channels present [34]. Because osmotic stress triggers the release of PAF via the activation of phospholipase, the presence of ceramide on the cell membrane causes PAF to generate a scrambled sarcolemma, resulting in the exposure of phosphatidylserine on the erythrocyte membrane. Ceramide’s possible role in inducing transbilayer lipid transport may explain this action [34].



Signaling molecules related to energy shortage further enhances eryptosis. Janus-activated kinase 3 (JAK3) is a transcription factor that phosphorylates tyrosine 980 (Tyr 980), an important tyrosine regulatory site [8,43]. When JAK3 is activated in response to energy deficiency, the cell membrane becomes scrambled. Additionally, casein kinase 1 (CK1) has been pharmacologically linked in the rise of Ca2+ ions and subsequent promotion of eryptosis in erythrocytes following energy deprivation or oxidative stress. When CK1 is activated by a pharmacological stimulus, it opens cation channels, allowing Ca2+ to enter the erythrocyte [8,43].




4. Physiological Roles of Eryptosis


Eryptosis is a physiological defense mechanism that shortens the life of erythrocytes and removes them from circulation after they have been damaged by injury or certain clinical conditions. Increased sensitivity of erythrocytes to hyperosmolarity, oxidative stress, and energy depletion occurs in genetic disorders, including sickle cell anemia, glucose-6-phosphate dehydrogenase deficiency, and thalassemia, shortening the erythrocyte lifespan and facilitating the elimination of the defective erythrocyte [43]. The distinctive rise of cytosolic Ca2+ ions that occurs during natural erythrocyte aging provides insight into the mechanism of eryptosis. Senescence is the process by which old erythrocytes are removed from the circulation because they are no longer able to withstand the stresses of circulation, such as oxidative stress, hyperosmolarity, and energy depletion [34] The process of eryptosis occurs physiologically to control and eliminate senescent and dysfunctional cells [44].



It is well established that hemolysis of damaged erythrocytes results in the release of the erythrocyte’s contents into the bloodstream, including hemoglobin, which can result in renal failure [43,45]. In addition, the accumulated heme and hemoglobin rapidly react with nitric oxide (NO), which reduces its availability in the circulation. The reduction in NO will result in vasoconstriction, upregulation of adhesion molecule expression, and endothelial activation [46]. The adhesion molecule, a pro-inflammatory ligand of innate immune receptors by activating the release of pro-inflammatory cytokines and chemokines, initiates the inflammatory process [47]. By providing another form of erythrocyte cell death, eryptosis removes the defective erythrocytes prior to hemolysis and thus prevents the complications associated with it. A balance between anti-eryptotic and eryptotic mechanisms is crucial to maintain a normal erythrocyte count to prevent blood irregularities [8].



Increased eryptosis is beneficial in the case of malaria since it limits the growth of the parasites in the erythrocytes. Infected erythrocytes undergo increased oxidative stress, which in turn causes Ca2+ ions to enter the erythrocyte via cation channels, setting off eryptosis, and eventually clearing the bloodstream of the infected cells [41]. To keep the erythrocyte count in the blood normal and to prevent anomalies, an equilibrium between the eryptotic and anti-eryptotic systems is essential. The proper quantity of erythrocytes in circulation relies on a balance between the eryptosis and hematopoiesis processes [43]. Any deregulation of these two regulatory processes may lead to the alteration in the number of circulating erythrocytes, affecting tissue oxygenation.



Fetuses and newborns have a unique kind of hemoglobin, fetal hemoglobin (HbF). HbF has a high oxygen affinity that favors effective oxygen transport in the low oxygen intrauterine environment [2]. However, after birth, for effective oxygen transport, replacement of HbF with adult hemoglobin is functionally essential. A newborn’s erythrocytes are resistant to various triggers of eryptosis, but they are highly susceptible to eryptosis following oxidative stress [48]. Due to its sensitivity to oxygen, HbF is eliminated from the newborn’s circulation once they have been exposed to inspired oxygen after delivery [2].




5. Modulation of Eryptosis


As depicted in Figure 3, Premature death of RBCs can be triggered by several contributors, such as oxidative stress, energy depletion, xenobiotics, endogenous mediators, and adverse culture conditions [6,8,43,49].



	(a)

	
Oxidative Stress and Hyperosmolarity: Oxidative stress and hyperosmolarity activate Cl− and Ca2+-permeable cation channels, as well as cysteinyl, aspartyl, and proteases [38]. Eryptosis is induced by a rise in intracellular Ca2+ levels, which is the result of PGE2 production in the absence of Cl− ions. Furthermore, oxidative stress activates erythrocyte-produced caspases, resulting in enhanced PS exposure and recognition of the erythrocyte by circulating macrophages. The existence of hyperosmolarity does not require the activation of caspase [38].




	(b)

	
Energy Depletion: Inadequate glutathione (GSH) replenishment during calorie restriction has been associated with decreases in erythrocyte antioxidant activity. Energy deprivation also activates Ca2+-permeable cation channels in erythrocyte cell membranes, which in turn triggers eryptosis and the production of cyclooxygenase-2 (COX2) and (PGE2) [38]. Energy deprivation may also impact the phosphorylation of membrane proteins and the activity of the protein kinase C, resulting in the release of PS and the subsequent shrinking of the cell. Direct activation of eryptosis and an increase in intracellular Ca2+ ion concentration are the results of PKC activation [38].




	(c)

	
Hyperthermia: When subjected to hyperthermia, erythrocytes are incapable of upregulating the production of protective proteins, and increased Ca2+ entry results in uniform cell suicide. The increase in cytosolic Ca2+ activity affects the architecture of the cytoskeleton through a decrease in erythrocyte volume, membrane scrambling, and cell shrinkage, resulting in membrane blebbing, another characteristic of eryptosis [50].




	(d)

	
α-Lipoic Acid: Ca2+-sensitive K+ channels are activated in response to exposure to α-lipoic acid, leading to erythrocyte shrinking. This phenomenon may be partially or entirely explained by the increase in cytosolic Ca2+ concentration. As a bonus, α-lipoic acid is known to cause eryptosis by decreasing ATP levels and increasing ceramide synthesis. In addition, α-lipoic acid stimulates eryptosis by triggering caspases and generating oxidative stress. Because of its antioxidant qualities, α-lipoic acid is used for the treatment and prevention of several diseases. [51].




	(e)

	
Xenobiotics: Eryptosis can be triggered by several different types of xenobiotics. One such cause of eryptosis is cadmium poisoning, which increases the Ca2+ ion concentration in erythrocytes while decreasing the K+ ion concentration. This clarifies why some people who have been exposed to cadmium develop anemia [52]. In addition, exposure of erythrocytes to aluminum ions [53], hexavalent chromium [4], lithium [54], and the drug Azathioprine [55] have been reported to induce suicidal erythrocyte death by decreasing cytosolic ATP, increasing the intracellular Ca2+ ion concentration, activating cell membrane scrambling, and cell shrinkage.




	(f)

	
IgG Anti-A: It is also known that anti-A IgG antibodies enhance Ca2+ ion influx into erythrocytes, resulting in erythrocyte clearance. This is consistent with the immune system’s response to antigen A in autoimmune disorders and following an ABO blood transfusion [56].







Numerous compounds can prevent eryptosis, some of which are mentioned below.



	(a)

	
Erythropoietin: Erythropoietin promotes erythrocyte differentiation and protects erythrocytes by blocking eryptosis processes [38]. In direct opposition to the eryptosis process, erythropoietin blocks Ca2+-permeable cation channels [57].




	(b)

	
Xenobiotics: Many xenobiotics have been shown to suppress eryptosis. The antimicrobial agent thymol is a naturally occurring substance found in plants that prevents eryptosis by reducing cytosolic Ca2+ activity and preventing oxidative damage. However, it does not prevent the occurrence of cell shrinkage [58]. Flufenamic acid, a nonsteroidal anti-inflammatory medication, has been demonstrated to suppress eryptosis via altering Ca2+-permeable cation channels [59].




	(c)

	
Catecholamines: Certain catecholamines, including dopamine, epinephrine, and isoproterenol, are considered to inhibit eryptosis by impairing the Ca2+ cation channels’ ability to enhance the entry of Ca2+ ions [36]. The literature indicates that the amounts of catecholamines required to exert an anti-eryptotic impact are lower in the body than those required to produce these effects [60] Contrary to this, research has demonstrated that dopamine can be used to treat some disorders associated with erythrocyte toxicity by preventing the erythrocytes from entering eryptosis [36].




	(d)

	
Adenosine: Adenosine inhibits eryptosis by preventing Ca2+ entry and, therefore, Ca2+-dependent membrane scrambling and cell shrinkage [53]. It is also known that caffeine affects eryptosis via its effects on adenosine receptors, phosphodiesterases, channels, and intracellular Ca2+ release [61].




	(e)

	
Nitric oxide: Nitric oxide is produced in erythrocytes from deoxygenated hemoglobin and is known to suppress eryptosis because it promotes vasodilation in hypoxic regions by activating protein G kinase, which is required for erythrocyte sustenance and survival [48,62].







Inhibition of eryptosis is considered critical in some therapeutic situations since these compounds may be effective in treating individuals suffering from disorders characterized by eryptotic processes. Patients with sickle cell anemia or malaria experience an increase in eryptosis, which may result in further anemia. In such instances, it may be advantageous to provide eryptosis inhibitors in order to restore the erythrocyte equilibrium in the blood stream [2].




6. Pathophysiological Significance of Eryptosis


There are two important pathogenic effects of phosphatidylserine presentation on eryptotic cell surfaces: both phagocytosis and adhesion of erythrocytes to vascular endothelium cells, which express phosphatidylserine receptors, are mediated by phosphatidylserine [63,64].



Acute loss of erythrocytes, or anemia, may happen from excessive eryptosis that triggers the phagocytosis of numerous RBCs [16]. As such, many of the stimulators of eryptosis are linked to anemia, such that pharmacological medications that induce eryptosis are known to produce anemia as a side effect and eryptosis-associated disorders are mirrored or even defined by anemia [43].



It is possible that the microcirculation is impaired by eryptotic erythrocytes adhering to vascular endothelium cells, an effect potentially mediated via the phosphatidylserine receptor. As a result, eryptosis-stimulating agents may lead to microcirculation obstruction and a host of other cardiovascular side effects in addition to anemia [65]. It is possible, nevertheless, that inducing eryptosis will also have some positive outcomes. Plasmodium falciparum is a protozoan, a unicellular eukaryote, that causes malaria, a tropical illness that threatens hundreds of millions of people worldwide and is responsible for several hundred thousand fatalities annually. Erythrocytes are infected by a pathogen, which grows and develops inside the red cell before killing it and releasing new parasites. Malaria’s characteristic fever swings are brought on by the lysis [41,66]. Since parasite survival depends on erythrocytic maturation, preventing the parasite from reaching this stage by inducing eryptosis early may prove to be an effective treatment for this disease [41,48]. Resistance is a major problem with current malaria treatment methods that aim to kill the parasite that causes the disease. As a result, the treatment strategy of eryptosis activation may be useful in preventing resistance [41,48].




7. Role of Eryptosis in Disease


7.1. Nervous System


7.1.1. Parkinson’s Disease


Eryptosis is known to be caused by a variety of factors, including oxidative stress, hyperosmotic shock, high temperatures, and energy deprivation [36,67]. The signaling molecules function as triggers, elevating cytoplasmic Ca2+ through Ca2+-permeable channels that have been activated [68].



It has been found that the production of both calpain and ceramide is changed in Parkinson’s disease (PD), and both of these signaling molecules play a crucial role in the development of eryptosis in the condition [69,70]. Two recent investigations have found that calpains are involved in the development of PD. The calpain family of calcium-dependent cysteine proteases are ubiquitous in mammalian tissues and play key roles in a variety of cellular processes, including axonal degeneration and apoptosis [71,72].



PD is linked to neurotoxins and Ca2+ homeostasis [73]. Synaptic dysfunction, decreased plasticity, and neuronal degeneration are all brought on by damage to cellular Ca2+-regulating systems in the plasma membrane, endoplasmic reticulum, and mitochondria [74], which is a hallmark of neurodegenerative diseases.



There is a dynamic ER-Ca2+-mitochondria linkage that may contribute to neuronal cell death in PD pathophysiology because of the intimate connection between the endoplasmic reticulum (ER) and mitochondria [75].



Ca2+ permeability is inhibited by nitric oxide (NO) and erythropoietin, which are two factors that may prevent eryptosis [50]. Nitrosylation of enzymes by NO and inhibition of Ca2+-induced phospholipid membrane scrambling occurs [8]. Accelerated eryptosis is balanced off by erythropoiesis and reticulocytosis [76].



Several abnormal signaling molecules have been linked to PD, and it is possible that they change the coagulation/hematology system, including RBC shape, in PD patients [70].




7.1.2. Alzheimer’s Disease


Alzheimer’s disease (AD) is characterized by the presence of senile plaques in regions of the CNS where the neurodegenerative process occurs in afflicted patients. Amyloid β-peptide (Aβ), the main component of AD plaques, is neurotoxic, especially in aggregate form, and can cause death of neuronal cells. Aβ has been linked to oxidative stress. It may affect RBC metabolism and perhaps compromise RBC functioning and integrity, which might exacerbate vascular abnormalities that may contribute to AD. Eryptosis can be triggered by Aβ, which causes oxidative damage to red blood cells [77].



The toxic amyloid fragment Aß disrupts erythrocyte membrane phospholipids and reduces erythrocyte cell volume, at least in part as a result of ceramide formation. Aß may not only induce ceramide formation, but also stimulate cellular mechanisms that counteract glucose-induced eryptosis signaling, which involves protein kinase C activation. Enhanced eryptosis ought to expedite the clearance of circulating erythrocytes. Phosphatidylserine at the cell surface facilitates the binding of macrophage-expressed phosphatidylserine receptors. Binding to these receptors promotes the uptake and subsequent degradation of the exposed phosphatidylserine in erythrocytes. Erythrocytes exposed by the elimination of phosphatidylserine should result in anemia [37,38].



Anemia is a consequence of amyloidosis, which may theoretically occur from amyloid-induced eryptosis and subsequent clearance of eryptotic erythrocytes from the bloodstream. Phosphatidylserine-exposed erythrocytes may subsequently connect to receptors in the arterial wall, impeding the microcirculation and resulting in vascular problems, which are known to occur in Alzheimer’s disease [38].





7.2. Cardiovascular System


Cardiac insufficiency is frequently accompanied by anemia, which might have a deleterious influence on treatment outcomes [78]. Heart failure anemia may be caused by inflammation, renal dysfunction, or iron shortage [79]. Recent data suggests that anemia associated with cardiac insufficiency is caused by an increase in eryptosis [80]. When exposed to PS, patients with heart failure had lower cell volumes and higher erythrocyte concentrations. These patients’ erythrocytes generated more ROS, which may be a factor in their increased eryptosis. Heart failure pathogenesis is marked by elevated oxidative stress, which may lead to erythrocyte damage and eryptosis [80].



The risk of thrombosis is higher in those who are very obese [81]. Obese people are thought to experience rheological abnormalities and hypercoagulability as a result of increased erythrocyte aggregability and reduced erythrocyte deformability. Previous research indicated that erythrocyte PS exposure was considerably greater in individuals with a higher body mass index compared to healthy people, suggesting that eryptosis may contribute to the hypercoagulability associated with obesity [82,83]. Earlier research has shown that eryptosis raises the risk of thrombosis and cardiovascular disease, particularly in those who are overweight or obese [82,83]. Obesity has been shown to lower CD47 expression, an erythrocyte senescence marker. Erythrocyte dysfunction and membrane PS externalization were both significantly increased in mice fed a high-fat diet for an extended period. Atherosclerosis and macrophage activation were also observed in the obese animals, highlighting the relevance of a pathological nexus between erythrocytes, endothelial failure, and macrophage activation in obesity [84].



Arterial hypertension often coexists with dyslipidemia, both of which can cause oxidative stress, which induces eryptosis. Patients with hypertension, whether with or without dyslipidemia, had a higher rate of PS externalization associated with an increase in Ca2+ than normotensive patients. However, in normotensive patients with dyslipidemia, PS externalization was reported to be three times higher along with an increase in intracellular Ca2+ than in non-dyslipidemic patients, and the presence of hypertension doubles the difference [85]. This suggests that eryptosis might play a significant role in the pathophysiology of hypertension as well as dyslipidemia. To elucidate this possibility, it would be necessary to determine the cholesterol concentration and scramblase activity in erythrocytes from hypertensive dyslipidemic patients. Oxysterols, which are present in significant amounts in individuals with familial mixed hyperlipidemia, have been linked to PS externalization by raising the concentration of PGE2 in human erythrocytes in vitro, as shown by previous authors [86,87].



However, some studies have shown an unsuspected function of cholesterol in regulating phospholipid scrambling. According to these findings, cholesterol exchange between circulating plasma and erythrocyte membrane determines erythrocyte PS exposure. They reported that in cholesterol-depleted erythrocytes, PS exposure increases, while a cholesterol excess inhibits PS exposure, suggesting that cholesterol acts as a powerful scramblase inhibitor [88,89].




7.3. Immune System


Autoimmune hemolytic anemias (AIHA) are well-known disorders that can strike at any age when autoantibodies (aab) against red blood cells form (RBCs). Antibody classes IgG, IgM, and, less typically, IgA are represented by these aab. They react with RBCs at body temperature (warm aab) or <37 °C (cold aab). If complement is active, IgG aab can cause RBC destruction by Fc-mediated phagocytosis and C3b-mediated phagocytosis. C3b-mediated phagocytosis or the C5b-9 membrane assault complex are two mechanisms via which IgM aab might cause RBC destruction [90,91,92].



RBCs have been proven to commit to eryptosis in the same way as nucleated cells do throughout the previous two decades [93]. The breakdown of PS asymmetry by a variety of molecules after stimulation is thought to be the main cause of this process [5,93,94]. For the first time, RBCs from patients with severe cAIHA and, to a lesser extent, wAIHA, disclose PS as an eryptosis signal, according to one study. Their findings thus far suggest that only IgM and/or IgA aab may trigger eryptosis. This is confirmed by the fact that, despite significant hemolysis, none of the patients with AIHA owing to IgG heated aab showed eryptosis. Patients with AIHA who have eryptosis may benefit from therapy with eryptosis inhibitors, such as erythropoietin (EPO). Patients with cAIHA and wAIHA can now be effectively treated with EPO-stimulating drugs, according to new research [95,96].



COVID-19


Evidence linking SARS-CoV-2 and red blood cell physiology shows that the virus increases surface IgG levels, causing oxidative stress in RBCs, and a rise in intracellular Ca2+, all of which make RBCs more susceptible to damage from mechanical stress [97]. RBC deformability is known to diminish in the context of sepsis due to increased intracellular reactive oxygen species level, alterations that are analogous to those observed during eryptosis [65].



In the patient group, PS exposure has been found to be associated with an increase in D-dimers, suggesting the RBCs may play a role in the thrombotic mechanisms associated with COVID-19. Elevated intracellular Ca2+ also pushes membrane PS outwards, which promotes thrombosis by facilitating the formation and assembly of the prothrombinase complex and the production of microparticles [97].



Intact human erythrocytes may engulf SARS-CoV-2 and its active particles, transporting them to splenic and hepatic macrophages for clearance. The clearance of infectious agents attached to erythrocytes is a frequent defense mechanism. The attachment of erythrocytes to bacteria and viruses is facilitated by complement receptor 1, which also triggers phagocytosis and the clearance of the bacteria and viruses that have attached to the erythrocytes [98].



Several drugs, including glucocorticoids and anti-malaria medicines, such as chloroquine, are used to treat COVID-19. By boosting viral replication, chloroquine causes eryptosis and exacerbates virus-associated anemia [98].





7.4. Kidney Disease


Patients in the later stages of chronic renal impairment (stages G4 and G5) have greater eryptosis levels than those in the earlier stages of the illness (stage G1, G2 and G3) [99]. Erythrocytosis in chronic renal illness can be affected by a number of factors [100], including oxidative stress, energy loss, and uremic toxins. All these factors contribute to an increased rate of RBC mortality, and they all rise alongside a decline in renal function. Increased eryptosis has been linked to uremic toxins in patients with chronic renal disease [99]. Phosphatidylserine (PS) is exposed on the surface of RBCs because indoxyl sulfate raises the cytosolic calcium concentration and stimulates erythrocyte cell membrane scrambling [101]. Ceramide levels were shown to be elevated by indoxyl sulfate, which was previously established to have a role in eryptosis [101]. Increases in the cytosolic calcium concentration and eryptosis levels are also attributable to acrolein, which appears to induce ceramide production [102].



In addition, vanadate has been shown to cause eryptosis by blocking ATP synthesis, thus producing an energy-deficient condition in individuals with chronic renal disease [99]. Recent research has shown that uremic toxins, including urea and p-cresol, are cytotoxic to healthy RBCs. A lower glomerular filtration rate and a longer time spent on dialysis are both associated with higher levels of oxidative stress. As a result of aging, diabetes, hypertension, and dyslipidemia, as well as the suppression of antioxidant systems (lower levels of vitamin C and glutatione), oxidative stress is increased in end-stage renal disease [99].



Hyperglycemia specifically causes an increase in oxidative stress and ROS generation, both of which have a role in the development of diabetic nephropathy. Studies have demonstrated that oxidative stress and eryptosis are both exacerbated when diabetes and CKD coexist [103].



Renal ischemia and glomerular damage can be directly caused by oxidant species, which furthers renal damage. The process of hemodialysis itself is inflammatory and pro-inflammatory, leading to an increase in oxidative stress. It has also been recently shown that an individual’s risk of RBC mortality is increased when hypoxia and uremia coexist, which in turn contributes to the development of anemia in dialysis patients.



Damage to red blood cell membranes is a result of oxidative stress. Reactive oxygen species (ROS) cause damage to the lipids and proteins of RBC membranes, which in turn causes reorganization of the erythrocyte skeleton and a decrease in the membrane’s stability and deformability [104]. Finally, oxidative stress promotes microvesicle activity and caspase activation, both of which exacerbate eryptosis and renal anemia [100].




7.5. Digestive System


A variety of related diseases, including variceal hemorrhage, malignancy, viral infections, and chronic inflammation, and the depletion of important nutrients, such as vitamin B12 and folate, can cause anemia in patients with hepatic failure and fibrosis [105,106]. When the liver fails, anemia can result from rapid erythrocyte suicide death, which has been linked to higher bilirubin levels [107]. Blood levels of conjugated bilirubin promote ceramide formation and cytosolic Ca2+ activity, which both lead to increased PS exposure and erythrocyte clearance [107]. Cholestatic liver illness has been linked to hemolysis, increased intracellular Ca2+, ceramide production, and PS externalization in erythrocytes, all of which are triggered by elevated plasma levels of bile acids such glycochenodeoxycholate and taurochenodeoxycholate. Therefore, many variables may lead to anemia and a decreased erythrocyte lifespan in liver illness [107].



Wilson’s disease, a hereditary illness that causes Cu2+ buildup in cells and eventually leads to liver cirrhosis, has eryptosis as a significant contributor to the pathogenesis of anemia. Increased plasma levels of acid SM, which triggers ceramide production in both erythrocytes and hepatocytes, stimulate eryptosis in this scenario. Acid SM deficiency or pharmacological suppression has been demonstrated to reduce eryptosis and extend the longevity of rats susceptible to Wilson’s disease, a hereditary disorder. Cu2+-related oxidants in Wilson’s disease may lead to lower erythrocyte survival, at least in part [108].




7.6. Diabetes Mellitus


Diabetic individuals have a higher percentage of PS-exposed erythrocytes in their bloodstream [76]. Methylglyoxal, a byproduct of glycolysis, has been implicated with eryptotic syndrome. To some extent, methylglyoxal increases erythrocyte PS exposure by inhibiting glucose consumption, ATP synthesis, glutathione (GSH) creation, and anti-oxidative defense. Methylglyoxal’s action stimulates erythrocyte PS exposure, leading to anemia and/or diabetic microangiopathy in diabetic individuals [38]. Diabetes is associated with a weakened antioxidative defense, which can lead to cardiovascular problems [109]. Phospholipid scrambling of erythrocyte membranes is favored by diabetes patients’ enhanced superoxide dismutase activity and ROS generation. It has also been shown that high extracellular glucose concentrations in vitro can lead to an increase in Ca2+ and cation channel activity, which suggests that hyperglycemia has an adverse effect on cell viability. Erythrocyte dysfunction in diabetes can also be caused by processes independent of Ca2+, such as activation of caspase 3 [110].




7.7. Malignancy


It is typical for anemia to be present at various stages of cancer because of blood loss, reduced erythropoietin production or diminished erythropoietin efficiency, and depletion of critical nutrients [111,112]. Anemia was shown to be associated with elevated erythrocyte cytosolic Ca2+ activity, ceramide synthesis, ROS production, and PS exposure in a recent study of lung cancer patients [113]. In addition, the unfavorable effects of cytostatic therapy may confuse the pathophysiology of tumor-associated anemia [76]. Cancer patients may have anemia as a result of the use of chemotherapeutic medicines, such as paclitaxel, sorafenib, and sunitinib, as well as carmustine, estramustine, cisplatin, and mitotane in vitro and in vivo investigations [76,114,115,116].



Adenomatous polyposis coli (APC) gene loss-of-function mutations cause numerous colonic adenomas, which eventually progress to colon cancer. Intestinal cancers and severe anemia are seen in mice with faulty APCs [117]. However, erythrocytes from mice with anemia have been found to be more vulnerable to anemia-causing eryptosis than previously thought [36]. Splenomegaly is further exacerbated by an increase in the clearance of erythrocytes in the mice [36]. Even though increased cytosolic Ca2+ activity does not appear to be a factor in the development of accelerated eryptosis, erythrocytes from APC-deficient animals had lower ATP levels, suggesting that erythrocyte death is susceptible to an energy imbalance [36].



Myelodysplastic syndrome MDS, a clonal condition defined by persistently low levels of hemopoiesis (the production of red blood cells), causes erythrocytes to undergo elevated levels of oxidative stress and PS exposure, reducing their longevity in the bloodstream [118]. Patients with MDS are more likely to have PS exposure on younger and lighter erythrocytes than healthy persons [119]. Glyphophorin expression was shown to be elevated on the cell surface of young erythrocytes from MDS patients, which may have the effect of masking the increased PS exposure and preventing premature phagocytosis [119]. Chronic anemia in patients with myelodysplastic syndrome may have a role for stimulated eryptosis. In particular, an elevated incidence of thrombosis frequently complicates the natural course of MDS. This suggests that enhanced eryptosis in MDS may contribute to the increased prothrombotic risk associated with this disease [119].




7.8. Chronic Inflammatory Disease


One of the most prevalent causes of anemia in the elderly and chronically unwell is inflammation. Iron homeostasis and erythropoiesis inhibition by pro-inflammatory cytokines are the primary causes of anemia in inflammatory disorders [120]. Erythrocyte membrane changes resembling eryptosis were recently demonstrated to be induced by pro-inflammatory cytokines [121]. Arterial occlusion occurs as a result of arthritis, an inflammatory illness of the vascular wall, which can also produce variable degrees of anemia. Arteritis patients are more susceptible to anemia because of increased eryptosis, according to a recent study. Oxidative stress and cytosolic Ca2+ levels rise in tandem with increasing eryptosis. Ischemic vascular occlusion in individuals with arteritis may be facilitated by eryptotic blood cells adhering more strongly to the endothelial cells that line the blood vessels [122].



More than half of systemic lupus erythematosus (SLE) patients are anemic. Autoimmune erythrocyte destruction and immune-mediated hematopoietic failure are two plausible causes of anemia in SLE patients. SLE patients may also have antibodies against erythropoietin, a protein that promotes the formation of healthy erythrocytes [123]. Anemia in SLE patients can be attributed, at least in part, to increased Ca2+ influx and increased ROS abundance in erythrocytes, which contributes to eryptosis and reduced erythrocytes in SLE patients [124].




7.9. Aging


The incidence of anemia in the elderly rises with age and affects 50% of the population over the age of 80 years [125]. It is possible that anemia’s etiology is obscured in many older patients due to coexisting diseases. The PS-exposed erythrocyte percentage is higher in the elderly, which correlates with higher levels of oxidative stress, according to a recent study. However, increased cytoplasmic Ca2+ activity or ceramide signaling are not associated with increased eryptosis in the aged [126]. Increased eryptosis has been seen in mice lacking Klotho, an anti-aging membrane protein mostly found in the parathyroid glands, kidneys, and choroid plexus; this finding is remarkable. An animal model of accelerated aging has been developed using Klotho-deficient mice. In addition to increased erythrocyte turnover, erythrocytes from Klotho-deficient animals demonstrate increased vulnerability to eryptosis induced by energy deficiency and oxidative stress. It was shown that a vitamin D deficit diet reduced the impact of Klotho insufficiency on erythrocytes. A progeroid mouse model has mtDNA mutations that cause erythrocytes to have abnormal iron loading and oxidative stress, which leads to early death of the cells. Erythropoiesis may, therefore, have a role in age-related anemia, as evidenced by human research and animal models [127].





8. Prevention of Eryptosis by Natural Compounds


Some natural or phytochemical agents are efficacious ex vivo and in vivo as inhibitors of eryptosis, which, as previously stated, is related to many disorders [113,128]. In addition, these chemicals might be coupled with anticancer treatments, as the prevention of eryptosis could minimize the anemic condition brought on by chemotherapy [16]. By acting on distinct biomolecular targets, the structural variety of these compounds made it feasible to suppress the eryptosis generated by varied stimuli. Using several RBC ex vivo models and certain animal models, several studies assessed the primary pro-eryptotic signals, including PS externalization, rise in intracellular ROS and Ca2+, suppression of cellular reserves of GSH, change in cell volume, and caspase activation.



It has been demonstrated that natural compounds, including phenols, alkaloids, and others, can cure and prevent oxidative stress and inflammation [129,130]. Consequently, a crucial step in the therapy and/or co-adjuvant strategies for eryptosis-related disorders might be to delve more into their function in the battle against eryptosis.



Phenolic compounds (PCs) are a class of phytochemicals present in many different plant tissues. They are especially popular among people who follow the Mediterranean diet, which emphasizes the consumption of cereals, various fruit and vegetable species, and olive oil [131]. PCs possess several bioactive qualities and, despite the fact that they are not nutritive, their consumption provides beneficial health effects, such as antioxidant effects, that assist to prevent the progression of several major illnesses, including cancer, Alzheimer’s, and diabetes [132]. Many studies show that PCs are advantageous, especially for Alzheimer’s disease, through their ability to interact with transition metals, neutralize free radicals, suppress inflammation, control the activity of enzymes, alter intracellular signaling networks, and modulate gene expression [133]. Since 2009, several phenols, including resveratrol, cinnamonaldehyde, hydroxytyrosol, pyrrogallol, Naringin, Fisetin, and Wogonin, have been studied for their anti- eryptotic activity (Figure 4). Based on the data evaluated, several phenols share numerous characteristics that inhibit eryptosis triggered by specific stimuli [134].



Alkaloid compounds (ACs) are typically found in plants, fungi, and bacteria as a type of nitrogen-containing chemical molecules. They exhibit considerable biological properties and are frequently one of the most essential active components in phytotherapy. Dicotyledons, which are higher plants, contain the bulk of alkaloids. The development of alkaloid chemistry has progressed as a result of developments in the separation of natural products and the creation of new technologies and techniques [135]. Alkaloids may be categorized based on their origins and chemical structures, and they are mostly utilized as analgesics, cough suppressants, muscle relaxants, antimicrobials, and precursors of semisynthetic medicines [136]. In 2008, the first investigation on the anti-eryptotic action of ACs was published. Lang et al. demonstrated that caffeine, at a concentration range of 50–500 µM, protects against eryptosis produced by energy depletion and cell shrinkage by inhibiting the externalization of PS and restoring normal levels of Forward scatter (FSC) and intracellular Ca2+ [61]. A number of other ACs, by countering oxidative stress and intracellular Ca2+, have been reported to have anti-eryptotic properties (Figure 5) [134].



The natural world is full of a wide variety of additional substances that have the ability to inhibit the eryptosis caused by a variety of different triggers. One of them is vitamin C (VitC), which, by inserting into the membrane and neutralizing oxidative stress, lowers energy depletion, oxidative stress, and cell shrinkage [137]. A variety of other natural compounds, including, L-carnitine, plant sterols, and cinnamaldehyde, by countering oxidative stress and restoring normal calcium levels in the cells, inhibit eryptosis [134].




9. Conclusions


Eryptosis is an important process characterized by loss of ionic regulation, cell shrinkage, membrane blebbing, and disruption of phospholipid organization in the cell membrane. The physiological relevance of eryptosis is that it provides an avenue to eliminate injured, aged, or infected erythrocytes from the systemic circulation and thus safeguards against intravascular hemolysis. Chronic inflammation, sepsis, malignancy, uremia, and hepatic failure are only few of the human disorders associated with excessive eryptosis. A network of ion channels, membrane proteins, and intracellular enzymes regulate eryptosis, which is triggered by several pathophysiological mechanisms as well as a wide assortment of endogenous compounds and xenobiotics. Similarly, a growing number of compounds, such as erythropoietin, nitric oxide, thymol, and catecholamines, have been identified as inhibitors of eryptosis with promising therapeutic implications. There is a well-defined but poorly understood molecular cross-talk between erythrocytes and phagocytic cells through which eryptotic cells are identified and engulfed by macrophages and dendritic cells prior to their destruction in the reticulo-endothelial system. Efforts must be directed toward the identification and characterization of novel modulators of eryptosis especially within the context of therapeutic development. Equally important is the need for a clearer understanding of the clinical utility of targeting erythrocyte survival in pathological conditions.
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Figure 1. Schematic representation of lipid transbilayer transporters in the generation and maintenance of plasma membrane asymmetry. Flippases mediate ATP-dependent translocation of phosphatidylserine (PS) and phosphatidylethanolamine (PE) from the extracellular to the inner cytosolic side. Floppases catalyze the ATP-dependent translocation of phosphatidylcholine (PC), sphingomyelin (SM), and cholesterol to the outer leaflet. Scramblases promote Ca2+-activated nonspecific bidirectional movement. 
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Figure 2. Mechanisms of Eryptosis. A key mechanism of eryptosis involves an increased intracellular Ca2+ concentration due to the activation of Ca2+-permeable cation channels facilitating the inflow of extracellular Ca2+ into the erythrocyte. (1) Increased intracellular Ca2+ consequently causes the activation of scramblases and inactivation of flippases, which results in exposure of phosphatidylserine (PS) at the cell surface. (2) Increased cellular Ca2+ concentration activates Ca2+-sensitive potassium channels, the Gardos channels. Activation of Gardos channels results in loss of water and KCl, which causes shrinking of the erythrocytes. (3) The Ca2+-activated cysteine endopeptidase calpain leads to degradation of the cytoskeleton, which in turn causes membrane blebbing. 
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Figure 3. Modulation of Eryptosis. (A): Adverse conditions, as well as some compounds, can trigger eryptosis by increasing intracellular Ca2+ levels. (B): Many compounds can prevent eryptosis by decreasing the cytosolic Ca2+ activity. 
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Figure 4. Chemical structure of some polyphenolic compounds with anti-eryptotic activity. 
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Figure 5. Chemical structure of some alkaloid compounds with anti-eryptotic activity. 
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