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Abstract: Thrombosis is one of the leading causes of death worldwide. As such, it also occurs as one
of the major complications in hemolytic diseases, like hemolytic uremic syndrome, hemorrhage and
sickle cell disease. Under these conditions, red blood cell lysis finally leads to the release of large
amounts of labile heme into the vascular compartment. This, in turn, can trigger oxidative stress
and proinflammatory reactions. Moreover, the heme-induced activation of the blood coagulation
system was suggested as a mechanism for the initiation of thrombotic events under hemolytic
conditions. Studies of heme infusion and subsequent thrombotic reactions support this assumption.
Furthermore, several direct effects of heme on different cellular and protein components of the
blood coagulation system were reported. However, these effects are controversially discussed or not
yet fully understood. This review summarizes the existing reports on heme and its interference in
coagulation processes, emphasizing the relevance of considering heme in the context of the treatment
of thrombosis in patients with hemolytic disorders.
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1. Introduction

Worldwide, one in four people die from cardiovascular diseases related to throm-
bosis [1]. In the case of thrombosis, an imbalance of blood coagulation occurs, leading
to the formation of a blood clot, and consequently to partial or complete vascular occlu-
sion [2]. Whether arterial or venous, a blockage in the vasculature causes a limitation
of the blood flow, which usually relies on a complex homeostatic interplay of plasma
proteins (i.e., coagulation and inflammatory factors), blood cells (in particular platelets
and red blood cells (RBCs)) and the endothelium [2,3]. While arterial thrombosis, such
as in atherosclerosis, commonly follows the rupture of an atheroma under conditions
of high shear stress, venous thrombosis, such as deep vein thrombosis (DVT), occurs
mostly at sites of intact endothelium under low shear stress conditions [4–6]. Apart
from inherited coagulation disorders, major risk factors for thrombotic abnormalities are
for example age, life-style factors, such as smoking and obesity, as well as trauma and
surgeries [7–10]. As such, thrombotic events contribute to a variety of clinical sequelae
encompassing ischemic heart disease and stroke [2,6,11]. Moreover, several hemolytic
conditions, such as sickle cell disease (SCD) [12–24], hemolytic uremic syndrome [25,26],
hemoglobinuria [27,28], hemolytic transfusion reactions [29–36], hemorrhage [33,37–42],
and cardiac surgery [43,44], were reported to manifest thrombotic complications as throm-
bosis, hypercoagulability, and vasculopathy [45–56]. In adult SCD patients, venous throm-
boembolism (VTE) is even one of the leading causes of death [57,58]. The thrombophilic
status of patients is likely driven by multiple factors. Therefore, the following changes in
hemostatic biomarkers are striking: Elevated levels and/or activity of clotting proteins
(e.g., tissue factor (TF) [59,60], factor VIII (FVIII) [45,61,62], fibrinogen [45]), reduced lev-
els of contact proteins (e.g., factor XII (FXII) [63], prekallikrein [63,64], high molecular
weight kininogen [63,65]), increased levels of fibrinolytic markers (e.g., D-dimers [28,66,67],
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fibrinopeptide A [68,69], plasmin-antiplasmin complexes [16,67], fibrinogen-fibrin degra-
dation products (FDP) [70,71]), increased expression of adhesion proteins (e.g., intercellular
adhesion molecule 1 (ICAM-1) [72,73], vascular cell adhesion molecule 1 (VCAM-1) [72,74],
von Willebrand factor (VWF) [75,76], P-selectin [28,74,77], thrombomodulin [78,79]), de-
creased levels and/or activity of anticoagulant proteins (e.g., protein C [68,80–83], protein
S [68,80–82], antithrombin [84]), and an increase of platelet activation [85,86]. In addition,
exposure of negatively charged phosphatidylserine on cell surfaces is increased providing a
binding site for accumulated enzyme complexes, which further enhances procoagulant ac-
tivity through support of thrombin generation and platelet activation [19,87,88]. However,
the concrete underlying mechanism is still not entirely known [48,50].

These hemolytic disorders are associated with an excessive release of labile heme,
which itself is capable of exerting a great variety of functions [89–92]. As a permanently
bound prosthetic group, heme equips numerous hemoproteins with their different prop-
erties [92,93]. The vital role of heme in the cardiovascular system can be demonstrated
using the examples of oxygen transport by hemoglobin, antioxidant activity of peroxidases
and catalases or electron transfer by cytochromes [92–94]. Moreover, heme is well-known
as a signaling molecule that acts through transient binding to various proteins mediating
a wide range of biochemical processes, such as transcription, inflammation, or signal
transduction [90–92].

In the human body, 80% of heme is produced and found in RBCs, of which there are
up to 25 trillion occurring in the circulation [90,95]. Therefore, the concentration of extracel-
lular heme is relatively low under physiological conditions [92,96]. In hemolytic situations,
extracellular labile heme levels can reach dangerously high concentrations [97,98]. While ex-
travascular hemolysis results in the phagocytosis of RBCs by macrophages of the reticuloen-
dothelial system (RES) especially in the liver and the spleen, intravascular hemolysis leads to
the lysis of RBCs and release of the RBC content into the vascular compartment [99–101]. The
damage of each RBC can result in the release of about 2.5 × 108 hemoglobin molecules from
a single RBC into the bloodstream [102]. After dissociation into αβ dimers, free hemoglobin
is scavenged by the acute phase serum protein haptoglobin, thereby preventing from
hemoglobin-mediated oxidative damage, renal infiltration, and iron loading [96,103–106].
Subsequently, the complex is recognized by the macrophage-specific surface protein clus-
ter of differentiation (CD) 163, which arranges the uptake into macrophages of the RES
and, thus, the clearance of both, hemoglobin and haptoglobin, from circulation by lyso-
somal breakdown to heme, peptides and amino acids [107–110]. The resulting heme is
sequestered by the heme oxygenase system yielding biliverdin, iron ions, and carbon
monoxide [107,111,112]. Heme oxygenase 1 (HO-1) expression can be induced by heme
itself, which consequently prevents from harmful effects like oxidative stress, inflammation
or ischemia-reperfusion injury [113,114]. However, in case of more extensive hemolysis,
the hemoglobin-binding capacity of haptoglobin becomes overwhelmed, followed by the
accumulation of hemoglobin in plasma [107,114]. Hemoglobin is then oxidized to methe-
moglobin [115,116], which results in the release of large amounts of labile heme [117–119].
Consequently, heme is scavenged by different plasma proteins, in particular hemopexin,
α1-microglobulin, albumin, and lipoproteins, and eventually detoxified through the for-
mation of non-toxic heme-protein complexes [96,99,113]. First, liberated heme is mainly
bound to albumin as the most abundant protein in plasma (~300 µM) possessing a low
affinity (KD ~40 µM) and a high affinity binding site (KD ~20 nM) for heme [120,121]. Sub-
sequently, it is transferred to hemopexin, which is known as the heme-binding protein with
the highest heme-binding affinity (KD ~5.3 fM) [122,123]. The plasma level of hemopexin
(~20 µM) is considerably lower than of that of albumin, explaining the initial association of
heme with albumin [110]. Hemopexin then transports heme to the parenchymal liver cells,
where the internalization of the heme-hemopexin complex is directed by the low-density
lipoprotein receptor-related protein 1 (LRP1)/CD91, which results in the cellular uptake and
degradation of heme [99,124]. Nevertheless, in severe hemolytic states, such as occurring
in sickle cell disease, ischemia-reperfusion injury or blood transfusion [125–127], these
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heme detoxification systems become overwhelmed. In this case, excess of heme can lead to
toxic effects, evoking oxidative stress, inflammation and hemolysis [94,128,129]. Due to the
redox-active nature of the iron ion in labile heme, its toxicity is mainly based on the heme-
induced generation of reactive oxygen species (ROS), leading to damage of lipid membranes,
nucleic acids, and proteins by Fenton reaction and subsequently to cellular injury and cell
death [113,130–132]. In addition, heme-mediated ROS production and membrane damage
of RBCs can induce hemolysis, which, in turn, leads to a further increase of extracellular
heme levels [113,131]. Heme has also been recognized as a damage/danger-associated
molecular pattern (DAMP) triggering a large number of proinflammatory pathways (e.g.,
nuclear factor kappa B (NF-κB), activator protein 1 (AP-1), and specificity protein 1 (SP-1)
signaling) [129,133].

Therefore, it is not surprising that patients with any diseases accompanied by hemol-
ysis suffer from heme toxicity related symptoms, in particular acute proinflammatory
responses [98,134–136]. A role of heme in the induction and mediation of the thrombotic
effects accompanying hemolysis is discussed as well [97,98,137]. Here, we review the role
of heme and its interactions with components of the blood coagulation system and discuss
the implications of heme in initiating and processing thrombosis of patients with hemolytic
diseases.

2. Thrombotic Complications upon Heme Injection

First trials to study the effect of hematin (ferri(Fe3+)heme hydroxide) injection can
be traced back to the year 1911 [138], shortly before the structure elucidation of hemin
(ferriheme chloride) was completed by W. Küster (1912) [139]. Actually, the study aimed at
deciphering the origin of hematosiderin (an iron-storing complex) and bilirubin (“hema-
toidin”) from hematin as a potential source and suggested, for the first time, its release
from degraded hemoglobin from ruptured RBCs [138]. Experiments with intravenous and
intraperitoneal injection of an alkaline hematin solution (30–54 mg/kg) in guinea pigs
and rabbits, respectively, had to be abandoned due to the extreme toxicity of the solu-
tion. An autopsy after subcutaneous and intraperitoneal injection of hematin and hemin,
both suspended in salt solution at a concentration of 30 mg/kg produced hemorrhage
and ecchymosis, an extravasating bleeding usually associated with small vessel lesions in
subcutaneous tissues [138]. Moreover, a pronounced tendency towards hemorrhage was
observed in the affected and surrounding tissue [138]. In 1913, this was confirmed in cats
and dogs after injection of hematin (in the range of 3.5–9 mg per kg body weight) into the
viscera and the peritoneal cavity [140], as well as in rabbits, where it occurred as hemor-
rhagic kidney injury and/or extensive hemorrhage in the peritoneal cavity after injection
of large hematin doses (10–25 mg per kg) [141,142]. Furthermore, W. H. Brown described
the formation of hyaline thrombi or emboli in the smaller, primarily glomerular vessels
and subsequent occurrence of vaso-occlusion and vascular injuries. In some cases, even
infarcts were observed [141]. This study thus provided a first indication of heme-induced
thrombotic complications (Supplementary Table S1). About 30 years later, Anderson and
colleagues injected hematin (i.a., 200 mg intraperitoneally and 20 mg subcutaneously) in
dogs and confirmed these observations [143]. They noted, in particular upon intravenous
injection, conspicuous changes of the vasculature, comprising congestion, hemorrhage, and
thrombosis, especially in small vessels. In addition, the authors stated that the observed
effects were highly similar to those usually occurring under hemolytic conditions [143].
In contrast, Corcoran and Page described in 1945, among other symptoms, an anticoagulant
effect after hematin injection into dogs, resulting in an inhibition of the coagulation pro-
cess [144]. In 1966, Gessler and coworkers were faced with massive hemorrhagic bleeding
in rats after injection of hematin (100–180 mg per kg body weight). The rats died a few
seconds after injection, while bleeding from every possible body orifice [145].

As the aforementioned studies were mostly performed in view of the characterization
of the malarial pigment (today known as the crystallized form of heme “hemozoin”),
in 1971 researchers started to consider the therapeutic use of heme in the context of
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porphyria treatment [146]. Therefore, more experiments for the clarification of heme
toxicity were undertaken (Supplementary Table S1) [147]. Hemin dissolved in 1% Na2CO3
was intravenously administered in rats (30–60 mg per kg body weight). Thereby, most of the
rats (88.9%) that received the lowest dose (30 mg hematin per kg body weight) stayed alive.
After injection of 40 mg hematin per kg body weight, for 30% of the rats in the experimental
group internal bleeding was discovered postmortem [147]. With the highest dose (60 mg
per 1 kg body weight) applied, 100% of the rats died. As previously observed, bleeding
into small intestine and petechiae of liver, lungs and adrenals were found. In addition,
hemorrhage and subcutaneous hematomas were detected. The LD50 was determined to
be 43.2 mg hematin per kg body weight [147]. At that time, porphyria patients (acute
intermittent porphyria (AIP), porphyria variegate or hereditary coproporphyria) were
already successfully treated with hematin [148,149]. The administered dose of 4 mg/kg
was effective and reported without any negative side effects, suggesting the relevance of
coagulopathies as a consequence of heme injection only upon administration of excessive
amounts [147,148]. Therefore, hematin was introduced as a drug (Panhematin®) in the
USA in 1983 [150].

In contrast, in 1975 Dhar et al. observed thrombophlebitis after hematin infusion
(prepared in alkaline solution, 1.2–6 mg/kg) in patients with hepatic porphyria [151]. Few
years later, Lamon et al. reported chemical phlebitis at the site of hematin infusion in
some cases, although less hematin was administered (2 mg/kg; reconstituted in saline
solution) [152]. Here, the infusion was organized in a consecutive, daily manner, while
applying hematin (2 mg/mL in saline solution) over a time period of 15 minutes (min) as the
maximum infusion time [152]. In 1981, Morris and coworkers confirmed these observations
in a patient with AIP. Here, 196 mg hematin was intravenously injected every 12 hours
(h). Afterwards, pronounced coagulation was determined, without an explanation of the
underlying mechanism [153]. In the following years, more and more studies supported the
procoagulant effect of hematin as evidenced by thrombophlebitis. In the study of McColl
et al., hematin was prepared in a 1% Na2CO3 solution and stored at 4 ◦C up to 10 days
before use [154]. A dose of 4 mg/kg was intravenously infused in patients with acute
porphyria attacks either every 12 h or as a daily dose. As a consequence of the injection
in a small peripheral vein, phlebitis arose in up to 30% of the patients, in two cases even
severe phlebitis [154]. Sometimes comparable hematin doses (3–4 mg/kg) resulted in the
formation of bile thrombi [155]. These thrombophilic reactions were reported not only in
patients with porphyria, but also in healthy volunteers (in 45% of the cases) upon heme
administration (4 mg/kg body weight) [156]. Thrombophlebitis was limited to the vein
in which hematin was infused. In patients without thrombophlebitic reaction, fibrotic
events as well as vaso-occlusion were observed [156]. In contrast, hemostatic parameters
suggested an anticoagulant role of hematin (Section 3) [156].

Since these observations were not uniform, varying from mild to severe effects, as well
as from bleeding to thrombotic events, Goetsch and Bissell suggested the instability of
hematin as the major cause for these differences [157]. In 1988, Simionatto et al. correlated
hemostatic parameters with the actual hematin concentration in the plasma of nine test
persons. They found a 30% loss of hematin in plasma, which might be an evidence for the
conversion into related degradation products [156]. In addition, it might be also an indica-
tion for the instability of the hematin solutions, conceivably responsible for the thrombotic
effects [156]. Due to the instability of hematin there were efforts deployed to improve
its effectiveness and reduce adverse effects. In 1987, Tenhunen and coworkers presented
for the first time a stable, administrable heme compound, so-called heme arginate (later
approved as drug “Normosang®”) [158]. The compound was prepared as hemin arginate
(corresponding to 25 mg/mL hemin) in an aqueous solution with 40% 1,2-propanediol and
10% ethanol added. Even after repetitive infusion of heme arginate (5 mg/kg) in rabbits
there were no side effects observed, in particular no thrombophlebitis or other signs of
prothrombotic states. In comparison, the administration of hematin (in form of the drug
“Panhematin®”) resulted again in thrombophlebitic events [158]. In mice, the LD50 for
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heme arginate was determined to be 56.3 mg/kg (intravenous administration), 112.5 mg
(intraperitoneal administration) and >5 g (oral administration) [158]. Therefore, the LD50
of heme arginate is fundamentally higher than for hematin [147,158]. Clinical trials with
heme arginate (Normosang®) were already started at that time, forming the basis for the
introduction as a drug in the European pharmaceutical market [158]. The higher safety
with heme arginate treatment might be due to the fact that it is not as potent as heme in
catalyzing free radical reactions and thus sensitizes endothelial cells to oxidant injury to
a lesser extent [159,160]. Nevertheless, thrombophlebitic or bleeding effects occasionally
appeared in humans as a complication as well (Supplementary Table S1) [161–165]. In an-
other approach, heme complexed with albumin was administered [166]. The compound,
consisting of 0.5 mM heme and 0.5 mM albumin, was well-tolerated in all test persons and
showed no evidence of instability. Thereby, neither thrombosis nor bleeding was observed,
probably because of complexation of heme with albumin [166,167].

In the USA, Panhematin® was and still is the only approved heme-based drug and,
thus, the compound of choice. Therefore, physicians are still faced with the abovemen-
tioned disturbances of the hemostatic system in the context of heme therapy in porphyrias.
In 2000, Gajra and coworkers reported another case of an AIP patient that developed
clinically obvious coagulopathy after hematin (Panhematin®) treatment as a single dose of
4 mg/kg [168]. The patient recovered 72 h after treatment. More recently, in the broad study
of Anderson and Collins reported in 2006 it was found that 3.1% of the treated patients
showed thrombotic complications as side effects after hematin administration [150].

Taken together, there were bleedings and hemorrhages observed, partially post-
mortem, when animals were treated with immense doses (14–180 mg/kg) of hematin
or hemin (Figure 1, Supplementary Table S1). In addition, upon administration of hematin
in the range of 10–25 mg/kg, both, hemorrhage and thrombotic complications, occurred.
In humans, either healthy or porphyria patients, considerably lower concentrations of
hematin or heme arginate were injected, resulting in thrombotic complications. The only
exceptions are a report on the infusion of 2–3 mg/kg heme arginate, which led to occasional
bleeding in patients with myelodysplastic syndrome [162] as well as the description of
coagulopathies and hematomas in an AIP patient who was treated with Panhematin®

(Supplementary Table S1) [168].
Based on these observations, authors recommended complete monitoring of coagu-

lation parameters, such as clotting times and platelet count, during hematin therapy in
porphyria patients [153,168,169].
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(Normosang®), Panhematin®) leads to coagulation disorders in animals (1911–1978; rats, guinea 
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(10–180 mg/kg) were shown to cause bleeding symptoms in animals, such as hemorrhage and 
coagulopathy, whereas administration of comparatively low concentrations (1.2–6 mg/kg) resulted 
in prothrombotic symptoms, such as vaso-occlusion and thrombophlebitis. The transition between 
bleeding and thrombotic events seems to be smooth, since there are also studies that report both 
effects in the same study (10–25 mg/kg hematin) [141,143]. Moreover, there are single exceptions 
(three studies) that also report bleeding upon administration of lower hematin (3.5–9 mg/kg) 
[140,162] or heme arginate (2–3 mg/kg) [168] concentrations. 

3. Heme-Mediated Interference in Coagulation Point-of-Care Testing 
Since screening of coagulation factor levels is usually time consuming and 

appropriate tests are of limited availability, various routine coagulation tests are 
employed conventionally in order to characterize the hemostatic state of patients. Today, 
the determination of the activated partial thromboplastin time (aPTT) and the 
prothrombin time (PT) are common procedures. The aPTT is usually used to control the 
proper course of the intrinsic and common pathway of coagulation. Citrated plasma is 
mixed with phospholipids and a contact activator, such as Kaolin [170]. Consequently, 
factor XI is activated, but only when calcium ions are added the coagulation can proceed. 
The time to complete clotting is then recorded as aPTT. Clotting factor deficiency (i.e., 
factor (F)I, FII, FV, FVIII, FIX, FXI, FXII, high-molecular-weight kallikrein and kallikrein) 
or an impaired activity of the same results in an aPTT prolongation [170]. In contrast to 
the aPTT, PT allows for the evaluation of the extrinsic and common coagulation pathway. 
Thus, first TF is added to activate the extrinsic pathway, and then calcium ions. From 
prolonged PT, impaired levels or activity of the following clotting factors can be derived: 
FI, FII, FV, FVII, and FX [171]. To enable a comparison between the results from different 
laboratories, sometimes a standardized prothrombin time ratio, the international 

Figure 1. Infusion of heme in different formulations (i.e., hematin, hemin, heme arginate (Normosang®), Panhematin®)
leads to coagulation disorders in animals (1911–1978; rats, guinea pigs, rabbits, cats, and dogs) and humans (1975–2015).
Heme infusions of rather high concentrations (10–180 mg/kg) were shown to cause bleeding symptoms in animals,
such as hemorrhage and coagulopathy, whereas administration of comparatively low concentrations (1.2–6 mg/kg)
resulted in prothrombotic symptoms, such as vaso-occlusion and thrombophlebitis. The transition between bleeding and
thrombotic events seems to be smooth, since there are also studies that report both effects in the same study (10–25 mg/kg
hematin) [141,143]. Moreover, there are single exceptions (three studies) that also report bleeding upon administration of
lower hematin (3.5–9 mg/kg) [140,162] or heme arginate (2–3 mg/kg) [168] concentrations.

3. Heme-Mediated Interference in Coagulation Point-of-Care Testing

Since screening of coagulation factor levels is usually time consuming and appropriate
tests are of limited availability, various routine coagulation tests are employed conven-
tionally in order to characterize the hemostatic state of patients. Today, the determination
of the activated partial thromboplastin time (aPTT) and the prothrombin time (PT) are
common procedures. The aPTT is usually used to control the proper course of the intrinsic
and common pathway of coagulation. Citrated plasma is mixed with phospholipids and a
contact activator, such as Kaolin [170]. Consequently, factor XI is activated, but only when
calcium ions are added the coagulation can proceed. The time to complete clotting is then
recorded as aPTT. Clotting factor deficiency (i.e., factor (F)I, FII, FV, FVIII, FIX, FXI, FXII,
high-molecular-weight kallikrein and kallikrein) or an impaired activity of the same results
in an aPTT prolongation [170]. In contrast to the aPTT, PT allows for the evaluation of
the extrinsic and common coagulation pathway. Thus, first TF is added to activate the
extrinsic pathway, and then calcium ions. From prolonged PT, impaired levels or activity
of the following clotting factors can be derived: FI, FII, FV, FVII, and FX [171]. To enable a
comparison between the results from different laboratories, sometimes a standardized pro-
thrombin time ratio, the international normalized ratio (INR), is determined [172]. Among
aPTT and PT screening assays, other clotting and bleeding times that were analyzed in
the past and/or still today are the following: Thrombin time (TT; fibrinogen-dependent),
fibrinogen time (FT; fibrinogen-dependent), reptilase time (RT; fibrinogen-dependent),
bleeding time (platelet-dependent), and the ethanol gelation test (fibrinogen-dependent).
These were also used to characterize the effect of heme in its different formulations on the
coagulation process in vivo and in vitro (Supplementary Table S2).
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Already in 1913, a prolongation of the bleeding time (Duke method) was observed
as a consequence of hematin injection (25 mg/kg) in rabbits [142]. The animals continued
bleeding for several hours (>2 h) after a small cut into the ear. In consent with these
observations, Brown et al. showed that hematin (25 mg/kg) was capable of prolonging
the coagulation time in rabbits from an average value of 8–11 s to 17 s [142]. In the same
setting, prolongation of the bleeding time was more pronounced. Indeed, Barnard (1947)
observed a similar, concentration-dependent effect on the TT by adding 20–60 mg.% lithium
ferriheme to plasma samples, even up to a complete loss of clotting ability (Supplementary
Table S2) [173]. The author suggested that this might be due to heme interaction with for
example thiol groups that might play a role in blood coagulation. In contrast, lithium
ferriheme did not induce any significant changes of TT [173].

About 35 years later, Morris and colleagues treated a female AIP patient with hematin
(196 mg, every 12 h) and observed markedly prolonged PT (from 13.2 s to 20.2 s), as deter-
mined 11 h after the first hematin administration [153]. The same was realized for the aPTT
(from 25–41 s to more than 60 s), but no sign of thrombophlebitis occurred [153]. Upon
hematin infusion (4 mg/kg, every 12 h) in an AIP patient, Glueck et al. confirmed the
previous observations with both, an increase of the PT (from 11.7 s to 18.3 s) and a marked
prolongation of the aPTT (from 37.5 s to more than 150 s) [169]. In contrast, the TT stayed
unaltered. Based on these observations, the group continued with in vivo studies, focusing
on the effect of hematin on the PT, aPTT, TT, and RT. For this purpose, 4 mg/kg hematin
was administered by intravenous infusion over a period of 15 min, blood samples were
taken over a time range of 0–48 h after infusion and subsequently processed for hemostastic
characterization by clotting times. Already 10 min after infusion all parameters were ex-
tended in the collected samples: The aPTT increased from ~30 s to ~100 s, the PT from ~4 s
to ~10 s, the TT from ~10 s to ~25 s, and the RT from 20 s to 30 s [169]. In a second approach,
the same patient was pretreated either with 650 mg acetylsalicylic acid or with 5000 U
heparin 2 h and 10 min, respectively, before hematin infusion (4 mg/kg). Interestingly,
although acetylsalicylic acid and heparin are already potent anticoagulant compounds,
the addition of hematin still increased the effect on the clotting times in comparison to the
acetylsalicylic acid and heparin baseline [169]. However, in all approaches the coagulation
parameters returned to normal levels (latest 48 h after hematin injection), with hematin
levels also normalized [169]. In vitro, hematin (0.01 mg/mL and 0.1 mg/mL, respectively)
prolonged the TT and RT of normal plasma as well. In the same year, Green et al. confirmed
that hematin (0.01 mg/mL) is capable of prolonging the TT (from ~13 s to ~46 s) [174].
Upon administration of hematin in complex with albumin a fourfold concentration of
hematin was necessary to induce a prolongation of the TT [174]. In contrast, Morris et al.
did not detect bleeding in an AIP patient after hematin treatment (196 mg, every 12 h) [153].

Shortly thereafter, it became doubtful whether or not the observed effects were induced
by hematin itself [156,157,175]. Goetsch and Bissell (1986) compared the PT of plasma in
the presence of fresh and aged hematin (40 mg/L) in vitro [157]. While freshly prepared
hematin (in 0.1 M Na2CO3, pH 8.0) did not affect the PT, stored hematin slightly prolonged
this clotting time in vitro. This effect was more pronounced when hematin was stored
longer and at room temperature (e.g., after 50 h of storage: ~16.3 s) instead of storage at 4 ◦C
(e.g., after 50 h storage: ~15.8 s). Based on these results the authors recommended the use of
freshly prepared hematin solution for infusion in the treatment of AIP, in order to prevent
coagulopathies as a side effect of hematin administration [157]. In the course of the detailed
study of Simionatto et al. (1988) on thrombophlebitis following hematin administration
(4 mg/kg), clotting times in nine healthy volunteers were monitored [156]. At the time of
maximal plasma heme levels (~50 µg/mL), a prolongation of aPTT (+~24%), PT (+~20%)
and TT (+~13%) was observed. The normal range was reached after 9 h (for aPTT), 24 h (for
PTT), and 7 h (for TT) after hematin injection. For aPTT, the results were confirmed in vitro,
when hematin (70 µg/mL) was added to untreated plasma (+~31%) [156]. Simultaneously,
R. L. Jones (1986) hypothesized that in aged (up to 50 days, 10 mg/mL) hematin solution
oxidatively degraded products are responsible for the anticoagulant effects [175]. In their
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approach, freshly prepared hematin solution did not cause any change of the clotting
times (PT, TT, aPTT), whereas aged hematin solutions greatly prolonged the clotting
times up to ~2.8-fold (aPTT, 50 days old solution, phosphate buffer, final concentration:
60 µg/mL) (Supplementary Table S2). Thus, the author determined the actual hematin
concentration within the solutions by using the pyridine hemochromogen assay, revealing
a 50% reduced actual hematin concentration. Indeed, chromatographic analysis (thin-
layer and high-performance liquid chromatography) revealed a different pattern between
aged and freshly prepared hematin solution. However, to date, structural elucidation and
validation of these degradation products with anticoagulant function is missing. In order
to prove the assumption of oxidative degradation products, R. L. Jones added antioxidant
and iron-chelating compounds, which, indeed, were able to suppress the anticoagulant
effect of the aged hematin solutions [175]. Furthermore, fast in vivo generation of the
anticoagulant hematin degradation product(s) was suggested, which was derived from
experiments in rats that received infusion of hematin (12 mg/kg) with a parallel monitoring
of the plasma hematin concentration [175]. Finally, the author also compared the effect
of the freshly prepared hematin solutions on the clotting times with that of Panhematin®.
In contrast to freshly prepared hematin solutions, in case of Panhematin® that was freshly
reconstituted in water (as by instruction), a significant prolongation of the clotting times
was recorded [175]. Due to these studies concerning the anticoagulant effect of aged
hematin and Panhematin® [157,175], Simionatto and colleagues spectroscopically examined
the constitution of their hematin solution (Panhematin®). They detected changes in the
absorbance spectra indicating the degradation of hematin. Thus, again, the anticoagulant
effect was assigned to the potential degradation products of hematin by the authors [156].

In contrast to all other studies, Becker et al. (1985) observed a shortened partial throm-
boplastin time (PTT; by ~30%) induced by hematin (3 nmol) in vitro, which was interpreted
by the authors as an hematin-mediated activation of the intrinsic blood coagulation cas-
cade [176]. However, they also found an increase in fibrinolysis after hematin addition as
determined by a pronounced decrease (by ~78%) of the euglobulin clot lysis time.

At the same time, clotting parameters in the presence of heme arginate were investi-
gated in healthy volunteers (Supplementary Table S2) [158,177]. Tenhunen and coworkers
injected heme arginate at a dose of 3 mg heme per kg and monitored coagulation parame-
ters before and 15 to 240 min after injection. Consistent with the clinical trials (Section 2),
no changes of the results obtained from the various hemostatic point-of-care tests (aPTT,
PT (quick time), TT and ethanol gelation) were observed [158]. The same group repeated
these experiments and correlated the results with the actual maximal plasma heme con-
centrations [177]. The latter was reached about 30 min after injection and determined
to be ~51.5 µg/mL with a half-life of about 11 h. Again, the clotting times remained in
the reference range and no significant changes were observed in the presence of heme
(3 mg/kg) administered as heme arginate [177]. Unfortunately, the authors did not record
these parameters at the time of the maximal plasma heme concentration. In 1989, Herrick
et al. also monitored the hemostatic parameters of AIP patients that were treated with
3 mg/kg heme arginate. In most of the patients, heme arginate did not affect PT and aPTT.
Only one out of 12 patients showed a prolonged aPTT, but upon both placebo and heme
arginate treatment, suggesting an already preexisting coagulation disorder without any
correlation with heme infusion [165].

Since 1990, further case reports of AIP patients, who were treated with Panhematin®,
were published (Supplementary Table S2) [168,178]. For example, Gajra and colleagues
intravenously infused 4 mg/kg of the hematin drug and monitored prolonged aPTT (~1.6-
fold), FT (~1.2-fold), INR (from 1.19 to 1.52), and TT (~1.4-fold) 5 h after the treatment,
which supported their clinical observations (Section 2) [168]. In contrast, Green and Ts’ao
only observed a marginal increase of aPTT and PT after the second infusion of hematin,
whereas the TT remained unaltered [178]. So far, there is no explanation for the differing
results of both studies [168,178].
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In 2003, Huang et al. tried a similar approach as Green et al. [174] using heme in
complex with albumin and analyzing its effect on clotting times, but with the difference
that Huang et al. aimed at the characterization of the heme-albumin complex as a new
RBC substitute through its ability to carry oxygen [174,179]. Therefore, whole blood of rats
was mixed with a recombinant human serum albumin (50 g/L)—heme (5 mM) solution
(aqueous, 0.9% NaCl, pH 7.4). The analysis revealed no significant changes of the aPTT as
well as of the PT [179].

Further projects followed that focused on the clarification of the effect of hemin on
hemostatic parameters (Supplementary Table S2). The study of Rochefort et al. from
2007 supported the earlier results concerning a potential anticoagulant effect of heme
with a high-frequency ultrasound technique [180]. The acoustic velocity of whole blood
in rats, which underwent daily hemin treatment (50 mg/kg), was analyzed at 500 MHz.
Upon hemin administration clotting velocity was significantly decreased up to a degree
comparable to heparin treatment (500 IU/kg, daily). Whole blood from hemin-treated rats
needed approximately 40 min to clot formation, while blood from control rats clotted much
faster (within ~10 min). Furthermore, the effect was characterized by a decreased slope
of the increase in acoustic velocity (0.005 m/s2 (hemin-treated) vs. 0.031 m/s2 (control)),
and a lower final velocity (12 m/s (heme treated) vs. 30 m/s (control) after 100 min) [180].
The same group intraperitoneally injected pure hemin (50 mg/kg) in male Wistar rats, with
hemin dissolved in 0.5% DMSO before administration. No significant change of the PT and
aPTT was monitored here [181]. In the same year, Desbuards et al. described a preventive
role of hemin for thrombosis. In the study, carotid thrombus formation in rats was induced
by electrical stimulation [181]. The thrombus induced in all control rats accumulated RBCs
and dystrophic endothelial cells, and was close to the necrotic intima layer. In contrast,
only in two out of six hemin-treated rats thrombus formation was observed, but these
thrombi were only consisting of a few cells and independent from the intima layer. In the
other cases of hemin-treated rats, no thrombi were found [181]. In parallel, the authors
examined tin-protoporphyrin IX (SnPPIX)-treated rats, which revealed the same extent and
characteristics of thrombus formation as the control rats. Since SnPPIX is a highly potent
inhibitor of HO-1 and hemin a potent inducer of the same, the authors suggested that the
ability of hemin to prevent or minimize thrombus formation might be due to induction of
HO-1 expression [181], which subsequently exerts vasoprotective actions [182,183]. These
results were later confirmed by another group [184]. Their data also suggested that an
enhanced HO-1 induction prevents thrombus formation. 30 mice (septic C57BL/5 model)
were treated with 50 µmol/kg hemin before sepsis and, consequently, thrombus formation
was induced by the cecal ligation puncture procedure (CLP) [184]. The authors calculated
the number of thrombi in the liver, lungs and kidneys, while using HE and MSB staining.
In control mice, CLP greatly increased the number of thrombi, while in hemin-treated mice
the number of thrombi was significantly reduced: ~50% (liver, HE), ~35% (liver, MSB),
~67% (kidney, HE), ~50% (kidney, MSB), ~50% (lung, HE & MSB) [184]. Additionally, they
again observed markedly prolonged PT and aPTT of freshly drawn plasma of the treated
mice. Zinc protoporphyrin (ZnPPIX) as a known HO-1 inhibitor counteracted the effect of
heme [184]. Later, Hassaan et al. confirmed these results in CLP mice [185]. Therefore, these
studies revealed HO-1 induction as a possible explanation for the anticoagulant role of
heme, which was proposed by the observation of prolonged clotting times. Moreover, the
authors even suggest the therapeutic use of heme in patients with venous thrombosis [180].

De Souza et al. (2017) determined (via rotational thromboelastometry) shortened
clotting and clot formation times ex vivo after the addition of heme (30 µM) to whole
blood, suggesting in contrast to most of the other studies a procoagulant role of heme [186].
Moreover, just recently, hemin applied at concentrations of 1–100 µM was shown to have
no significant effect on the aPTT of pooled plasma from healthy volunteers. The addition
of human serum albumin (0.1%) did not change these results [187].

Considering the reported changes of clotting times (in vivo and in vitro, Supplemen-
tary Table S2), the overall effect of pure hematin seems to be contradictory, describing



J. Clin. Med. 2021, 10, 427 10 of 39

either an anticoagulant, no or a procoagulant effect of heme on these hemostatic param-
eters (Figure 2). Panhematin®, a mixture of hematin and sorbitol, consistently showed a
tendency to an anticoagulant impact, whereas Normosang® (heme arginate) did not induce
any changes of these hemostatic parameters (Supplementary Table S2; Figure 2).
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Figure 2. Different formulations of heme affect the results of standard coagulation diagnostic tests, (PT, aPTT, and TT)
in vitro and in vivo. While PT is used to evaluate effects on the extrinsic and common pathway (violet), changes in the
intrinsic and common pathways (yellow) can be determined using aPTT. With TT only the last step of fibrin generation
and fibrin clot formation (turquoise) can be analyzed. Hemin (red symbol; concentration ranges: 50 mg/kg, 50 µmol/kg,
0.01–100 µM) either did not affect PT and aPTT or a slight prolongation was observed. TT was not determined (n.d.).
In contrast, hematin (orange symbol; concentration ranges: 4–12 mg/kg, 3 nmol, 10–100 µg/mL) has been reported to
induce significant prolongation of all clotting times. For Panhematin® (green symbol; concentration ranges: 4 mg/kg,
70–78 µg/mL), longer clotting times were also recorded, but to a lesser extent than with hematin. However, from detailed
investigations of different researcher it can be assumed that just aged hematin and Panhematin® solutions can have
such strong effects, whereas fresh hematin and Panhematin® solutions are ineffective (clock symbol) [156,157,175]. Heme
arginate/Normosang® (blue symbol; concentration: 3 mg/kg) did not influence these diagnostic tests at all. FIIa = thrombin,
FII = prothrombin, FV = factor V, FVa = activated factor V, FVIIa = activated factor VII, FVIII = factor VIII, FVIIIa = activated
factor VIII, FIX = factor IX, FIXa = activated FIX, FX = factor X, FXa = activated FX, FXI = factor XI, FXIa = activated FXI, FXII
= factor FXII, FXIIa = activated factor XII, FXIII = factor XIII, FXIIIa = activated factor XIII, n.d. = not determined, ~ = no
effect, VWF = von Willebrand factor, ↓ = 30% decrease, ↑ = < 2-fold increase, ↑↑ > 2-fold increase, ↑↑↑ > 3-fold increase.
* only observed in in vivo experiments; ** only observed in in vitro experiments.

In particular, the quality of the used hematin solutions should be considered. As re-
ported, there might be a difference between the impact towards hemostatic parameters
depending on whether a fresh or aged solution was infused [157]. In this context, fresh
hematin solutions didn’t show any prolongation of clotting and bleeding times. Quite
evident, degradative products of hematin were shown to cause the observed anticoagulant
effects [156,157,175]. In addition, the experiments were performed in different laboratories
by different researchers and also reagents, solvents, concentrations and measuring devices
(Supplementary Table S2). Discrepancies between the studies with hematin were suggested
to be due to batch-to-batch variations or patients’ diversity [178].
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Altogether, it should be noted that between the first (1913) and the last (2020) report
on the impact of heme (different formulations) on different clotting parameters there is a
difference of more than 100 years (Supplementary Table S2). In total, presented studies
of this section only involved 16 healthy test persons and 23 AIP patients. For that reason,
there would be a need for more comparable studies in larger cohorts to unravel the actual
effect of heme and its different formulations on clotting times as measured by standardized
point-of-care test systems.

4. Heme Promotes Clotting Processes by Affecting Involved Cells

A variety of cell types, including platelets, endothelial cells, RBCs, and different kinds
of leukocytes, is involved in the coagulation process [188]. Thus, it is not surprising that
there are several studies which characterized the effect of heme on these cell types, linking
heme and coagulation (Supplementary Table S3; Figure 3).
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Figure 3. Heme activates cellular components of hemostasis. The main investigated pathways and consequences that
result in the activation of cellular components of hemostasis and, thus, prothrombotic reactions by heme are depicted. On
cellular level, hemostasis results from an interplay of RBCs (red, Section 4.3), platelets (yellow; Section 4.1), leukocytes
(violet; Section 4.4) and endothelial cells (ECs, grey; Section 4.2). RBCs contribute to heme-induced hemostasis through the
release of heme upon hemolysis, which can be further strengthened by heme itself (Section 4.3). Moreover, erythrocyte
membrane particles (MP) incorporate and accumulate heme within the membrane, and allow for the transfer of heme to
ECs (Section 4.2). These, in turn, become activated by heme in a TLR-4 -dependent manner (turquoise), which can lead
either to the secretion of the contents of Weibel Palade bodies (WPBs; pink) (Section 4.2), among them VWF, or to ROS
generation that triggers the increase of surface expression of adhesion proteins, such as P-selectin and VCAM-1 (orange)
(Section 4.2). The exposure of those adhesion molecules as well as the secretion of VWF leads to the adhesion of platelets
and leukocytes onto the endothelium. In contrast, activation of TLR-4 in leukocytes promotes the rolling and adhesion
to ECs (Section 4.4). In addition, heme-induced NADPH oxidase (NOx; green)-dependent ROS generation in neutrophils
can lead to NET formation, forming the scaffold for the adhesion of platelets and RBCs (Section 4.4). Finally, heme can
also directly activate platelets. Two main mechanisms have been proposed. On the one hand, heme binding to CLEC2 was
shown, leading to the phosphorylation of Syk (P-Syk) and PLCγ2 (P-PLCγ2) and eventually to the activation of platelets
(Section 4.1). On the other hand, a ROS-dependent activation of the inflammasome via NLRP-3 has been demonstrated,
which culminates in the expression of for example P-selectin, which again allows for the adhesion and activation of platelets
(Section 4.1). Furthermore, the induction of ferroptosis (platelets) as well as apoptosis and necroptosis (endothelial cells) by
heme has been demonstrated, which further might support the activation of endothelial cells and platelets (not shown;
Sections 4.1 and 4.2).
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4.1. Heme and Platelets

Platelets are essential mediators of blood coagulation. Upon tissue injury, vasocon-
striction leads to exposure of collagen, which can direct platelet adhesion, activation, and
aggregation. A platelet plug is formed, and the wound is closed [189]. An increased
number or a functional defect of these cells can be associated with an increased risk of
thrombosis [4,53].

Alongside a broad study regarding the impact of hematin on different cell counts in
rabbits, Brown microscopically determined the platelet count upon hematin injection [142].
Even small doses (no precise data given) of hematin instantly induced a loss of platelets
that remained for several hours. Accordingly, with higher doses (no precise data given)
the effect was greater (reduction up to >50%). For example, a single dose of 25 mg/kg
hematin reduced the platelet count by approximately 70% 1 h after injection. When the
treatment was stopped, the platelet count returned to normal state. The author assumed
that the impact on the platelet count is due to the destruction of platelets by hematin, and
might be an explanation for the observed hemorrhage (Section 2) [142]. About 70 years
later, the same was observed in AIP patients that were treated with hematin [153,169].
12 h after administration the platelet count was decreased by approximately 57% (from
227,000/mm3 to 98,000/mm3) [153]. In another AIP case report, the platelet count was
decreased by ~12% (from 176,000/µL to 154,000/µL), 7 h after the fourth injection of
hematin (4 mg/kg) [169]. These observations were further confirmed by in vivo studies
(Supplementary Table S3) [169]. In a study by Glueck et al., blood samples were collected
10 min after infusion of 4 mg/kg hematin. The highest plasma heme level was then de-
tected (4 mg/100 mL), and the platelet count was already decreased by approximately
41% [169]. Subsequent in vitro studies on the platelet aggregation of platelet-rich plasma
revealed that hematin (0.1 mg/mL) triggers platelet aggregation. Neither preincubation
of hematin with 1 mM adenosine nor 1 mg/mL apyrase could prevent from aggregation.
When adenosine (70 µM), apyrase (0.07 mg/mL) or adenosine triphosphate (ATP; 2.5 mM)
were added to the plasma sample prior to hematin treatment, hematin-induced platelet
aggregation was inhibited [169]. When platelets were washed or gel-filtered they still
aggregated upon hematin addition (1 µg/mL). Acetylsalicylic acid (0.12 mg/mL) counter-
acted this effect of hematin (2 µg/mL), but with a higher hematin concentration applied
(5 µg/mL) platelet aggregation was again induced. Moreover, Glueck and coworkers ob-
served a dose-dependent induction of 14C-serotonin secretion from platelets. For example,
0.1 mg/mL hematin induced a serotonin release of 10–12%, while 0.16 mg/mL hematin
promoted a secretion of 82% [169]. ATP release by platelets was also increased by hematin.
In conclusion, the authors suggested an hematin-induced platelet activation through the
release of ADP [169]. Thus, the observed thrombocytopenia in patients correlates with the
increased aggregation of platelets and not with a destructive effect of hematin (Supplemen-
tary Table S3). Additional treatment with anticoagulant agent heparin even worsened the
coagulopathy in patients treated with hematin. Hence, the authors concluded that hematin
has an anticoagulant effect [169].

In 1982, Peterson and coworkers suggested that epinephrine as a platelet agonist re-
quires heme reduction in addition to binding the platelet α-adrenergic receptor to activate
platelets [190]. Platelet aggregation was analyzed by using a dual-channel aggregometer,
heme reduction by absorption determination at 558 nm (ε = 30 mM−1) [190]. Typical reduc-
ing agents (e.g., ascorbic acid) were shown to reduce heme, but did not affect platelet ag-
gregation due to their incongruous structure for binding to the receptor. Only epinephrine,
which possesses both properties, was able to induce platelet aggregation in vitro. The
authors refer to heme that occurs in form of a heme-protein-complex in the membrane of
platelets, near to the receptor. To further support their hypothesis, platelet aggregation
induced by epinephrine was analyzed in the presence of heme-binding compounds (iron
chelators, i.e., phenanthroline and dipyridyl agents). Indeed, these compounds inhibited
the epinephrine-mediated platelet aggregation [190]. Later, Malik et al. (1983) confirmed
these results, while demonstrating the ability of exogenously added heme to enhance ADP-
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and epinephrine-dependent platelet aggregation. In addition, binding of hemin to the
platelet and the granule membrane was observed by ultrastructural localization via reac-
tion of benzidine [191]. However, the underlying mechanism of heme-promoted platelet
activation remained unresolved. Neely et al. (1984) aimed to decipher this mechanism
with different approaches [192]. Again, hematin (2–5 µg/mL) was shown to promote
aggregation of washed platelets. In comparison to the approach of Glueck et al. (1983),
where hematin was added to platelet-rich plasma, a much lower (20- to 50-fold) hematin
concentration was necessary to induce the same effect due to the absence of other plasma
proteins that might scavenge hematin [169,192]. Microscopic ultrastructural analysis of
the platelets confirmed the observed aggregation. The morphology of hematin-treated
aggregated platelets was exactly the same as of platelets that were treated with typical
platelet aggregation inducers (e.g., thrombin, collagen, ADP, and arachidonate). Moreover,
hematin (5–10 µg/mL) triggered the production of thromboxane A2 (92.7–187.3 ng per
billion platelets) in a dose-dependent manner, which was associated with the observed
platelet aggregation. The incubation of platelets with acetylsalicylic acid prior to hematin
treatment completely impeded thromboxane A2 generation [192]. The aggregation was
independent of thromboxane A2 production, because with the addition of acetylsalicylic
acid in the experimental setup hematin still induced platelet aggregation compared to the
situation without acetylsalicylic acid. In contrast, hematin-induced platelet aggregation
was inhibited by verapamil, apyrase, prostacyclin, and prostaglandin to different degrees.
As all of these compounds abolish platelet aggregation through a downstream upregulation
of cyclic AMP levels, Neely et al. suggested that cAMP levels might serve as a key player in
hematin-induced platelet aggregation [192]. In addition, the effect of verapamil was coun-
teracted by an increase of the calcium concentration, so that extra-platelet calcium might be
of importance in hematin-induced platelet aggregation as well. The authors discussed that
hematin can support the influx of calcium ions and other divalent cations into platelets. In a
separate approach, alongside CaCl2, MgCl2, CoCl2, and SrCl2 increased hematin-mediated
platelet aggregation, whereas mono- and trivalent cations did not show any effect. Other
compounds, in particular thrombin and collagen, strengthened the aggregation effect of
hematin in a synergistic manner. In two thirds of the donors, heparin potentiated hematin-
induced aggregation, but only when induced with low hematin concentrations (around
1 µg/mL; precise range not given). Therefore, the authors recommended not to use heparin
in parallel to hematin therapy [192].

Later, it was shown that in patients with myelodysplastic syndrome an improvement
of cytopenia, such as an increase of the total platelet count, was determined upon treatment
with heme arginate (Normosang®; 2–3 mg/kg) [162,193]. The same was observed in
AIP patients that received heme arginate (3 mg/kg) and hematin (Panhematin®) infusion
(4 mg/kg) [165,178]. As opposed to the aforementioned studies, Green and Ts’ao also found
a lower platelet aggregation in this context [178]. Furthermore, the ATP and ADP content
of the platelets was decreased, which allows for the conclusion of a potential degranulation
of the platelets, a fact that was not recognized during electron microscopic analysis [178].
In contrast, in 2000 a decreased platelet count (from 129000/mm3 to 72000/mm3) was
determined in an AIP patient after hematin (Panhematin®; 4 mg/kg) administration [168].
At about the same time, an albumin (50 g/L)-heme (3 mM) mixture was demonstrated
to have no effect on the platelet count of a blood suspension from rats [179] as well as on
the ADP-stimulated activation of platelets as demonstrated by the proportion of PAC-1
positive platelets in human whole blood [194].

In 2004, Peng et al. shed light on the role of elevated HO-1 expression in the prevention
of platelet-dependent arterial thrombosis [195]. The authors observed that heme (15 mg/kg;
intraperitoneal injection; twice daily) significantly accelerated platelet-rich thrombi for-
mation in HO-1 knockout mice after stimulation with FeCl3, suggesting that hemin itself
might have a prothrombotic effect. Moreover, the authors suggested a correlation of the
heme-induced increase of oxidative stress and the observed accelerated thrombosis in
HO-1 knockout mice, which cannot be prevented in the absence of HO-1. Upon hemin
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administration, platelet cGMP levels were significantly increased in wild-type and HO-1
knockout mice. However, when only hemin (40 mg/mL) was administered without pre-
treatment with FeCl3, no thrombotic phenomena were observed, neither in wild-type nor
in HO-1 knockout mice. Therefore, the authors concluded that hemin itself might not affect
the formation of platelet-dependent thrombi in their experimental setup [195].

After intraperitoneal injection of 50 mg/kg hemin in rats, Desbuards and colleagues
determined a significant increase of the platelet count, but there was no sign of thrombus
formation [181]. A dual role of hemin and hematin was suggested, exerting both anti-
coagulant and procoagulant functions. However, the potential relevance thereof is not
yet understood. Heme might first promote platelet activation and second stimulate CO
release through its degradation by HO-1, which further leads to the inhibition of platelet
aggregation, e.g., through stimulation of soluble guanylate cyclase and upregulation of
cGMP [181].

Since 2018, a ROS-dependent activation of platelets by heme was considered (Sup-
plementary Table S3; Figure 3) [196]. In the course of their studies, Naveen Kumar et al.
(2018) analyzed the cytotoxic effect of hemin on platelets, revealing a reduction of cell
viability along with an elevated lactate dehydrogenase (LDH) release upon hemin treat-
ment. Furthermore, platelet morphology was strongly affected. While lower concentrations
(5–10 µM) provoked filopodia-like structures, higher concentrations (25 µM) led to the dam-
age of the platelet membrane. Neither cytochrome c release nor caspase-3 activation was
induced by heme, confirming a non-apoptotic cytotoxic effect [196]. Necroptosis was also
disproved, since the necroptosis-specific inhibitor necrostatin-1 was not able to counteract
heme-mediated death of platelets. However, when human platelets were treated with
hemin (25 µM), an approximately six-fold increase of cytosolic ROS, depleted glutathione
levels, and massive lipid peroxidation were detected. These effects were associated with
an increased expression of HO-1 and subsequent elevated platelet iron levels. Thus, fer-
roptosis was suggested as a cause for heme-induced platelet cell death [196]. Furthermore,
heme treatment of platelets was followed by elevated P-selectin levels, which is a marker
for platelet activation, and the formation of platelet microparticles (PMPs). Interestingly,
PMP generation was observed in several prothrombotic diseases, among these SCD [197].
The potent ferroptosis inhibitor ferrostatin-1 prevented all observed heme-mediated ef-
fects, observed in this study, suggesting that platelet activation and cell death are induced
via ferroptotic pathways upon heme treatment [196]. In 2019, Naveen Kumar et al. an-
alyzed these heme-mediated effects also in mice [198]. Thereby, a significant reduction
of the total platelet number was observed. Moreover, for the first time it was shown that
heme activated platelets through inflammasome activation in a NLRP-3 manner, driven by
heme-induced ROS generation [198]. Interestingly, both heme-mediated ferroptosis and
activation of platelets were prevented by melatonin, suggesting antioxidant melatonin as a
potential drug for the treatment of thrombosis under hemolytic conditions [198].

Recently, Bourne et al. (2020) suggested that in contrast to endothelial cells (Section 4.2)
platelets are activated by heme in a Toll-like receptor 4 (TLR-4) independent manner [199].
Instead, this process seems to be directed by an immunoreceptor-tyrosine-based activation
motif receptor (ITAM receptor) based signaling pathway. Hemin at low concentrations
(<25 µM) stimulates phosphorylation of the protein tyrosine kinase Syk and phospholipase
C gamma 2 (PLCγ2). Indeed, addition of recombinant CLEC2 blocked platelet activation.
Therefore, the authors concluded a crucial role of this receptor in heme-triggered platelet
activation (Figure 3). Moreover, direct binding of heme to recombinant CLEC2 was demon-
strated by applying spectroscopic methods, revealing a heme-binding affinity of ~200 nM.
Heme-triggered aggregation of platelets was independent from oxidative stress, as the
antioxidant N-acetyl cysteine could not prevent it. Interestingly, at higher hemin concentra-
tions (>25 µM) platelet aggregation seemed to be independent from Syk. For that reason,
the authors suggested that these high hemin levels might result in agglutination. Through
the potency of recombinant CLEC2 in prevention of heme-driven platelet activation, it is
suggested as a potential therapeutic agent against thrombosis in hemolytic patients [199].
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4.2. Heme and Endothelial Cells

As the primary source of different molecules that participate in the clotting process,
endothelial cells are pivotal for the regulation of blood coagulation. In healthy states,
endothelial cells possess an anticoagulant and, in turn, antithrombotic nature through the
secretion of various anticoagulants, such as thrombomodulin, EPCR or platelet inhibitors
(e.g., NO, prostacyclin) [200]. Upon vessel injury, endothelial cells undergo activation which
is followed by the expression of procoagulant proteins, such as TF and VWF. Subsequently,
these proteins can initiate the coagulation cascade and trigger platelet activation, respec-
tively [200]. Accordingly, in case of functional abnormalities the properties of endothelial
cells may tend towards a prothrombotic nature [200].

In 1984, Neely et al. detected dose-dependent morphologic changes of bovine aortic
endothelial cells (BAECs) after incubation with hematin (2–40 µg/mL, diluted in HEPES
buffer) [201]. These alterations were reversible and marked by bulging, surface vesicula-
tion, and cell retraction as determined with inverted phase-contrast light and scanning
electron microscopy. When hematin was diluted in plasma, 40 µg/mL hematin caused
the same extent of morphologic changes as 10 µg/mL hematin diluted in HEPES buffer.
Thus, Neely and coworkers suggested that only unbound heme can affect endothelial
cells [201]. In addition, the hematin-induced morphologic changes were attributed to
hematin-triggered stimulation of contractile elements of the cells. These changes were also
reversible, since the endothelial cells returned to their usual appearance after removal of
hematin. While BAECs exposed to up to 40 µg/mL hematin did not show any sign of
increased detachment, incubation with 100 µg/mL hematin resulted in a significant rise of
cell detachment (from ~7.9% to ~13.0%). However, these effects of hematin might lead to
an exposure of subendothelial structures with thrombotic consequences (Supplementary
Table S3). This was further supported by an increased platelet adhesion to hematin-exposed
BAECs [201]. Untreated BAEC monolayers bound less than 5% of platelets from a suspen-
sion of washed human platelets. When incubated with hematin (40 µg/mL) the platelet
adhesion to endothelial cells was two times higher. Furthermore, addition of hematin
to the platelet suspension increased adhesion even more. Via scanning electron micro-
scopic examination, sites of adhesion were identified as matrix materials, plastic and the
by hematin superficial roughened endothelial cells [201]. As a side effect, aggregates in
the platelet suspension were observed after hematin addition, confirming the previously
described results on the impact of hematin on platelets (Section 4.1). Finally, Neely et al.
considered their observations as a potential basis for the clinically noticed thrombophlebitis
and thrombocytopenia (Supplementary Table S3) [201].

Balla and coworkers observed alterations of porcine aortic endothelial cells (PAECs)
upon exposure to hemin [202]. After fast heme uptake and accumulation within the plasma
membranes, the cells were more sensitive towards oxidative stress as induced for example
by H2O2, implicating a possible role in atherogenesis or hemorrhagic injury. This effect
is mainly driven by heme-mediated LDL oxidation and was effectively prevented by the
heme scavenger hemopexin [202,203].

In a study that aimed for the investigation of causes for iron-induced endothelial
injuries as a consequence of hemolysis, Woollard and colleagues (2009) analyzed the effect
of hemin for comparison [204]. Thereby, an isolated mouse aorta was perfused with 1 mM
hemin resulting in a mild denudation of the endothelium, which was accompanied by
collagen exposure and platelet aggregation [204]. A more extensive reaction of endothelial
cells towards hemin exposure (10–50 µM) was demonstrated in 2012 [205]. Characterized
by a concentration-dependent increase of LDH release, hemin induces apoptosis of BAECs.
Only the administration of hemin with the highest applied concentration (50 µM) resulted
in an increase of ATP. Moreover, apoptosis was accompanied by a significant appearance
of cleaved caspase 3 and caspase 9 and, thus, is mediated via the mitochondrial intrinsic
cell death pathway. Therefore, heme-induced mitochondrial damage was expected to
occur prior to the initiation of endothelial cell death [205]. A heme-mediated decline of
mitochondrial membrane potential and the suppression of basal respiration in BAECs
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further supported this assumption. Moreover, it was shown that heme-induced lipid
peroxidation plays a major role in heme-mediated cell death. Here, hemin exposure
of BAECs resulted in the formation of carbonyl adducts as well as thiol oxidation of
proteins [205]. Interestingly, the level of LC3-II, the membrane-bound form of the central
protein of autophagy LC3, is increased in BAECs 2 to 4 h after treatment with 25 µM
hemin. In some cells also mitophagy was observed. Generated autophagosomes include
lipid-protein adducts, suggesting a protective mechanism against hemin toxicity [205].

In 2014, Vercellotti and coworkers [206] infused heme (prepared as Panhematin®;
0.4–32 µmol/kg) into transgenic sickle mice (i.e., NY1DD) and wild-type mice leading
to the development of vaso-occlusion in subcutaneous venules (19.7–38.9% stasis) only
in sickle mice [206]. Pre-existing chronic hemolysis in sickle mice in comparison to wild-
type mice might be the cause for the aforementioned observations, since heme-mediated
vaso-occlusion clearly correlates with plasma heme levels. In fact, heme-induced stasis is
associated with a high degree of adhesion molecules’ expression, such as of P-selectin and
VWF. Heme-mediated initiation and potentiation of the expression of adhesion proteins
(Section 3) was observed in vivo on vessel walls for both, sickle and wild-type mice. More-
over, in vitro heme exposure (20 µM) of HUVECs lead to the activation of the same with an
increased expression of adhesion molecules on the cells’ surface, which might be dependent
on NADPH oxidase and its activator protein kinase C (PKC) [206]. The authors identified
TLR-4 signaling as the major trigger for vaso-occlusion in sickle cell mice, leading to NF-κB
activation and, subsequently, expression of various adhesion molecules and degranulation
of Weibel-Palade bodies [206] (Figure 3). However, as previously demonstrated for the
heme-driven LDL oxidation in endothelial cells [202,203], also heme-mediated stasis was
prevented by equimolar co-administration of hemopexin [206]. Furthermore, protopor-
phyrin (PPIX) antagonized heme-induced stasis, when intraperitoneally administered 1 h
prior to heme.

Camus et al. (2015) realized that under the hemolytic conditions of SCD heme itself
is transferred to the endothelium by circulating erythrocyte membrane microparticles
(MPs), thereby promoting vaso-occlusion [207]. For the first time, it was demonstrated
that a significant portion of cell-free heme (~one-third) binds to cell membrane fragments
(Supplementary Table S3). In vitro, incubation of HUVECs with SCD-derived heme-laden
MPs and synthetic heme-laden multilayer vesicles (MLVs) led to the incorporation of
heme into HUVECs. In comparison to control erythrocyte MPs (contain ~20 nM heme),
SCD erythrocyte MPs (contain ~65 nM heme) transferred heme in a 4-fold more efficient
manner. Moreover, both SCD erythrocyte MPs and synthetic heme-laden MLVs triggered
production of ROS and induced apoptosis, leading to strong endothelial toxicity and, thus,
endothelial injury [207]. Since TLR-4 blocking resulted in a nearly complete inhibition
of heme-laden MP-triggered ROS production, the authors concluded that the observed
effects might be mediated in a TLR-4-dependent fashion, as already suggested by others
for heme-mediated effects on endothelial cells [206] (Figure 3). In addition, hemopexin
(2 µM) and the phosphatidylserine antagonist annexin-a5 (10 µg/mL) restrained heme
transfer to HUVECs, ROS production and apoptosis. Hemopexin’s preventive impact
was explained by its heme-scavenging properties. Furthermore, it seems to be capable
of removing heme from MPs to a certain extent. The blockage by the phosphatidylserine
antagonist prompted the authors to investigate a potential relevance of phosphatidylserine.
Subsequent in silico studies suggested that MP-exposed phosphatidylserine binds heme
with the help of two calcium ions. Further support of this prediction was gained by the fact
that removal of calcium ions by complexation resulted in a reduced heme association to
MPs [207]. However, in SAD mice (S-Antilles-D Punjab Hb-expressing SCD mouse model)
heme-laden MPs induced kidney vaso-occlusions, while perfusion of 100 nM heme or MPs
(300 MPs/µL) isolated from SAD mice was followed by a massive reduction of endothelial
acetylcholine-dependent vasodilation in mouse mesenteric resistance arterioles, which was
counteracted when MPs were preincubated with 1 µM hemopexin.
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While Camus et al. (2015) observed heme-triggered apoptosis in HUVECs [207], in
the setting of Singla et al. (2017) necroptotic pathways instead of apoptotic pathways
were induced by heme [208]. Human lung microvascular endothelial cells (HLMVECs)
showed a TLR-4-dependent loss of endothelial barrier stability upon hemin treatment
(5–100 µM) as shown by a decrease of trans-endothelial electrical resistance along with an
increase of monolayer permeability. These effects were abrogated by addition of a TLR-4-
inhibitor, as well by the antioxidant N-acetylcystein and the iron chelator deferoxamine.
Therefore, not only the activation of TLR-4-dependent pathways, but also heme-mediated
ROS production might be important for these observations. In addition, heme’s iron moiety
seems to be essential [208]. However, programmed cell death was triggered by hemin
(40 µM) in a TLR-4- and ROS-dependent but caspase-3 independent manner. Necroptosis
was confirmed by an increased activation of the mixed lineage kinase domain-like (MLKL)
as a consequence of TLR-4 activation and ROS production [208] (Figure 3). The authors
suggested that these molecular processes might contribute to the vaso-occlusive crises of
SCD patients [208].

In context of atypical hemolytic uremic syndrome (aHUS), May et al. (2018) found dif-
ferent explanations for the procoagulant state of patients as well as for the complement acti-
vation on the level of the endothelium in vitro and in vivo (Supplementary Table S3) [209].
When macrovascular cells (i.e., HUVECs) were exposed to hemin (12.5–50 µM), increased
HO-1 gene and protein expression as a mechanism of heme detoxification was observed.
Moreover, the expression of the transmembrane receptor thrombomodulin was signifi-
cantly upregulated. Due to its role in the anticoagulant protein C pathway, these changes
might not only be relevant for heme-mediated regulation of the complement but also
coagulation system [209]. However, these characteristics occurred to a lesser extent in
microvascular endothelial cells (i.e., HMECs, GENCs, HRGECs). Thus, in particular the
microvascular glomerular cell types (i.e., GENCs, HRGECs) were more susceptible to-
wards heme-triggered complement activation, characterized by increased deposition of
complement component 3 (C3). This is in good agreement with the commonly found
microvascular thrombotic microangiopathic lesions in aHUS [209]. Overactivation of the
complement system was also observed in mice, in particular in the kidney glomeruli, as
a consequence of intraperitoneal hemin injection (40 µmol/kg). While thrombomodulin
levels were elevated in skin and large liver vessels, the lung microvasculature showed
decreased levels of thrombomodulin. Therefore, the authors suggested a procoagulant and
complement-activating role of the microvascular endothelium under hemolytic conditions,
which might be prevented by compounds with blocking properties towards heme toxic-
ity [209]. Indeed, heme-induced (50 µM) elevated P-selectin expression on the surface of
HUVECs as well as complement activation were prevented by hemopexin (5 µM), but not
by HSA [210]. As Camus et al. (2015) already described [207], here again the relevance of
RBC-derived MPs as heme carriers was demonstrated. Subsequent heme-dependent physi-
ological consequences were again completely inhibited by hemopexin [210]. Heme-induced
activation of endothelial cells was shown to not only be accompanied by an increased
expression of adhesion proteins, like P-selectin and ICAM-1, but also by an elevated adhe-
sion of HbS-RBCs to the endothelial cells, whose relevance was also demonstrated in SCD
patients with vaso-occlusive crises [74].

4.3. Heme and RBCs

RBCs can participate in the blood coagulation process through provision of phos-
phatidylserine and microparticles, and subsequent initiation of thrombin generation [211].
Moreover, RBCs are incorporated into the thrombus through interaction with platelets
and endothelial cells, which prevents from clot resolution. Therefore, quantitative and
qualitative changes of RBCs, such as under hemolytic conditions, are accompanied by a
higher incidence of thrombosis [32,211].

Microscopic studies of Brown (1913) revealed that the RBC count was affected by
hematin administration to a much lesser extent in comparison to the platelet or leukocyte
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count [142]. However, while doses below 15 mg/kg hematin caused a decrease of the RBC
count in rabbits with fast regeneration in only few cases, a dose of 20 mg/kg intravenously
injected hematin directly induced a decline of the RBC count. Furthermore, Brown noticed
that a daily injection of 10 mg/kg hematin was followed by a decrease of the RBC count
by approximately 60% [142]. In addition, the RBCs were characterized by irregularities in
size, variability of color, and the presence of immature cells, in particular basophilic cells.
The reduction of the RBC count was assigned to hemolysis that was directly initiated by
hematin itself. This assumption was supported by the observed hemoglobinemia [142].
In later published case reports of AIP patients, the injection of hematin was shown to
induce a slight decline of the hematocrit without any obvious morphological changes of
RBCs (Supplementary Table S3) [153,169]. At about the same time, other reports supported
the hemolytic impact of heme on RBCs as kind of a feedback loop that might explain
the decreased RBC count in the presence of high labile heme levels [212,213]. Heme
(≥500 nM heme; lower concentrations not tested) accumulates in the RBC membrane,
thereby inducing loss of intracellular potassium, which leads to hypotonic lysis of RBCs.
Subsequently, swelling of RBCs was observed [212]. This was further accompanied by a
decrease of glutathione, ATP, as well as hemoglobin levels. It was found that 5 µM heme
was capable of inducing 50% hemolysis of RBCs after 2.5 h of incubation [212]. In another
study, heme-induced RBC membrane instability and subsequent lysis was attributed to
heme (20–500 µM)-triggered conformational alterations of cytoskeletal protein spectrin
and protein 4.1 [214]. More recently, this was further supported by spectroscopic binding
studies that aimed to characterize the heme-binding capacity of dimeric spectrin, revealing
a KD value of 0.57 µM [215]. Molecular docking suggested a specific binding site within
the SH3 domain of erythroid spectrin [215].

Interestingly, the concentration of heme within the membrane of aged RBCs was
demonstrated to be increased. Shaklai et al. (1985) proposed a potential role of heme in
hemolysis and, thus, removal of aged RBCs from circulation [213]. Albumin was able to
extract heme from RBCs membranes [213]. Moreover, heme-induced hemolysis (e.g., 50%
hemolysis in case of 40 µM heme applied) was prevented in the presence of 1% of albumin,
as a classical heme-scavenging protein.

In 2003, a mixture of albumin (50 g/L) and heme (3 mM) was shown to not induce
any change of the RBC count, which again demonstrated the protective role of albumin
towards heme toxicity [179]. Noticeably, the same was observed when hemin (50 mg/kg)
was injected daily in normal Wistar rats—neither hematocrit nor the RBC count was
significantly changed (Supplementary Table S3) [181].

4.4. Heme and Leukocytes

Leukocytes play a role in coagulation through the production of cytokines that
can modulate the expression of pro- and anticoagulant proteins as well as adhesion
molecules [216,217]. In addition, they can directly interact with other vascular cells, includ-
ing platelets and endothelial cells. Dysregulation of leukocyte activation or abundance
may thus lead to thrombotic complications [217]. In particular, monocytes and neutrophils
contribute to a procoagulant state, in particular through an elevated expression of the
procoagulant TF on their surfaces (Section 5.8) [218].

In 1911, W. H. Brown reported a large number of polymorphonuclear leukocytes
after hematin and hemin injection in rabbits, as determined at sites of accumulation of
the pigments by microscopic analysis [138]. A few years later, the author extended these
experiments and directly compared the effect of hematin intoxication with those of the
control injections [142]. Leukocytosis (e.g., ~1.4-fold total leukocyte count) was, thus,
observed in rabbits characterized by an increase of large (e.g., ~5.6-fold) and small (e.g.,
~1.5-fold) mononuclear leucocytes. In addition, there was a decrease of eosinophiles and
an increase of basophiles. Cells were counted 11 days after a single injection of 10 mg/kg
hematin. Four days after a daily dose of 20 mg/kg hematin, a marked increase of large
mononuclear leukocytes (~10-fold) and a higher number of polymorphonuclear cells (~7.8-
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fold) was detected. The total number of leukocytes was 4.6-fold increased. Not exclusively,
but partially these effects were attributed to the alkaline solution [142]. Similarly, in patients
with myelodysplastic syndromes a great rise of neutrophils after treatment with heme
arginate (Normosang®; 2–3 mg/kg) was observed [162,193]. However, a direct connection
of heme-neutrophil interaction with coagulation was proposed by Smith and Winslow
(1992), when they identified heme as a stimulating agent of the procoagulant activity of
isolated human peripheral blood mononuclear cells (PBMCs) [219]. Furthermore, they
suggested that the procoagulant effect of stroma-free hemoglobin solutions might be also
due to heme itself [219].

Considerably later, it was shown that 111In-labeled leukocytes quickly migrated and
accumulated in different organs of mice, such as liver and spleen, after intravenous infusion
of hemin (intravascular concentration: 750 µM) [220]. In parallel, lesions were registered
supporting the role of heme as an inflammatory mediator. Interestingly, Arruda and
coworkers demonstrated a significant delay of neutrophil apoptosis by heme (1–50 µM)
in vitro, which is inevitably associated with the de novo synthesis of antiapoptotic proteins
(e.g., Bcl-xL, interleukin (IL)-8) [221,222]. A particular role of the Ras/Raf/MAPK and phos-
phoinositide 3 kinase (PI3K) pathways for the heme-mediated protection of neutrophils
was suggested, since inhibitors of these pathways completely reversed the heme effect.
Heme itself promoted extracellular signal-regulated kinase (ERK)-2 translocation to the
neutrophil nucleus and triggered PKC-dependent protein kinase B (Akt) phosphorylation,
a key step in PI3K/Akt signaling, and, thus, the degradation of proapoptotic proteins (e.g.,
Bad) [221,222]. In the presence of SnPPIX, an inhibitor of heme oxygenase, the protective
effects of heme were partially revoked. The authors suggested an important role of heme
degradation products in the mediation of neutrophil survival. However, neither biliverdin
nor bilirubin was able to protect neutrophils from apoptosis [221]. In addition, ROS pro-
duction and consequently redox potential changes of the cells might be crucial for the
heme-mediated antiapoptotic effect on neutrophils, very likely through NF-κB activation by
heme [221,222]. In the presence of albumin, neither a difference of the chemotactic effects of
heme on neutrophils [222] nor a change of the total leukocyte number in blood suspensions
from rats (Supplementary Table S3) [179] were observed, displaying the protective role of
albumin towards heme’s effects on leukocytes.

At the same time, Wagener et al. (2003) confirmed the accumulation of large amounts
of heme (no precise data available) at sites of injuries in a wound-healing model in rats [223].
As a consequence, an enormous infiltration of leukocytes occurred, mainly consisting of
granulocytes (after 1 day) and macrophages (after 3 days) [223]. The number of lym-
phocytes did not change. These observations were confirmed when 750 µM hemin was
intradermally injected in rat mucosa [223]. There is evidence that the leukocyte influx
is triggered by inflammatory, chemokine-dependent pathways, as for example granulo-
cytes exposed to heme exhibited increased IL-8 expression [222]. In order to unravel the
role of heme oxygenase (HO) in heme-induced leukocyte recruitment, the mucosa was
pre-exposed (24 h) to the HO inhibitor tin mesoporphyrin (20 µM) prior to hemin treat-
ment [223]. An even more aggravated number of granulocytes and macrophages infiltrated
into the mucosa, confirming again the protective role of HO [223]. Desbuards et al. (2007)
also observed a higher number of leukocytes in rats, after they were treated either with
50 mg/kg hemin per day or with a mixture of hemin (50 mg/kg per day) and the HO-1
inhibitor SnPPIX (60 mg/kg per day) for a period of seven days [181]. While other effects of
hemin were attributed to an induction of HO-1 and consequent prevention of thrombosis,
these data are not in accordance with this hypothesis but fit well to the observations of
Wagener et al. (2003) (Supplementary Table S3) [181,223].

A few years later, Belcher et al. (2014) noticed increased rolling and subsequent
adhesion of leukocytes to the endothelium in subcutaneous venules of sickle mice (NY1DD)
after infusion of heme (3.2 µmol/kg; prepared as Panhematin®) [206]. This occurred
in a TLR-4-dependent manner, thus, supporting the hypothesis raised by Arruda et al.
(2004) that already suggested a NF-κB-dependent signaling as the underlying mechanism
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for heme-induced effects on leukocytes [206,221]. At the same time, Chen et al. (2014)
identified heme as an inducer of neutrophil extracellular traps (NETs) generation in vitro
and in vivo [224]. NETs were shown to be capable of capturing RBCs and platelets as well
as to be part of venous thrombi [225,226], hence why these findings are of great importance
to understand the role of heme as a procoagulant molecule. In SCD mice, the authors
observed NET formation in pulmonary blood vessels, which were increased when pre-
stimulated with the cytokine TNFα. The same was observed in TNFα-treated hemizygous
mice after intraperitoneal hemin injection (50 µmol/kg). TNFα-primed wild-type bone
marrow neutrophils were stimulated with 10–20 µM hemin and produced NETs in a dose-
dependent manner (Figure 3). Neither PPIX nor ZnPPIX induced the formation of NETs in
primed neutrophils. As already described elsewhere for the heme-mediated activation of
neutrophils [130,222], NET formation occurred as a consequence of intracellular upstream
of ROS by heme (Figure 3). Since neither heme nor TNFα alone induced NET formation,
the authors suggested that a predisposal of neutrophils by proinflammatory cytokines
is necessary to become sensitive for heme-mediated NET generation [224]. Hemopexin
was able to abrogate the observed NET generation by scavenging heme, whereas addition
of HSA only slightly reversed the effect [224]. In 2017, heme-induced NET formation
was fluorometrically quantified demonstrating a dose-dependency in the presence of
1.5–15.3 µM hemin [227]. In human neutrophils, nuclear swelling and slight structural NET-
like changes were observed upon hemin treatment (7.7–15.3 µM). The authors confirmed
that heme-mediated NET production was ROS-dependent, more precisely NADPH oxidase-
derived ROS-dependent. In contrast to the observations of Belcher et al. (2014) concerning
neutrophil adhesion [206], NET formation was not TLR-4-dependent (Supplementary
Table S3) [227].

5. Direct Influence of Heme on Coagulation Proteins

Early signs of heme as an actor in blood coagulation with partially controversial results
and unresolved questions led to the assumption that there must be other relationships apart
from the effects on hemostatic cellular components [142,153]. Hence, researchers started to
consider a direct interference of heme with the clotting cascade [169]. In this context, heme-
mediated regulation of protein expression levels or transient heme binding to proteins
with functional consequences were suggested [97,169,178,228]. This is applicable to several
procoagulant (e.g., TF and fibrinogen) and anticoagulant (e.g., activated protein C (APC))
proteins, as described in the following (Supplementary Table S4, Figure 4).

5.1. Heme Interaction with Fibrin(ogen)

In the course of the development of porphyrins as photosensitizing agents for photo-
dynamic therapy, W. H. Howell observed in 1921 that hematoporphyrin IX prepared from
hemin induced a change of fibrinogen’s solubility [229]. As a consequence, thrombin was
unable to convert fibrinogen in its coagulable form fibrin [229]. Later, this was confirmed by
others, who suggested direct binding of hematoporphyrin to fibrinogen [230,231]. Musser
et al. (1979) supported this assumption by chromatographic techniques [232]. In contrast,
no binding to fibrin, neither in its crosslinked (with factor XIIIa) nor in its non-crosslinked
form, was observed [233].

In 1983, Glueck et al. demonstrated that intravenous hematin (4 mg/kg) infusion in an
AIP patient resulted in a decline of fibrinogen level (from ~2.8 mg/mL to ~1.9 mg/mL) and
a rise of FDP (~2-fold), 10 min after infusion [169]. Complete recovery was reached 48 h
after infusion. Moreover, the authors showed that fibrin polymerization was not affected
by hematin upon preincubation of fibrin monomers with hematin (20–90 µg/mL) [169].
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Figure 4. Heme promotes plasmatic hemostasis. Heme can directly affect various proteins of the blood coagulation cascade.
While usually activated through the exposure of TF (e.g., by monocytes or the subendothelium), in pathologic thrombotic
situations hemostasis activation through the exposure of negatively charged surfaces (e.g., of collagen) plays a supportive
role. Indeed, initiation, amplification and propagation of hemostasis on the surface of cells (TF-bearing cells and platelets) is
targeted by heme, either through upregulation of proteins’ expression level (red arrow) or regulation of proteins’ function
(heme symbol). Direct heme-binding with functional consequences was only demonstrated for APC, FVIII(a) and fibrinogen.
Contradictory results were obtained in case of the impact of heme on the activity of thrombin (pale heme symbol). The
investigations of more than 35 years research allow for the assumption that heme is able to initiate hemostasis via both the
upregulation of TF expression on leukocytes and endothelial cells as well as of collagen in the subendothelium. Most of the
analyzed interactions tend to a procoagulant/prothrombotic (yellow) impact of heme. In contrast, heme-induced FVIIIa and
FVa inactivation is exclusively described leading to anticoagulant (red) consequences. FVIII and FV are central cofactors
of the coagulation cascade. Thus, the inactivation of FVIIIa and FVa by heme could constitute kind of a control center
of heme-mediated initiation, amplification and propagation of the coagulation process. Plasma level changes of clotting
factors that were recorded in humans upon heme infusion are not included. APC = activated protein C, FIIa = thrombin,
FII = prothrombin, FV = factor V, FVa = activated factor V, FVIIa = activated factor VII, FVIII = factor VIII, FVIIIa = activated
factor VIII, FIX = factor IX, FIXa = activated FIX, FX = factor X, FXa = activated FX, FXI = factor XI, FXIa = activated FXI,
FXII = factor FXII, FXIIa = activated factor XII, FXIII = factor XIII, FXIIIa = activated factor XIII, PC = protein C, PK = plasma
kallikrein, VWF = von Willebrand factor.
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Based on the first results indicating a potential interaction of hematin with fibrinogen,
Green and colleagues analyzed direct binding by size-exclusion chromatography (SEC)
with a sephadex G-200 column [174]. Co-elution of fibrinogen and hematin was observed,
which was interpretated as hematin binding to fibrinogen. Within this study, hematin
was solved in 0.25% sodium carbonate solution for 24 h prior to usage. Due to other
studies that followed shortly after, the formation of anticoagulant acting heme degradation
products was assumed (Section 3) [156,157,175]. At about the same time, the same group
demonstrated that upon a 30 min preincubation with hematin (stored at 4 ◦C in sodium
carbonate buffer) fibrinogen binding to gel-filtered platelets was induced [192]. Again,
hematin was not used in a fresh state, but, in contrast to the previous reports, here, hematin
acted in a procoagulant manner.

In line with the unaltered clotting times in the presence of heme arginate (Section 3,
Figure 2), 3 mg/kg heme arginate (Normosang®) did not cause any change of fibrinogen,
FDP, and fibrinopeptide A plasma levels in healthy test persons [177].

More than 20 years later, Nielsen et al. (2011) suggested at least one permanently
bound heme group in fibrinogen [234]. This hypothesis was only based on the finding
of the [M + H]+ ion of heme after LC-MS/MS analysis of fibrinogen and needs further
evidence. Moreover, addition of nitric oxide/hydroquinone prevented from CORM-2-
mediated procoagulant effects, thus suggesting heme-mediated carbon monoxide sensing
by fibrinogen [234]. The presence of one or more permanent heme-binding sites in fibrino-
gen, however, has not yet been proven so far.

At the same time, Barrera et al. (2011) suggested fibrinogen as a hemozoin-binding
protein [235]. Exposure of hemozoin (isolated from Plasmodium falciparum cultures) with
plasma resulted in an enrichment of host fibrinogen in hemozoin. Binding of one molecule
fibrinogen to approximately 25,000 hemozoin-heme molecules was estimated from SDS-
PAGE [235]. Further experiments are required to confirm and characterize the proposed
direct interaction and the ratio between the interaction partners. In human monocytes, the
putative hemozoin-fibrinogen complex caused TLR-4-mediated oxidative stress. Further-
more, binding of different cell types, such as platelets and endothelial cells, via fibrinogen
receptors might play a role in malaria pathogenesis [235].

In 2013, K. Orino immobilized fibrinogen on Sepharose 4B beads and demonstrated
binding of hemin (10 µM) to bound fibrinogen spectroscopically [236]. Moreover, the
author observed that fibrinogen-bound hemin still exerted peroxidase-like activity, which
was comparable to unbound heme [236].

Direct heme binding of fibrinogen was further confirmed by Ke and Huang (2016), who
demonstrated a shift of the Soret band of hematin (20 µM) to 410 nm upon complexation
by fibrinogen [237]. Raman spectroscopy allowed for the assumption of a hexacoordinated
complex. Functional studies under non-thermal plasma exposure revealed that hematin
(50–500 µM)-treated blood and plasma showed rapid superficial clot layer formation. This
layer consisted of cross-linked protein polymers with high molecular weight (>245 kDa).
The same was observed with pure fibrinogen (10 mg/mL) solution, suggesting that hematin
(30 µM) induces cross-linking of fibrinogen (Figure 4). Since there are no free thiol-groups
in fibrinogen, the authors excluded cross-linking by disulfide bonding, but suggested heme-
triggered dityrosine formation [237]. This was confirmed by fluorescence spectroscopy
and ultra-performance liquid chromatography as well as by specific chemical modifica-
tion of tyrosine residues, which completely abolished hematin-triggered cross-linking of
fibrinogen [237]. Hou et al. (2018) confirmed these results of heme-induced fibrinogen
cross-linking [238]. Again, direct hemin binding to fibrinogen was characterized by a
red-shifted Soret band and a KD of ~3.3 µM [238]. Additionally, a conformational change
of fibrinogen (100 nM) with an introduction of an α-helical structure by hemin (25 µM)
was observed by circular dichroism spectroscopy. One binding site within the γ-chain
around the residues R256, F293, T371, K373, T374 and Y377 was suggested by applying an
automatic docking tool [238]. Hemin (25 µM) binding to fibrinogen (50 nM) also increased
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heme’s peroxidase-like activity (∆Abs ~0.17). Thus, the authors suggested the usage of this
interaction for the label-free detection of fibrinogen in plasma samples [238].

In agreement with the fact that heme is capable of inducing cross-linking of fibrinogen
by itself, just recently it was shown that heme (0.01–50 µM) does not have any impact on
the amidolytic activity of the fibrin stabilizing active factor XIII (400 nM) [187].

Several researchers started to analyze the properties of the fibrinogen-heme complex.
Therefore, there is no longer any doubt that heme binds to fibrinogen. However, the
interaction remains not fully characterized. For instance, the binding affinity of heme
towards fibrinogen or the actual heme-binding site(s) are still not known.

5.2. Heme Interaction with Factor VIIIa (FVIII(a)) and VWF

In 1967, Davis et al. discovered an inhibitory effect of hemin-derived hematoporphyrin
on FVIII, which was attributed to a hematoporphyrin-driven destruction of FVIII [239].

About 15 years later, Glueck and colleagues observed reduced FVIII level upon infu-
sion of 4 mg/kg hematin in an AIP patient [169]. Determined by a two-stage chromogenic
assay [169], it can also indicate a reduced activity of FVIIIa instead of a decline of plasma
concentration. Indeed, Green et al. (1983) demonstrated a concentration-dependent de-
crease of FVIII procoagulant activity in plasma in the presence of hematin (24 h aged;
18–70 µg/mL). The activity was reduced by up to 72% and 88% in pooled plasma and
commercial FVIII concentrate, respectively [174].

These studies laid the foundation for an analysis of a potential direct interaction
of hematin with FVIII. In 1986, Green et al. showed co-elution of the FVIII/VWF com-
plex (36 U/mL of vWF:Ag) with hematin (0.17 mg/mL) after 30 min preincubation in
SEC (Sepharose CL-4B column), suggesting binding of hematin to the procoagulant com-
plex [240]. Indeed, the dissociation of FVIII from VWF was inhibited by hematin and
binding of the FVIII/VWF-hematin complex to platelets was observed. The authors hy-
pothesized that previous activation of platelets by hematin is required [240].

25 year later, apart from direct interactions, hemin (10 µM) was also reported to induce
the formation of VWF fibers (ultra-large VWF) on the surface of endothelial cells as a
consequence of Weibel Palade body (WPB) exocytosis [228]. VWF secretion by endothelial
cells was later also observed by others, showing that it occurs in a TLR-4-dependent
manner [26,206] (Figure 3). Due to the important role of VWF in platelet recruitment and
clot formation this might be a crucial step in heme-triggered prothrombotic events.

Approximately at the same time, direct binding of heme in form of hemin was con-
firmed by UV/vis spectroscopy, revealing a Soret band shift to ~412 nm as well as rather
high heme-binding affinities for the full-length (Helixate®; KD ~12.7 nM) and the B-domain-
deleted (ReFacto®; KD ~1.9 nM) version of recombinant FVIII (rFVIII) [241]. Furthermore,
a total number of ~10 heme-binding sites with heterogeneous affinity was estimated. The
procoagulant activity of full-length (up to 50%) and B-domain-deleted (up to 51%) FVIII
was impaired by heme (5 min preincubation) in a dose-dependent manner, as determined
by routine factor X generation assay. In contrast to earlier reports [174], hematoporphyrin
showed no impact on FVIII’s procoagulant activity [241]. The procoagulant activity of
FVIII is caused by its cofactor properties towards factor IXa and thus, the ability to support
the generation of active factor X. Repessé and colleagues demonstrated that the interaction
of rFVIII with FIX is impaired in the presence of heme (100-fold molar excess; by ~52%),
thereby explaining the inhibition of FVIII’s procoagulant activity [241]. In contrast, the
interaction of FVIII with VWF, platelets and phosphatidyl serine was not altered. Inter-
estingly, thrombin was still able to cleave FVIII when heme was present. VWF, but not
albumin (up to 200-fold molar excess), protected FVIII from heme-driven inactivation. The
authors thus concluded that VWF hides heme-binding sites rather than scavenging the
heme [241].

So far, it is unclear whether or not the reported effects of heme on FVIII are relevant
for in vivo situations. Although there is a massive release of labile heme under hemolytic
conditions, it remains unclear whether consequently secreted VWF prevents from the
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anticoagulant effect that was observed in case of FVIII in vitro. As one of the most important
cofactors within the blood coagulation cascade, the inactivation of FVIII by heme could also
play an important role as a central point for the control of heme-triggered prothrombotic
effects (Figure 4).

5.3. Heme Interaction with Factor V (FV)

Glueck et al. (1983) recorded declined FV levels upon intravenous infusion of hematin
(4 mg/kg) in an AIP patient [169]. Moreover, hematin was capable of reducing the activity
of FV (by ~80%), as detected 10 min after hematin infusion (Supplementary Table S4;
Figure 4) [169]. However, this is the only report on the effect of heme on FV to date and,
thus, many details of a potential direct interaction are missing.

5.4. Heme Interaction with Factor XII (FXII)

After the observation of a decreased PTT (Section 3; Supplementary Table S2), Becker
et al. (1985) searched for a potential effect of different porphyrins, including hematin, on
the FXII-dependent pathway [176]. A dose-dependent increase of the amidolytic activity of
the serine protease kallikrein towards a fluorogenic peptidic substrate (Bz-Pro-Phe-Arg-
p-nitroanilide) was observed (e.g., in the presence of 12 nmol hematin, ~10-fold faster
conversion), when human plasma was 10 min preincubated with hematin (3–24 nmol).
When plasma was deficient of FXII, prekallikrein (inactive precursor of kallikrein) or high-
molecular-weight kininogen (cofactor for kallikrein and FXII activation), hematin was
unable to trigger the conversion of the fluorogenic substrate by kallikrein. Addition of a
specific FXII inhibitor (CHFI) and the serine protease inhibitor SBTI completely abolished
the hematin-mediated activation of kallikrein. Due to interference of hematin within the
spectrophotometric measurements, the effect on the amidolytic activity of FXII towards a
chromogenic substrate could not be analyzed. However, the authors demonstrated that
PPIX was capable of increasing FXII amidolytic activity (78.6 µg/mL FXII, 38 µM PPIX)
and autoactivation (9.7 µg/mL FXII, 1.9 µM hematin) [176]. The results clearly suggest
a procoagulant effect of hematin on the FXII-dependent pathway of blood coagulation
(Figure 4). Therefore, controversy to earlier reported anticoagulant effects of hematin were
attributed to different preparations of hematin, since within this study hematin was freshly
prepared in alkaline solution as the main difference to earlier studies [176]. However,
blocking of the intrinsic, FXII-dependent pathway in vivo did not influence coagulation
activation by heme (35 µmol/kg) in mice, which demonstrated that it is only dependent
on the extrinsic, TF-driven pathway of coagulation [242] (Section 5.7). These results might
refute the relevance of the in vitro results from Becker et al. (1985). Though, it is unclear to
what extent heme would still bind to components of the FXII-dependent pathway in vivo
under hemolytic conditions, while supporting its procoagulant effect on the extrinsic
pathway of coagulation (Figure 4).

5.5. Heme Interaction with Thrombin

When Glueck et al. (1983) preincubated (0–180 min) thrombin (25 U) with hematin
(70 µg/mL), clotting time was incubation time- and temperature-dependently prolonged,
which led the authors to conclude a direct impact of hematin on thrombin [169]. A few
years later, the generation of fibrinopeptide A resulting from the reaction of thrombin
(0.25 U/mL) and fibrinogen (2.5 mg/mL) was radioimmunologically analyzed in the
presence of four weeks aged hematin (6 µg/mL). Thrombin was preincubated (15 min)
with hematin. As a consequence, fibrinopeptide A generation was ~100-fold blocked [243],
which fits well to the investigations of Glueck et al. on thrombin and FDP in the presence of
hematin [169] (Section 5.1). This also suggests that the resulting anticoagulant effect might
be due to degraded hematin and not by hematin itself, as already shown for prolonged
clotting times after hematin infusion [156,175] (Section 3). The same group suggested
the possibility of direct binding of hematin to thrombin, after both co-eluted in SEC as
also observed for fibrinogen (Section 5.1) [174]. Moreover, hematin was able to inhibit
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the amidolytic activity of human α-thrombin towards a fluorogenic peptide substrate
(D-Phe-Pro-Arg-5-aminoisophthalic acid dimethyl ester) by up to 86.3% (Supplementary
Table S4) [174]. Once again, a 24 h old hematin solution was used, which might have
influenced the results (as demonstrated later [156,157,175]).

More than 30 years later, Sparkenbaugh et al. (2015) detected elevated thrombin-
antithrombin (TAT) level (up to 2.5-fold) upon retro-orbital injection of 35 µmol/kg heme
in mice, which is a sign for coagulation activation [242]. In a time-dependent experiment,
coagulation activation occurred 1 h after heme injection and was still increased 6 h after
injection [242]. The authors demonstrated that this was not due to a direct interaction of
heme with thrombin but caused by heme-induced TF expression (Section 5.7) [242].

In contrast to the studies of Green et al. from 1983 [174], hemin (0–50 µM) was
recently shown to not influence the amidolytic activity of human α-thrombin (25 nM) [187]
(Figure 4). While in the latest study a chromogenic peptide substrate (p-Glu-Pro-Arg-MNA)
was used, in 1983 a fluorogenic substrate was added. Therefore, the earlier registered
inhibitory effect could be caused by heme-associated fluorescence quenching and the
results might be affected. However, the differences in heme preparation, buffer systems,
and used substrates could also explain the different results.

5.6. Heme Interaction with Plasmin(Ogen)

For the first time in 1983, the effect of hematin on fibrinolysis was evaluated [174].
15 µg/mL hematin (24 h kept in sodium carbonate buffer) was capable of inhibiting whole
blood clot lysis. When hematin was first mixed with plasmin (0.017 U/mL) and then
applied to the clot, the same result was obtained suggesting a direct, inhibitory effect
of hematin on plasmin. Therefore, the impact of hematin (0.006–0.09 µg/mL) on the
amidolytic activity of plasmin was analyzed. The ability of plasmin to cleave a fluorogenic
peptide substrate (D-valine-leucine-lysine-5-aminoisophthalic acid dimethyl ester) was
inhibited by 6–50% [174]. This was the very first report on a hematin-protein interaction that
proposed a procoagulant effect of hematin. However, at the same time, plasminogen levels
were shown not to be changed after infusion of hematin (4 mg/kg) in an AIP patient [169].
As already hypothesized for fibrinogen (Section 5.1) [234], also for plasmin and its inhibitor
α2-antiplasmin a putative heme group was identified via LC-MS/MS, but has not yet been
further investigated [244].

5.7. Heme Interaction with Adhesion Proteins

Apart from VWF, other adhesion proteins have also been reported to be upregulated
by heme. For instance, already in 1997, Wagener and colleagues observed increased
superficial expression of intercellular adhesion molecule 1 (ICAM-1; two-fold), vascular
cell adhesion molecule 1 (VCAM-1; 3-fold), and E-selectin (4-fold) upon incubation of
HUVECs with heme (50–100 µM, for 24 h) by using different techniques (e.g., dot blot
immunoassay, ELISA) [245]. Later on, these observations were confirmed in mice that
received a dose of 750 µM heme by intravenous infusion [220]. In particular, the surface
of vascular endothelial cells in liver and pancreas were affected. While the expression of
ICAM-1 and VCAM-1 was still increased after 24 h, P-selectin expression was only elevated
1 h after administration [220].

In 2009, Woollard et al. demonstrated that hemin even slightly induced endothelial
collagen expression as demonstrated after perfusion of 1 mM hemin in mice aorta [204].
This might allow for the heme-triggered initiation of the intrinsic contact pathway of blood
coagulation (Figure 4).

Moreover, hemin (10 µM) exposure of HUVECs resulted not only in an increase of WPB
exocytosis but also of P-selectin expression on the surface of the cells within 5 min [228].
However, inhibition of TLR-4 completely blocked this effect, suggesting heme-induced
P-selectin expression as a TLR-4 dependent process [228]. Then, Frimat et al. (2013) then
confirmed the parallel expression of P-selectin on the surface of HUVECs and the exposure
of VWF [26]. Due to the rapidity of expression, the authors suggested a correlation with
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WPB mobilization [26]. Later, these observations were also made by others in vitro and
in vivo (Supplementary Table S4) [206].

These results are of great importance, since these adhesion proteins enable the re-
cruitment of different cell types to the endothelium. However, the molecular basis of the
proposed interactions is still not entirely solved. Within the process of blood coagulation
there are even more adhesion molecules involved, like the platelet endothelial cell adhesion
molecule 1 (PECAM-1), but a regulation by heme was not yet explored. Thus, further inves-
tigation for a complete understanding of the role of adhesion proteins in heme-triggered
coagulation is required.

5.8. Upregulation of TF by Heme

After several studies that reported the endothelial activation and adhesion molecule
expression by heme, Setty et al. were the first who suggested a direct effect of heme on
TF [246]. With different techniques, i.e., ELISA and flow cytometry, the authors found
that heme (1–100 µM) dose-dependently increases TF expression (up to 50-fold) on the
surface of micro- (HLMECs) and macrovascular (HUVECs) endothelial cells. Moreover,
heme (100 µM) upregulated TF mRNA expression (up to ~17-fold) after incubation with
endothelial cells. TF mRNA expression occurred slower and to a lower degree than
cytokine-induced (e.g., by TNFα) [246]. Indeed, NF-κB activation inhibitors (i.e., sul-
fasalazine, curcumin) prevented from heme-triggered TF mRNA expression, suggesting a
dependency of heme-induced TF mRNA expression from NF-κB activation. In line with a
TF mRNA expression upregulation, total endothelial protein levels of functionally active TF
were raised up to 20–39-fold after 4–7 h, tending towards a strong procoagulant effect [246].

A few years later Rehani et al. (2013) made the same observations in PBMCs and
monocytes. 4 h incubation with 10 µM hemin yielded a ~40-fold and ~70-fold increase
of TF activity, as determined by a one-stage clotting assay [247]. Hemopexin (15 µM)
attenuated this effect. TF mRNA levels were also increased in monocytes (140–350-fold)
after incubation with heme (2–4 h). Efficient impact of inhibitors led to the conclusion that
heme might trigger TF expression via TLR-4, PKC, NADPH oxidase, and ERK-1/2 [247], as
already shown for the expression of adhesion molecules on the surface of HUVECs [206]
(Section 4.2).

In support of these studies, Souza and colleagues (2014) investigated heme-driven TF
expression in PBMCs and neutrophils by applying different techniques (i.e., thromboelas-
tometry, thrombin generation test) [248]. Heme (30 µM)-induced TF expression in PBMCs
was confirmed, whereas no TF expression could be observed in neutrophils. In addition,
the hypercoagulable state was characterized by a decreased coagulation time and time to
maximal velocity [248].

Evidence for in vivo regulation of TF regulation by heme was provided by Sparken-
baugh and colleagues in 2015, who investigated TF-dependent coagulation activation in
mice [242]. Indeed, inhibition of TF by an antibody abolished heme (35 µmol/kg)-driven
coagulation activation in mice, as detected by TAT plasma levels. Subsequently, the authors
demonstrated that 6 h incubation with heme (5–50 µM) induced TF expression as well
increased TF activity in human PBMCs and RAW 264.7 mouse macrophages in combina-
tion with a dose-dependent increase of procoagulant activity. In contrast, heme did not
induce TF expression in endothelial cells [242]. Further in vivo studies demonstrated that
knock-out of TF in myeloid cells, hematopoietic cells or endothelial cells still allowed for
heme-triggered coagulation activation. In mice with human TF expressed on hematopoietic
cells and murine TF on non-hematopoietic cells, the authors observed that blocking of only
both TF sources abolished heme-mediated coagulation activation. However, also in SCD
mice elevated TAT level were recorded, which might confirm the previous observations
that heme activates the coagulation cascade via the TF-dependent pathway. Again, these
effects were completely prevented by hemopexin administration (280 µmol/kg) [242].

After De Souza and colleagues observed shortened clotting times upon addition of
30 µM heme to whole blood (Section 3), a TF-specific antibody was used to block its
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activity. As a consequence, heme-induced coagulation was inhibited, thus, again providing
evidence for the relevance of TF in heme’s procoagulant role [186] (Figure 4).

The molecular basis for this interaction has not been entirely explored. Just recently,
first insights were provided by a preprint from Hounkpe et al. (2020) [249]. Herein,
heme (≥10 µM)-induced TF expression in PBMCs was shown as well as a dose-dependent
(5–30 µM heme) increase of TF activity. Moreover, plasma mixed with heme (30 µM) for
4 h exhibit increased TF procoagulant activity, as detected by a one-stage clotting assay.
Indeed, blocking of TLR-4 resulted in a complete inhibition of heme-triggered TF procoag-
ulant activity. Thus, also this procoagulant effect of heme seems to be mediated through
TLR-4 [249]. A second, very similar receptor for heme was suggested by others [250]. May
et al. (2020) demonstrated direct heme binding (~2–3:1 heme:receptor; KD ~6.78 µM) to
the receptor for advanced glycation end products (RAGE), which resulted in receptor
oligomerization [250]. Thereby, signaling of heme via RAGE was followed by the phospho-
rylation of ERK-1/2 and Akt, as also earlier shown by others [221,222,247]. Experiments in
wild-type and RAGE knockout mice suggest an involvement of RAGE in heme-triggered
TF expression, since TF expression was less in RAGE knockout mice [250].

However, more investigation is required to unravel the whole network of heme-
induced signaling pathways that lead for example to elevated TF expression, and, thus, to
prothrombotic states.

5.9. Heme Interaction with Anticoagulant Proteins

To date, the effect of heme on the anticoagulant pathways is largely unknown.
Antithrombin-III levels were shown to be influenced neither by the injection of hematin
(4 mg/kg) in AIP patients [169] nor by the infusion of 3 mg/kg heme arginate (Normosang®)
in healthy volunteers [177]. In contrast, in CLP mice administration of hemin (50 µmol/kg)
clearly resulted in an upregulation of protein C and APC plasma levels as well as in a de-
crease of thrombomodulin plasma levels [184]. These effects that tend to an anticoagulant
action were attributed to the role of hemin as an inducer of HO-1 [184].

In 2020, transient heme binding to APC was demonstrated for the first time [187].
This binding was characterized by a KD of ~400 nM. Moreover, experimental studies al-
lowed for the assumption of two heme-binding sites that subsequently were identified
within the serine protease domain (heavy chain) of the enzyme (i.e., T285GWGYHSSR293,
W387IHGHIRDK395) with Y289 and H391 serving as the coordinating residues [187]. A molec-
ular dynamics simulation suggested a conformational change upon binding of two heme
molecules, as seen by a more rigid light chain of the protein. Furthermore, in complex with
heme (0.01–50 µM), plasma-derived APC (50 nM) was inhibited in its amidolytic activity
with an IC50 of ~10.41 µM and a Ki of ~12.56 µM. For the recombinant APC (Drotrecogin
alfa, Xigris ®) an inhibition by heme (IC50 of ~3.88 µM) was also observed [187]. As already
observed for the fibrinogen-heme complex (Section 5.1; [238]), the APC-heme complex
exhibits an increased peroxidase-like activity (~512.33% in comparison to 100% by heme
only), as well. Moreover, heme (≥ 10 µM) abolished the anticoagulant activity of APC
(5 nM) as demonstrated with an aPTT-based clotting assay, displaying a procoagulant role
of heme. Indeed, human serum albumin (0.1%) could protect APC up to a certain extent.
However, under these conditions, again, 100 µM heme was able to inhibit the anticoagulant
activity of APC. Interestingly, the cytoprotective function of APC was not affected by
heme. Quite the contrary, APC (20 nM) was capable of preventing heme (120 µM)-induced
hyperpermeability of HUVECs, and, thus, protecting from heme-driven cytotoxicity [187].
Thus, this was the first detailed report on a direct interaction of heme with one of the
endogenous clotting inhibitors (Supplementary Table S4). Although this effect of heme
has not been proven in vivo so far, the interaction of heme with APC seems to be versatile.
Beyond the formation of a peroxidase-like complex, and direct protection of endothelial
cells from heme-directed loss of permeability by APC, heme inhibits the anticoagulant
function of APC, which results in the support of procoagulant reactions.
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Beside direct upregulation of procoagulant factor and the promotion of their pro-
coagulant activities, heme, thus, is also capable of the inhibition of an inhibitor of the
blood coagulation cascade, that usually targets FVa and FVIIIa (Supplementary Table S4,
Figure 4).

6. Conclusions

This review presents labile heme as a multifaceted molecule with versatile effects in
the context of blood coagulation. Extensive studies over the past ~110 years described
the consequences of the infusion of heme and its different formulations in in vivo studies
and case reports, as well as the impact of heme on different cell types and proteins that
participate in the coagulation process.

Originally, Pierach and Rosborough suggested both an anti- and a procoagulant role
of heme [251]. In early studies, heme (as hemin or hematin) was infused in rather high
concentrations (10–180 mg/kg; single exception: ≥3.5 mg/kg) into animals resulting in
symptoms of bleeding, i.e., hemorrhage, ecchymosis, (internal) bleeding, and hematomas
(Figure 1). In contrast, in humans, healthy volunteers or AIP patients, lower amounts of
heme (1.2–6 mg/kg) were administered (as hematin or heme arginate), which commonly
caused thrombotic complications, including thrombophlebitis and bile thrombi (Figure 1).
Opposed to these observations, but in line with the animal studies, heme (primarily used
in the form of hematin) caused prolonged aPTT, PT, and TT (Figure 2). To date, however, it
is unclear to which extent the anticoagulant symptoms were caused by heme itself. Several
studies demonstrated that long-storage of heme in solution might lead to the generation of
oxidative degradation products that are responsible for the observed effects [156,157,175].
In more recent studies, freshly prepared heme had either no or a shortening effect towards
clotting times, suggesting a rather procoagulant role.

Accordingly, several cell types participating in blood coagulation, including platelets,
RBCs, endothelial cells, and leukocytes, were shown to be affected by heme in a prothrom-
botic manner (Figure 3). Heme-induced hemolysis of RBCs as a feedback mechanism was
not yet directly considered in the context of heme-triggered prothrombotic consequences.
This process might lead to a potentiation of the observed effects due to the release of even
more labile heme into the vascular compartment. Through heme-induced conformational
changes of RBC membrane proteins the RBC membrane stability can be reduced. Further-
more, heme can accumulate in RBCs’ membrane. Thus, RBC membrane microparticles
are able to transfer heme to the endothelium, which can, in turn, activate endothelial cells.
Indeed, heme infusion was associated with direct effects on the endothelium, such as
the ACH-dependent vasodilation. Activation of TLR-4 by heme triggers the exocytosis
of WPBs, which results for example in the release of VWF [26,206,228] (Figure 3). Fur-
thermore, the expression of adhesion proteins is upregulated by heme in a TLR-4 and
ROS-dependent fashion [206,208]. The exposure of VWF and different adhesion proteins,
such as P-selectin and VCAM-1, enables the adhesion of platelets and leukocytes to the
endothelium, promoting procoagulant processes. As the heme-driven endothelial activa-
tion, also the prothrombotic processing of leukocytes is mediated via TLR-4. Activation
of TLR-4 by heme again triggers the adhesion of leukocytes to the endothelium [206].
In addition, neutrophils might respond with the formation of NETs upon heme exposure,
which is mediated via the NADPH oxidase and consequent ROS generation [227] (Figure 3).
Again, adhesion of platelets and RBCs is facilitated. Apart from these signaling pathways,
also necroptotic and apoptotic pathways may play a role in heme-triggered endothelium
activation [208,209].

Heme-triggered denudation of endothelial cells along with an exposure of collagen
has been shown to be necessary for heme-associated platelet adhesion and consequent
aggregation. Overall, two main mechanisms have been described for the platelet activa-
tion by heme. Direct heme binding to C-type lectin-like receptor 2 (CLEC2) induces a
tyrosine kinase network that leads finally to the activation of platelets [199]. In addition,
heme-induced ROS generation can promote the expression of adhesion proteins, that, in
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turn, enable the adhesion and subsequent activation of platelets [196,198]. In contrast to
endothelial cells, for platelets, the relevance of ferroptotic signaling has been shown [198].

Leukocyte accumulation in various organs, such as the liver and spleen, was observed
as a consequence of heme exposure [220]. As already described for the endothelium
activation by heme, heme-induced leukocyte rolling and adhesion also occurred TLR-
4-dependently [206]. Moreover, heme-triggered neutrophil migration and recruitment
were accompanied by PKC activation, oxidative stress, and actin polymerization [221,222].
However, heme-induced NET formation might be an essential step, since NETs are not
only able to promote proinflammatory signaling but can also stabilize blood clots [224,252].

Finally, within the last few years, a remarkable development towards the investigation
of heme as a mediator of protein expression and activity could be observed (Figure 4).
In particular, the procoagulant proteins TF, fibrinogen, and VWF seem to be essential
key targets that confer heme a procoagulant character (Figure 4). The inhibition of the
anticoagulant activity of APC clearly supports this assumption. In contrast, the interaction
of heme with FVIII(a) tends to an anticoagulant character of heme. This can be prevented
by VWF, suggesting an inferior role of the proposed interaction or a counteracting effect
together with the interaction of heme on FV. Since FV and FVIII are the central cofactors
within the blood coagulation cascade, their interaction with heme might serve as a control
mechanism that prevents from further potentiation of thrombosis at a certain state.

A potential interference of heme with several other proteins of the coagulation process,
such as factor IX or factor X, was not yet examined. Furthermore, heme-binding affinities
are only known for fibrinogen, FVIII(a) and APC. In the future, the characterization of the
heme-binding capacity of other clotting factors and/or inhibitors might complete the whole
picture of the range of the role of heme as an effector molecule in the blood coagulation
cascade. However, due to its interference with different components at various steps of
the coagulation system, it is already obvious that heme cannot only trigger coagulation
activation, in particular by effects on endothelial cells and platelets as well as by the
upregulation of relevant factors (e.g., TF and VWF), but can also promote further clotting
through initiation, amplification, and propagation of plasmatic hemostasis.

This review provides a comprehensive overview of the broad range of heme’s actions
as a modulator of blood coagulation, thereby in particular emphasizing its relevance in
hemolysis-driven thrombosis. A role of heme in the development of thrombotic complica-
tions in SCD has in particular been proposed [18,253].

Furthermore, the detailed insights summarized herein regarding the molecular basis
of heme-triggered coagulation allow for the targeted investigation of the missing interrela-
tions and as yet unknown potentially regulatory heme–protein interactions. Finally, the
actual role of heme in the coagulation system and as a promoting factor for prothrombotic
events in hemolytic patients depends on the availability and quantity of heme and plas-
matic proteins, including clotting factors, anticoagulant/fibrinolytic proteins and adhesion
proteins, the heme-binding affinity of those proteins which directly bind heme, the location
of relevant cell types with respective target receptors, such as TLR-4, and the chronology
of events. An in-depth analysis of these factors might help to entirely understand the
molecular basis of heme-triggered thrombosis in hemolytic disorders and support the de-
velopment of suitable therapies within the future. Overall, due to the conspicuous clinical
manifestation of thrombophilic reactions upon hemolysis, heme should be considered in
the treatment of these complications, rather than focusing on a sole treatment of thrombotic
symptoms [17,20].

Supplementary Materials: The following are available online at https://www.mdpi.com/2077
-0383/10/3/427/s1, Table S1: Overview of side effects observed after heme injection, Table S2:
Overview of heme effects on bleeding and clotting times, Table S3: Overview of the impact of heme
intoxication on cells participating in blood coagulation, Table S4: Overview of the impact of heme
and its formulations on proteins acting in blood coagulation.

https://www.mdpi.com/2077-0383/10/3/427/s1
https://www.mdpi.com/2077-0383/10/3/427/s1


J. Clin. Med. 2021, 10, 427 30 of 39

Author Contributions: The manuscript was written through the contribution of all authors. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Anna Pepanian for proofreading. Financial support by the
University of Bonn is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Raskob, G.E.; Angchaisuksiri, P.; Blanco, A.N.; Buller, H.; Gallus, A.; Hunt, B.J.; Hylek, E.M.; Kakkar, A.; Konstantinides, S.V.;

McCumber, M.; et al. Thrombosis: A major contributor to global disease burden. Thromb. Res. 2014, 134, 931–938. [CrossRef]
[PubMed]

2. Furie, B.; Furie, B.C. Mechanisms of thrombus formation. N. Engl. J. Med. 2008, 359, 938–949. [CrossRef] [PubMed]
3. Oklu, R. Thrombosis. Cardiovasc. Diagn. Ther. 2017, 7, S131–S133. [CrossRef]
4. Koupenova, M.; Kehrel, B.E.; Corkrey, H.A.; Freedman, J.E. Thrombosis and platelets: An update. Eur. Heart J. 2016, 38, 785–791.

[CrossRef] [PubMed]
5. Prandoni, P. Venous and arterial thrombosis: Two aspects of the same disease? Clin. Epidemiol. 2009, 1, 1–6. [CrossRef]
6. Mackman, N. Triggers, targets and treatments for thrombosis. Nature 2008, 451, 914–918. [CrossRef]
7. Previtali, E.; Bucciarelli, P.; Passamonti, S.M.; Martinelli, I. Risk factors for venous and arterial thrombosis. Blood Transfus. 2011, 9,

120–138.
8. Froemel, D.; Fitzsimons, S.-J.; Frank, J.; Sauerbier, M.; Meurer, A.; Barker, J.H. A review of thrombosis and antithrombotic therapy

in microvascular surgery. Eur. Surg. Res. 2013, 50, 32–43. [CrossRef]
9. Knudson, M.M.; Ikossi, D.G.; Khaw, L.; Morabito, D.; Speetzen, L.S. Thromboembolism after trauma. Ann. Surg. 2004, 240,

490–498. [CrossRef]
10. Wilkerson, W.R.; Sane, D.C. Aging and thrombosis. Semin. Thromb. Hemost. 2002, 28, 555–568. [CrossRef]
11. Greinacher, A.; Pötzsch, B. Coagulation/Thrombosis. In Encyclopedia of Molecular Pharmacology; Offermanns, S., Rosenthal, W.,

Eds.; Springer Berlin Heidelberg: Berlin, Germany, 2008; pp. 375–380.
12. Green, D.; Scott, J.P. Is sickle cell crisis a thrombotic event? Am. J. Hematol. 1986, 23, 317–321. [CrossRef] [PubMed]
13. Sparkenbaugh, E.; Pawlinski, R. Interplay between coagulation and vascular inflammation in sickle cell disease. Br. J. Haematol.

2013, 162, 3–14. [CrossRef] [PubMed]
14. Hillery, C.A.; Panepinto, J.A. Pathophysiology of stroke in sickle cell disease. Microcirculation 2004, 11, 195–208. [CrossRef]

[PubMed]
15. Ataga, K.I.; Cappellini, M.D.; Rachmilewitz, E.A. Beta-Thalassaemia and sickle cell anaemia as paradigms of hypercoagulability.

Br. J. Haematol. 2007, 139, 3–13. [CrossRef]
16. Setty, B.N.Y.; Rao, A.K.; Stuart, M.J. Thrombophilia in sickle cell disease: The red cell connection. Blood 2001, 98, 3228–3233.

[CrossRef]
17. Noubouossie, D.; Key, N.S.; Ataga, K.I. Coagulation abnormalities of sickle cell disease: Relationship with clinical outcomes and

the effect of disease modifying therapies. Blood Rev. 2016, 30, 245–256. [CrossRef]
18. Sparkenbaugh, E.; Pawlinski, R. Prothrombotic aspects of sickle cell disease. J. Thromb. Haemost. 2017, 15, 1307–1316. [CrossRef]
19. Faes, C.; Sparkenbaugh, E.M.; Pawlinski, R. Hypercoagulable state in sickle cell disease. Clin. Hemorheol. Microcirc. 2018, 68,

301–318. [CrossRef]
20. Nasimuzzaman, M.; Malik, P. Role of the coagulation system in the pathogenesis of sickle cell disease. Blood Adv. 2019, 3,

3170–3180. [CrossRef]
21. Toledo, S.L.d.O.; Guedes, J.V.M.; Alpoim, P.N.; Rios, D.R.A.; Pinheiro, M.d.B. Sickle cell disease: Hemostatic and inflammatory

changes, and their interrelation. Clin. Chim. Acta 2019, 493, 129–137. [CrossRef]
22. Conran, N.; De Paula, E.V. Thromboinflammatory mechanisms in sickle cell disease—challenging the hemostatic balance.

Haematologica 2020, 105. [CrossRef]
23. Sparkenbaugh, E.M.; Chen, C.; Brzoska, T.; Nguyen, J.; Wang, S.; Vercellotti, G.M.; Key, N.S.; Sundd, P.; Belcher, J.D.; Pawlinski,

R. Thrombin activation of PAR-1 contributes to microvascular stasis in mouse models of sickle cell disease. Blood 2020, 135,
1783–1787. [CrossRef] [PubMed]

24. Gladwin, M.T.; Kato, G.J. Hemolysis-associated hypercoagulability in sickle cell disease: The plot (and blood) thickens! Haemato-
logica 2008, 93, 1–3. [CrossRef] [PubMed]

25. Willoughby, M.L.N.; Murphy, A.V.; McMorris, S.; Jewell, F.G. Coagulation studies in haemolytic uraemic syndrome. Arch. Dis.
Child. 1972, 47, 766–771. [CrossRef]

http://doi.org/10.1016/j.thromres.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25312343
http://doi.org/10.1056/NEJMra0801082
http://www.ncbi.nlm.nih.gov/pubmed/18753650
http://doi.org/10.21037/cdt.2017.11.08
http://doi.org/10.1093/eurheartj/ehw550
http://www.ncbi.nlm.nih.gov/pubmed/28039338
http://doi.org/10.2147/CLEP.S4780
http://doi.org/10.1038/nature06797
http://doi.org/10.1159/000347182
http://doi.org/10.1097/01.sla.0000137138.40116.6c
http://doi.org/10.1055/s-2002-36700
http://doi.org/10.1002/ajh.2830230403
http://www.ncbi.nlm.nih.gov/pubmed/3788960
http://doi.org/10.1111/bjh.12336
http://www.ncbi.nlm.nih.gov/pubmed/23593937
http://doi.org/10.1080/10739680490278600
http://www.ncbi.nlm.nih.gov/pubmed/15280092
http://doi.org/10.1111/j.1365-2141.2007.06740.x
http://doi.org/10.1182/blood.V98.12.3228
http://doi.org/10.1016/j.blre.2015.12.003
http://doi.org/10.1111/jth.13717
http://doi.org/10.3233/CH-189013
http://doi.org/10.1182/bloodadvances.2019000193
http://doi.org/10.1016/j.cca.2019.02.026
http://doi.org/10.3324/haematol.2019.239343
http://doi.org/10.1182/blood.2019003543
http://www.ncbi.nlm.nih.gov/pubmed/31977004
http://doi.org/10.3324/haematol.12318
http://www.ncbi.nlm.nih.gov/pubmed/18166776
http://doi.org/10.1136/adc.47.255.766


J. Clin. Med. 2021, 10, 427 31 of 39

26. Frimat, M.; Tabarin, F.; Dimitrov, J.D.; Poitou, C.; Halbwachs-Mecarelli, L.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement
activation by heme as a secondary hit for atypical hemolytic uremic syndrome. Blood 2013, 122, 282–292. [CrossRef]

27. Kokoris, S.I.; Gavriilaki, E.; Miari, A.; Travlou, A.; Kyriakou, E.; Anagnostopoulos, A.; Grouzi, E. Renal involvement in
paroxysmal nocturnal hemoglobinuria: An update on clinical features, pathophysiology and treatment. Hematology 2018, 23,
558–566. [CrossRef]

28. Dhawan, R.; Ahluwalia, J.; Malhotra, P.; Mahapatra, M.; Varma, N.; Varma, S. Markers of thrombin generation and inflammation
in patients with paroxysmal nocturnal hemoglobinuria. Indian J. Hematol. Blood Transfus. 2019. [CrossRef]

29. Ozment, C.P.; Mamo, L.B.; Campbell, M.L.; Lokhnygina, Y.; Ghio, A.J.; Turi, J.L. Transfusion-related biologic effects and free
hemoglobin, heme, and iron. Transfusion 2013, 53, 732–740. [CrossRef]

30. Stolla, M.; Henrichs, K.; Cholette, J.M.; Pietropaoli, A.; Phipps, R.P.; Spinelli, S.; Blumberg, N. Increased free heme levels and red
blood cell transfusions are associated with thrombosis in neonates and infants undergoing cardiac surgery for congenital heart
disease. Blood 2014, 124, 2890. [CrossRef]

31. Aleshnick, M.; Foley, J.H.; Keating, F.K.; Butenas, S. Procoagulant activity in stored units of red blood cells. Biochem. Biophys. Res.
Commun. 2016, 474, 680–685. [CrossRef]

32. Litvinov, R.I.; Weisel, J.W. Role of red blood cells in haemostasis and thrombosis. ISBT Sci. Ser. 2017, 12, 176–183. [CrossRef]
33. Wagener, B.M.; Hu, P.J.; Oh, J.-Y.; Evans, C.A.; Richter, J.R.; Honavar, J.; Brandon, A.P.; Creighton, J.; Stephens, S.W.; Morgan,

C.; et al. Role of heme in lung bacterial infection after trauma hemorrhage and stored red blood cell transfusion: A preclinical
experimental study. PLoS Med. 2018, 15, e1002522. [CrossRef]

34. Panch, S.R.; Montemayor-Garcia, C.; Klein, H.G. Hemolytic Transfusion Reactions. N. Engl. J. Med. 2019, 381, 150–162. [CrossRef]
[PubMed]

35. Pietropaoli, A.P.; Henrichs, K.F.; Cholette, J.M.; Spinelli, S.L.; Phipps, R.P.; Refaai, M.A.; Blumberg, N. Total plasma heme
concentration increases after red blood cell transfusion and predicts mortality in critically ill medical patients. Transfusion 2019,
59, 2007–2015. [CrossRef] [PubMed]

36. Yoshida, T.; Prudent, M.; D’alessandro, A. Red blood cell storage lesion: Causes and potential clinical consequences. Blood
Transfus. 2019, 17, 27–52. [PubMed]

37. Wagner, K.R.; Sharp, F.R.; Ardizzone, T.D.; Lu, A.; Clark, J.F. Heme and iron metabolism: Role in cerebral hemorrhage. J. Cereb.
Blood Flow Metab. 2003, 23, 629–652. [CrossRef]

38. Lok, J.; Leung, W.; Murphy, S.; Butler, W.; Noviski, N.; Lo, E.H. Intracranial hemorrhage: Mechanisms of secondary brain injury.
Acta Neurochir. Suppl. 2011, 111, 63–69.

39. Babu, R.; Bagley, J.H.; Di, C.; Friedman, A.H.; Adamson, C. Thrombin and hemin as central factors in the mechanisms of
intracerebral hemorrhage–induced secondary brain injury and as potential targets for intervention. Neurosurg. Focus 2012, 32, E8.
[CrossRef]

40. Michel, J.-B.; Delbosc, S.; Ho-Tin-Noé, B.; Leseche, G.; Nicoletti, A.; Meilhac, O.; Martin-Ventura, J.L. From intraplaque
haemorrhages to plaque vulnerability. J. Cardiovasc. Med. 2012, 13, 628–634. [CrossRef]

41. Robinson, S.R.; Dang, T.N.; Dringen, R.; Bishop, G.M. Hemin toxicity: A prevenTable Source of brain damage following
hemorrhagic stroke. Redox Rep. 2009, 14, 228–235. [CrossRef]

42. Hu, S.; Hua, Y.; Keep, R.F.; Feng, H.; Xi, G. Deferoxamine therapy reduces brain hemin accumulation after intracerebral
hemorrhage in piglets. Exp. Neurol. 2019, 318, 244–250. [CrossRef] [PubMed]

43. Stolla, M.; Henrichs, K.; Cholette, J.M.; Pietropaoli, A.; Phipps, R.P.; Spinelli, S.; Blumberg, N. Haem is associated with thrombosis
in neonates and infants undergoing cardiac surgery for congenital heart disease. Vox Sang. 2018, 113, 72–75. [CrossRef] [PubMed]

44. Cholette, J.M.; Pietropaoli, A.P.; Henrichs, K.F.; Alfieris, G.M.; Powers, K.S.; Gensini, F.; Rubenstein, J.S.; Sweeney, D.; Phipps, R.;
Spinelli, S.L.; et al. Elevated free hemoglobin and decreased haptoglobin levels are associated with adverse clinical outcomes,
unfavorable physiologic measures, and altered inflammatory markers in pediatric cardiac surgery patients. Transfusion 2018, 58,
1631–1639. [CrossRef] [PubMed]

45. Egeberg, O. Blood coagulation and intravascular hemolysis. Scand. J. Clin. Lab. Investig. 1962, 14, 217–222. [CrossRef]
46. Mannucci, P.M.; Lobina, G.F.; Caocci, L.; Dioguardi, N. Effect on blood coagulation of massive intravascular haemolysis. Blood

1969, 33, 207–213. [CrossRef]
47. Vinchi, F.; Muckenthaler, M.U.; Da Silva, M.C.; Balla, G.; Balla, J.; Jeney, V. Atherogenesis and iron: From epidemiology to cellular

level. Front. Pharmacol. 2014, 5, 94. [CrossRef]
48. Cappellini, M.D. Coagulation in the pathophysiology of hemolytic anemias. Hematol. Am. Soc. Hematol. Educ. Progr. 2007, 2007,

74–78. [CrossRef]
49. Riedler, G.; Straub, P.W.; Frick, P.G. The effects of acut intravascular hemolysis on coagulation and fibrinolysis. II. March

hemoglobinemia and hemoglobinuria. Helv. Med. Acta 1968, 34, 217–222.
50. Ataga, K.I. Hypercoagulability and thrombotic complications in hemolytic anemias. Haematologica 2009, 94, 1481–1484. [CrossRef]
51. Kato, G.J.; Taylor, J.G. Pleiotropic effects of intravascular haemolysis on vascular homeostasis. Br. J. Haematol. 2010, 148, 690–701.

[CrossRef]
52. L’Acqua, C.; Hod, E. New perspectives on the thrombotic complications of haemolysis. Br. J. Haematol. 2015, 168, 175–185.

[CrossRef] [PubMed]

http://doi.org/10.1182/blood-2013-03-489245
http://doi.org/10.1080/10245332.2018.1444563
http://doi.org/10.1007/s12288-019-01239-x
http://doi.org/10.1111/j.1537-2995.2012.03837.x
http://doi.org/10.1182/blood.V124.21.2890.2890
http://doi.org/10.1016/j.bbrc.2016.05.008
http://doi.org/10.1111/voxs.12331
http://doi.org/10.1371/journal.pmed.1002522
http://doi.org/10.1056/NEJMra1802338
http://www.ncbi.nlm.nih.gov/pubmed/31291517
http://doi.org/10.1111/trf.15218
http://www.ncbi.nlm.nih.gov/pubmed/30811035
http://www.ncbi.nlm.nih.gov/pubmed/30653459
http://doi.org/10.1097/01.WCB.0000073905.87928.6D
http://doi.org/10.3171/2012.1.FOCUS11366
http://doi.org/10.2459/JCM.0b013e328357face
http://doi.org/10.1179/135100009X12525712409931
http://doi.org/10.1016/j.expneurol.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31078524
http://doi.org/10.1111/vox.12606
http://www.ncbi.nlm.nih.gov/pubmed/29044674
http://doi.org/10.1111/trf.14601
http://www.ncbi.nlm.nih.gov/pubmed/29603246
http://doi.org/10.3109/00365516209079697
http://doi.org/10.1182/blood.V33.2.207.207
http://doi.org/10.3389/fphar.2014.00094
http://doi.org/10.1182/asheducation-2007.1.74
http://doi.org/10.3324/haematol.2009.013672
http://doi.org/10.1111/j.1365-2141.2009.08004.x
http://doi.org/10.1111/bjh.13183
http://www.ncbi.nlm.nih.gov/pubmed/25307023


J. Clin. Med. 2021, 10, 427 32 of 39

53. Vogel, S.; Thein, S.L. Platelets at the crossroads of thrombosis, inflammation and haemolysis. Br. J. Haematol. 2018, 180, 761–767.
[CrossRef] [PubMed]

54. Effenberger-Neidnicht, K.; Bornmann, S.; Jägers, J.; Patyk, V.; Kirsch, M. Microvascular stasis and hemolysis: Coincidence or
causality? J. Inflamm. Res. 2019, 12, 109–111. [CrossRef] [PubMed]

55. Salvagno, G.L.; Demonte, D.; Gelati, M.; Favaloro, E.J.; Lippi, G. Hemolysis induces a prothrombotic state in human plasma. In
Proceedings of the International Society on Thrombosis and Haemostasis, Melbourne, Australia, 6–10 July 2019.

56. Jeney, V.; Balla, G.; Balla, J. Red blood cell, hemoglobin and heme in the progression of atherosclerosis. Front. Physiol. 2014, 5, 379.
[CrossRef]

57. Brunson, A.; Lei, A.; Rosenberg, A.S.; White, R.H.; Keegan, T.; Wun, T. Increased incidence of VTE in sickle cell disease patients:
Risk factors, recurrence and impact on mortality. Br. J. Haematol. 2017, 178, 319–326. [CrossRef] [PubMed]

58. Naik, R.P.; Streiff, M.B.; Haywood, C.; Segal, J.B.; Lanzkron, S. Venous thromboembolism incidence in the Cooperative Study of
Sickle Cell Disease. J. Thromb. Haemost. 2014, 12, 2010–2016. [CrossRef]

59. Chantrathammachart, P.; Mackman, N.; Sparkenbaugh, E.; Wang, J.-G.; Parise, L.V.; Kirchhofer, D.; Key, N.S.; Pawlinski, R. Tissue
factor promotes activation of coagulation and inflammation in a mouse model of sickle cell disease. Blood 2012, 120, 636–646.
[CrossRef]

60. Setty, Y.; Key, N.S.; Rao, A.K.; Krishnan, S.; Gayen-Betal, S.; Stuart, M.J. Tissue factor procoagulant activity and coagulation
activation in sickle cell disease: Relationship with biomarkers of hemolysis and inflammation. Blood 2010, 116, 4210. [CrossRef]

61. Chekkal, M.; Rahal, M.C.A.; Moulasserdoun, K.; Seghier, F. Increased level of factor VIII and physiological inhibitors of
coagulation in patients with sickle cell disease. Indian J. Hematol. Blood Transfus. 2017, 33, 235–238. [CrossRef]

62. Abildgaard, C.F.; Simone, J.V.; Schulman, I. Factor-VIII (Antihaemophilic Factor) activity in sickle-cell anaemia. Br. J. Haematol.
1967, 13, 19–27. [CrossRef]

63. Gordon, E.M.; Klein, B.L.; Berman, B.W.; Strandjord, S.E.; Simon, J.E.; Coccia, P.F. Reduction of contact factors in sickle cell disease.
J. Pediatr. 1985, 106, 427–430. [CrossRef]

64. Miller, R.L.; Verma, P.S.; Adams, R.G. Studies of the kallikrein-kinin system in patients with sickle cell anemia. J. Natl. Med. Assoc.
1983, 75, 551–556. [PubMed]

65. Verma, P.S.; Adams, R.G.; Miller, R.L. Reduced plasma kininogen concentration during sickle cell crisis. Res. Commun. Chem.
Pathol. Pharmacol. 1983, 41, 313–322. [PubMed]

66. Nsiri, B.; Gritli, N.; Bayoudh, F.; Messaoud, T.; Fattoum, S.; Machghoul, S. Abnormalities of coagulation and fibrinolysis in
homozygous sickle cell disease. Hematol. Cell Ther. 1996, 38, 279–284. [CrossRef] [PubMed]

67. Tomer, A.; Harker, L.A.; Kasey, S.; Eckman, J.R. Thrombogenesis in sickle cell disease. J. Lab. Clin. Med. 2001, 137, 398–407.
[CrossRef]

68. Westerman, M.P.; Green, D.; Gilman-Sachs, A.; Beaman, K.; Freels, S.; Boggio, L.; Allen, S.; Zuckerman, L.; Schlegel, R.; Williamson,
P. Antiphospholipid antibodies, proteins C and S, and coagulation changes in sickle cell disease. J. Lab. Clin. Med. 1999, 134,
352–362. [CrossRef]

69. Leichtman, D.A.; Brewer, G.J. Elevated plasma levels of fibrinopeptide a during sickle cell anemia pain crisis–evidence for
intravascular coagulation. Am. J. Hematol. 1978, 5, 183–190. [CrossRef]

70. Slater, S.D.; Prentice, C.R.M.; Bain, W.H.; Briggs, J.D. Fibrinogen-fibrin degradation product levels in different types of intravascu-
lar haemolysis. Br. Med. J. 1973, 3, 471–473. [CrossRef]

71. Sack, E.S.; Nefa, O.M. Fibrinogen and fibrin degradation products in hemolytic transfusion reactions. Transfusion 1970, 10,
317–321. [CrossRef]

72. Shiu, Y.-T.; Udden, M.M.; McIntire, L.V. Perfusion with sickle erythrocytes up-regulates ICAM-1 andVCAM-1 gene expression in
cultured human endothelial cells. Blood 2000, 95, 3232–3241. [CrossRef]

73. Conran, N.; Fattori, A.; Saad, S.T.O.; Costa, F.F. Increased levels of soluble ICAM-1 in the plasma of sickle cell patients are reversed
by hydroxyurea. Am. J. Hematol. 2004, 76, 343–347. [CrossRef] [PubMed]

74. Kucukal, E.; Ilich, A.; Key, N.S.; Little, J.A.; Gurkan, U.A. Red blood cell adhesion to heme-activated endothelial cells reflects
clinical phenotype in sickle cell disease. Am. J. Hematol. 2018, 93, 1050–1060. [CrossRef] [PubMed]

75. Chen, J.; Hobbs, W.E.; Le, J.; Lenting, P.J.; de Groot, P.G.; López, J.A. The rate of hemolysis in sickle cell disease correlates with the
quantity of active von Willebrand factor in the plasma. Blood 2011, 117, 3680–3683. [CrossRef] [PubMed]

76. Voskaridou, E.; Larrisi, K.; Politou, M.; Komninaka, V.; Apostolakou, F.; Skevaki, C.; Giannaki, M.; Papassotiriou, I.; Terpos, E.
Increased von Willebrand factor and high circulating placental growth factor correlate with inflammation and iron overload in
patients with compound heterozygous sickle cell and beta-Thalassemia. Blood 2014, 124, 1392. [CrossRef]

77. Voskaridou, E.; Aimilia, M.; Flevari, P.; Dimopoulou, M.; Komninaka, V.; Repa, K.; Papassotiriou, I. Soluble P-selectin levels in
patients with sickle cell disease reflect platelets’ activation rather than endothelial dysfunction. Blood 2019, 134, 4829. [CrossRef]

78. Guo, Y.; Uy, T.; Wandersee, N.; Scott, J.P.; Weiler, H.; Holzhauer, S.; Retherford, D.; Foster, T.; Hillery, C. The protein C pathway
in human and murine sickle cell disease: Alterations in protein C, thrombomodulin (TM), and endothelial protein C receptor
(EPCR) at baseline and during acute vaso-occlusion. Blood 2008, 112, 538. [CrossRef]

79. Ruiz, M.A.; Shah, B.N.; Han, J.; Raslan, R.; Gordeuk, V.R.; Saraf, S.L. Thrombomodulin and endothelial dysfunction in sickle cell
anemia. Blood 2019, 134, 3558. [CrossRef]

http://doi.org/10.1111/bjh.15117
http://www.ncbi.nlm.nih.gov/pubmed/29383704
http://doi.org/10.2147/JIR.S197917
http://www.ncbi.nlm.nih.gov/pubmed/31118736
http://doi.org/10.3389/fphys.2014.00379
http://doi.org/10.1111/bjh.14655
http://www.ncbi.nlm.nih.gov/pubmed/28369826
http://doi.org/10.1111/jth.12744
http://doi.org/10.1182/blood-2012-04-424143
http://doi.org/10.1182/blood.V116.21.4210.4210
http://doi.org/10.1007/s12288-016-0701-z
http://doi.org/10.1111/j.1365-2141.1967.tb08691.x
http://doi.org/10.1016/S0022-3476(85)80669-7
http://www.ncbi.nlm.nih.gov/pubmed/6603519
http://www.ncbi.nlm.nih.gov/pubmed/6635322
http://doi.org/10.1007/s00282-996-0279-2
http://www.ncbi.nlm.nih.gov/pubmed/8974793
http://doi.org/10.1067/mlc.2001.115450
http://doi.org/10.1016/S0022-2143(99)90149-X
http://doi.org/10.1002/ajh.2830050303
http://doi.org/10.1136/bmj.3.5878.471
http://doi.org/10.1111/j.1537-2995.1970.tb00751.x
http://doi.org/10.1182/blood.V95.10.3232
http://doi.org/10.1002/ajh.20129
http://www.ncbi.nlm.nih.gov/pubmed/15282666
http://doi.org/10.1002/ajh.25159
http://www.ncbi.nlm.nih.gov/pubmed/29905377
http://doi.org/10.1182/blood-2010-08-302539
http://www.ncbi.nlm.nih.gov/pubmed/21300978
http://doi.org/10.1182/blood.V124.21.1392.1392
http://doi.org/10.1182/blood-2019-122524
http://doi.org/10.1182/blood.V112.11.538.538
http://doi.org/10.1182/blood-2019-123862


J. Clin. Med. 2021, 10, 427 33 of 39

80. Bayazit, A.K.; Kilinç, Y. Natural coagulation inhibitors (Protein C, protein S, antithrombin) in patients with sickle cell anemia in a
steady state. Pediatr. Int. 2001, 43, 592–596. [CrossRef]

81. Schnog, J.B.; Mac Gillavry, M.R.; Van Zanten, A.P.; Meijers, J.C.M.; Rojer, R.A.; Duits, A.J.; Cate, H.; Brandjes, D.P.M. Protein C
and S and inflammation in sickle cell disease. Am. J. Hematol. 2004, 76, 26–32. [CrossRef]

82. El-Hazmi, M.A.F.; Warsy, A.S.; Bahakim, H. Blood proteins C and S in sickle cell disease. Acta Haematol. 1993, 90, 114–119.
[CrossRef]

83. Khanduri, U.; Gravell, D.; Christie, B.S.; Al Lamki, Z.; Zachariah, M.; Cherian, E. Reduced protein C levels—A contributory factor
for stroke in sickle cell disease. Thromb. Haemost. 1998, 79, 879–880. [PubMed]

84. Van der Merwe, L.; Reyers, F. The effect of hemolysis on plasma antithrombin activity as determined by a chromogenic method.
Vet. Clin. Pathol. 2007, 36, 55–59. [CrossRef] [PubMed]

85. Helms, C.C.; Marvel, M.; Zhao, W.; Stahle, M.; Vest, R.; Kato, G.J.; Lee, J.S.; Christ, G.; Gladwin, M.T.; Hantgan, R.R.; et al.
Mechanisms of hemolysis-associated platelet activation. J. Thromb. Haemost. 2013, 11, 2148–2154. [CrossRef] [PubMed]

86. Villagra, J.; Shiva, S.; Hunter, L.A.; Machado, R.F.; Gladwin, M.T.; Kato, G.J. Platelet activation in patients with sickle disease,
hemolysis-associated pulmonary hypertension, and nitric oxide scavenging by cell-free hemoglobin. Blood 2007, 110, 2166–2172.
[CrossRef]

87. Su, Y.; Deng, X.; Ma, R.; Dong, Z.; Wang, F.; Shi, J. The exposure of phosphatidylserine influences procoagulant activity in retinal
vein occlusion by microparticles, blood cells, and endothelium. Oxid. Med. Cell. Longev. 2018, 2018, 1–10. [CrossRef]

88. Zwaal, R.F.A.; Schroit, A.J. Pathophysiologic implications of membrane phospholipid asymmetry in blood cells. Blood 1997, 89,
1121–1132. [CrossRef]

89. Mense, S.M.; Zhang, L.L. Heme: A versatile signaling molecule controlling the activities of diverse regulators ranging from
transcription factors to MAP kinases. Cell Res. 2006, 16, 681–692. [CrossRef]

90. Zhang, L. (Ed.) Heme Biology: The Secret Life of Heme in Regulating Diverse Biological Processes; World Scientific: Singapore, 2011.
91. Kühl, T.; Imhof, D. Regulatory Fe II/III Heme: The reconstruction of a molecule’s biography. ChemBioChem 2014, 15, 2024–2035.

[CrossRef]
92. Shimizu, T.; Lengalova, A.; Martinek, V.; Martinkova, M. Heme: Emergent roles of heme in signal transduction, functional

regulation and as catalytic centres. Chem. Soc. Rev. 2019, 48, 5624–5657. [CrossRef]
93. Korolnek, T.; Hamza, I. Like iron in the blood of the people: The requirement for heme trafficking in iron metabolism. Front.

Pharmacol. 2014, 5, 126. [CrossRef]
94. Sawicki, K.T.; Chang, H.; Ardehali, H. Role of heme in cardiovascular physiology and disease. J. Am. Heart Assoc. 2015, 4, e001138.

[CrossRef] [PubMed]
95. D’Alessandro, A.; Zolla, L. Proteomic analysis of red blood cells and the potential for the clinic: What have we learned so far?

Expert Rev. Proteom. 2017, 14, 243–252. [CrossRef] [PubMed]
96. Ascenzi, P.; Bocedi, A.; Visca, P.; Altruda, F.; Tolosano, E.; Beringhelli, T.; Fasano, M. Hemoglobin and heme scavenging. IUBMB

Life 2005, 57, 749–759. [CrossRef] [PubMed]
97. Roumenina, L.T.; Rayes, J.; Lacroix-Desmazes, S.; Dimitrov, J.D. Heme: Modulator of plasma systems in hemolytic diseases.

Trends Mol. Med. 2016, 22, 200–213. [CrossRef]
98. Frimat, M.; Boudhabhay, I.; Roumenina, L.T. Hemolysis derived products toxicity and endothelium: Model of the second hit.

Toxins 2019, 11, 660. [CrossRef]
99. Smith, A.; McCulloh, R.J. Hemopexin and haptoglobin: Allies against heme toxicity from hemoglobin not contenders. Front.

Physiol. 2015, 6, 187. [CrossRef]
100. Martins, R.; Knapp, S. Heme and hemolysis in innate immunity: Adding insult to injury. Curr. Opin. Immunol. 2018, 50, 14–20.

[CrossRef]
101. Rapido, F. The potential adverse effects of haemolysis. Blood Transfus. 2017, 15, 218–221.
102. Donegan, R.K.; Moore, C.M.; Hanna, D.A.; Reddi, A.R. Handling heme: The mechanisms underlying the movement of heme

within and between cells. Free Radic. Biol. Med. 2019, 133, 88–100. [CrossRef]
103. Cooper, C.E.; Schaer, D.J.; Buehler, P.W.; Wilson, M.T.; Reeder, B.J.; Silkstone, G.; Svistunenko, D.A.; Bulow, L.; Alayash, A.I.

Haptoglobin binding stabilizes hemoglobin ferryl iron and the globin radical on tyrosine β145. Antioxid. Redox Signal. 2013, 18,
2264–2273. [CrossRef]

104. Schaer, D.J.; Vinchi, F.; Ingoglia, G.; Tolosano, E.; Buehler, P.W. Haptoglobin, hemopexin, and related defense pathways—basic
science, clinical perspectives, and drug development. Front. Physiol. 2014, 5, 415. [CrossRef] [PubMed]

105. Rother, R.P.; Bell, L.; Hillmen, P.; Gladwin, M.T. The clinical sequelae of intravascular hemolysis and extracellular plasma
hemoglobin. JAMA 2005, 293, 1653. [CrossRef] [PubMed]

106. Di Masi, A.; De Simone, G.; Ciaccio, C.; D’Orso, S.; Coletta, M.; Ascenzi, P. Haptoglobin: From hemoglobin scavenging to human
health. Mol. Aspects Med. 2020, 73, 100851. [CrossRef] [PubMed]

107. Thomsen, J.H.; Etzerodt, A.; Svendsen, P.; Moestrup, S.K. The haptoglobin-CD163-heme oxygenase-1 pathway for hemoglobin
scavenging. Oxid. Med. Cell. Longev. 2013, 2013, 523652. [CrossRef] [PubMed]

108. Fruitier, I.; Garreau, I.; Lacroix, A.; Cupo, A.; Piot, J.M. Proteolytic degradation of hemoglobin by endogenous lysosomal proteases
gives rise to bioactive peptides: Hemorphins. FEBS Lett. 1999, 447, 81–86. [CrossRef]

http://doi.org/10.1046/j.1442-200X.2001.01476.x
http://doi.org/10.1002/ajh.20052
http://doi.org/10.1159/000204390
http://www.ncbi.nlm.nih.gov/pubmed/9569210
http://doi.org/10.1111/j.1939-165X.2007.tb00182.x
http://www.ncbi.nlm.nih.gov/pubmed/17311195
http://doi.org/10.1111/jth.12422
http://www.ncbi.nlm.nih.gov/pubmed/24119131
http://doi.org/10.1182/blood-2006-12-061697
http://doi.org/10.1155/2018/3658476
http://doi.org/10.1182/blood.V89.4.1121
http://doi.org/10.1038/sj.cr.7310086
http://doi.org/10.1002/cbic.201402218
http://doi.org/10.1039/C9CS00268E
http://doi.org/10.3389/fphar.2014.00126
http://doi.org/10.1161/JAHA.114.001138
http://www.ncbi.nlm.nih.gov/pubmed/25559010
http://doi.org/10.1080/14789450.2017.1291347
http://www.ncbi.nlm.nih.gov/pubmed/28162022
http://doi.org/10.1080/15216540500380871
http://www.ncbi.nlm.nih.gov/pubmed/16511968
http://doi.org/10.1016/j.molmed.2016.01.004
http://doi.org/10.3390/toxins11110660
http://doi.org/10.3389/fphys.2015.00187
http://doi.org/10.1016/j.coi.2017.10.005
http://doi.org/10.1016/j.freeradbiomed.2018.08.005
http://doi.org/10.1089/ars.2012.4547.test
http://doi.org/10.3389/fphys.2014.00415
http://www.ncbi.nlm.nih.gov/pubmed/25389409
http://doi.org/10.1001/jama.293.13.1653
http://www.ncbi.nlm.nih.gov/pubmed/15811985
http://doi.org/10.1016/j.mam.2020.100851
http://www.ncbi.nlm.nih.gov/pubmed/32660714
http://doi.org/10.1155/2013/523652
http://www.ncbi.nlm.nih.gov/pubmed/23781295
http://doi.org/10.1016/S0014-5793(99)00271-9


J. Clin. Med. 2021, 10, 427 34 of 39

109. Schaer, C.A.; Schoedon, G.; Imhof, A.; Kurrer, M.O.; Schaer, D.J. Constitutive endocytosis of CD163 mediates hemoglobin-heme
uptake and determines the noninflammatory and protective transcriptional response of macrophages to hemoglobin. Circ. Res.
2006, 99, 943–950. [CrossRef]

110. Chiabrando, D.; Vinchi, F.; Fiorito, V.; Tolosano, E. Haptoglobin and Hemopexin in Heme Detoxification and Iron Recycling.
In Acute Phase Proteins—Regulation and Functions of Acute Phase Proteins; Veas, F., Ed.; InTech: London, UK, 2011; pp. 261–288.

111. Vijayan, V.; Wagener, F.A.D.T.G.; Immenschuh, S. The macrophage heme-heme oxygenase-1 system and its role in inflammation.
Biochem. Pharmacol. 2018, 153, 159–167. [CrossRef]

112. Duvigneau, J.C.; Esterbauer, H.; Kozlov, A.V. Role of heme oxygenase as a modulator of heme-mediated Pathways. Antioxidants
2019, 8, 475. [CrossRef]

113. Kumar, S.; Bandyopadhyay, U. Free heme toxicity and its detoxification systems in human. Toxicol. Lett. 2005, 157, 175–188.
[CrossRef]

114. Gozzelino, R.; Jeney, V.; Soares, M.P. Mechanisms of cell protection by heme oxygenase-1. Annu. Rev. Pharmacol. Toxicol. 2010, 50,
323–354. [CrossRef]

115. Balla, J.; Jacob, H.S.; Balla, G.; Nath, K.; Eaton, J.W.; Vercellotti, G.M. Endothelial-cell heme uptake from heme proteins: Induction
of sensitization and desensitization to oxidant damage. Proc. Natl. Acad. Sci. USA 1993, 90, 9285–9289. [CrossRef] [PubMed]

116. Umbreit, J. Methemoglobin—It’s not just blue: A concise review. Am. J. Hematol. 2007, 82, 134–144. [CrossRef] [PubMed]
117. Gouveia, Z.; Carlos, A.R.; Yuan, X.; Aires-da-Silva, F.; Stocker, R.; Maghzal, G.J.; Leal, S.S.; Gomes, C.M.; Todorovic, S.; Iranzo, O.;

et al. Characterization of plasma labile heme in hemolytic conditions. FEBS J. 2017, 284, 3278–3301. [CrossRef] [PubMed]
118. 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]
119. Schaer, D.J.; Buehler, P.W.; Alayash, A.I.; Belcher, J.D.; Vercellotti, G.M. Hemolysis and free hemoglobin revisited: Exploring

hemoglobin and hemin scavengers as a novel class of therapeutic proteins. Blood 2013, 121, 1276–1284. [CrossRef]
120. Ascenzi, P.; di Masi, A.; Fanali, G.; Fasano, M. Heme-based catalytic properties of human serum albumin. Cell Death Discov. 2015,

1, 15025. [CrossRef]
121. Kamal, J.K.A.; Behere, D.V. Binding of heme to human serum albumin: Steady-state fluorescence, circular dichroism and optical

difference spectroscopic studies. Indian J. Biochem. Biophys. 2005, 42, 7–12.
122. Morgan, W.T.; Heng Liem, H.; Sutor, R.P.; Muller-Eberhard, U. Transfer of heme from heme-albumin to hemopexin. Biochim.

Biophys. Acta Gen. Subj. 1976, 444, 435–445. [CrossRef]
123. Hrkal, Z.; Vodrazka, Z.; Kalousek, I. Transfer of heme from ferrihemoglobin and ferrihemoglobin isolated chains to hemopexin.

Eur. J. Biochem. 1974, 43, 73–78. [CrossRef]
124. Hvidberg, V.; Maniecki, M.B.; Jacobsen, C.; Højrup, P.; Møller, H.J.; Moestrup, S.K. Identification of the receptor scavenging

hemopexin-heme complexes. Blood 2005, 106, 2572–2579. [CrossRef]
125. Leff, J.A.; Kennedy, D.A.; Terada, L.S.; Emmett, M.; McCutchan, H.J.; Walden, D.L.; Repine, J.E. Reperfusion of ischemic skeletal

muscle causes erythrocyte hemolysis and decreases subsequent oxidant-mediated lung injury. J. Lab. Clin. Med. 1991, 118,
352–358. [PubMed]

126. Strobel, E. Hemolytic transfusion reactions. Transfus. Med. Hemother. 2008, 35, 346–353. [CrossRef] [PubMed]
127. Presley, T.; Bain, L.; Ballas, S.; Nichols, J.; Sabio, H.; Gladwin, M.; Kato, G.J.; Kim-Shapiro, D. The mechanism of hemolysis in

sickle cell anemia. Blood 2008, 112, 1439. [CrossRef]
128. Wu, B.; Wu, Y.; Tang, W. Heme Catabolic Pathway in Inflammation and Immune Disorders. Front. Pharmacol. 2019, 10, 825.

[CrossRef]
129. Dutra, F.F.; Bozza, M.T. Heme on innate immunity and inflammation. Front. Pharmacol. 2014, 5, 1–20. [CrossRef] [PubMed]
130. Porto, B.N.; Alves, L.S.; Fernández, P.L.; Dutra, T.P.; Figueiredo, R.T.; Graça-Souza, A.V.; Bozza, M.T. Heme induces neutrophil

migration and reactive oxygen species generation through signaling pathways characteristic of chemotactic receptors. J. Biol.
Chem. 2007, 282, 24430–24436. [CrossRef]

131. Chiabrando, D.; Vinchi, F.; Fiorito, V.; Mercurio, S.; Tolosano, E. Heme in pathophysiology: A matter of scavenging, metabolism
and trafficking across cell membranes. Front. Pharmacol. 2014, 5, 61. [CrossRef] [PubMed]

132. Jeney, V.; Balla, J.; Yachie, A.; Varga, Z.; Vercellotti, G.M.; Eaton, J.W.; Balla, G. Pro-oxidant and cytotoxic effects of circulating
heme. Blood 2002, 100, 879–887. [CrossRef]

133. Wegiel, B.; Hauser, C.J.; Otterbein, L.E. Heme as a danger molecule in pathogen recognition. Free Radic. Biol. Med. 2015, 89,
651–661. [CrossRef] [PubMed]

134. Hod, E.A. Consequences of hemolysis: Pro-inflammatory cytokine response to erythrophagocytosis. Transfus. Clin. Biol. 2019, 26,
125–127. [CrossRef]

135. Dutra, F.F.; Alves, L.S.; Rodrigues, D.; Fernandez, P.L.; de Oliveira, R.B.; Golenbock, D.T.; Zamboni, D.S.; Bozza, M.T. Hemolysis-
induced lethality involves inflammasome activation by heme. Proc. Natl. Acad. Sci. USA 2014, 111, E4110–E4118. [CrossRef]
[PubMed]

136. Nader, E.; Romana, M.; Connes, P. The red blood cell—Inflammation vicious circle in sickle cell disease. Front. Immunol. 2020, 11,
454. [CrossRef] [PubMed]

http://doi.org/10.1161/01.RES.0000247067.34173.1b
http://doi.org/10.1016/j.bcp.2018.02.010
http://doi.org/10.3390/antiox8100475
http://doi.org/10.1016/j.toxlet.2005.03.004
http://doi.org/10.1146/annurev.pharmtox.010909.105600
http://doi.org/10.1073/pnas.90.20.9285
http://www.ncbi.nlm.nih.gov/pubmed/8415693
http://doi.org/10.1002/ajh.20738
http://www.ncbi.nlm.nih.gov/pubmed/16986127
http://doi.org/10.1111/febs.14192
http://www.ncbi.nlm.nih.gov/pubmed/28783254
http://doi.org/10.1002/2211-5463.12103
http://doi.org/10.1182/blood-2012-11-451229
http://doi.org/10.1038/cddiscovery.2015.25
http://doi.org/10.1016/0304-4165(76)90387-1
http://doi.org/10.1111/j.1432-1033.1974.tb03386.x
http://doi.org/10.1182/blood-2005-03-1185
http://www.ncbi.nlm.nih.gov/pubmed/1940577
http://doi.org/10.1159/000154811
http://www.ncbi.nlm.nih.gov/pubmed/21512623
http://doi.org/10.1182/blood.V112.11.1439.1439
http://doi.org/10.3389/fphar.2019.00825
http://doi.org/10.3389/fphar.2014.00115
http://www.ncbi.nlm.nih.gov/pubmed/24904418
http://doi.org/10.1074/jbc.M703570200
http://doi.org/10.3389/fphar.2014.00061
http://www.ncbi.nlm.nih.gov/pubmed/24782769
http://doi.org/10.1182/blood.V100.3.879
http://doi.org/10.1016/j.freeradbiomed.2015.08.020
http://www.ncbi.nlm.nih.gov/pubmed/26456060
http://doi.org/10.1016/j.tracli.2019.02.005
http://doi.org/10.1073/pnas.1405023111
http://www.ncbi.nlm.nih.gov/pubmed/25225402
http://doi.org/10.3389/fimmu.2020.00454
http://www.ncbi.nlm.nih.gov/pubmed/32231672


J. Clin. Med. 2021, 10, 427 35 of 39

137. Humayun, F.; Domingo-Fernández, D.; Paul George, A.A.; Hopp, M.-T.; Syllwasschy, B.F.; Detzel, M.S.; Hoyt, C.T.; Hofmann-
Apitius, M.; Imhof, D. A computational approach for mapping heme biology in the context of hemolytic disorders. Front. Bioeng.
Biotechnol. 2020, 8, 74. [CrossRef] [PubMed]

138. Brown, W.H. The relation of hematin to pathological pigment formation. J. Exp. Med. 1911, 14, 612–622. [CrossRef]
139. Küster, W. Beiträge zur Kenntnis des Bilirubins und Hämins. Hoppe Seylers Z. Physiol. Chem. 1912, 82, 463. [CrossRef]
140. Brown, W.H.; Loevenhart, A.S. The effect of hemati on the circulation and respiration. J. Exp. Med. 1913, 18, 107–112. [CrossRef]
141. Brown, W.H. The renal complications of hematin intoxification and their relation to Malaria. Arch. Intern. Med. 1913, 12, 315–321.

[CrossRef]
142. Brown, W.H. Malarial pigment (hematin) as an active factor in the production of the blood picture of malaria. J. Exp. Med. 1913,

18, 96–106. [CrossRef]
143. Anderson, W.A.D.; Morrison, D.B.; Williams, E.F. Pathologic changes following injections of ferrihemate (hematin) in dogs. Arch.

Pathol. 1942, 33, 589–602.
144. Corcoran, A.C.; Page, I.H. Renal damage from ferroheme pigments myoglobin, hemoglobin, hematin. Tex. Rep. Biol. Med. 1945, 3,

528–544.
145. Gessler, U.; Loreth, A.; Schröder, K.; Steinhausen, M. Experimentelle Untersuchungen über die glomeruläre Filtration anurischer

Ratten nach Hämatinvergiftung. Klin. Wochenschr. 1966, 44, 628–633. [CrossRef] [PubMed]
146. Bonkowsky, H.L.; Tschudy, D.P.; Collins, A.; Doherty, J.; Bossenmaier, I.; Cardinal, R.; Watson, C.J. Repression of the overproduc-

tion of porphyrin precursors in acute intermittent porphyria by intravenous infusions of hematin. Proc. Natl. Acad. Sci. USA 1971,
68, 2725–2729. [CrossRef] [PubMed]

147. Lips, D.L.; Pierach, C.A.; Edwards, P.S. Hematin toxicity in rats. Toxicol. Lett. 1978, 2, 329–332. [CrossRef]
148. Watson, C.J.; Pierach, C.A.; Bossenmaier, I.; Cardinal, R. Postulated deficiency of hepatic heme and repair by hematin infusions in

the “inducible” hepatic porphyrias. Proc. Natl. Acad. Sci. USA 1977, 74, 2118–2120. [CrossRef] [PubMed]
149. Watson, C.J.; Pierach, C.A.; Bossenmaier, I.; Cardinal, R. The effect of hematin in “inducible” hepatic porphyria. In Diagnosis and

Therapy of Porphyrias and Lead Intoxication; Springer: Berlin, Germany, 1978; pp. 100–102.
150. Anderson, K.E.; Collins, S. Open-label study of hemin for acute porphyria: Clinical practice implications. Am. J. Med. 2006, 119,

e1–e6. [CrossRef]
151. Dhar, G.J.; Bossenmaier, I.; Petryka, Z.J.; Cardinal, R.; Watson, C.J. Effect of hematin in hepatic porphyria: Further studies. Ann.

Intern. Med. 1975, 83, 20–30. [CrossRef]
152. Lamon, J.M.; Frykholm, B.C.; Hess, R.A.; Tschudy, D.P. Hematin therapy for acute porphyria. Medicine 1979, 58, 252–269.

[CrossRef]
153. Morris, D.L.; Dudley, M.D.; Pearson, R.D. Coagulopathy associated with hematin treatment for acute intermittent porphyria.

Ann. Intern. Med. 1981, 95, 700–701. [CrossRef]
154. McColl, K.E.; Moore, M.R.; Thompson, G.G.; Goldberg, A. Treatment with haematin in acute hepatic porphyria. Q. J. Med. 1981,

50, 161–174.
155. Bloomer, J.R.; Pierach, C.A. Effect of hematin administration to patients with protoporphyria and liver disease. Hepatology 1982, 2,

817–821. [CrossRef]
156. Simionatto, C.S.; Cabal, R.; Jones, R.L.; Galbraith, R.A. Thrombophlebitis and disturbed hemostasis following administration of

intravenous hematin in normal volunteers. Am. J. Med. 1988, 85, 538–540. [CrossRef]
157. Goetsch, C.A.; Bissell, D.M. Instability of hematin used in the treatment of acute hepatic porphyria. N. Engl. J. Med. 1986, 315,

235–238. [CrossRef] [PubMed]
158. Tenhunen, R.; Tokola, O.; Lindén, I.-B. Haem arginate: A new stable haem compound. J. Pharm. Pharmacol. 1987, 39, 780–786.

[CrossRef] [PubMed]
159. Balla, J.; Balla, G.; Kakuk, G.; Nath, K.A.; Jacob, H.S.; Vercellotti, G.M. Heme arginate and the endothelium: Mechanism for its

safety in porphyria. J. Investig. Med. 1996, 44, 214a.
160. Balla, J.; Balla, G.; Jeney, V.; Kakuk, G.; Jacob, H.S.; Vercellotti, G.M. Ferriporphyrins and endothelium: A 2-edged sword—

promotion of oxidation and induction of cytoprotectants. Blood 2000, 95, 3442–3450. [CrossRef]
161. Mustajoki, P.; Tenhunen, R.; Tokola, O.; Gothoni, G. Haem arginate in the treatment of acute hepatic porphyrias. Br. Med. J. Clin.

Res. Ed. 1986, 293, 538–539. [CrossRef]
162. Ruutu, T.; Volin, L.; Tenhunen, R. Haem arginate as a treatment for myelodysplastic syndromes. Br. J. Haematol. 1987, 65, 425–428.

[CrossRef]
163. Marsden, J.T.; Guppy, S.; Stein, P.; Cox, T.M.; Badminton, M.; Gardiner, T.; Barth, J.H.; Stewart, M.F.; Rees, D.C. Audit of the use of

regular haem arginate infusions in patients with acute porphyria to prevent recurrent symptoms. JIMD Rep. 2015, 22, 57–65.
164. Mustajoki, P.; Nordmann, Y. Early administration of heme arginate for acute porphyric attacks. Arch. Intern Med. 1993, 153,

2004–2008. [CrossRef]
165. Herrick, A.L.; Moore, M.R.; Mccoll, K.E.L.; Cook, A.; Goldberg, A. Controlled trial of haem arginate in acute hepatic porphyria.

Lancet 1989, 333, 1295–1297. [CrossRef]
166. Bonkovsky, H.L.; Healey, J.F.; Lourie, A.N.; Gerron, G.G. Intravenous heme-albumin in acute intermittent porphyria: Evidence

for repletion of hepatic hemoproteins and regulatory heme pools. Am. J. Gastroenterol. 1991, 86, 1050–1056. [PubMed]

http://doi.org/10.3389/fbioe.2020.00074
http://www.ncbi.nlm.nih.gov/pubmed/32211383
http://doi.org/10.1084/jem.14.6.612
http://doi.org/10.1515/bchm2.1912.82.6.463
http://doi.org/10.1084/jem.18.1.107
http://doi.org/10.1001/archinte.1913.00070030072007
http://doi.org/10.1084/jem.18.1.96
http://doi.org/10.1007/BF01745893
http://www.ncbi.nlm.nih.gov/pubmed/6011129
http://doi.org/10.1073/pnas.68.11.2725
http://www.ncbi.nlm.nih.gov/pubmed/5288250
http://doi.org/10.1016/0378-4274(78)90034-6
http://doi.org/10.1073/pnas.74.5.2118
http://www.ncbi.nlm.nih.gov/pubmed/266732
http://doi.org/10.1016/j.amjmed.2006.05.026
http://doi.org/10.7326/0003-4819-83-1-20
http://doi.org/10.1097/00005792-197905000-00005
http://doi.org/10.7326/0003-4819-95-6-700
http://doi.org/10.1002/hep.1840020613
http://doi.org/10.1016/S0002-9343(88)80092-5
http://doi.org/10.1056/NEJM198607243150406
http://www.ncbi.nlm.nih.gov/pubmed/3724815
http://doi.org/10.1111/j.2042-7158.1987.tb05119.x
http://www.ncbi.nlm.nih.gov/pubmed/2891815
http://doi.org/10.1182/blood.V95.11.3442
http://doi.org/10.1136/bmj.293.6546.538-a
http://doi.org/10.1111/j.1365-2141.1987.tb04144.x
http://doi.org/10.1001/archinte.1993.00410170078008
http://doi.org/10.1016/S0140-6736(89)92688-3
http://www.ncbi.nlm.nih.gov/pubmed/1713408


J. Clin. Med. 2021, 10, 427 36 of 39

167. Anderson, K.E.; Bonkovsky, H.L.; Bloomer, J.R.; Shedlofsky, S.I. Reconstitution of hematin for intravenous infusion. Ann. Intern.
Med. 2006, 144, 537. [CrossRef] [PubMed]

168. Gajra, A.; Vajpayee, N.; Singh, M.; Coyle, T.E.; Wright, J. Hematin induced coagulopathy in acute intermittent porphyria: A case
report. Blood 2000, 96, 82b.

169. Glueck, R.; Green, D.; Cohen, I.; Ts’ao, C. Hematin: Unique effects on hemostasis. Blood 1983, 61, 243–249. [CrossRef] [PubMed]
170. Roshal, M.; Reyes Gil, M. Activated partial thromboplastin time. In Transfusion Medicine and Hemostasis: Clinical and Laboratory

Aspects; Shaz, B.H., Hillyer, C.D., Gil, M.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 779–781.
171. Zimring, J.C. Prothrombin time. In Transfusion Medicine and Hemostasis: Clinical and Laboratory Aspects; Hillyer, C.D., Shaz, B.H.,

Zimring, J.C., Abshire, T.C., Eds.; Elsevier: Amsterdam, The Netherlands, 2009; pp. 607–610.
172. Yuan, S.; Ferrell, C.; Chandler, W.L. Comparing the prothrombin time INR versus the APTT to evaluate the coagulopathy of acute

trauma. Thromb. Res. 2007, 120, 29–37. [CrossRef] [PubMed]
173. Barnard, R.D. The effect of saccharin ingestion on blood coagulation and the in vitro anticoagulant effect of saccharin and of

ferriheme. J. Am. Pharm. Assoc. Sci. Ed. 1947, 36, 225–228. [CrossRef]
174. Green, D.; Reynolds, N.; Klein, J.; Kohl, H.; Ts’ao, C.H. The inactivation of hemostatic factors by hematin. J. Lab. Clin. Med. 1983,

102, 361–369. [PubMed]
175. Jones, R.L. Hematin-derived anticoagulant. Generation in vitro and in vivo. J. Exp. Med. 1986, 163, 724–739. [CrossRef]
176. Becker, C.G.; Wagner, M.; Kaplan, A.P.; Silverberg, M.; Grady, R.W.; Liem, H.; Muller-Eberhard, U. Activation of factor XII-

dependent pathways in human plasma by hematin and protoporphyrin. J. Clin. Investig. 1985, 76, 413–419. [CrossRef]
177. Volin, L.; Rasi, V.; Vahtera, E.; Tenhunen, R. Heme arginate: Effects on hemostasis. Blood 1988, 71, 625–628. [CrossRef]
178. Green, D.; Ts’ao, C. Hematin: Effects on hemostasis. J. Lab. Clin. Med. 1990, 115, 144–147. [PubMed]
179. Huang, Y.; Komatsu, T.; Nakagawa, A.; Tsuchida, E.; Kobayashi, S. Compatibility in vitro of albumin-heme (O2 carrier) with

blood cell components. J. Biomed. Mater. Res. 2003, 66, 292–297. [CrossRef] [PubMed]
180. Rochefort, G.Y.; Libgot, R.; Desbuards, N.; Schlecht, D.; Halimi, J.M.; Ossant, F.; Eder, V.; Antier, D. Effect of the heme oxygenase

inducer hemin on blood haemostasis measured by high-frequency ultrasound. Clin. Exp. Pharmacol. Physiol. 2007, 34, 1272–1275.
[CrossRef] [PubMed]

181. Desbuards, N.; Rochefort, G.Y.; Schlecht, D.; Machet, M.-C.; Halimi, J.-M.; Eder, V.; Hyvelin, J.-M.; Antier, D. Heme oxygenase-1
inducer hemin prevents vascular thrombosis. Thromb. Haemost. 2007, 98, 614–620. [CrossRef] [PubMed]

182. Marcantoni, E.; Di Francesco, L.; Dovizio, M.; Bruno, A.; Patrignani, P. Novel Insights into the vasoprotective role of heme
oxygenase-1. Int. J. Hypertens. 2012, 2012, 1–12. [CrossRef]

183. Kim, Y.-M.; Pae, H.-O.; Park, J.E.; Lee, Y.C.; Woo, J.M.; Kim, N.-H.; Choi, Y.K.; Lee, B.-S.; Kim, S.R.; Chung, H.-T. Heme oxygenase
in the regulation of vascular biology: From molecular mechanisms to therapeutic opportunities. Antioxid. Redox Signal. 2011, 14,
137–167. [CrossRef]

184. Fei, D.; Meng, X.; Zhao, M.M.; Kang, K.A.I.; Tan, G.; Pan, S.; Luo, Y.; Liu, W.E.N.; Nan, C.; Jiang, H.; et al. Enhanced induction
of heme oxygenase-1 suppresses thrombus formation and affects the protein C system in sepsis. Transl. Res. 2012, 159, 99–109.
[CrossRef]

185. Hassaan, P.S.; Mehanna, R.A.; Dief, A.E. The potential role of hemopexin and heme oxygenase-1 inducer in a model of sepsis.
Physiol. J. 2015, 2015, 1–10. [CrossRef]

186. De Souza, G.R.; Hounkpe, B.W.; Fiusa, M.M.L.; Colella, M.P.; Annichino-Bizzacchi, J.M.; Traina, F.; Costa, F.F.; De Paula, E.V.
Tissue factor-dependent coagulation activation by heme: A thromboelastometry study. PLoS ONE 2017, 12, 1–10. [CrossRef]

187. Hopp, M.-T.; Alhanafi, N.; Paul George, A.A.; Hamedani, N.S.; Biswas, A.; Oldenburg, J.; Pötzsch, B.; Imhof, D. Molecular
insights and functional consequences of the interaction of heme with activated protein C. Antioxid. Redox Signal. 2021, 34, 32–48.
[CrossRef]

188. Spronk, H.M.H.; Govers-Riemslag, J.W.P.; Ten Cate, H. The blood coagulation system as a molecular machine. BioEssays 2003, 25,
1220–1228. [CrossRef] [PubMed]

189. Periayah, M.H.; Halim, A.S.; Mat Saad, A.Z. Mechanism action of platelets and crucial blood coagulation pathways in hemostasis.
Int. J. Hematol. Stem Cell Res. 2017, 11, 319–327.

190. Peterson, D.; Gerrard, J.; Glover, S.; Rao, G.; White, J. Epinephrine reduction of heme: Implication for understanding the
transmission of an agonist stimulus. Science 1982, 215, 71–73. [CrossRef] [PubMed]

191. Malik, Z.; Creter, D.; Cohen, A.; Djaldetti, M. Haemin affects platelet aggregation and lymphocyte mitogenicity in whole blood
incubations. Cytobios 1983, 38, 33–38.

192. Neely, S.M.; Gardner, D.; Reynolds, N.; Green, D.; Ts’ao, C. Mechanism and characteristics of platelet activation by haematin. Br.
J. Haematol. 1984, 58, 305–316. [CrossRef]

193. Volin, L.; Ruutu, T.; Knuutila, S.; Tenhunen, R. Heme arginate treatment for myelodysplastic syndromes. Leuk. Res. 1988, 12,
423–431. [CrossRef]

194. Komatsu, T.; Huang, Y.; Wakamoto, S.; Abe, H.; Fujihara, M.; Azuma, H.; Ikeda, H.; Yamamoto, H.; Horinouchi, H.; Kobayashi,
K.; et al. Influence of O2-carrying plasma hemoprotein “albumin-heme” on complement system and platelet activationin vitro
and physiological responses to exchange transfusion. J. Biomed. Mater. Res. Part A 2007, 81, 821–826. [CrossRef]

195. Peng, L.; Mundada, L.; Stomel, J.M.; Liu, J.J.; Sun, J.; Yet, S.-F.; Fay, W.P. Induction of heme oxygenase-1 expression inhibits
platelet-dependent thrombosis. Antioxid. Redox Signal. 2004, 6, 729–735. [CrossRef]

http://doi.org/10.7326/0003-4819-144-7-200604040-00023
http://www.ncbi.nlm.nih.gov/pubmed/16585674
http://doi.org/10.1182/blood.V61.2.243.243
http://www.ncbi.nlm.nih.gov/pubmed/6821696
http://doi.org/10.1016/j.thromres.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16887171
http://doi.org/10.1002/jps.3030360802
http://www.ncbi.nlm.nih.gov/pubmed/6411843
http://doi.org/10.1084/jem.163.3.724
http://doi.org/10.1172/JCI111987
http://doi.org/10.1182/blood.V71.3.625.625
http://www.ncbi.nlm.nih.gov/pubmed/2405084
http://doi.org/10.1002/jbm.a.10573
http://www.ncbi.nlm.nih.gov/pubmed/12888999
http://doi.org/10.1111/j.1440-1681.2007.04720.x
http://www.ncbi.nlm.nih.gov/pubmed/17973866
http://doi.org/10.1160/TH06-12-0717
http://www.ncbi.nlm.nih.gov/pubmed/17849050
http://doi.org/10.1155/2012/127910
http://doi.org/10.1089/ars.2010.3153
http://doi.org/10.1016/j.trsl.2011.10.009
http://doi.org/10.1155/2015/208485
http://doi.org/10.1371/journal.pone.0176505
http://doi.org/10.1089/ars.2019.7992
http://doi.org/10.1002/bies.10360
http://www.ncbi.nlm.nih.gov/pubmed/14635257
http://doi.org/10.1126/science.6274020
http://www.ncbi.nlm.nih.gov/pubmed/6274020
http://doi.org/10.1111/j.1365-2141.1984.tb06089.x
http://doi.org/10.1016/0145-2126(88)90062-8
http://doi.org/10.1002/jbm.a.31016
http://doi.org/10.1089/1523086041361677


J. Clin. Med. 2021, 10, 427 37 of 39

196. NaveenKumar, S.K.; SharathBabu, B.N.; Hemshekhar, M.; Kemparaju, K.; Girish, K.S.; Mugesh, G. The role of reactive oxygen
species and ferroptosis in heme-mediated activation of human platelets. ACS Chem. Biol. 2018, 13, 1996–2002. [CrossRef]

197. Hebbel, R.P.; Key, N.S. Microparticles in sickle cell anaemia: Promise and pitfalls. Br. J. Haematol. 2016, 174, 16–29. [CrossRef]
198. NaveenKumar, S.K.; Hemshekhar, M.; Kemparaju, K.; Girish, K.S. Hemin-induced platelet activation and ferroptosis is mediated

through ROS-driven proteasomal activity and inflammasome activation: Protection by melatonin. Biochim. Biophys. Acta Mol.
Basis Dis. 2019, 1865, 2303–2316. [CrossRef] [PubMed]

199. Bourne, J.H.; Colicchia, M.; Di, Y.; Martin, E.; Slater, A.; Roumenina, L.T.; Dimitrov, J.D.; Watson, S.P.; Rayes, J. Heme induces
human and mouse platelet activation through C-type-lectin-like receptor-2. Haematologica 2020. [CrossRef] [PubMed]

200. Wang, M.; Hao, H.; Leeper, N.J.; Zhu, L. Thrombotic regulation from the endothelial cell perspectives. Arterioscler. Thromb. Vasc.
Biol. 2018, 38, e90–e95. [CrossRef] [PubMed]

201. Neely, S.M.; Gardner, D.V.; Green, D.; Ts’ao, C.H. Effect of hematin on endothelial cells and endothelial cell-platelet interactions.
Am. J. Pathol. 1984, 115, 390–396.

202. Balla, G.; Vercollotti, G.; Muller-Eberhard, U.; Eaton, J.; Jacob, H.S. Exposure of endothelial cells to free heme potentiates damage
mediated by granulocytes and toxic oxygen species. Lab. Investig. 1991, 64, 648–655.

203. 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. Arterioscler. Thromb. A J. Vasc. Biol. 1991, 11, 1700–1711. [CrossRef]

204. Woollard, K.J.; Sturgeon, S.; Chin-Dusting, J.P.F.; Salem, H.H.; Jackson, S.P. Erythrocyte hemolysis and hemoglobin oxidation
promote ferric chloride-induced vascular injury. J. Biol. Chem. 2009, 284, 13110–13118. [CrossRef]

205. Higdon, A.N.; Benavides, G.A.; Chacko, B.K.; Ouyang, X.; Johnson, M.S.; Landar, A.; Zhang, J.; Darley-Usmar, V.M. Hemin causes
mitochondrial dysfunction in endothelial cells through promoting lipid peroxidation: The protective role of autophagy. Am. J.
Physiol. Circ. Physiol. 2012, 302, H1394–H1409. [CrossRef]

206. Belcher, J.D.; Chen, C.; Nguyen, J.; Milbauer, L.; Abdulla, F.; Alayash, A.I.; Smith, A.; Nath, K.A.; Hebbel, R.P.; Vercellotti, G.M.;
et al. Heme triggers TLR4 signaling leading to endothelial cell activation and vaso-occlusion in murine sickle cell disease. Blood
2014, 123, 377–390. [CrossRef]

207. Camus, S.M.; De Moraes, J.A.; Bonnin, P.; Abbyad, P.; Le Jeune, S.; Lionnet, F.; Loufrani, L.; Grimaud, L.; Lambry, J.-C.; Charue,
D.; et al. Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell
disease. Blood 2015, 125, 3805–3814. [CrossRef]

208. Singla, S.; Sysol, J.R.; Dille, B.; Jones, N.; Chen, J.; Machado, R.F. Hemin causes lung microvascular endothelial barrier dysfunction
by necroptotic cell death. Am. J. Respir. Cell Mol. Biol. 2017, 57, 307–314. [CrossRef] [PubMed]

209. May, O.; Merle, N.S.; Grunenwald, A.; Gnemmi, V.; Leon, J.; Payet, C.; Robe-Rybkine, T.; Paule, R.; Delguste, F.; Satchell, S.C.; et al.
Heme drives susceptibility of glomerular endothelium to complement overactivation due to inefficient upregulation of heme
oxygenase-1. Front. Immunol. 2018, 9, 3008. [CrossRef] [PubMed]

210. Merle, N.S.; Grunenwald, A.; Rajaratnam, H.; Gnemmi, V.; Frimat, M.; Figueres, M.L.; Knockaert, S.; Bouzekri, S.; Charue, D.;
Noe, R.; et al. Intravascular hemolysis activates complement via cell-free heme and heme-loaded microvesicles. JCI Insight 2018,
3, e96910. [CrossRef] [PubMed]

211. Byrnes, J.R.; Wolberg, A.S. Red blood cells in thrombosis. Blood 2017, 130, 1795–1799. [CrossRef] [PubMed]
212. Chou, A.C.; Fitch, C.D. Mechanism of hemolysis induced by ferriprotoporphyrin IX. J. Clin. Investig. 1981, 68, 672–677. [CrossRef]

[PubMed]
213. Shaklai, N.; Shviro, Y.; Rabizadeh, E.; Kirschner-Zilber, I. Accumulation and drainage of hemin in the red cell membrane. Biochim.

Biophys. Acta Biomembr. 1985, 821, 355–366. [CrossRef]
214. Liu, S.C.; Zhai, S.; Lawler, J.; Palek, J. Hemin-mediated dissociation of erythrocyte membrane skeletal proteins. J. Biol. Chem. 1985,

260, 12234–12239. [CrossRef]
215. Das, D.; Patra, M.; Chakrabarti, A. Binding of hemin, hematoporphyrin, and protoporphyrin with erythroid spectrin: Fluorescence

and molecular docking studies. Eur. Biophys. J. 2015, 44, 171–182. [CrossRef]
216. Elstad, M.R.; McIntyre, T.M.; Prescott, S.M.; Zimmerman, G.A. The interaction of leukocytes with platelets in blood coagulation.

Curr. Opin. Hematol. 1995, 2, 47–54. [CrossRef]
217. Swystun, L.L.; Liaw, P.C. The role of leukocytes in thrombosis. Blood 2016, 128, 753–762. [CrossRef]
218. Iba, T.; Miki, T.; Hashiguchi, N.; Tabe, Y.; Nagaoka, I. Is the neutrophil a ‘prima donna’ in the procoagulant process during sepsis?

Crit. Care 2014, 18, 230. [CrossRef] [PubMed]
219. Smith, D.J.; Winslow, R.M. Effects of extraerythrocytic hemoglobin and its components on mononuclear cell procoagulant activity.

J. Lab. Clin. Med. 1992, 119, 176–182. [PubMed]
220. Wagener, F.A.D.T.G.; Eggert, A.; Boerman, O.C.; Oyen, W.J.G.; Verhofstad, A.; Abraham, N.G.; Adema, G.; Van Kooyk, Y.;

De Witte, T.; Figdor, C.G. Heme is a potent inducer of inflammation in mice and is counteracted by heme oxygenase. Blood 2001,
98, 1802–1811. [CrossRef]

221. Arruda, M.A.; Rossi, A.G.; de Freitas, M.S.; Barja-Fidalgo, C.; Graça-Souza, A.V. Heme inhibits human neutrophil apoptosis:
Involvement of phosphoinositide 3-kinase, MAPK, and NF-κB. J. Immunol. 2004, 173, 2023–2030. [CrossRef] [PubMed]

222. Graça-Souza, A.V.; Arruda, M.A.B.; De Freitas, M.S.; Barja-Fidalgo, C.; Oliveira, P.L. Neutrophil activation by heme: Implications
for inflammatory processes. Blood 2002, 99, 4160–4165. [CrossRef]

http://doi.org/10.1021/acschembio.8b00458
http://doi.org/10.1111/bjh.14112
http://doi.org/10.1016/j.bbadis.2019.05.009
http://www.ncbi.nlm.nih.gov/pubmed/31102787
http://doi.org/10.3324/haematol.2020.246488
http://www.ncbi.nlm.nih.gov/pubmed/32354867
http://doi.org/10.1161/ATVBAHA.118.310367
http://www.ncbi.nlm.nih.gov/pubmed/29793992
http://doi.org/10.1161/01.ATV.11.6.1700
http://doi.org/10.1074/jbc.M809095200
http://doi.org/10.1152/ajpheart.00584.2011
http://doi.org/10.1182/blood-2013-04-495887
http://doi.org/10.1182/blood-2014-07-589283
http://doi.org/10.1165/rcmb.2016-0287OC
http://www.ncbi.nlm.nih.gov/pubmed/28421813
http://doi.org/10.3389/fimmu.2018.03008
http://www.ncbi.nlm.nih.gov/pubmed/30619356
http://doi.org/10.1172/jci.insight.96910
http://www.ncbi.nlm.nih.gov/pubmed/29925688
http://doi.org/10.1182/blood-2017-03-745349
http://www.ncbi.nlm.nih.gov/pubmed/28811305
http://doi.org/10.1172/JCI110302
http://www.ncbi.nlm.nih.gov/pubmed/7276166
http://doi.org/10.1016/0005-2736(85)90106-3
http://doi.org/10.1016/S0021-9258(17)39015-4
http://doi.org/10.1007/s00249-015-1012-2
http://doi.org/10.1097/00062752-199502010-00007
http://doi.org/10.1182/blood-2016-05-718114
http://doi.org/10.1186/cc13983
http://www.ncbi.nlm.nih.gov/pubmed/25041721
http://www.ncbi.nlm.nih.gov/pubmed/1740631
http://doi.org/10.1182/blood.V98.6.1802
http://doi.org/10.4049/jimmunol.173.3.2023
http://www.ncbi.nlm.nih.gov/pubmed/15265937
http://doi.org/10.1182/blood.V99.11.4160


J. Clin. Med. 2021, 10, 427 38 of 39

223. Wagener, F.A.D.T.G.; van Beurden, H.E.; von den Hoff, J.W.; Adema, G.J.; Figdor, C.G. The heme-heme oxygenase system:
A molecular switch in wound healing. Blood 2003, 102, 521–528. [CrossRef]

224. Chen, G.; Zhang, D.; Fuchs, T.A.; Manwani, D.; Wagner, D.D.; Frenette, P.S. Heme-induced neutrophil extracellular traps
contribute to the pathogenesis of sickle cell disease. Blood 2014, 123, 3818–3827. [CrossRef]

225. Brill, A.; Fuchs, T.A.; Savchenko, A.S.; Thomas, G.M.; Martinod, K.; De Meyer, S.F.; Bhandari, A.A.; Wagner, D.D. Neutrophil
extracellular traps promote deep vein thrombosis in mice. J. Thromb. Haemost. 2012, 10, 136–144. [CrossRef]

226. Fuchs, T.A.; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D.; Wrobleski, S.K.; Wakefield, T.W.; Hartwig,
J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880–15885. [CrossRef]

227. Ohbuchi, A.; Kono, M.; Kitagawa, K.; Takenokuchi, M.; Imoto, S.; Saigo, K. Quantitative analysis of hemin-induced neutrophil
extracellular trap formation and effects of hydrogen peroxide on this phenomenon. Biochem. Biophys. Rep. 2017, 11, 147–153.
[CrossRef]

228. Belcher, J.D.; Nguyen, J.; Chen, C.; Smith, A.; Alayash, A.I.; Nair, S.L.; Somani, A.; Hebbel, R.P.; Vercellotti, G.M. Plasma
hemoglobin and heme trigger Weibel Palade body exocytosis and vaso-occlusion in transgenic sickle mice. Blood 2011, 118, 896.
[CrossRef]

229. Howell, W.-H. Note relative a l’action photodynamique de l’hématoporphyrine sur le fibrinogéne. Arch. Int. Physiol. 1921, 18,
269–276. [CrossRef]

230. Boyd, M.J. Hematoporphyrin, an artificial proteolytic enzyme. J. Biol. Chem. 1933, 103, 249. [CrossRef]
231. Zieve, P.; Solomon, H. Effect of hematoporphyrin and light on human fibrinogen. Am. J. Physiol. Content 1966, 210, 1391–1395.

[CrossRef] [PubMed]
232. Musser, D.A.; Wagner, J.M.; Weber, F.J.; Datta-Gupta, N. The effect of tumor localizing porphyrins on the conversion of fibrinogen

to fibrin. Res. Commun. Chem. Pathol. Pharmacol. 1979, 26, 357–382.
233. Musser, D.A.; Wagner, J.M.; Weber, F.J.; Datta-Gupta, N. The binding of tumor localizing porphyrins to a fibrin matrix and their

effects following photoirradiation. Res. Commun. Chem. Pathol. Pharmacol. 1980, 28, 505–525.
234. Nielsen, V.G.; Cohen, J.B.; Malayaman, S.N.; Nowak, M.; Vosseller, K. Fibrinogen is a heme-associated, carbon monoxide sensing

molecule: A preliminary report. Blood Coagul. Fibrinolysis 2011, 22, 443–447. [CrossRef]
235. Barrera, V.; Skorokhod, O.A.; Baci, D.; Gremo, G.; Arese, P.; Schwarzer, E. Host fibrinogen stably bound to hemozoin rapidly

activates monocytes via TLR-4 and CD11b/CD18-integrin: A new paradigm of hemozoin action. Blood 2011, 117, 5674–5682.
[CrossRef]

236. Orino, K. Functional binding analysis of human fibrinogen as an iron- and heme-binding protein. BioMetals 2013, 26, 789–794.
[CrossRef]

237. Ke, Z.; Huang, Q. Haem-assisted dityrosine-cross-linking of fibrinogen under non-thermal plasma exposure: One important
mechanism of facilitated blood coagulation. Sci. Rep. 2016, 6, 1–8. [CrossRef]

238. Hou, T.; Zhang, Y.; Wu, T.; Wang, M.; Zhang, Y.; Li, R.; Wang, L.; Xue, Q.; Wang, S. Label-free detection of fibrinogen based on
fibrinogen-enhanced peroxidase activity of fibrinogen-hemin composite. Analyst 2018, 143, 725–730. [CrossRef] [PubMed]

239. Davis, R.B.; Biggs, R.; Denson, K.W.E. “Inhibitor like” effects of hematoporphyrin on factor VIII (antihaemophilic globulin).
Thromb. Haemost. 1967, 17, 299–306. [CrossRef]

240. Green, D.; Furby, F.H.; Berndt, M.C. The interaction of the VIII/von Willebrand factor complex with hematin. Thromb. Haemost.
1986, 56, 277–282. [PubMed]

241. Repessé, Y.; Dimitrov, J.D.; Peyron, I.; Moshai, E.F.; Kiger, L.; Dasgupta, S.; Delignat, S.; Marden, M.C.; Kaveri, S.V.; Lacroix-
Desmazes, S. Heme binds to factor VIII and inhibits its interaction with activated factor IX. J. Thromb. Haemost. 2012, 10, 1062–1071.
[CrossRef]

242. Sparkenbaugh, E.M.; Chantrathammachart, P.; Wang, S.; Jonas, W.; Kirchhofer, D.; Gailani, D.; Gruber, A.; Kasthuri, R.; Key, N.S.;
Mackman, N.; et al. Excess of heme induces tissue factor-dependent activation of coagulation in mice. Haematologica 2015, 100,
308–313. [CrossRef]

243. Jones, R.L. Hematin-derived anticoagulant retards fibrin formation and is inhibited by iron chelators. Ann. N. Y. Acad. Sci. 1986,
485, 418–420. [CrossRef]

244. Arkebauer, M.R.; Kanaparthy, S.S.; Malayaman, S.N.; Vosseller, K.; Nielsen, V.G. Carbon monoxide and nitric oxide modulate
α2-antiplasmin and plasmin activity. Blood Coagul. Fibrinolysis 2011, 22, 712–719. [CrossRef]

245. Wagener, F.A.D.T.G.; Feldman, E.; de Witte, T.; Abraham, N.G. Heme induces the expression of adhesion molecules ICAM-1,
VCAM-1, and E-selectin in vascular endothelial cells. Exp. Biol. Med. 1997, 216, 456–463. [CrossRef]

246. Setty, B.N.Y.; Betal, S.G.; Zhang, J.; Stuart, M.J. Heme induces endothelial tissue factor expression: Potential role in hemostatic
activation in patients with hemolytic anemia. J. Thromb. Haemost. 2008, 6, 2202–2209. [CrossRef]

247. Rehani, T.; Mathson, K.; Belcher, J.D.; Vercellotti, G.M.; Slungaard, A. Heme potently stimulates tissue factor expression by
peripheral blood monocytes: A novel mechanism for thrombosis in intravascular hemolytic diseases. Blood 2013, 122, 2215.
[CrossRef]

248. Souza, G.R.; Fiusa, M.M.L.; Lanaro, C.; Colella, M.P.; Montalvao, S.A.L.; Saad, S.T.O.; Costa, F.F.; Traina, F.; Annichino-Bizzacchi,
J.M.; De Paula, E.V. Coagulation activation by heme: Evidence from global hemostasis assays. Blood 2014, 124, 455. [CrossRef]

249. Hounkpe, B.W.; Moraes, C.R.P.; do Santos, M.N.N.; Costas, F.F.; De Paula, E.V. Heme induces mRNA expression and activation of
tissue factor by TLR4 dependent mechanisms. medRxiv 2020. [CrossRef]

http://doi.org/10.1182/blood-2002-07-2248
http://doi.org/10.1182/blood-2013-10-529982
http://doi.org/10.1111/j.1538-7836.2011.04544.x
http://doi.org/10.1073/pnas.1005743107
http://doi.org/10.1016/j.bbrep.2017.07.009
http://doi.org/10.1182/blood.V118.21.896.896
http://doi.org/10.3109/13813452109144181
http://doi.org/10.1016/S0021-9258(20)70821-5
http://doi.org/10.1152/ajplegacy.1966.210.6.1391
http://www.ncbi.nlm.nih.gov/pubmed/5923078
http://doi.org/10.1097/MBC.0b013e328345c069
http://doi.org/10.1182/blood-2010-10-312413
http://doi.org/10.1007/s10534-013-9657-8
http://doi.org/10.1038/srep26982
http://doi.org/10.1039/C7AN01661A
http://www.ncbi.nlm.nih.gov/pubmed/29322134
http://doi.org/10.1055/s-0038-1654154
http://www.ncbi.nlm.nih.gov/pubmed/3105105
http://doi.org/10.1111/j.1538-7836.2012.04724.x
http://doi.org/10.3324/haematol.2014.114728
http://doi.org/10.1111/j.1749-6632.1986.tb34606.x
http://doi.org/10.1097/MBC.0b013e32834c73f9
http://doi.org/10.3181/00379727-216-44197
http://doi.org/10.1111/j.1538-7836.2008.03177.x
http://doi.org/10.1182/blood.V122.21.2215.2215
http://doi.org/10.1182/blood.V124.21.455.455
http://doi.org/10.1101/2020.10.09.20210336


J. Clin. Med. 2021, 10, 427 39 of 39

250. May, O.; Yatime, L.; Merle, N.S.; Delguste, F.; Howsam, M.; Daugan, M.V.; Paul-Constant, C.; Billamboz, M.; Ghinet, A.; Lancel, S.;
et al. The receptor for advanced glycation end products is a sensor for cell-free heme. FEBS J. 2020. [CrossRef] [PubMed]

251. Pierach, C.A.; Rosborough, T.K. Points: Malaria, haematin, and coagulation. Br. Med. J. 1985, 290, 793. [CrossRef]
252. Thålin, C.; Hisada, Y.; Lundström, S.; Mackman, N.; Wallén, H. Neutrophil extracellular traps. Arterioscler. Thromb. Vasc. Biol.

2019, 39, 1724–1738. [CrossRef]
253. Shet, A.S.; Lizarralde-Iragorri, M.A.; Naik, R.P. The molecular basis for the prothrombotic state in sickle cell disease. Haematologica

2020, 105, 2368–2379. [CrossRef]

http://doi.org/10.1111/febs.15667
http://www.ncbi.nlm.nih.gov/pubmed/33314778
http://doi.org/10.1136/bmj.290.6470.793-c
http://doi.org/10.1161/ATVBAHA.119.312463
http://doi.org/10.3324/haematol.2019.239350

	Introduction 
	Thrombotic Complications upon Heme Injection 
	Heme-Mediated Interference in Coagulation Point-of-Care Testing 
	Heme Promotes Clotting Processes by Affecting Involved Cells 
	Heme and Platelets 
	Heme and Endothelial Cells 
	Heme and RBCs 
	Heme and Leukocytes 

	Direct Influence of Heme on Coagulation Proteins 
	Heme Interaction with Fibrin(ogen) 
	Heme Interaction with Factor VIIIa (FVIII(a)) and VWF 
	Heme Interaction with Factor V (FV) 
	Heme Interaction with Factor XII (FXII) 
	Heme Interaction with Thrombin 
	Heme Interaction with Plasmin(Ogen) 
	Heme Interaction with Adhesion Proteins 
	Upregulation of TF by Heme 
	Heme Interaction with Anticoagulant Proteins 

	Conclusions 
	References

