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Abstract: Over the past decades, substantial work has established that hemoglobin oxidation and
heme release play a pivotal role in hemolytic/hemorrhagic disorders. Recent reports have shown that
oxidized hemoglobins, globin-derived peptides, and heme trigger diverse biological responses,
such as toll-like receptor 4 activation with inflammatory response, reprogramming of cellular
metabolism, differentiation, stress, and even death. Here, we discuss these cellular responses
with particular focus on their mechanisms that are linked to the pathological consequences of hem-
orrhage and hemolysis. In recent years, endogenous gasotransmitters, such as carbon monoxide
(CO) and hydrogen sulfide (H2S), have gained a lot of interest in connection with various human
pathologies. Thus, many CO and H2S-releasing molecules have been developed and applied in
various human disorders, including hemolytic and hemorrhagic diseases. Here, we discuss our
current understanding of oxidized hemoglobin and heme-induced cell and tissue damage with
particular focus on inflammation, cellular metabolism and differentiation, and endoplasmic retic-
ulum stress in hemolytic/hemorrhagic human diseases, and the potential beneficial role of CO
and H2S in these pathologies. More detailed mechanistic insights into the complex pathology of
hemolytic/hemorrhagic diseases through heme oxygenase-1/CO as well as H2S pathways would
reveal new therapeutic approaches that can be exploited for clinical benefit.

Keywords: oxidized hemoglobin; heme; vascular disease; hemorrhage; hemolysis; heme oxygenase;
carbon monoxide; carbon monoxide-releasing molecules; hydrogen sulfide

1. Introduction

Heme (iron protoporphyrin IX) is the prosthetic group of proteins involved in diverse
biological processes, such as mitochondrial respiration, oxygen-electron transport, and en-
zymatic reactions, making heme a fundamental of life. Later, it was discovered that heme is
not only a prosthetic group of proteins but also the source of biologically active metabolic
products produced by its complex elimination system in living organisms. This finding
initiated the ‘heme story’ about 80 years ago. In 1945, Watson and co-workers showed
that intravenous hematin is converted to bilirubin (BR) in humans [1]. Twenty years later,
a nice paper demonstrated that the green pigment, biliverdin, is the direct product of the
heme alpha-methenyl oxygenase enzyme [2]. The observation of Stocker was a milestone
of heme metabolism research suggesting that BR possesses remarkable antioxidant activity
in vitro [3]. The Maines’s group shed new light on the protective nature of the heme
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catabolic system in a brain ischemic model, where biliverdin reductase, through its fine
regulation, balances the concentrations of biliverdin and neurotoxic BR [4].

In the second half of the 1980s, we have shown that free heme released from hemopro-
teins can be toxic to cells and organs and, moreover, to the whole organism. At the same
time, we observed that an intracellular protective mechanism exists, the heme oxygenase-1
(HO-1)/ferritin system, preventing endothelial cell death caused by heme-catalyzed free
radical injuries. In this heme sensitization model, ferritin but not HO-1 is the ultimate
cytoprotectant [5]. In this way, we presented the first in vivo evidence that the induction of
HO-1/ferritin synthesis is an endogenous, inducible, and protective system against heme
stress, supporting Stocker’s hypothesis published in a review paper [6].

HOs exist in two isoforms; the inducible HO-1 is induced by variuos environmental
stimuli, among them ultraviolet and radioactive irradiation, endotoxin, reactive oxygen
stimuli, and of course, heme [7,8]. HO-2 is constitutively expressed; however, it is also
induced by hypoxia [9]. In addition to its role in controlling the intracellular labile heme
level [9], HO-2 is neuroprotective in cerebral ischemia [10], and mitigates transhemispheric
diaschisis of the contralateral hemisphere in brain ischemia [11]. Besides, HO-2 gene
polymorphism at an ATG start site is associated with Parkinson’s disease [12].

Solid evidence shows that heme toxicity is present in many human pathologies with
hemolysis and hemorrhage [13]; this hypothesis is supported by the fact that both intra-
and extracellular heme levels are finely regulated by multiple defense mechanisms. Ex-
tracellular free heme is rapidly scavenged by plasma hemopexin (Hpx) [14] and alpha-1-
microglobulin, the latter of which is also present in most tissues, including the blood vessel
walls [15,16]. Intracellular free heme leaking from hemoproteins is catabolized by heme
oxygenases (HOs). However, severe hemolysis/hemorrhage rapidly overwhelms these
extra- and intracellular protective systems, leading to cell, tissue, and organ damage.

Both carbon monoxide (CO) and hydrogen sulfide (H2S) were considered as poten-
tially toxic gases; however, during the past decades, both of them have also been recognized
as signaling molecules. CO is liberated during heme catabolism by HOs, which are the
only currently known endogenous sources of CO. H2S is produced by enzymatic and
non-enzymatic ways that will be discussed later in the paper.

In the present work, we aimed to summarize our current knowledge on how hemoglobin
(Hb) and heme contribute to human pathologies with a special emphasis on the potential
protective role of CO and H2S in hemorrhagic/hemolytic conditions.

2. Hemolysis- and Hemorrhage-Driven Damage Mechanisms

Hemolysis and hemorrhage are associated with many human pathologies, such as
sepsis, brain hemorrhage, atherosclerosis with plaque rupture, sickle cell disease, hemolytic
anemias, malaria, diabetic angiopathies, and mechanical injuries. The lysis of red blood
cells (RBCs) liberates a large amount of cell-free Hb (Hb) into the bloodstream or tissues
that is rapidly scavenged by haptoglobin (Hp) (reviewed by di Masi et al., [17]). Hb-Hp
complexes are then taken up by macrophages via their CD163 receptors [18]. CD163 also
mediates free Hb endocytosis in the absence of Hp [19]. Numerous studies have shown that
oxidation of ferrous Hb by one or two (when Hb reacts with H2O2 or lipid hydroperoxides)
electron-dependent steps forms metHb (Fe3+) and ferryl Hb (Fe4+ = O 2−) [20], the latter of
which is reduced back to metHb with auto-reduction or reductants. Both MetHb and ferryl
Hb are characterized by heme release, which induces extensive cell and tissue damage.
Free heme is scavenged by the acute phase reactant protein hemopexin (Hpx) (reviewed
by Montecinos et al. [21]) or alpha-1-microglobulin (A1M) [22]. Heme, taken up by cells,
is catabolized by HOs releasing biliverdin, CO, and catalytically active iron, the latter of
which is also a part of the pathology in hemolytic/hemorrhagic diseases.

Although hemorrhage is often followed by hemolysis, hemorrhage is not ultimately
associated with hemolysis; Hb and heme-driven cell and tissue damage is strongly associ-
ated with RBC lysis. For example, after intracerebral hemorrhage, RBCs can be engulfed by
macrophages/microglia called RBC efferocytosis, which may attenuate the adverse effect of
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free Hb/heme liberated during hemolysis [23]. In this natural protective process, both the
phagocytosis-mediating scavenger receptor CD36 and nuclear factor erythroid 2–related
factor 2 (Nrf-2), the master regulator of the cellular antioxidant system, among them HO-1,
have an outstanding role [24–26].

2.1. Hb-Induced Toxicity

Hb oxidation plays a pivotal role in the pathology of hemolytic and hemorrhagic
disorders by catalyzing low-density lipoprotein (LDL) oxidation as well as triggering
inflammation and cell death. Recently, the βcysteine 93 residue of Hb has been shown
as a gateway to its oxidative stability (reviewed by Alayash) [27]. As an iron compound,
Hb is also a known Fenton-reagent facilitating hydroxyl-radical generation from activated
oxygen species [28,29]. Interestingly, globin-derived peptides released by Hb oxidation also
pose a threat to cell integrity; another exciting study has revealed that ferryl Hb directly
interrupts osteoclastic differentiation of macrophages (Figure 1).

2.1.1. Hb Triggers LDL Oxidation

LDL oxidation is a hallmark of vascular diseases [30,31]. This suggests that scaveng-
ing Hb may prevent the formation of oxidized LDL (oxLDL); this theory is supported by
a recent study showing that in sickle cell disease patients, the absence of Hp is associated
with increased lipid peroxidation and oxidized LDL deposition in the pulmonary artery [32],
suggesting the key role of Hp to prevent free Hb-catalyzed extensive LDL oxidation (Figure 1).
OxLDL triggers cell and tissue damage via multiple mechanisms, such as inflammation [33],
inflammation-driven thrombosis [34], or cell death, that have been discussed by excellent
reviews. In addition to its role in inflammation and cell death, oxLDL also facilitates the
differentiation of a novel macrophage phenotype (Mox) that is markedly different from the
traditional M1 (pro-inflammatory) and M2 (pro-resolving or anti-inflammatory) macrophages.
Mox is characterized by decreased phagocytic/chemotactic activity and the abundant over-
expression of Nrf2-mediated redox-regulatory genes. Mox develops both from M1 and
M2 macrophages in response to oxidative tissue damage, representing a new macrophage
phenotype involved in the pathogenesis of atherosclerosis [35].

2.1.2. Hbs as Pro-Inflammatory Stimuli

Inflammation plays a central role in vascular diseases. In endothelial cells (ECs), ferryl
Hb exerts a potent pro-inflammatory effect, leading to nuclear factor kappa-light-chain-
enhancer of activated B cells (NFKB) activation [36], and this requires actin polymerization
and c-Jun N-terminal kinase as well as the p38 mitogen-activated protein kinase signaling
(Figure 1). In ECs, ferryl Hb activates the NLR family pyrin domain-containing 3 (NLRP3)
inflammasome with subsequent interleukin-1β (IL-1β) release [37]. Others have shown that
ferryl Hb triggers active IL-1β production in LPS-primed macrophages as well as caspase-1
activation and IL-1β cleavage in mice [38]. The concept of hemorrhage-induced NLRP3
activation is also demonstrated in brain hemorrhage, where the suppression of NLRP3
by recombinant adenovirus mitigates inflammation and brain injury after intracerebral
hemorrhage [39]. The pro-inflammatory potential of Hb is also underlined by a recent
study, which has shown that Hb injected into the lateral brain ventricle provokes global
inflammation of the brain [40].
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Figure 1. Hemoglobin-induced toxicity in hemolytic/hemorrhagic pathologies. Hemolysis and hemorrhage lead to the
disruption of red blood cells with subsequent hemoglobin (Hb) release. Hb is rapidly scavenged by haptoglobin and taken
up by macrophages via CD163 receptor. However, extensive hemolysis/hemorrhage rapidly overwhelms endogenous
protective systems leading to Hb oxidation resulting in metHb, ferryl Hb, covalently crosslinked Hb multimers, or globin-
derived peptides. Hb oxidation triggers low-density lipoprotein oxidation, cell death, inflammation, heme release, and
inhibits oscteoclast formation. LDL: low-density lipoprotein; Hb: hemoglobin; NFKB: nuclear factor kappa-light-chain-
enhancer of activated B cells IL-1β: interleukin-1β; TNF-α: tumor necrosis factor-α; OC: osteoclast.

Interestingly, several studies have shown that not only Hb oxidation but also its post-
transcriptional modification might be associated with coronary artery disease. Glycosylated
Hb predicts the severity of disease regardless of diabetic status [41]. Besides, oxLDL levels
are correlated with glycosylated Hb levels in non-diabetic patients, suggesting a possible
role of glycosylated Hb in cardiovascular diseases.

Overall, hard evidence supports that Hb is a potent pro-inflammatory stimulus to
the cells in hemorrhagic/hemolytic diseases, and oxidized Hb is an important part of the
pathology in these human disorders.

2.1.3. Hemolysis-Induced Cell Death

Hemorrhage/hemolysis triggers Hb/heme-induced cell death, but the mechanism of
this is still ill-lit (Figure 1). In their recent work, Yuan et al. showed a receptor-interacting
protein-4 (RIP3)-induced necroptotic cell death in rat brain injury; besides, conditioned
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medium derived from Hb-activated microglia also triggers necroptosis in primary neu-
rons [42]. In cultured neurons, inhibitors of necroptosis and ferroptosis but not apoptosis
and autophagy protect cells from Hb and heme-induced cell death [43]. In contrast to this,
others have shown that heme induces autophagic cell death in neurons [44]. To this end,
the exact mechanism of neuronal cell death in response to hemorrhage is still unknown
and needs to be further analyzed in upcoming studies.

Given that Hb is an iron-containing protein, it has the potential to induce ferroptosis.
Ferroptosis is an iron-dependent form of cell death characterized by the accumulation of
lipid reactive oxygen species [45]. Ferroptosis is characterized by decreased mitochondrial
volume, reduced or disappeared mitochondrial cristae, and increased bilayer membrane
density [45,46]. Biochemically, ferroptosis is strongly dependent on glutathione peroxidase
4 (GPX4) and ferroptosis suppressor protein 1 (FSP1). GPX4, which requires glutathione,
breaks down lipid hydroperoxides protecting cells from ferroptosis [47]. FSP1 acting as
oxidoreductase reduces ubiquinone (coenzyme Q10) to ubiquinol, a powerful lipophilic
radical scavenger that antagonizes the accumulation of lipid ROS within membranes [48,49].
Others, among them heat shock protein beta-1 and Nrf-2, negatively, while others, such
as NADPH oxidase and p53, positively regulate ferroptosis [50]. Given that catalytically
active iron drives lipid peroxidation, ferroptosis is effectively inhibited by iron chelatros
and inhibitors of lipid peroxidation [50].

In macrophages, heme-induced programmed cell death can be inhibited by necrostatin-
1, a well-known inhibitor of necroptosis [51]. On the contrary, in A549 lung carcinoma
cells, heme-induced cell death can be counteracted by neither necroptosis nor ferropto-
sis inhibitor [52]. In choroid plexus epithelial cells, hemorrhagic cerebrospinal fluid and
metHb, as well as heme, display apoptotic and necrotic cell death [53]. A clinical study
also suggests that apoptosis is a driving mechanism of cell death after intracerebral hem-
orrhage [54]. Besides, pyroptotic cell death represents another way of cell death after
subarachnoid hemorrhage (SAH) [55]. Overall, these suggest that hemorrhage/hemolysis
can induce cell death in a variety of ways, possibly in a cell type-specific manner that
necessitates further research in this field.

2.1.4. The Role of Globin-Derived PEPTIDES in Hb Toxicity

Hb oxidation also generates globin-derived peptides that are present in atherosclerotic
lesions or after intraventricular hemorrhage in the brain [37]. Hb-derived peptides are also
present in Alzheimer disease [56] and might be involved in various biological processes as
bioactive signaling molecules [57]. Posta and co-workers showed that Hb-derived peptides
do not bind to Hp or albumin, trigger endothelial damage, and facilitate monocyte adhesion
to the endothelium (Figure 1). Besides, Hb-derived peptides induce tumor necrosis factor-
α (TNF-α) expression and also facilitate NLRP3 inflammasome formation followed by
IL-1β expression [37]. This suggests that not only oxidized Hb but also globin-derived
peptides might be implicated in cell and tissue damage in atherosclerotic plaque and
brain hemorrhage. This study highlights the importance of further research aimed at
globin-derived peptides, since Hp, which detoxifies free Hb, is inefficient to scavenge
these peptides.

2.1.5. FerrylHb As an Inhibitor of Osteoclast Activity

In atherosclerotic plaques, calcium deposition is common representing an important
part of the pathology. Evidence shows that osteoclast-like cells (OLCs) are present in
calcified atherosclerotic plaques and might be implicated in mineral resorption of the
arteries (Figure 1) [58,59]. A recent study has shown that ferryl Hb but not ferrous Hb
disturbs the differentiation of OLCs from macrophages by directly interrupting the binding
of receptor activator of nuclear factor-kappa-B ligand (RANKL) to its receptor RANK,
which is a key initiation step of OLC differentiation [60]. As a consequence of this, ferryl
Hb blunts the bone resorption activity of OLCs. In human carotid artery specimens, OLCs
are present in calcified atheromas, but their presence is significantly lower in hemorrhaged
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lesions that are characterized by ferryl Hb; this suggests that ferryl Hb impairs OLC
formation in calcified atherosclerotic plaques. To this end, we postulate that oxidized Hb
might also compromise the endogenous protective potential of vascular tissues, which
further amplifies Hb-driven damage.

2.2. Heme-Induced Toxicity

Heme release after Hb oxidation [61] is likely to be involved in hemolytic/hemorrhagic
disorders. Interestingly, the different Hb redox states—ferrous (Fe2+), ferric (Fe3+), and
ferryl (Fe4+)—loose heme with different kinetics; ferric Hb releases heme at markedly
higher rates than ferryl Hb [62]. Oxidants (H2O2, nitrite, peroxynitrite, and hypochlorous
acid) formed during inflammation differently induce heme loss from Hb and hemolysates.
H2O2 is the most potent inducer of heme loss, suggesting that heme loss is possibly
triggered by continuous generation of H2O2 rather than other oxidants.

To date, numerous studies have demonstrated the toxic effects of heme, which con-
tributes to the pathology of hemolytic diseases. From an evolutionary aspect, multiple
mechanisms have been evolved to detoxify free heme; such mechanisms exist in prokary-
otic organisms (reviewed by Anzaldi et al., [63]). Hemozoin, an insoluble crystalline of
free heme, is essential to survive in hematophagous organisms, such as malaria parasites.
In Vertebrates, free heme is specifically scavenged by extracellular heme-binding protein
hemopexin, and alpha-1-microglobulin, or, by serum albumin [64]. Besides, HOs also
protect cells from heme toxicity by catabolizing heme into iron, biliverdin, and CO. In this
chapter, we will discuss recent findings in the field of heme-driven damages with a special
emphasis on LDL oxidation, inflammation, and endoplasmic reticulum (ER) stress, all of
which are implicated in hemolytic/hemorrhagic pathologies (Figure 2).

2.2.1. Heme-Induced LIPID Modifications

Heme catalyzes the oxidation of lipids [65], and LDL [66] that has a crucial role in
atherosclerosis [67]. Heme intercalates into LDL particles and facilitates their oxidative
modifications (Figure 2) that are amplified by H2O2 followed by catalytically active iron
release, which further boosts oxidative damage [66]. Hemopexin prevents not only heme-
induced modification of LDL but also its Hb-induced peroxidation [68]. Others have shown
that LDL oxidation is induced by a heme-initiated globin radical [30], and the target site
for LDL oxidation is near the hydrophobic core of the lipoprotein [69].

OxLDL triggers a broad range of cellular damages, among them inflammation and
endoplasmic reticulum (ER) stress. Evidence shows that oxLDL-driven cell death in
vascular endothelial cells is mainly mediated by ER stress via the RNA-dependent protein
kinase (PKR)-like ER kinase (PERK)/C/EBP-homologous protein (CHOP) pathway [70].
ER stress is also implicated in the control of the lipid metabolism of macrophages by
increasing lipid uptake but decreasing lipid efflux. OxLDL-induced lipid uptake is boosted
by ER stress inducer while it is attenuated by ER stress inhibitor [71]. Interestingly, CD36-
mediated oxLDL uptake triggers ER stress, which, in turn, upregulates CD36 expression by
a vicious circle mechanism. Disturbed lipid metabolism of macrophages is, at least partly,
linked to ER stress by CHOP signaling [72].
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Figure 2. Mechanisms of heme-induced toxicity. Oxidation of hemoglobin results in heme release that triggers a wide range
of cell damages. Heme intercalates into low-density lipoprotein (LDL) particles and amplifies LDL oxidation. Free heme
induces the oxidative modification of myocardial contractile proteins and triggers endoplasmic reticulum stress in a variety
of cells. Heme also mediates complement attack against the endothelium and possesses a potential pro-inflammatory effect.
LDL: low-density lipoprotein; NFKB: nuclear factor kappa-light-chain-enhancer of activated B cells; IL-1β: interleukin-1β;
TNF-α: tumor necrosis factor-α; Grp78: glucose-regulated protein 78; ER: endoplasmic reticulum.

NLRP3 activation-driven inflammation has a crucial role in oxLDL-induced cell dam-
age [73,74]. NLRP3 depletion decreased apoptotic cell death, reduced ROS generation,
and preserved proliferative potential in human aortic ECs challenged by oxLDL [75]. Be-
sides, EC-specific NLRP3-depletion markedly reduced the severity of atherosclerosis in
ApoE-deficient mice on a high-fat diet. Overall, these results suggest that Hb and heme can
indirectly drive atherosclerosis by inducing inflammation and ER stress via the oxidative
modification of LDL.

2.2.2. Heme-Induced Protein Modifications

Heme is reported to modify not only LDL but also other proteins. In the presence of
reducing agent and oxygen, heme induced the oxidative degradation of myoglobin [76].
Heme also alters myocardial contractility via post-translational modification of contractile
proteins and binding to myosin light-chain 1 in human cardiomyocytes (Figure 2) [77].
This raises the notion the heme-induced protein modifications might also be involved in
hemorrhagic/hemolytic diseases, which will be discussed later in this work.
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2.2.3. Heme-Induced ER Stress

Protein misfolding and ER stress are involved in many human pathologies [78]. Hav-
ing established that heme induces the oxidative modification of LDL and other proteins, it is
plausible that heme may target other proteins, leading to their misfolding and subsequent
ER stress. This hypothesis has been tested in a recent work, which has revealed that heme
induces ER stress in human aortic smooth muscle cell culture, which is inhibited by the
heme scavenger Hpx and A1M (Figure 2) [79]. Besides, hemorrhaged carotid plaques de-
rived from patients who underwent carotid endarterectomy contained a significant amount
of oxidized Hb and heme with the parallel activation of ER stress pathways, suggesting that
hemorrhage/heme-induced ER stress might be involved in the pathology of atherosclerosis
and hemorrhagic/hemolytic diseases. This notion is also supported by more recent studies.
In mice, intravascular hemolysis promotes acute kidney injury with concomitant oxidative
and ER stress [80]. In neurons, heme induces autophagic cell death via ER stress [44].
Overall, this suggests that heme-induced ER stress might be implicated in the pathogenesis
of hemorrhagic/hemolytic disorders, which necessitates further research in this field.

2.2.4. Heme As a Pro-Inflammatory Stimulus

Toll-like receptor 4 (TLR4) is a member of the toll-like receptor family that recog-
nizes pathogens and plays an essential role in host defense [81]. TLR4 is activated by the
bacterial cell wall component lipopolysaccharides (LPS) followed by pro-inflammatory
cytokine production [82]. Many endogenous TLR4 ligands have been identified [83], includ-
ing heme. Heme-induced TLR4 activation results in complex downstream signalization
(Figure 2). Heme-induced TLR4 signaling results in EC activation and vasoocclusion in
sickle cell disease (SCD) mice [84]. TLR4 activation also regulates labile heme pools by
influencing BACH1 and HO-1 expression in macrophages in a species-specific manner [85].
In murine bone marrow-derived macrophages (BMDMs), LPS raises the labile heme level,
represses BACH1, and induces HO-1, while in human BMDMs, it has the opposite effect,
suggesting that TLR4 stimulation alters labile heme levels that plays an essential role in the
BACH-1-mediated HO-1 level.

In a spinal cord injury model, heme induces TNF and TLR4 expression both in primary
microglial cell culture and in mice. Preventing TLR4/TNF induction by tranexamic acid is
accompanied by a reduction of cell death and improves the functional recovery of mice [86].

TLR4 is also implicated in heme-mediated microglia activation followed by NFKB
activation, increasing pro-inflammatory cytokine expression and inflammatory injury after
intracerebral hemorrhage [87]. TLR4-induced inflammation after intracerebral hemorrhage
(ICH) stimulates neuronal apoptosis, which is decreased by IL-1β and TNF-α antagonists,
while TLR4 knockout markedly increases the survival rate after ICH [88]. Heme also
triggers NLRP3 inflammasome activation in ECs [89]. Furthermore, heme-activated TLR4
signaling is implicated in P-selectin-driven complement attack against the endothelium
in a phenylhydrazine-induced hemolysis model [90]. In the murine model of trauma
hemorrhage followed by resuscitation with stored blood, increased bacterial infection
susceptibility and severity are associated with free heme in a TLR4-dependent manner as
scavenging heme by Hpx or deletion of TLR4 prevents mortality [91]. Heme induces sickle
pain in mice via TLR4-mediated ER stress and ROS [92]. Importantly, heme can trigger
TLR4 activation with the subsequent inflammatory response through oxLDL [88].

In conclusion, heme triggers a wide range of damages via TLR4 signaling, which makes
TLR4 a potential candidate for future therapeutic approaches in hemolytic/hemorrhagic
diseases.

3. Carbon Monoxide

Exogenous carbon monoxide (CO) is generally regarded as a poisonous gas by forming
carboxy-Hb that blocks Hb’s oxygen binding site; moreover, this prevents oxygen release
from Hb at the capillary region of the circulation [93]. Other heme proteins are also the
targets of CO, such as myoglobin, cytochrome c oxidase of the mitochondrial respiratory
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chain, or cytochrome p450-dependent monooxygenases. Inhibition of cytochrome c oxidase
can lead to the generation of reactive oxygen species (ROS).

Intracellularly, CO is produced by Hos, suggesting its potential important role as an
endogenous gasotransmitter. CO is one of the end-products of heme catabolism by heme
oxygenase-1 (HO-1) and heme oxygenase-2 (HO-2). HO-1 is the only currently known
inducible heme-catabolizing enzyme activated at the transcriptional level by a variety of
stress stimuli, most importantly, by heme [7,94], while HO-2 is constitutively expressed.
HOs convert heme into biliverdin, CO, and iron. In the past decades, CO has gained
a lot of interest not only by its potential toxicity but also its remarkable cytoprotectant
properties against inflammation [95,96], acute lung injury, atherosclerosis [97], or in or-
gan transplantation [98]. This fueled the development of suitable CO delivery systems,
such as CO-releasing molecules (CORMs). Importantly, not only CO but also BR converted
from biliverdin by biliverdin reductase has remarkable protective properties; BR miti-
gates monocyte migration through endothelial cells and inhibits plaque formation in LDL
receptor-deficient mice [99]. A decreased serum level of BR is an independent predictor of
sublicinal atherosclerosis [100]. On the contrary, BR neurotoxicity is well-known, especially
in newborns [101]. The remarkable role of BR in the human biology has recently been
summarized by an elegant review article [102].

3.1. CO in Hemorrhage-Triggered Cell Death

CO has a prominent role to mitigate oxLDL-induced cell damage. In ECs, CORM-2
markedly reduces cell death and ROS formation triggered by oxLDL via improving mito-
chondrial function and blocking the Wnt/β-catenin pathway [103]. CORM-3 ameliorates
the emotional deficits and neuronal cell death induced in the amygdala in a post-traumatic
brain injury and hemorrhage shock and resuscitation (HSR) rat model by protein kinase
G-ERK1/2 signaling [104]. CORM-3 also alleviates neuronal pyroptosis and improves
neurological recovery in HSR through mitochondrial regulation mediated by the solu-
ble guanylyl cyclase-cGMP pathway. Thus, CO administration could be a promising
therapeutic strategy for hemorrhagic shock. In brain hemorrhage, CORM-3 attenuates
neuronal pyroptosis and improves neurological recovery [105]. These findings support
the notion that CO can ameliorate cell death in hemorrhagic/hemolytic pathologies via
multiple mechanisms.

3.2. CO in Hemorrhage-Induced Inflammation

CO and CORMs possess remarkable anti-inflammatory properties [106] that implicate
their use to ameliorate inflammation in diverse human pathologies. HBI-002, a liquid
CO formulation administered orally, effectively decreases inflammatory response in SCD
mice [84]. CORM-3 also attenuates lung injury triggered by TNF-α, inducible nitric oxide
synthase, and IL-1β in an HSR-induced animal model [107]. Besides, CORM-3 enhances
the expression of interleukin-10, one of the most significant anti-inflammatory cytokines in
this model. Inhalation of CO gas also ameliorates hemorrhagic shock-induced lung injury
by increasing peroxisome proliferator-activated receptor (PPAR)-γ expression, an anti-
inflammatory transcriptional regulator in the lung [108]. The anti-inflammatory effect of
CO is also demonstrated in other models. Inhaled CO decreased LPS-induced circulat-
ing pro-inflammatory cytokine level, and induced anti-inflammatory IL-10 through the
mitogen-activated protein kinase, particularly the p38 pathway [109]. Others have found
that the antiinflammatory effect of CO also involves the c-Jun N-terminal kinase (JNK)
pathway [110] and heat shock factor 1 activities [111].

3.3. CO-Induced Cellular Metabolic Changes

Heme as well as the heme catabolism by-product iron have been reported to trigger
macrophage phenotypic switch toward an M1 pro-inflammatory phenotype, which is inhib-
ited by the heme scavenger Hpx in a murine model of SCD [112]. The plasticity of macrophage
function is suggested to be linked to their cellular energy metabolism (Figure 3).
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In general, pro-inflammatory (M1) macrophages are characterized by glycolysis and
succinate-driven hypoxia-inducible factor 1α (HIF1α)-dependent glycolytic gene expres-
sions that are necessary for pro-inflammatory cytokine production [113]. In contrast,
anti-inflammatory (M2) macrophages rely on oxidative phosphorylation [114]. CORM-3
has been reported to modulate the M1/M2 phenotype ratio in alveolar macrophage cell
culture, suggesting that CO can modulate M1/M2 balance [115]. Similar to macrophages,
microglia respond to inflammatory stimuli by a metabolic switch from oxidative phospho-
rylation to glycolysis, which supports their inflammatory response releasing IL-6, IL-1β,
and TNF-α. The M2 phenotype characterized by oxidative metabolism is implicated in the
resolution of inflammation and tissue repair [116]. However, recent work has shown that
CO has the potential to reverse metabolic changes to attenuate the inflammatory response
triggered by LPS [117]. CORM-3 also reduces glycolysis-dependent NLRP3 inflamma-
some activation in response to LPS [118]. However, others have shown that CO triggers
mitochondria-derived ROS production in macrophages, promoting HIF1α activation and
stabilization followed by the expression of transforming growth factor-β (TGF-β) that is
involved in cytoprotective preconditioning [119]. In ECs, CO released by CORM—401
uncouples mitochondrial respiration and inhibits glycolysis [120], increases nitric oxide
(NO) synthesis as well as glucose flux towards the pentose phosphate cycle [121]. In their
exciting work, Bories and co-workers showed that heme drives a metabolic switch in
macrophages from oxidative phosphorylation towards the pentose phosphate cycle, which
is controlled by the HO-1-dependent CO generation [122]. This metabolic switch highly
resembles the metabolic reprogramming of M1 and M2 macrophages during the differen-
tiation of these cells from the Mox phenotype in response to oxLDL. Mox macrophages
are strongly dependent on glucose metabolism and the pentose phosphate pathway to
fuel glutathione (GSH) production and the Nrf2-dependent antioxidant pathway, both
of which require NADPH as a reducing equivalent produced by the pentose phosphate
pathway [123].

Overall, CO induces the metabolic reprogramming in multiple cell types that might
be implicated in the CO-mediated protective effects in hemolytic/hemorrhagic diseases
that need to be further investigated in future studies.
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Figure 3. Carbon monoxide-induced phenotypic switch of macrophages. Carbon monoxide (CO), released during heme
catabolism or CO-releasing molecules (CORMs), modulates macrophage matobolism and phenotype. Pro-resolving (M2)
macrophages are dependnet on oxidative phosphorylation, while pro-inflammatory (M1) macrophages rely on glycolysis
(Warburg effect) and hypoxia-inducible factor-1α-dependent glyolytic gene expressions, supporting inflammatory cytokine
expressions. Mox macrophages, which are formed in atherosclerotic plaques by oxidized LDL, are characterized by
the transient repression of glycolysis and inflammatory cytokine expression; however, these cells metabolize glucose
via the pentose phosphate pathway (PPP), supporting their increased gluathion synthesis and nuclear factor erythroid
2-related factor 2 (Nrf2)-related antioxidant gene expression. Intrestingly, CO inhibits the phenotypic switch towards the
pro-inflammatory phenotype triggered by lipopolysaccharide (LPS) and facilitates pro-resolving macrophage formation by
inducing peroxisome proliferator-activated receptor gamma (PPARγ). Recently, the heme oxygenase/CO pathway has been
suggested to activate PPP, which might be implicated in heme detoxication by macrophages. IL-1β: interleukin-1β; GSH:
glutathione; IL-10: interleukin-10; TNF-α: tumor necrosis factor-α; PPARγ: peroxisome proliferator-activated receptor-γ;
LPS: lipopolysaccharide; ?: currently unrevealed mediators; ↑: increase.

4. Hydrogen Sulfide

Hydrogen sulfide (H2S) used to be considered a toxic gas [124]; however, it is present
in the brain at a quite high concentration, which raises its possible role as an endogenous
neuromodulator [125]. H2S production is also well known in bacteria in which it is
associated as a defense mechanism against oxidative stress provoked by antibiotics [126].
H2S regulates diverse reactions, such as neuronal synaptic transmission, inflammation,
angiogenesis, and vascular myogenic tone.

Endogenous H2S is produced enzymatically as well as non-enzymatically in humans.
Enzymatic H2S production involves cystathionine β-synthase (CBS) and cystathionine
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γ-lyase (CSE), both of which produce H2S mainly from L-cysteine [127]. The third cur-
rently known H2S-producing enzyme is 3-mercaptopyruvate sulfurtransferase (3-MST),
which produces H2S from 3-mercaptopyruvate, which is synthesized from L-cysteine
and α-ketoglutarate by cysteine aminotransferase [128]. Recently, the interesting work of
Yang et al. revealed that H2S production from cysteine is catalyzed by iron and vitamin
B6 [129]. The importance of this study is that in hemolytic/hemorrhagic diseases, a high
amount of H2S might be released due to the remarkable catalytic potential of iron liberated
during heme catabolism. In the case of non-enzymatic H2S production, H2S can derive
from thiosulfate [130] or sulfur-containing molecules found in herbs, such as garlic [131].

The possible beneficial role of H2S in vascular diseases has been raised by Wang et al.,
showing that the H2S donor NaHS inhibits atherosclerotic plaque formation in ApoE-
knockout mice, while inhibition of CSE activity by DL-propargyl glycine accelerates
atheroma progression [132]. These findings raise the hypothesis that H2S donors might be
valuable tools in the armamentarium of anti-atherosclerotic agents.

Others have also shown that intracerebral hemorrhage impairs endogenous H2S
production possibly by reducing CBS; however, NaHS or S-adenosyl-L-methionine, a
specific CBS agonist, restores brain and plasma H2S levels and counteracts neurological
deficits as well as the inflammatory response triggered by hemorrhage [133]. Interestingly,
not only H2S donors but also L-cysteine, which is a precursor of H2S generated by CBS,
reduces inflammation, ROS generation, ER stress, and HO-1 expression after SAH in
rats [134]. These results support the hypothesis that H2S might be a potential protective
stratagem to mitigate hemorrhagic/hemolytic diseases. In this chapter, we will discuss the
potential protective role of H2S in hemorrhagic/hemolytic diseases primarily focusing on
its role in LDL and Hb oxidation, cellular injury, and inflammation.

4.1. H2S as an Inhibitor of Atherosclerosis and Hb Oxidation

The protective effect of H2S and the endogenous H2S -producing system is supported
by several lines of evidence. Importantly, oxLDL has a direct adverse effect on H2S pro-
duction by downregulating the CSE/H2S pathway, while overexpression of CSE reduces
oxLDL-driven TNF-α expression in macrophages [135]. Besides, oxLDL induces the hy-
permethylation of the CSE promoter, decreasing its expression in macrophages [136]. In
addition to this, oxLDL also downregulates the CBS/H2S pathway both in human and
murine macrophages followed by NFKB p65 phosphorylation that is inhibited by exoge-
nous H2S [137]. In addition, H2S eliminates lipid hydroperoxides in oxLDL and inhibits
HO-1 induction by oxLDL in ECs [138]. Conclusively, H2S derived from either endoge-
nous or exogenous sources possesses an important protective effect against oxLDL-driven
damages in hemolytic/hemorrhagic pathologies.

As discussed above, Hb oxidation significantly contributes to the pathomechanism of
atherosclerosis (Figure 4).

Theoretically, inhibition of Hb oxidation may have a beneficial role in atherosclerosis.
To support this, a recent study has shown that H2S significantly mitigates Hb oxidation,
preventing the formation of ferryl Hb derivatives and Hb–lipid interactions. H2S also
lowers the expressions of adhesion molecules triggered by oxidized Hb in ECs, thereby
preserving endothelium integrity [139].

A more recent study has revealed that EC-specific deletion of CSE elevates CD62E ex-
pression with subsequently increased monocyte adherence to the endothelium in mice [140].
Although CSE expression is upregulated both in mice and human atheromas, H2S was
decreased inside of atheromas as well as in the circulation, possibly due to an IL-1β-driven
inhibition of CSE enzyme activity. The authors showed that CSE-derived H2S abolished
the RNA binding protein human antigen R (RBPA R) homodimerization and subsequent
CD62E induction by S-sulfhydration of RBPA R at Cys13; however, this beneficial effect of
CSE-derived H2S was lost as a consequence of the inhibition of CSE enzyme activity by
vascular inflammation. These studies raise the important notion that the CSE/H2S system
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represents an atheroprotective pathway for removing or limiting the formation of oxidized
Hb and lipid derivatives in atherosclerotic plaques.

4.2. H2S in Hemorrhage-Induced Cell Injury

Free Hb and heme liberated from red blood cells during hemorrhage/hemolysis
trigger injuries of the neighboring innocent cells. Available data suggest that H2S might
be protective against Hb/heme-driven cell death. In an SAH rat model, NaHS decreased
apoptotic cell death. Interestingly, the neuroprotective effect of NaHS was dependent
on the L-type Ca2+ channel, since the Ca2+ channel agonist nifedipine decreased the
protective effect of NaHS [141]. In ICH, endogenous H2S production is low due to the
decrease in CBS expression, which is the predominant H2S-producing enzyme in the
brain [142]. However, NaHS could restore the expression of CBS and H2S production and
reduce cellular apoptosis as well as autophagy. Interestingly, the CBS inhibitor aminooxy
acetic acid counteracted the beneficial effects of NaHS, suggesting the pivotal protective
role of CBS.

Evidence suggests that H2S might ameliorate hemorrhage-induced cell death in the
brain. In cultured neurons, inhibitors of necroptosis and ferroptosis protected cells from Hb
and heme-induced cell death [43]. Iron toxicity and ferroptotic cell death are implicated in
brain hemorrhage [143]. Recently, CBS has been suggested as a new negative regulator of
ferroptotic cell death [144]; moreover, exogenous H2S inhibits necroptosis in ECs triggered
by a high glucose concentration [145]. These data strengthen the idea that H2S may protect
against ferroptosis and necroptosis in the case of hemorrhagic diseases.

4.3. H2S, Inflammation, and TLR4 Signaling in Hemorrhagic/Hemolytic Pathologies

H2S acts as a potent anti-inflammatory molecule in several cell types via inhibition
of the TLR4/NFKB pathway PMID: 31,153,885 as well as NLRP3 inflammasome forma-
tion [146]. In a murine model of atherosclerosis, NaHS improved plaque stability by
increasing the collagen content of vascular tissues. Besides, H2S decreased apoptosis
marker expressions as well as the mRNA expression of the oxLDL scavenger receptor,
the lectin-like oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1), in response to
oxLDL in vascular smooth muscle cultures [147]. In a murine model of atherosclerosis,
the H2S donor GYY4137 decreased plaque area and the volume of foam cells and amelio-
rated the pro-inflammatory cytokine level possibly by reducing TLR4 expression [148].

Diabetes mellitus is an important risk factor for accelerated atherosclerosis [149].
In a diabetes-accelerated atherosclerotic model, the H2S donor GYY4137 reduced plaque
formation, NLRP3 inflammasome activation, and the expression of both intercellular cell
adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1) [150].
H2S-mediated protein sulfhydrylation of Keap1 at Cys151 also results in the nuclear
translocation of Nrf2 followed by HO-1 expression and decreased oxidative stress that
mitigates diabetes-accelerated atherosclerosis in mice [151]. In addition, H2S inhibits
NFKB p65 activation triggered by oxLDL via S-sulfhydration of Cys38 of NFKB [137] as
well as NLRP3 inflammasome activation by reacting with the Cys269 of c-Jun kinase in
macrophages [152].

The anti-inflammatory potential of H2S is also suggested in brain hemorrhage. In a
rat model of SAH, the H2S donor NaHS significantly reduced neuroinflammation and
cognitive impairment [153]. In experimental cerebral malaria characterized by blood
leakage into the brain, CBS expression and H2S bioavailability are low, which is associated
with the damage of the blood-brain barrier, suggesting that a low brain H2S level may
contribute to the pathology of experimental cerebral malaria [154].
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Figure 4. Protective effect of H2S on hemoglobin-driven damages in atherosclerosis. Neovascularization, budding of tiny
blood vessels from vasa vasorum, is common during atherosclerotic plaque progression due to the thickening of the vessel
wall in the plaque area. However, neovascularized capillaries are immature, leading to blood leakage into the great vessel
wall. Red blood cells invading the highly oxidative environment of plaques lyze followed by the release and oxidaTable 1.
(IL-1β). IL-1β downregulates cystathionine γ-lyase (CSE) activity and hydrogen-sulfide (H2S) production in endothelial
cells, which induces CD62E expression, leading to monocyte adhesion to the endothelium. Oxidzed Hb also triggers the
expression of adhesion molecules, such as vascular cell adhesion protein-1 (VCAM-1), that facilitates monocyte adhesion
to the endothelium and their trans-endothelial migration. H2S inhibits oxidized LDL-induced inflammation and CD62E
expression as well as oxidzed Hb-induced VCAM-1 expression in endothelial cells, inhibiting monocyte adhesion and
trans-endothelial migration together with subsequent foam cell formation. CSE: cystathionine γ-lyase; VCAM-1: vascular
cell adhesion protein-1; NFKB: nuclear factor kappa-light-chain-enhancer of activated B cells; SMC: smooth muscle cell;
oxLDL: oxidized low-density lipoprotein; IL-1β: interleukin-1β; TLR4: toll-like receptor 4; LOX-1: lectin-like oxidized
low-density lipoprotein receptor-1; ↑: increase; ↓: decrease.

5. The Interplay between the H2S and HO-1/CO System

The human CBS enzyme is a pyridoxal-5′phosphate-dependent heme protein [155].
Although heme is not essential for CBS activity, the hemeless mutant displays 40% of wild-
type enzyme activity [156]. Importantly, the heme moiety represents a potential regulatory
point of CBS activity. CBS activity is almost doubled when ferrous heme is oxidized to
the ferric state [157]. CO can bind to CBS, leading to its inactivation [158]. In hypoxia,
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cerebral vasodilation emerges from the interplay between the HO-2/CO and CBS/H2S
system [159]. CO is constitutively generated by HO-2 in the brain, which inhibits CBS and
H2S generation. Hypoxia-induced arteriolar vasodilation in the brain also regulated via the
interaction between H2S/CO-producing systems, where CO generation by HO-2 inhibits
astrocytic CBS together with subsequent release of vasodilatory H2S. During hypoxia, HO-2
activity is blocked by the limited oxygen supply that allows CBS to generate H2S, leading
to vasodilation [159]. In the liver, bile excretion is also regulated by CBS in a CO-dependent
manner [160]. Besides, inhibition of CBS activity by CO alters redox homeostasis in breast
cancer, improving its sensitivity to chemotherapeutics [161] (Figure 5).

In isolated bovine aorta, the HO inhibitor ZnPP-IX increases endogenous H2S pro-
duction in a concentration-dependent manner, whereas hemin attenuates the basal H2S
levels [162]. In a rat renal injury model, NaHS improves kidney function, lowers renal
nitric oxide (NO) and TNF-α, but increases antioxidant, HO-1 activity, and IL-10 concen-
tration [163]. However, ZnPP-IX damages kidney function. In an aspirin-induced hem-
orrhagic gastric mucosal model, both CORM-2 and NaHS have a gastroprotective effect;
more importantly, the protective effect of CORM-2 seemed to be H2S independent [164].

The protective effect of H2S in a variety of pathologies might be explained, at least
partly, by its HO-1-inducing effect. H2S increases HO-1 expression in human kidney
cells [165]. Interestingly, H2S diminishes oxygen dependence of the HO activity by specifi-
cally reacting with the ferric verdoheme intermediate of heme catabolism, and verdoheme
is cleaved by hydrolysis independently of oxygen [166]. By this mechanism, HOs might
catabolize heme in a hypoxic environment in the presence of H2S. Another example of the
positive interaction between the heme and H2S system is the CBS deficiency, where the lack
of H2S disrupts the heme biosynthetic pathway and heme transports [167]. More recently,
the HO-1/CO/H2S has been suggested as a potential therapeutic intervention in Covid
19 [168].

These suggest that the interplay of HO-1/CO/H2S axes might become a hot topic shortly.
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Figure 5. Interaction between the heme oxygenase/carbon monoxide and cystathionine beta synthase/H2S systems in
vascular pathologies. In a normoxic environment, sufficient oxygen supply enables heme degradation by heme oxygenases
(HOs) forming iron, biliverdin (BV), and carbon monoxide (CO), the latter of which inhibits cystathionine β-synthase (CBS)
activity, leading to decreased hydrogen sulfide (H2S) production. BV is then formed to bilirubin (BR) by biliverdin reductase.
In hypoxia, heme catabolism and CO generation by HOs is disturbed due to the limited oxygen availability, resulting in the
derepression of CBS activity with concomittant H2S synthesis. H2S decreases the oxygen dependence of HOs, which enables
heme catabolism leading to iron and sulfo-BV formation, the latter of which is converted to sulfo-BR. It is currently unknown
whether CO is formed during this reaction. Besides, H2S might also increase HO-1 expression via the sulfenylation of
Keap-1 that releases Nrf2, which induces Nrf2-regulated gene expression, including HO-1. BV: biliverdin; BR: bilirubin; CO:
carbon monoxide; CBS: cystathionine β-synthase; HO: heme oxygenase; Keap-1: Kelch-like ECH-associated protein 1; Nrf2:
nuclear factor erythroid 2-related factor 2; SBV: sulfur-containing biliverdin; SBR: sulfur-containing bilirubin; ↑: increase;
↓: decrease; red X: inhibition.

6. Conclusions and Future Perspectives

The incidence of hemolytic and hemorrhagic diseases is still a leading cause of death
worldwide. Based on many previous studies, it is apparent that several biological events
are involved in hemolytic/hemorrhagic diseases, including LDL oxidation, inflammation,
endoplasmic reticulum stress, inhibition of osteoclast formation, and complement activa-
tion. This phenomenon supports the concept that hemoglobin and heme stress triggers a
wide range of cellular damages.

CO and H2S have been shown to exert remarkable protective properties in hemolytic/
hemorrhagic human pathologies. Evidence supports the hypothesis that the HO/CO
and H2S dynamically interact with each other, but these interactions need to be further
elucidated to develop future therapeutics and pharmacological agents releasing CO and
H2S that might be ideal candidates for decreasing hemoglobin/heme-induced damages.
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37. Posta, N.; Csősz, É.; Oros, M.; Pethő, D.; Potor, L.; Kalló, G.; Hendrik, Z.; Sikura, K.É.; Méhes, G.; Tóth, C.; et al. Hemoglobin
oxidation generates globin-derived peptides in atherosclerotic lesions and intraventricular hemorrhage of the brain, provoking
endothelial dysfunction. Lab. Investig. 2020, 100, 986–1002. [CrossRef]

38. Nyakundi, B.B.; Tóth, A.; Balogh, E.; Nagy, B.; Erdei, J.; Ryffel, B.; Paragh, G.; Cordero, M.D.; Jeney, V. Oxidized hemoglobin
forms contribute to NLRP3 inflammasome-driven IL-1β production upon intravascular hemolysis. Biochim. Biophys. Acta (BBA)
Mol. Basis Dis. 2019, 1865, 464–475. [CrossRef]

39. Yuan, B.; Shen, H.; Lin, L.; Su, T.; Zhong, S.; Yang, Z. Recombinant adenovirus encoding NLRP3 RNAi attenuate inflammation
and brain injury after intracerebral hemorrhage. J. Neuroimmunol. 2015, 287, 71–75. [CrossRef]

40. Goulding, D.S.; Vogel, R.C.; Gensel, J.C.; Morganti, J.M.; Stromberg, A.J.; Miller, B.A. Acute brain inflammation, white matter
oxidative stress, and myelin deficiency in a model of neonatal intraventricular hemorrhage. J. Neurosurg. Pediatr. 2020, 26,
613–623. [CrossRef]

41. Basman, C.; Fishman, S.L.; Avtanski, D.; Rashid, U.; Kodra, A.; Chen, K.; Jonas, R.; Stoffels, G.J.; Lesser, M.L.; Inlall, D.; et al.
Glycosylated hemoglobin, but not advanced glycation end products, predicts severity of coronary artery disease in patients with
or without diabetes. Metab. Open 2020, 7, 100050. [CrossRef]

42. Yuan, S.; Yu, Z.; Zhang, Z.; Zhang, J.; Zhang, P.; Li, X.; Li, H.; Shen, H.; Chen, G. RIP3 participates in early brain injury after
experimental subarachnoid hemorrhage in rats by inducing necroptosis. Neurobiol. Dis. 2019, 129, 144–158. [CrossRef]

43. Zille, M.; Karuppagounder, S.S.; Chen, Y.; Gough, P.J.; Bertin, J.; Finger, J.; Milner, T.A.; Jonas, E.A.; Ratan, R.R. Neuronal Death
After Hemorrhagic Stroke In Vitro and In Vivo Shares Features of Ferroptosis and Necroptosis. Stroke 2017, 48, 1033–1043.
[CrossRef] [PubMed]

44. Yang, Z.; Zhou, C.; Shi, H.; Zhang, N.; Tang, B.; Ji, N. Heme Induces BECN1/ATG5-Mediated Autophagic Cell Death via ER
Stress in Neurons. Neurotox. Res. 2020, 38, 1037–1048. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood-2005-03-1014
http://dx.doi.org/10.1089/152308601300185250
http://dx.doi.org/10.3390/ph12040144
http://www.ncbi.nlm.nih.gov/pubmed/31554244
http://dx.doi.org/10.3390/ijms21197234
http://www.ncbi.nlm.nih.gov/pubmed/33008134
http://dx.doi.org/10.1002/ana.21097
http://www.ncbi.nlm.nih.gov/pubmed/17457822
http://dx.doi.org/10.1111/jnc.12974
http://dx.doi.org/10.4049/jimmunol.1400054
http://dx.doi.org/10.1172/JCI95612
http://dx.doi.org/10.1038/s41374-020-00492-3
http://dx.doi.org/10.1016/0378-4274(95)03532-X
http://dx.doi.org/10.1021/bi970258a
http://dx.doi.org/10.1016/j.cca.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30639239
http://dx.doi.org/10.1152/ajplung.00269.2018
http://www.ncbi.nlm.nih.gov/pubmed/30047285
http://dx.doi.org/10.1615/CritRevImmunol.2018026483
http://www.ncbi.nlm.nih.gov/pubmed/30806246
http://dx.doi.org/10.1111/jth.13925
http://www.ncbi.nlm.nih.gov/pubmed/29316215
http://dx.doi.org/10.1161/CIRCRESAHA.109.215715
http://www.ncbi.nlm.nih.gov/pubmed/20651288
http://dx.doi.org/10.1074/jbc.M109.045344
http://www.ncbi.nlm.nih.gov/pubmed/19700768
http://dx.doi.org/10.1038/s41374-020-0403-x
http://dx.doi.org/10.1016/j.bbadis.2018.10.030
http://dx.doi.org/10.1016/j.jneuroim.2015.08.002
http://dx.doi.org/10.3171/2020.5.PEDS20124
http://dx.doi.org/10.1016/j.metop.2020.100050
http://dx.doi.org/10.1016/j.nbd.2019.05.004
http://dx.doi.org/10.1161/STROKEAHA.116.015609
http://www.ncbi.nlm.nih.gov/pubmed/28250197
http://dx.doi.org/10.1007/s12640-020-00275-0
http://www.ncbi.nlm.nih.gov/pubmed/32840757


Int. J. Mol. Sci. 2021, 22, 47 19 of 24

45. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.;
Yang, W.S.; et al. Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death. Cell 2012, 149, 1060–1072. [CrossRef] [PubMed]

46. Yang, W.S.; Stockwell, B.R. Synthetic Lethal Screening Identifies Compounds Activating Iron-Dependent, Nonapoptotic Cell
Death in Oncogenic-RAS-Harboring Cancer Cells. Chem. Biol. 2008, 15, 234–245. [CrossRef] [PubMed]

47. Seibt, T.M.; Proneth, B.; Conrad, M. Role of GPX4 in ferroptosis and its pharmacological implication. Free Radic. Biol. Med. 2019,
133, 144–152. [CrossRef]

48. Bersuker, K.; Hendricks, J.M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, P.H.; Roberts, M.A.; Tong, B.; Maimone, T.J.; Zoncu, R.; et al.
The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 2019, 575, 688–692. [CrossRef]

49. Doll, S.; Freitas, F.P.; Shah, R.; Aldrovandi, M.; Da Silva, M.C.; Ingold, I.; Grocin, A.G.; Da Silva, T.N.X.; Panzilius, E.;
Scheel, C.H.; et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nat. Cell Biol. 2019, 575, 693–698. [CrossRef]

50. Xie, Y.; Hou, W.; Song, X.; Yu, Y.; Huang, J.; Sun, X.; Kang, R.; Tang, D. Ferroptosis: Process and function. Cell Death Differ. 2016,
23, 369–379. [CrossRef]

51. Fortes, G.B.; Alves, L.S.; De Oliveira, R.; Dutra, F.F.; Rodrigues, D.; Fernandez, P.L.; Souto-Padron, T.; De Rosa, M.J.; Kelliher, M.;
Golenbock, D.; et al. Heme induces programmed necrosis on macrophages through autocrine TNF and ROS production.
Blood 2012, 119, 2368–2375. [CrossRef] [PubMed]

52. Lanceta, L.; Mattingly, J.M.; Li, C.; Eaton, J.W. How Heme Oxygenase-1 Prevents Heme-Induced Cell Death. PLoS ONE 2015,
10, e0134144. [CrossRef] [PubMed]

53. Gram, M.; Sveinsdottir, S.; Cinthio, M.; Sveinsdottir, K.; Hansson, S.R.; Mörgelin, M.; Åkerström, B.; Ley, D. Extracellular
hemoglobin—Mediator of inflammation and cell death in the choroid plexus following preterm intraventricular hemorrhage.
J. Neuroinflamm. 2014, 11, 200. [CrossRef] [PubMed]

54. Qureshi, A.I.; Suri, M.F.K.; Ostrow, P.T.; Kim, S.H.; Ali, Z.; Shatla, A.A.; Guterman, L.R.; Hopkins, L.N. Apoptosis as a Form of
Cell Death in Intracerebral Hemorrhage. Neurosurgery 2003, 52, 1041–1048. [PubMed]

55. Yuan, B.; Zhou, X.-M.; You, Z.-Q.; Xu, W.-D.; Fan, J.-M.; Chen, S.-J.; Han, Y.-L.; Wu, Q.; Zhang, X. Inhibition of AIM2 inflammasome
activation alleviates GSDMD-induced pyroptosis in early brain injury after subarachnoid haemorrhage. Cell Death Dis. 2020,
11, 76. [CrossRef]

56. Slemmon, J.R.; Hughes, C.M.; Campbell, G.A.; Flood, D.G. Increased Levels of Hemoglobin-Derived and Other Peptides in
Alzheimer’s Disease Cerebellum. J. Neurosci. 1994, 14, 2225–2235. [CrossRef]

57. Gomes, I.; Dale, C.S.; Casten, K.; Geigner, M.A.; Gozzo, F.C.; Ferro, E.S.; Heimann, A.S.; Devi, L.A. Hemoglobin-derived Peptides
as Novel Type of Bioactive Signaling Molecules. AAPS J. 2010, 12, 658–669. [CrossRef]

58. Doherty, T.M.; Asotra, K.; Fitzpatrick, L.A.; Qiao, J.-H.; Wilkin, D.J.; Detrano, R.C.; Dunstan, C.R.; Shah, P.K.; Rajavashisth, T.B.
Calcification in atherosclerosis: Bone biology and chronic inflammation at the arterial crossroads. Proc. Natl. Acad. Sci. USA 2003,
100, 11201–11206. [CrossRef]

59. Qiao, J.-H.; Mishra, V.; Fishbein, M.C.; Sinha, S.K.; Rajavashisth, T.B. Multinucleated giant cells in atherosclerotic plaques of
human carotid arteries: Identification of osteoclast-like cells and their specific proteins in artery wall. Exp. Mol. Pathol. 2015, 99,
654–662. [CrossRef]

60. Zavaczki, E.; Gáll, T.; Zarjou, A.; Hendrik, Z.; Potor, L.; Tóth, C.Z.; Méhes, G.; Gyetvai, Á.; Agarwal, A.; Balla, G.; et al. Ferryl
Hemoglobin Inhibits Osteoclastic Differentiation of Macrophages in Hemorrhaged Atherosclerotic Plaques. Oxid. Med. Cell.
Longev. 2020, 2020, 3721383. [CrossRef]

61. Bunn, H.F.; Jandl, J.H. Exchange of heme among hemoglobins and between hemoglobin and albumin. J. Biol. Chem. 1968, 243,
465–475. [PubMed]

62. Kassa, T.; Jana, S.; Meng, F.; Alayash, A.I. Differential heme release from various hemoglobin redox states and the upregulation of
cellular heme oxygenase-1. FEBS Open Bio 2016, 6, 876–884. [CrossRef] [PubMed]

63. Anzaldi, L.L.; Skaar, E.P. Overcoming the Heme Paradox: Heme Toxicity and Tolerance in Bacterial Pathogens. Infect. Immun.
2010, 78, 4977–4989. [CrossRef] [PubMed]

64. Ascenzi, P.; Di Masi, A.; Fanali, G.; Fasano, M. Heme-based catalytic properties of human serum albumin. Cell Death Discov. 2015,
1, 15025. [CrossRef] [PubMed]

65. Tappel, A.L. Unsaturated lipide oxidation catalyzed by hematin compounds. J. Biol. Chem. 1955, 217, 721–733. [PubMed]
66. Balla, G.; Jacob, H.S.; Eaton, J.W.; Belcher, J.D.; Vercellotti, G.M. Hemin: A possible physiological mediator of low density

lipoprotein oxidation and endothelial injury. Arter. Thromb. 1991, 11, 1700–1711. [CrossRef] [PubMed]
67. Li, D.; Mehta, J.L. Oxidized LDL, a critical factor in atherogenesisI. Cardiovasc. Res. 2005, 68, 353–354. [CrossRef]
68. Miller, Y.I.; Smith, A.; Morgan, W.T.; Shaklai, N. Role of Hemopexin in Protection of Low-Density Lipoprotein against Hemoglobin-

Induced Oxidation. Biochem. 1996, 35, 13112–13117. [CrossRef]
69. Morales, N.P.; Chunephisal, P.; Janprasit, J.; Ishida, Y.; Luechapudiporn, R.; Yamada, K.-I.; Leuchapudiporn, R. Kinetics and

localisation of haemin-induced lipoprotein oxidation. Free Radic. Res. 2019, 53, 968–978. [CrossRef]
70. Tao, Y.K.; Yu, P.L.; Bai, Y.P.; Yan, S.T.; Zhao, S.P.; Zhang, G.Q. Role of PERK/eIF2α/CHOP Endoplasmic Reticulum Stress Pathway

in Oxidized Low-density Lipoprotein Mediated Induction of Endothelial Apoptosis. Biomed. Environ. Sci. 2016, 29, 868–876.
71. Yao, S.; Miao, C.; Tian, H.; Sang, H.; Yang, N.; Jiao, P.; Han, J.; Zong, C.; Shucun, Q. Endoplasmic Reticulum Stress Promotes

Macrophage-derived Foam Cell Formation by Up-regulating Cluster of Differentiation 36 (CD36) Expression. J. Biol. Chem. 2013,
289, 4032–4042. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22632970
http://dx.doi.org/10.1016/j.chembiol.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18355723
http://dx.doi.org/10.1016/j.freeradbiomed.2018.09.014
http://dx.doi.org/10.1038/s41586-019-1705-2
http://dx.doi.org/10.1038/s41586-019-1707-0
http://dx.doi.org/10.1038/cdd.2015.158
http://dx.doi.org/10.1182/blood-2011-08-375303
http://www.ncbi.nlm.nih.gov/pubmed/22262768
http://dx.doi.org/10.1371/journal.pone.0134144
http://www.ncbi.nlm.nih.gov/pubmed/26270345
http://dx.doi.org/10.1186/s12974-014-0200-9
http://www.ncbi.nlm.nih.gov/pubmed/25441622
http://www.ncbi.nlm.nih.gov/pubmed/12699545
http://dx.doi.org/10.1038/s41419-020-2248-z
http://dx.doi.org/10.1523/JNEUROSCI.14-04-02225.1994
http://dx.doi.org/10.1208/s12248-010-9217-x
http://dx.doi.org/10.1073/pnas.1932554100
http://dx.doi.org/10.1016/j.yexmp.2015.11.010
http://dx.doi.org/10.1155/2020/3721383
http://www.ncbi.nlm.nih.gov/pubmed/4966113
http://dx.doi.org/10.1002/2211-5463.12103
http://www.ncbi.nlm.nih.gov/pubmed/27642551
http://dx.doi.org/10.1128/IAI.00613-10
http://www.ncbi.nlm.nih.gov/pubmed/20679437
http://dx.doi.org/10.1038/cddiscovery.2015.25
http://www.ncbi.nlm.nih.gov/pubmed/27551458
http://www.ncbi.nlm.nih.gov/pubmed/13271434
http://dx.doi.org/10.1161/01.ATV.11.6.1700
http://www.ncbi.nlm.nih.gov/pubmed/1931871
http://dx.doi.org/10.1016/j.cardiores.2005.09.009
http://dx.doi.org/10.1021/bi960737u
http://dx.doi.org/10.1080/10715762.2019.1660323
http://dx.doi.org/10.1074/jbc.M113.524512
http://www.ncbi.nlm.nih.gov/pubmed/24366867


Int. J. Mol. Sci. 2021, 22, 47 20 of 24

72. Sun, Y.; Zhang, D.; Liu, X.; Li, X.; Liu, F.; Yu, Y.; Jia, S.; Zhou, Y.; Zhao, Y. Endoplasmic Reticulum Stress Affects Lipid Metabolism
in Atherosclerosis Via CHOP Activation and Over-Expression of miR-33. Cell. Physiol. Biochem. 2018, 48, 1995–2010. [CrossRef]
[PubMed]

73. Wang, X.; Li, X.; Wu, Y.; Song, Y. Upregulation of miR-223 abrogates NLRP3 inflammasome-mediated pyroptosis to attenuate
oxidized low-density lipoprotein (ox-LDL)-induced cell death in human vascular endothelial cells (ECs). In Vitr. Cell. Dev.
Biol. Anim. 2020, 56, 670–679. [CrossRef] [PubMed]

74. Tian, Y.; Ling, X.; Chen, D.; Zhang, X.; Qiu, C. Interleukin-36 receptor antagonist attenuates atherosclerosis development by
inhibiting NLRP3 inflammasome. J. Cell. Physiol. 2020, 235, 9992–9996. [CrossRef]

75. Huang, D.; Gao, W.; Zhong, X.; Ge, J. NLRP3 activation in endothelia promotes development of diabetes-associated atherosclerosis.
Aging (Albany NY) 2020, 12, 18181–18191. [CrossRef]

76. Aft, R.L.; Mueller, G.C. Hemin-mediated oxidative degradation of proteins. J. Biol. Chem. 1984, 259, 301–305.
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79. Gáll, T.; Pethő, D.; Nagy, A.; Hendrik, Z.; Méhes, G.; Potor, L.; Gram, M.; Åkerström, B.; Smith, A.; Nagy, P.; et al. Heme Induces
Endoplasmic Reticulum Stress (HIER Stress) in Human Aortic Smooth Muscle Cells. Front. Physiol. 2018, 9, 1595. [CrossRef]

80. Rubio-Navarro, A.; Vázquez-Carballo, C.; Guerrero-Hue, M.; García-Caballero, C.; Herencia, C.; Gutiérrez, E.; Yuste, C.;
Sevillano, Á.; Praga, M.; Egea, J.; et al. Nrf2 Plays a Protective Role Against Intravascular Hemolysis-Mediated Acute Kidney
Injury. Front. Pharmacol. 2019, 10, 740. [CrossRef]

81. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like receptors. Nat. Immunol.
2010, 11, 373–384. [CrossRef] [PubMed]

82. Vaure, C.; Liu, Y. A Comparative Review of Toll-Like Receptor 4 Expression and Functionality in Different Animal Species.
Front. Immunol. 2014, 5, 316. [CrossRef] [PubMed]
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