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Abstract 

 

Introduction: Hemolysis triggers the onset of several clinical manifestations of sickle 

cell anemia (SCA). During hemolysis, heme, which is derived from hemoglobin (Hb), 

accumulates due to the inability of detoxification systems to scavenge sufficiently. 

Heme exerts multiple harmful effects, including leukocyte activation and migration, 

enhanced adhesion molecule expression by endothelial cells and the production of pro-

oxidant molecules.  

Area covered: In this review, we describe the effects of heme on leukocytes and 

endothelial cells, as well as the features of vascular endothelial cells related to vaso-

occlusion in SCA.  

Expert commentary: Free Hb, heme and iron, potent cytotoxic intravascular molecules 

released during hemolysis, can exacerbate, modulate and maintain the inflammatory 

response, a main feature of SCA. Endothelial cells in the vascular environment, as well 

as leukocytes, can become activated via the molecular signaling effects of heme. Due to 

the hemolytic nature of SCA, hemolysis represents an interesting therapeutic target for 

heme-scavenging purposes. 
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1. Sickle cell anemia 

 

 Sickle cell anemia (SCA) was the first genetic disease in which an altered 

protein capable of causing clinical symptoms was verified. The underlying abnormality 

consists of a single nucleotide substitution (GAG Æ GTG), which replaces one amino 

acid (Glu Æ Val) in the sixth position of the β globin (β6Glu-Val) amino terminal region.  

This produces the Hb variant S (HbS; α2β2
s), forming long polymers when exposed to 

low oxygen concentrations [1, 2, 3] which consequently provokes the deformation of 

erythrocytes that participate in the pathophysiological mechanism of SCA [4].  

Sickling, the process in which polymers are assembled and erythrocytes suffer 

morphological changes, has been associated with three conditions: deoxygenation and 

alterations in both intracellular HbS and fetal Hb (HbF) concentrations. Changes in 

physicochemical properties, in addition to deformities and tensing of the erythrocyte 

membrane, are also responsible for the pathologic event of vaso-occlusion (VOC), since 

erythrocytes become predisposed to adhere to the vascular endothelium [3, 5]. Repeated 

sickling cycles can cause severe injury to the erythrocyte membrane and generate 

reactive oxygen species (ROS). This process can also lead to an abnormal cation 

homeostasis, resulting in dehydrated, irreversibly sickled red blood cells, whose 

morphology tends to exacerbate the underlying hemolytic anemia and vascular 

obstructions seen in SCA [6]. 

Irreversibly sickled erythrocytes are usually removed from the bloodstream by 

the mononuclear phagocyte system, a phenomenon that shortens the erythrocyte 

lifespan from 120 days to nearly 31 days, thus contributing to SCA severity [7]. The 

removal of senescent red blood cells by macrophages in the spleen and liver (the 

mononuclear phagocyte system) is known as extravascular hemolysis, which is mainly 

regulated by the proteins responsible for heme degradation, e.g. heme oxygenase (HO-

1), and those involved in iron-metabolism, such as iron importer transferrin receptor 1 

(TfR1), divalent metal transport 1 (DMT1), iron exporter ferroportin 1 (FPN1) and the 

iron regulatory hormone hepcidin [8]. This process does not usually elicit an 



inflammatory response, although it is believed that increased bacterial infection may 

result from functional asplenia, possibly due to recurrent ischemic accidents in the red 

pulp [9]. SCA patients present elevated vulnerability to chronic hemolysis and higher 

susceptibility to infection, in addition to VOC resulting in chronic ischemic injury to 

many organs, as well as endothelial dysfunction and early mortality [10].  

SCA patients exhibit ongoing hemolysis even in the absence of an acute clinical 

hemolytic event. The pathologic mechanism of hemolysis leads to several 

complications, including renal, pulmonary and gastrointestinal manifestations, as well 

as priapism and leg ulcers [11]. It is accepted that hemolysis occurring in vascular 

spaces results in toxicity due to the release of free hemoglobin (Hb), heme and arginase 

(which consumes arginine), resulting in clinical manifestations arising from systemic 

chronic oxidative stress and inflammation  [12]. Our goal here is to review intravascular 

hemolysis in the context of SCA, paying particular attention to the inflammatory action 

of heme on vascular endothelial cells and leukocytes.  

 

 

2. SCA and endothelial cells in the vascular environment  

 

 The endothelium represents the central hemostatic body regulator, essentially 

due to its ability to express pro-coagulant and anti-coagulant, vasoconstrictor and 

vasodilator agents, as well as adhesion molecules and cytokines [13]. The endothelium 

is inexorably linked to all homeostatic processes, as it interacts with both inflammatory 

and coagulation systems [14]. Under normal physiological conditions, endothelial cells 

maintain a fibrinolytic and vasodilator state, in which coagulation, platelet adhesion, 

inflammation and leukocyte activation are suppressed. The non-thrombogenic 

endothelial surface is sustained by a variety of mechanisms, including (i) the endothelial 

production of thrombomodulin and subsequent protein C activation; (ii) heparan sulfate 

and dermatan sulfate expression, which accelerates anti-thrombotic activity and heparin 

co-factor production; (iii) the constitutive expression of tissue factor pathway inhibitor; 

and (iv) the local production of tissue plasminogen activator and urokinase-like 

plasminogen activator. Furthermore, the production of nitric oxide (NO), prostacyclin 

and interleukin (IL)-10 also inhibit adhesion and the activation of leukocytes, resulting 

in vasodilatation [13, 15].  



 On the other hand, it is known that vascular endothelial cell activation promotes 

the recruitment, activation and adhesion of circulating leukocytes, which results in 

abnormal adhesive interactions among erythrocytes, leukocytes and endothelial cells [4, 

16]. Endothelial cells express adhesion molecules and produce other chemotactic factors 

when challenged with inflammatory stimuli. In SCA, these stimuli can be of multiple 

origin: cytokines, lipid mediators, irreversibly sickled erythrocytes, platelets, and even 

heme released from hemolytic events [14, 17, 18].  

SCA patients exhibit a chronically inflamed microvascular environment that 

participates in the onset of clinical symptoms, including pulmonary hypertension, leg 

ulcers and priapism [19, 20]. This persistent inflammatory response may occur due to 

the failure or inefficiency of the mechanisms usually responsible for the maintenance of 

homeostasis [21]. A chronic pro-inflammatory state is exacerbated by increased 

cytokine levels, such as interleukin (IL)-1, tumor necrosis factor- alpha (TNF-α), 

endothelin-1 and granulocyte macrophage colony-stimulating factor (GMCSF), 

produced by activated endothelial cells and monocytes [6, 22, 23]. It has recently been 

suggested that the microvascular milieu may also be activated by other molecules, such 

as transforming growth factor beta 1 (TGF-β), IL-17 and IL-18, opening new lines of 

investigation into novel inflammatory pathways in SCA [24, 25]. These biological 

mediators are known to be systemically elevated in SCA patients during acute pain 

crisis or VOC, as well as those in in steady-state [14].  

 In SCA, the endothelium and subendothelial structures suffer alterations due to 

the presence of circulating endothelial cells [4, 26]. Leukocytes, red blood cells and the 

vascular endothelium interact through the expression of adhesion molecules by 

heterogeneous multicellular aggregate that may give rise to VOC. Some endothelial 

proteins become involved in abnormal adhesiveness, e.g. intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, P-

selectin, laminin, thrombospondin, fibronectin and αVβ3 integrin, which each bind to 

specific corresponding receptors in leukocytes and erythrocytes. Even in asymptomatic 

patients, soluble forms of VCAM-1, ICAM-1, P-selectin, laminin and thrombospondin 

remain elevated [16]. In a murine model of SCA employing knockout for P- and E-

selectin in endothelial cells, fewer leukocytes became activated and VOC decreased, 

corroborating the suggested role of adhesion molecules in the physiopathology of this 

disease [27, 28]. Importantly, a recent clinical trial involving sickle cell disease (SCD) 

patients showed that an antibody against P-selectin was able to decrease the median 



annual rate of pain crises, in addition to extending the average interval between crisis 

episodes [29]. Integrin α4β1 (Very late antigen-4; VLA-4) and CD36 (thrombospondin 

receptor), the first adhesion molecules identified in erythrocytes [30, 31, 32], become 

overexpressed by reticulocytes under anemic stress [33]. 

 Sickle erythrocytes exhibit greater adherence to the vascular endothelium than 

unaltered cells. Many receptors mediate this adherence, such as basal cell adhesion 

molecule (BCAM, CD239), CD47, CD147, intercellular adhesion molecule-4 (ICAM-

4) and phosphatidylserine.  In normal erythrocytes, phosphatidylserine is usually found 

on the inner cell membrane surface [4, 32, 33]. The adherence of sickle erythrocytes to 

the endothelium is not an isolated process, since it can also initiate the production of 

ROS in association with the activation of nuclear factor-κB (NF-κB), which contributes 

to chronic vascular activation [6] (Figure 1). Accordingly, it is possible that more than 

one mechanism is involved in the cellular adhesion process seen in SCA. It follows that 

the mechanisms underlying adhesion may differ not only among patients, but also 

among the organs affected, over time, or even among different types of blood vessels 

[14]. 

 Intravascular hemolysis promotes the release of arginase from the erythrocytes 

that consume arginine, the main substrate by which endothelial cells produce NO 

through the endothelial isoform of nitric oxide synthase (eNOS). Cell-free Hb also 

reacts rapidly with NO, enhancing the production of nitrate, methemoglobin and iron-

nitrosyl hemoglobin. Decreased NO bioavailability is a main characteristic of 

endothelial dysfunction, reducing vasodilatation while causing endothelial activation 

and proliferation. SCA patients exhibit a chronic deficiency of NO, which exacerbates 

VOC and hemolysis [5, 34, 35, 36]. Vasculopathy in association with endothelial 

dysfunction represent the most important chronic alterations ascribed to SCA, due to 

active participation in severe clinical manifestations, including stroke, renal disease and 

pulmonary hypertension. The pathophysiology of SCA is closely related to hemolysis 

and vascular endothelial dysfunction, although many other interrelated processes can be 

considered equally important [37].  Hemolysis and loss of splenic function, both 

frequent occurrences in SCA, have been associated with injury to the erythrocyte 

membrane, as well as the translocation of phosphatidylserine and activation of tissue 

factor (TF) and thrombosis factor [5], which contribute to the hemostatic alterations 

described in this disease. TF is a cell receptor for factor VII/VIIa, a physiological 

initiator of the coagulation cascade.  TF forms a complex with circulating FVIIa, which 



then activates factor X with subsequent thrombin formation. Although TF is not 

constitutively expressed in vivo in the endothelium or in monocytes, its expression can 

be induced by many relevant pathophysiological agonists derived from hemolytic 

anemia, such as the pro-inflammatory cytokines IL-1 and TNF-α, hypoxia, shear stress, 

growth factors, endotoxins and ischemia-reperfusion injury [18, 38, 39, 40]. 

 Chronic anemia and tissue ischemia can also contribute to proliferative 

vasculopathy by activating the transcription factor hypoxia-inducible factor 1-alpha 

(HIF-1α). This leads to increased expression of the nitric oxide synthase-2 (NOS2A) 

gene, which encodes inducible nitric oxide synthase (iNOS), in addition to 

erythropoietin and vascular endothelial growth factor (VEGF)  [5] . The enzymatic 

action of NOS generates NO via the conversion of L-arginine to L-citrulline [41]. Its 

endothelial isoform (eNOS) is constitutively expressed and activated by way of 

increased intracellular calcium [42, 43].  

 Hypoxia-inducible factors (HIF-1α, HIF-1β and HIF-2α) are known to influence 

vascular gene transcription. The expression and activity of the HIF-1α subunit that 

forms heterodimers with HIF-1β are regulated by cellular O2 concentration. Under 

hypoxia conditions, HIF-1α can activate the transcription of genes, such as 

erythropoietin, glucose transporters, glycolytic enzymes, VEGF and its receptors 

(VEGFR1 and VEGFR2), in addition to other genes whose proteins are responsible for 

increasing O2 bioavailability and supporting metabolic adaptation to hypoxia. HIF-1α 

also induces the expression of genes involved in vascular tonus, cellular growth and 

inflammation [44, 45]. In cancer cells, it has been shown that HIF-1α can induce the 

expression of genes involved in iron metabolism, thereby contributing to iron 

accumulation. Accordingly, HIF-1α can induce the expression of Transferrin receptor-1 

(TrR1), resulting in elevated iron internalization [46, 47]. Importantly, HIF-1α also 

induces the expression of heme-oxygenase (HO-1) which promotes heme degradation 

and releases carbon monoxide and biliverdin, promoting iron recycling [48, 49]. 

Endothelial cell activation reportedly occurs via hemolytic products, including heme 

[17].  Since the receptor for hemopexin (Hpx), a glycoprotein that binds to heme,  is not 

expressed by endothelial cells, extracellular internalization becomes impossible in SCA 

due to the abundance of free heme, making the endothelium vulnerable to heme toxicity 

[12, 50]. A growing body of evidence has suggested that in addition to, or even prior to, 

direct cellular interaction and the sickling process, molecular inflammatory mechanisms 



driven by hemolytic molecules may play a fundamental role in the pathophysiology of 

SCA.   

 

  



3. Vaso-occlusion 

 

 Irreversibly sickled erythrocytes play a critical role not only in VOC, but also in 

many other complications described in SCA [51]. The deformation of erythrocytes is a 

downstream effect of recurrent cycles of HbS polymerization, and the systemic chronic 

inflammatory status of SCA individuals in association with endothelial dysfunction 

increases oxidative stress and cellular adhesion via a complex process involving many 

steps, together with the participation of a variety of cell types [52].  

 VOC, regardless of its primary cause, contributes to tissue ischemia and 

endothelial dysfunction, thereby enhancing inflammatory status. In addition, 

inflammation can also influence the onset of VOC [14]. Currently, it is known that 

vascular endothelial cells directly participate in the development and propagation of 

VOC, which is driven by multiple cell interactions and extensive cellular activation 

mediated by the inflammatory process [4, 53] (Figure 2). 

 The phenomenon of VOC appears to be a complex process, beginning with 

increased reticulocyte production. These cells become more adherent to post-capillary 

endothelial venules in response to hemolysis, slowing blood flow and creating vascular 

stasis. This induces and propagates the sickling process as erythrocytes are maintained 

for extended periods under hypoxia conditions, leading to the increased capture of 

sickle erythrocytes and other blood cells in the micro-vascular environment [4, 53]. 

Although it is not completely known which occurs first, i.e. inflammation or VOC, 

many researchers believe that both phenomena may actually occur simultaneously, 

resulting in a repetitive, interdependent cycle [54]. 

 HbS polymerization promotes the destabilization of the erythrocyte membrane, 

leading to the premature destruction of 10% of total erythrocytes every 24 hours,  

equivalent to the release of up to 30g of Hb per day [36]. Auto-oxidation of Hb and the 

subsequent release of the heme group occur faster from HbS than from normal Hb 

(HbA).  In addition, the pathologic properties of free heme with respect to the oxidation 

of cellular membranes have been described in SCA [36, 55]. Cell-free Hb, delivered 

secondarily during hemolysis in SCA, is sufficient, even at concentrations as low as 

6μM, to neutralize NO-induced vasodilatation [36, 56] and negatively modulate the 

hemostatic equilibrium. Heme is one of the molecules capable of inducing endothelial 

cell stimulation and causing damage to the endothelium, thereby promoting the 

recruitment of neutrophils and sickle erythrocytes, which prompts VOC [57]. The two 



main pathophysiologic features of SCA are hemolysis and VOC. The painful crises 

experienced by individuals with SCA frequently arise from the pathophysiological 

events precipitating VOC, in association with the presence of chronic hemolytic anemia 

and hyper hemolysis [11, 12]. Due to the hemolytic anemia feature of SCA, the role of 

inflammation driven by intravascular hemolysis in SCA context is important.  This 

cascade of events indicates the importance of the primary pathological aspect (HbS 

polymerization), which leads to the leakage of intraerythrocytic components into the 

vascular environment (i.e. hemolysis), inducing an inflammatory response driven by 

leukocytes and the endothelial activation caused by heme.  

 

 

4. Heme and inflammation 

 

 The heme molecule is composed of iron and protoporphyrin IX, which consists 

of four pirrolic rings linked by “-CH” groups [58]. Under normal physiological 

conditions, heme is either sequestered intracellularly or is tightly bound to the 

polypeptide chains of different hemeproteins [59, 60]. Heme is present in a reduced 

state within red blood cells for oxygen binding purposes. When a red blood cell is lysed, 

heme is released and ferro-O2 Hb is bound by haptoglobin (Hp), resulting in the 

mounting of ferric-Hb-Hp. The CD163 receptor mediates the endocytosis of Hb-Hp 

complexes, and is expressed by a variety of cell types, such as mature tissue 

macrophages, i.e. those present in the spleen, liver, lymph nodes, bone marrow, lungs, 

placenta, peritoneum, thymus and Kuppfer cells [12]. The clearance of Hp-Hb 

complexes is impaired when Hp and Hpx are depleted under pathologic conditions, such 

as extensive hemolysis in SCA. A recent report described decreased levels of Hp and 

Hpx in SCA patients, as well as reduced Hb and hematocrit in comparison to healthy 

volunteers, while lactate dehydrogenase (LDH) and reticulocyte counts were increased 

[61]. In addition, while heme may also bind to human serum albumin, the heme 

molecules that do not bind to proteins are able to move across the plasma membrane 

and potentially interact with low density lipoprotein (LDL) [12, 60]. 

 During intravascular hemolysis, free Hb reacts and degrades NO, while arginase 

consumes L-arginine and reduces NO bioavailability. Cell-free Hb can also release its 

heme prosthetic groups, allowing free heme to exhibit harmful effects due to its ability 

to catalyze reactive oxidative species (ROS) production, which results in cellular 



dysfunction or injury [51]. All the events that culminate in ROS production end up 

leading to vasoconstriction in SCA [36].  

 Each type of body tissue responds differently to hemolysis. These responses rely 

on tissue-specific properties, such as differential distribution of vascular beds, vascular 

endothelial cell heterogeneity, intravascular hemolysis intensity, cytokine, Hp and Hpx 

levels, heme oxygenase activity and O2 concentration [17]. In SCA, the quantities of Hp 

and Hpx are insufficient to bind to the large quantity of free Hb and heme, which, in 

addition to the subclinical hemolytic process, are responsible for the maintenance of the 

vascular pro-inflammatory and pro-oxidant milieu. When large amounts of free heme or 

hemeproteins accumulate, detoxification systems become overwhelmed, making it 

likely that heme will exert deleterious effects [58].  

 Iron overload, as well as infection, can contribute to the biology of inflammation 

in SCA [14, 17]. The high heme concentrations seen in the membranes of sickle 

erythrocytes are correlated with the reduced lifespan of erythrocytes, as well as with 

disease severity [62]. In addition, high heme plasmatic concentrations have been 

associated with VOC and acute chest syndrome in SCD children [63]. A report 

involving SCD patients indicated that iron-regulated genes are differentially expressed 

when compared to healthy volunteers [64]. The overexpression of such genes was 

associated with inflammation and innate immune response, since toll-like receptor 4 

(TLR4) and IL-6 gene expression were observed. Genetic evidence also suggested an 

association between intracellular iron accumulation caused by a Ferroportin Q248H 

polymorphism and increased levels of IL-6 and C reactive protein (CRP), an important 

acute phase reactant, which has been independently associated with early death [64]. 

This finding is important to reinforce previous in vitro studies assessing the role of 

TLR, because intracellular iron promotes inflammatory pathways related to innate 

immune response. 

 The underlying mechanism responsible for free heme cytotoxicity is based on its 

highly hydrophobic property, which allows the iron contained within its protoporphyrin 

IX ring to enter and cross cell membranes, in addition to other lipid structures [58]. 

Additionally, heme-trafficking protein importers, such as Feline leukemia virus sub 

group C receptor 2 (FLVCR2), and the heme carrier protein1/Proton-coupled folate 

transporter (HCP1/PCFT), in addition to exporters, such as Feline leukemia virus sub 

group C receptor 1a (FLVCR1a) and ATP-binding cassette, sub-family G, member 2 

(ABCG2), have also been shown to play an important role in heme transport [65, 66]. 



Although iron represents an essential cellular element, since it plays an important role in 

a wide range of biochemical and metabolic reactions, its highly unstable nature is 

essential to the ability of heme to produce ROS and promote inflammation. Iron 

released from the protoporphyrin IX ring can act as a potent pro-oxidant mediator, since 

it can donate electrons which foster the generation of ROS through the Fenton reaction 

[67]. Both erythrocyte clearance and extracellular Hb scavenging are mild events under 

normal physiological conditions, but these become dramatically exacerbated in 

hemolytic disorders such as SCA [17]. Besides increasing levels of cell-free Hb, 

hemolysis and oxidative stress also contribute to decreased NO bioavailability in SCA. 

Superoxide (O-
2) can be generated during the Fenton reaction and can react with NO to 

form peroxynitrite (ONOO-) and peroxynitrous acid, which further limits NO 

bioavailability and may favor vasoconstriction [68, 69].  

 Heme exhibits many proinflammatory properties, such as leukocyte activation 

and migration, increased expression of adhesion molecules and the induction of acute-

phase protein production [70, 71, 72]. Cellular activation is a pivotal step in the 

inflammatory process, leading to cytokine, chemokine, lipid mediator and ROS 

production. Different cell types participate in the inflammatory response to SCA, 

notably leukocytes, erythrocytes, platelets and vascular endothelial cells. Moreover, it is 

known that intravascular hemolysis molecules also promote inflammatory reactions 

from these cells [54]. It has been suggested that heme activates tissue macrophages to 

produce leukotriene B4 (LTB4), an important lipid mediator capable of increasing 

neutrophil chemotaxis [73]. It was also suggested that heme could act directly on 

neutrophils by delaying apoptosis [74], which could prove detrimental in SCA due to 

the maintenance of inflammation. Interaction between heme and neutrophils also leads 

to the reorganization of the cytoskeleton, ROS production through C protein kinase and 

increased interleukin (IL)-8 production [71, 74]. The association of heme with the 

innate immune system through a receptor-mediated mechanism has been previously 

demonstrated [70] and is based on its ability to bind to TLR4, which unveiled a new 

pathway of modulation regarding inflammatory response. The family of TLR receptors 

are pattern-recognition receptors (PRRs) which recognize pathogen associated 

molecular patterns (PAMPs) from microorganisms or danger-associated molecular 

patterns (DAMPs) from damaged tissue [75]. Since the innate immune response is 

involved in systemic responses, the role of heme as an agonist of TLR4 may suggest 

that endogenous molecules from damaged cells, such as heme released from red blood 



cells during hemolysis, may be responsible for the triggering, amplification or 

perpetuation of the inflammatory response in SCA. It has been proposed that heme is 

able to induce necrosis in murine peritoneal macrophages via the TLR4/Myd88 

pathway, with increased TNF expression, in addition heme is also able to enhance ROS 

production in a TLR4-independent pathway. [76]. Heme’s ability to bind to these 

receptors highlights its role in the inflammatory process and in the chronic 

inflammatory status seen in SCA. Moreover, heme also influences the inflammatory 

process through the activation of the protein platform inflammasome. It has been 

recently observed that intravascular hemolysis can activate the NOD-like receptor 

family pyrin domain containing 3 (NLRP3) inflammasome in vitro, leading to 

subsequent IL-1 beta (β) production by peritoneal macrophages [67]. The recognition 

by NLRP3 of hemolysis molecules and erythroid components as DAMPs reinforces the 

role played by the innate immune response in promoting the chronic inflammatory 

status seen in SCA [77].  

 In addition to leukocyte activation, heme is also able to activate cells in the 

vascular endothelium, provoking inflammation, as evidenced by the increased 

expression of adhesion molecules, including ICAM-1, and VCAM-1 and E-selectin 

[72]. It is important to highlight that in addition to this classical form of endothelial 

activation through the enhanced expression of adhesion molecules, heme is also able to 

bind to TLR4 in endothelial cells. This results in the activation of NF-kB, the 

mobilization of Weibel-Palade corpuscles and increases in von Willebrand factor and P-

selectin production [17]. Similar to what was observed with leukocytes, heme is also a 

potent agonist of innate immune response receptors and has been considered an 

important DAMP on SCA inflammation. Heme can also trigger the extrinsic pathway of 

coagulation by upregulating TF on the surface of endothelial cells in vitro [18]. An in 

vitro investigation suggested that heme is capable of increasing HIF-1α, eNOS and 

nitric oxide metabolite production by endothelial cells [78]. Notably, heme-bound iron 

is able to activate the expression of placenta growth factor (PIG), an important 

angiogenic factor, in a dose- and time-dependent manner in both murine and human 

erythroid cells via the EKLF pathway [79]. 

 Heme, when released from methemoglobin (metHb), can also catalyze the 

oxidation of LDL, which induces endothelial cytolysis as a result of lipid hydroperoxide 

activity. Heme can be spontaneously inserted into LDL particles, leading to oxidative 

alterations in LDL that prove highly cytotoxic to endothelial cells.  To defend against 



these cytotoxic effects, endothelial cells increase the production of heme-recycling 

enzymes, such as hemoxygenase-1 and ferritin [60]. In addition, in SCD, elevated levels 

of erythrocyte membrane microparticles can also transport heme, thereby contributing 

to increased oxidative stress, vascular dysfunction and VOC [80]. A summary of the 

effects of heme on several cell types is depicted in Figure 3.  

  

 

5. Conclusion 

 

 SCA is an inherited hemolytic disease of complex pathophysiology that induces 

a wide range of clinical manifestations. During the hemolysis seen in SCA, several pro-

inflammatory molecules are released from red blood cells, including Hb, heme, iron and 

arginase, which are responsible for ongoing inflammation. Interaction between heme 

and innate immune receptors in both leukocytes and vascular endothelial cells increases 

the expression of adhesion molecules, thereby exacerbating oxidative stress and 

modulating cytokine production. Thus, it is of crucial importance to comprehensively 

investigate the inflammatory response driven by heme, especially in light of its ability 

to act as an endogenous damage-associated molecular pattern agonist, and attempt to 

elucidate the underlying mechanisms responsible for the chronic inflammatory process 

exhibited by SCA patients.   

 

6. Expert commentary 

 

 SCA is characterized by persistent hemolysis, which overwhelms the body’s 

detoxification systems and results in the accumulation of heme, leading to excessive 

oxidative stress, NO depletion and chronic inflammation. Heme’s inflammatory effects 

arise from the molecule’s structure, as well as from its ability to activate several cell 

types. Elevated heme concentrations in the membranes of sickle erythrocytes have been 

associated with SCA disease severity and clinical manifestations, including VOC and 

acute chest syndrome [63]; accordingly, episodes of painful crisis may be related to the 

events that lead to VOC in association with a chronic hemolytic anemia status. 

Numerous laboratory parameter can be assessed to evaluate the extent of hemolysis, 

aiding in the monitoring of the patient’s clinical course. Biochemical markers such as 

LDH, bilirubin levels, alanine and aspartate aminotransferase levels, as well as Hb and 



Hp levels, may prove useful; however, these do not correlate with markers designed to 

quantify the rate of hemolysis [7]. A recent report has shown that absolute reticulocyte 

counts may provide a better approach to evaluate hemolysis, due to this cell’s strong 

correlation with red blood cell lifespan [7]. Importantly, although these laboratory 

parameters are accessible, the only pharmacological treatment (hydroxyurea) available 

increases HbF levels, while also decreasing leukocyte counts, which leads to an 

improved clinical prognosis [81]. The biological relevance of hemolysis derives from in 

vitro studies [17, 77] and also from patient evaluations [82]. A hemolytic subphenotype 

has even been proposed [19], but its specific pathologic role and contribution to clinical 

manifestations remains unclear. In sum, given the relevance of hemolysis and the toxic 

effects arising from this process, the development of new therapeutic approaches that 

aim to improve the hemolytic profile is necessary. Since free heme can act as an 

endogenous danger signal that promotes significant pro-inflammatory activity, heme 

scavenging may be a potent therapeutic approach to prevent tissue damage, 

inflammation and VOC. Due to heme’s ability to trigger vascular and organ 

dysfunction, therapies designed to increase Hb and heme scavenging may prove useful. 

The Hb and heme scavenger proteins Hp and Hpx have been evaluated as options to 

treat diseases, such as hemolytic transfusion reaction, ABO-incompatible bone marrow 

transplantation and other clinical conditions [83]. Hpx has been examined in mouse 

models of SCD in order to improve the inflammatory response and vaso-occlusion [84], 

as well as to block the vascular dysfunction caused by red blood cell microparticles 

laden with heme [80]. Progress towards furthering the understanding of the hemolytic 

process is further challenged by the complexity of the molecules involved and the 

underlying inflammation exhibited by SCA patients. Likewise, alternative therapies 

represent a new field of investigation in an attempt to mitigate the effects of hemolysis 

and inflammation. 

 

 

  



7. Five-year view 

 

 The current knowledge about hemolysis and inflammatory response in SCA is 

derived from in vitro studies as well as from patients’ evaluation. Previous studies 

suggest that SCA may be dichotomized in two subphenotypes with specific clinical 

manifestations and laboratory characteristics, with a polarization of a hemolytic or 

endothelial dysfunction response, although the subphenotypes often overlap. In 

addition, hemolysis is the focus of the latest research regarding SCA and more recent 

reports suggest the role of hemolysis as an initiator to endothelial cell activation. In five 

years, a more comprehensive understanding of hemolysis, as well as the leukocyte and 

endothelial cell activation driven by heme in SCA, may come to light. The immune-

mediated mechanism involving heme and TLR4 is relevant and seems to play an 

important role in the pathway of endothelial and monocytes activation, which 

contributes to VOC. However, experimental data may identify novel receptors for heme 

in different cell types in addition to receptors for hemolysis-derived molecules leading 

to new pathways of cellular activation. Likewise, epidemiologic studies assessing 

mortality risks in association to hemolysis intensity will corroborate the known 

pathophysiologic mechanisms, which lead to the clinical manifestations. Studies 

seeking to investigate different pathways of inflammation, along with the clarification 

of the complex regulatory network characterized by oxidative stress, adhesion molecule 

expression and leukocyte activation mediated by heme are essential to lead to the 

development of new therapeutic targets, and should yield greater insight into the 

molecules involved in the chronic inflammatory response exhibited by SCA patients.  

 

 

8. Key-issues 

 

• Hemolysis plays an important role in the pathophysiological mechanism 

underlying SCA, perpetuating the inflammatory response. 

• It is becoming more evident that the inflammatory response elicited by heme 

and several hemolysis molecules arises from an association with the innate 

immune response.  



• The activation of leukocytes and the vascular endothelium mediated by heme 

represent potential therapeutic targets that may hold promise in minimizing the 

adverse effects brought on by hemolysis. 
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