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Abstract: This review provides a synopsis of the published literature over the past two years on the
heme-binding protein hemopexin (HPX), with some background information on the biochemistry
of the HPX system. One focus is on the mechanisms of heme-driven pathology in the context of
heme and iron homeostasis in human health and disease. The heme-binding protein hemopexin is
a multi-functional protectant against hemoglobin (Hb)-derived heme toxicity as well as mitigating
heme-mediated effects on immune cells, endothelial cells, and stem cells that collectively contribute
to driving inflammation, perturbing vascular hemostasis and blood–brain barrier function. Heme
toxicity, which may lead to iron toxicity, is recognized increasingly in a wide range of conditions
involving hemolysis and immune system activation and, in this review, we highlight some newly
identified actions of heme and hemopexin especially in situations where normal processes fail
to maintain heme and iron homeostasis. Finally, we present preliminary data showing that the
cytokine IL-6 cross talks with activation of the c-Jun N-terminal kinase pathway in response to
heme-hemopexin in models of hepatocytes. This indicates another level of complexity in the cell
responses to elevated heme via the HPX system when the immune system is activated and/or in the
presence of inflammation.

Keywords: hemopexin; heme homeostasis; iron homeostasis; hemolysis; haptoglobin; ferroptosis;
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1. Introduction

The first direct evidence that hemopexin (HPX)-mediated heme transport links heme
(iron-protoporphyrin IX) and iron metabolism was published in 1988 [1]. In that study, heme-HPX
complexes were as effective as diferric-transferrin as a sole source of iron for the growth of mouse
hepatoma cells that were used as models of liver parenchymal cells (i.e., hepatocytes). The rate of
heme uptake via HPX is linked with cell growth and shows highest uptake in the period just before
exponential growth and slowest in the stationary phase. Also, the iron status of hepatoma cells affects
the extent of heme uptake. For example, decreasing intracellular iron with the chelator deferoxamine
increased HPX-mediated heme transport, as did inhibiting iron-dependent ribonucleotide reductase
(required for DNA synthesis).

Plasma HPX rapidly targets heme to hepatocytes [2] that respond with a cytoprotective program
involving safe trafficking of heme, its iron, and, uniquely, also copper [3]. This copper is needed
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for the coordinate induction of heme oxygenase-1 (HO1) and metallothionein genes for antioxidant
protection [4–7]. Within cells, heme delivered by heme-HPX endocytosis is quickly transported to the
nucleus relieving Bach 1 repression, thus activating HO-1 gene transcription [8,9]. Heme also travels
to the smooth endoplasmic reticulum for degradation by heme oxygenases and into mitochondria,
presumably via the mitochondrial heme exporter, FLVCR1b [10]. The heme-iron is utilized for the
Fe/iron regulatory protein (IRP)/iron response element (IRE) system to regulate proteins of iron
homeostasis at the translational level in part via storage on ferritin, thus keeping intracellular iron
levels low [6]. Overall, the regulated delivery of heme by HPX maintains cell redox homeostasis. This
is not the case when cultured cells are incubated with free “heme”, which is rapidly and extensively
taken up compared with heme-HPX endocytosis (at approximately a five-fold higher rate on a molar
basis) [11]. Heme generates ROS and, thus, is readily toxic [12]. Intracellular heme levels of 3 µM are
rapidly reached, equivalent to 1 million heme molecules in the volume of the mitochondria [13].

The liver is the principle organ that responds to changes in systemic iron signals in order to
maintain body iron homeostasis. Iron stores are regulated solely at the level of absorption not excretion.
Interestingly, the bioavailability of heme from the diet as an iron source is superior to that of inorganic
iron. However, iron, not heme, is exported into the systemic circulation because after [59Fe]heme
is placed in the lumen of isolated rat duodenum, iron-transferrin not heme-HPX is present in the
mesenteric vein [13]. This supports extensive catabolism of heme by HOs in duodenal enterocytes.

In addition, the liver is the first site of defense against dietary antigens and pathogens from the
gut. Furthermore, low levels of heme are normally present in bile providing a source of heme and iron
for gut bacteria and, thus, biliary heme is poised to influence the composition of the microbiome. In
fact, using intravenous hemin to mimic a heme overload in the plasma of mice leads to the secretion of
“black” bile [14].

The liver is an immune-responsive organ. Although, hepatocytes comprise ~90% of the liver mass,
it also has many different types of cells including immunologically active Kupffer cells, stellate cells,
and trafficking monocytes. As reviewed by Crispe [15], hepatocytes act in both innate and adaptive
immunity. Hepatocytes synthesize and secrete several proteins needed for cell defenses during distinct
pathologies ranging from ischemia, physical trauma, infections, and sepsis. These cells act not only by
providing acute phase proteins in response to the cytokine IL-6 but also to direct T- cells [15]. They also
respond to factors such as hepatocyte growth factor to synthesize IL-6. Rapid, short-term elevations
in IL-6 are part of the early warning signals to activate the immune system in response to infections
and injury. However, when IL-6 levels are sustained chronic inflammation occurs that can become
life threatening, as in sepsis. Additionally, IL-6 is often dramatically elevated in patients receiving
chimeric antigen receptor T cell therapy (CAR-T) and has been associated with both cytokine release
syndrome (CRS) and neurotoxicity in these patients. Importantly, increased CRS grade was associated
with peak IL-6 levels, peak ferritin (Ftn), and peak C-reactive protein [16]. Predictive models of CRS
based on various cytokines and biomarkers are currently being researched [17].

Here, we provide preliminary data showing that IL-6 alters the response of models of liver cells to
heme-HPX significantly limiting the extent of activation of the mitogen-activated protein kinase C-Jun
kinase activation (JNK) pathway and changing levels of its substrates that are transcription factors.
While the gene targets have not yet been identified completely, our data raise the possibility that when
IL-6 is present in the short term, such cross talk may reprogram cell responses to heme-HPX that are
normally beneficial. On the other hand, if certain protective signaling cell responses set in motion by the
HPX system are attenuated by sustained IL-6, then there may be dire consequences. Such interactions
between IL-6 and HPX may contribute to the worsening of sepsis including the development of septic
shock. In the brain, these responses might exacerbate the pathology of intracerebral hemorrhage,
traumatic brain injury or stroke where tissue and red blood cells injury is accompanied by inflammation.

The extent of damage by heme to the brain is beginning to be understood and several studies
in mice provide evidence that HPX is protective in intracerebral hemorrhage (ICH), subarachnoid
hemorrhage, and stroke. Hemopexin is present in human and rat CSF [18–20] and HPX mRNA has been
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located in ependymal cells [21], neurons [22], and glial cells [23]. Studies using HPX-null mice have
revealed a role for HPX in myelin basic protein expression by oligodendrocyte and oligodendrocyte
differentiation [23]. Hemolysis in the brain leads to disruption of the blood–brain barrier. However,
a recent study [24] on patients with brain hemorrhage (intracerebral and subarachnoid) provides
evidence that iron toxicity may be principally responsible for pathology rather than heme clearance. A
review on heme in the context of neurodegeneration, where there are known mitochondrial defects,
has recently been published in this Pharmaceutical special issue [25].

The purpose of this review was to assess from recently published research the biochemical role
for HPX in protecting against heme toxicity in hemolysis and the accompanying inflammation in order
to better define how heme- and iron-driven pathology develops in patients. Evidence supports that
HPX is protective in both the presence and absence of bacterial/pathogen infection [26]. Hemopexin
has two functions: firstly, as an extracellular antioxidant by sequestering heme and thereby protecting
molecules in biological fluids from oxidation by heme and secondly by regulating heme uptake via
heme-endocytosis which ensures redox metal homeostasis after heme and iron metabolism without
leading to oxidative stress. Our focus was predominantly on recent clinical studies. Children are
vulnerable to depletion of HPX because HPX is a developmentally regulated protein. Several studies
included have investigated HPX as a candidate biomarker, generally in a panel with additional
proteins; however, it is not always clear if the observed changes in HPX metabolism are linked solely
to hemolysis or to inflammation or, as we contend here, to both. A more thorough understanding of
the biochemistry of the HPX system may lead to novel therapeutic approaches for ameliorating or
preventing heme-related pathologies. For example, the physiologically relevant role of the scavenger
receptor LRP1/CD19 in the endocytosis of heme from Heme-HPX varies with cell type and is not fully
understood in the context of the HPX system.

2. Mechanisms of Heme Toxicity

The cell damage by hemoglobin (Hb), by its heme (and by heme’s iron) are often ascribed to
“oxidative stress”—an all-encompassing term for many different events encompassing inflammation
and cytotoxicity. Both Hb and heme damage lipoproteins in the circulation [27,28]. Several recent
studies show that high levels of heme consistent with that seen in patients with hemolytic disorders
have several effects on cells. For example, heme inhibits the proteasome; generates aggresome-like
induced structures (ALIS); activates the unfolded protein response (UPR); and activates several plasma
systems including the coagulation cascade, binding to immunoglobulins and activating the alternative
pathway of complement (see reviews by Roumenina et al. [29,30]).

Understanding these various aspects of heme toxicity for cells is of interest as well as assessing
differences among various cell types (e.g., hepatocytes, macrophages, neurons, glia, endothelial cells,
myocytes, kidney cells, and certain stem cells) in terms of their cell defenses. This information is
also needed to better define panels of biomarkers in hemolysis, oxidative stress, and inflammation to
aid in the diagnosis, prognosis, and response to therapy of patients with various hemolytic diseases
and conditions.

2.1. Heme-Related Inhibition of the Proteasome

To identify the proteins and processes involved in heme stress, changes in the proteome
phenotype of HO1+/+ and HO1−/− mouse fibroblasts were investigated using mass spectrometry
(MS) in combination with stable isotope labeling by amino acids of cultured fibroblasts in response
to a range of heme concentrations [31]. The fibroblasts were incubated for 12 or 24 h with non-toxic
levels of heme (5 or 10 µM) or with 40 µM that was deemed toxic and led to impaired mitochondria as
evident by low ATP levels. Toxic heme caused nuclear condensation together with disorganization
of the cytoskeleton. Furthermore, heme at levels greater than 10 µM induced caspase 3/7 activity,
suggesting activation of apoptosis. It should be noted that 10 µM heme is often used in many in vitro
studies in the literature. These heme-related toxicities were prevented by adding HPX to the cell
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culture medium. The MS analyses revealed 2068 proteins that responded to heme. Mass spectrometry
MetaCore analyses showed protein networks involved in the UPR, general protein folding, and, as
expected, anti-oxidant defenses. Also, heme stress, perhaps not surprisingly, had clearly made an
impact on iron metabolism because the most strongly induced proteins were the proteins of iron
storage H- and L-Ftn. Specifically, L-Ftn increased independent to initial HO1 protein levels in the
two sets of fibroblasts. Heme had an impact on the proteasome because ubiquitin and the ubiquitin
adapter protein sequestosome 1 (SQSTM1)/P62 were induced by heme. This is a scaffold protein with
multiple domains central to a variety of functions. Principally, it is part of a signaling hub to control
cell viability when there is cytotoxicity [32]. Various heat shock proteins and proteins involved in
antioxidant defenses (e.g., peroxiredoxin, glutathione (GSH)-S transferase, and thioredoxin reductase)
were also increased but to a lesser extent. As expected, heme levels were higher in the HO1−/− cells
but changes in response to toxic levels of heme were also found in cells expressing functional HO1,
as well as in a murine macrophage cell line and human embryonic kidney cells. Intriguingly, heme
bound the 19S ATPase subunit of the 26S complex of the proteasome. However, proteasome inhibition
may not be due to the redox activity of heme because cobalt-protoporphyrin IX, which is redox inert,
also inhibited the proteasome. The cell toxicity from heme was proposed to be due to the changes in
proteasome structure likely from the effects of other reactive molecules such as lipid peroxides as well
as from chemical reactions involving heme.

Consistent with these observations on the effects of high intracellular heme, it is not surprising
that genetic hemolytic diseases are protein disaggregation disorders. In β-thalassemia, the erythrocyte
precursors use protein quality control to protect themselves [33]. Due to the mutations in the β-globin
gene in β-thalassemia, α-globin chains accumulate in erythrocyte precursors and precipitate due to the
fact of their inherent instability. However, they are polyubiquitinated and degraded by the proteasome.
Enhanced proteasome activity due in part to the induction of protein subunits of the proteasome is
found in cells from β-thalassemic patients. This was shown by transcription profiling to be due to
the stress response transcription factor Nrf1. Brief inhibition of the proteasome led to α-globin chain
accumulation; however, α-globin did not accumulate in the erythrocyte precursors of β-thalassemic
mice treated with the proteasome inhibitor bortezomib. Thus, the means to regulate protein quality
control may differ between erythroid precursor cells in vitro and in vivo in mice perhaps due to the
differences in activity of the Hb stabilizing protein.

2.2. Heme-Related Aggresome-Like Structure Formation

In 2016, Travassos and colleagues [34] were the first to report that heme, at high levels (30–100 µM),
would produce protein aggregates intracellularly. These aggregates also known as aggresome-like
induced structures (ALIS) had a distinct composition, which included ubiquitinated proteins and
SQSTM1/P62 in RAW macrophages [34]. The transcription factor NF-E2-related factor (NRF2) was
required, which increases the transcription of SQSTM1/P62 raising protein levels. By using the HO1
inhibitor tin-protoporphyrin and cells derived from mice lacking FtnH, these ALIS were shown to
be formed in response to oxidative stress from the intracellular heme and its iron. Furthermore, the
response to heme was reversible because there were changes in the number of the ALIS over time.
Interestingly, the maximum formation occurred 12 h after heme and declined over the following
12 h. Importantly, this indicates that there is an active cell recovery response to clear these structures.
Even at these high levels, heme did not activate autophagy—the cell survival mechanism that allows
the controlled degradation and replacement of cell components and can induce cell cycle arrest and
inhibit apoptosis.

2.3. Heme-Related Unfolded Protein Response (UPR)

During the course of atherosclerosis, plaques undergo defined changes as the pathology develops.
Ultimately, this can lead to a high risk of acute ischemic events. Plaque instability is increased
depending upon the lipid content and the presence of a thin fibrous cap. Intraplaque hemorrhage
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occurs after activation of neovascularization and new bloods vessels enter the plaques. When these
plaques (i.e., atheromas) rupture, both smooth muscle cells and resident macrophages are exposed to
high heme levels, to oxidized forms of cell-free Hb, and to the accompanying oxidative stress.

Addition of heme to cells in vitro increases intracellular reactive oxygen species (ROS) [35] and
evidence supports that oxidatively damaged proteins are likely to be partially misfolded, thus generating
endoplasmic reticulum (ER) stress. When this occurs, the UPR (for reviews, see References [36,37]) is
activated to prevent ER overload, restore homeostasis in the ER, and to promote cell survival. The UPR
consists of the activation of several intracellular signal transduction pathways and operates at both
transcriptional and translational levels. For example, mobilization of the transcription factors ATF6,
ATF6B, CREB3, and the inositol-requiring enzyme 1 leads to increased transcription of genes encoding
chaperones such as HSP90, HSP70 and GRP94. Mobilization of the pancreatic ER kinase-like ER kinase
(PERK, pancreatic eIF2α kinase, EIF2AK3) leads to phosphorylation of the translation initiation factor
eIF2α, leading to a global downregulation of protein synthesis.

The analysis of human carotid artery specimens from patients undergoing carotid endarterectomy
showed significant amounts of heme in atherosclerotic plaques Human aortic smooth muscle cells are
key players in the development of atherogenesis. To evaluate how high levels of heme cause ER stress
and activate the UPR, the levels of markers of ER stress were measured after human aortic smooth
muscle cells were incubated with heme for up to 6 h [38]. In cultured cells isolated from complicated
lesions with hemorrhage, even those obtained some distance from the border of intraplaque bleeding,
had increased expression of glucose-regulated protein 78kDa (Grp78) and CCAAT-enhancer binding
protein homologous protein (CHOP) in response to heme compared with atheromas or healthy
arteries. The CHOP is a multi-functional transcription factor that down regulates the anti-apoptotic
mitochondrial protein BCL2 which is an apoptosis regulator supporting pro-apoptotic activities of
the mitochondria; and, thus, a robust marker for apoptosis. Low levels of heme (1 µM) did not
activate the UPR; however, heme at 10 or 25 µM, activated all three “arms” or “sensors” of the UPR.
Inositol-requiring enzyme activation, PERK activation, and ATF6 activation were detected after 3 h of
incubation. These data support that, in complicated lesions from patients with atherosclerosis, heme
triggers ER stress and cell death.

Based on these changes in UPR marker proteins in response to the high heme, a model was
presented that heme, depending upon its concentration, activates both pro-apoptotic and pro-survival
pathways. Significantly, incubating human smooth muscle cells in vitro with heme caused a transitory
pro-apoptotic response and permanently activated the pro-survival responses (ATF6, GRP78). There
was also a high level of induction of heme-responsive genes including HO1, which is cytoprotective.
This research provides evidence for interaction between heme and iron metabolism together with the
UPR activating pathways to help cells survive heme-induced stress. Furthermore, α-1 microglobulin
and HPX, which both bind heme in plasma, significantly decreased the effects of heme on ER stress
markers when added to the medium of human smooth muscle cells in vitro. Thus, patients with
atherosclerosis may benefit from plasma replenishment with HPX.

2.4. Heme-Related Activation of Complement

The complement system consists of ~70 proteins and is another part of the human immune
system that contributes to immune defenses but can also exacerbate inflammatory diseases and
conditions. Complement proteins rapidly sense tissue changes and the antigens presented by invading
pathogens. By binding to these molecular signals on the surface of pathogens, they facilitate pathogen
destruction by bringing in phagocytic macrophages and neutrophils that also produce cytokines [39].
Complement signaling and activation pathways have now been linked with T cells, which act in
homeostatic responses.

Merle and colleagues [29] showed that the complement system is activated in sickle cell disease
(SCD) patients and is the likely cause of nephropathy because deposits of complement components C3
and C5b were present within the tissues of kidney biopsies taken from patients. Using a combination of
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in vitro and in vivo approaches with a mouse model of SCD, the mechanism of complement activation
triggered by intravascular hemolysis was shown to be due to the effects of heme on endothelial cells.
Furthermore, intravenous (IV) HPX was protective limiting the complement activation.

In a mice model of phenylhydrazine (PHZ)-induced intravascular hemolysis (IVH), C3 deposits
were detected predominantly in the kidney and in the glomeruli. The role of C3 was confirmed because
the renal injury was markedly less in C3 null mice. In WT mice, IV hemin or IV purified human Hb also
led to activation of complement with extensive C3 deposits in the kidney. Significantly, there were no
detectable deposits after HPX was given IV providing strong evidence that HPX effectively prevented
complement activation in response to heme and, importantly, also to Hb. As an avid heme-binding
protein, this protection by HPX also supports that the pathological effects of Hb are due in part to the
release of heme with activation of complement. In contrast, human serum albumin that can bind two
molecules of heme but significantly lower affinity than HPX, was not protective. Phenylhydrazine
causes a huge IV Hb/heme load with extensive acute kidney injury as shown by tissue and vascular
markers of inflammation (e.g., IL-6, P-selectin), as well as ultrastructural changes in the renal tubules.
Surprisingly, this kidney damage was resolved and renal function restored without treatment. In
contrast, these changes in the kidney did not occur in response to IV heme. In addition, HPX was
not protective in the PHZ-treated mice that were dying possibly from acute pancreatitis [40]. While
the overall conclusion was that HPX is a sentinel for the kidney in IVH against heme toxicity, it was
suggested that events generating hemolysis-derived products before the release of heme might be the
damaging species. Degradation of RBCs produced heme-loaded microvesicles and heme induced
both the alternate and complement pathways and activated complement either in serum in vitro or on
endothelial surfaces. Complement proteins can be inactivated with blocking antibodies, although this
type of treatment is still under development. Nevertheless, the identification of a role for complement
in vascular injury and organ pathology raises the possibility that such antibodies would be useful as
adjunct therapeutics with plasma protein replenishment to minimize or preclude development of the
pathology of heme toxicity.

2.5. Hb-Related Globin Toxicity

It has been known for some time that globin is potentially toxic to cells. Hb (from RBCs) and
myoglobin (from myocytes) are the principal sources of globin in plasma. There are clear differences in
the structure of these two molecules that drive their chemical responses to agents such as CO, which is
released only from heme catabolism [41] and from lipid peroxidation. Due to the fact of its inherent
instability, α-globin aggregates within red blood cells at various stages of their development and sites
in the body causing much of the pathology in β-thalassemia (see Section 2.1). An excess of α-globin
chains without sufficient β-globin due to the point mutations in this disease is potentially toxic and to
counteract this, an α-globin chain stabilizing protein is expressed in erythroid precursor cells solely,
which is a chaperone for the α-globin [42].

The mechanism by which heme itself and Hb contribute to cell and protein damage in hemolysis
has been extensively investigated during the past ten years or so and is well understood. Early studies
on the transfer of heme to HPX from Hb in vitro revealed denaturation of the globin, apparent in
the absorbance spectra [28]. In vivo studies with mice or rats or in vitro studies with non-neuronal
cells have not yet pinpointed globin as a toxic agent. However, a recent in vitro study with mixed
mouse neurons and glia in culture incubated with hemoglobin (Hb) and HPX (i.e., in the absence of
haptoglobin (Hp) led to white precipitates of globin protein in the medium on the surface of cells
and within cells [43]. This was associated with significant levels of neurotoxicity, based on lactate
dehydrogenase release from neurons, although not glia, after incubation with Hb (4 µM, i.e., 16 µM
heme) and HPX (1mg/mL, i.e., ~17.5 µM). When the mixed cells were incubated with heme, HPX
completely protected both types of cells from heme toxicity. Protective effects of HPX were not
considered due to the extracellular “scavenging” but rather were ascribed to intracellular protection
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against heme toxicity via heme breakdown by HOs and protection against iron toxicity by Ftn, which
was shown to be induced [44,45].

Published studies on Hp knockout mice have not recorded obvious globin precipitation, not even
after PHZ-induced hemolysis, which is extensive, and not even after IV HPX. Also, Hb clearance from
the plasma occurs at essentially the same rate in Hp-null mice and wild-type mice without obvious
toxicity [46]. However, Hb clearance in mice differs from humans because although human Hp binds to
CD163, mouse Hp does not and mouse Hb binds more tightly to CD163 than human Hb [46]. Without
Hp, the kidney and muscle of mice [47] are the tissues most affected by oxidative damage in response
to Hb. The globin toxicity detected in neuronal cells in vitro may be due to the very defined medium
that may not contain the proteins and other molecules normally present in CSF (or at their normal
concentrations). Perhaps further research on Hp-null mice and human brain cells will help determine
if there are protective factors in cells and biological fluids in vivo, for example, other heme binding
molecules that mitigate against globin precipitation or oxidation reactions, or if there are additional
differences to be discovered between heme and Hb clearance in humans and mice.

2.6. Heme and Iron-Dependent Cell Death by Ferroptosis

There are clearly defined programs and mechanisms for cell death such as apoptosis or
necroptosis in response to toxic agents and/or a variety of environmental conditions and stresses.
Distinct morphological changes including abnormal mitochondrial size may also be manifest. An
iron-dependent cell death pathway termed ferroptosis has been investigated and defined [48–50].
This requires intracellular oxidative stress that increases lipid peroxidation, decreases GSH levels,
thus changing GSH/GSSG and increasing γ-glut amyl transferase, together with the instigator iron.
Ferroptosis, as has been pointed out in Reference [49] has a distinct biochemical, morphological, and
genetic “fingerprint”. Clearly, heme catabolism by HOs raises intracellular ferrous iron presumably
predominantly in the cytosol. Several studies carried out with primary neuronal mouse cells,
immortalized neuronal cells, and mice models of intracranial hemorrhage (ICH) [51] provide evidence
that heme-mediated ferroptosis is part of heme toxicity in human hemolytic disorders. The responses
of cells, including primary human hepatocytes [35], to heme-HPX where the intracellular redox state is
maintained without ROS production have therefore been proposed to be anti-ferroptotic [3]. Also,
studies with immortalized proximal renal tubule cells from HO1+/+ and HO1−/− mice have provided
strong evidence that it is not the generation of ferrous iron from heme catabolism solely that leads to
ferroptosis. Furthermore, HO1 can have an anti-ferroptotic role in these kidney cells [52].

Heart attacks and stroke occur after blood vessel injury that activates platelets causing occlusion
and thrombosis. Also, platelet micro particles are seen in patients with hemolysis including SCD.
Intriguingly, heme increased P-selectin expression that drives vaso-occlusion in SCD is evident by not
only endothelial cells but also by platelets (see Sections 4.1 and 4.2).

When human platelets suspended in Tyrode’s buffer were incubated with heme, filopodia-like
structures appear at the cell surface in the presence of 5–10 µM heme [53]. Further changes in the
cell surface consistent with damage—“blebbing”—were seen in response to 25 µM heme. Using sets
of biochemical inhibitors and activators for various death pathways in conjunction with heme, the
data supported that the platelets were neither undergoing apoptosis nor necrosis. There was a 5 fold
increase in ROS and in markers of lipid peroxidation together with elevated HO1 and cytosolic iron in
response to heme. In addition, oxidative stress was generated including effects on GSH with evidence
for a role for the amino acid antiporter system Xc, which transports cystine into cells that is needed and
used for GSH synthesis. The ROS production (i.e., increased hydroxynonenal) by heme was controlled
when the iron-chelator deferoxamine, the ferroptosis inhibitor ferrostatin-1 or the HO inhibitor tin-PPIX
were present. Thus, 10–25 µM heme generated ferroptosis in platelets in vitro.

Protection of neurons against ferroptosis may come from the development of inhibitors of
double-stranded RNA-dependent protein kinase, as shown recently in mouse hippocampal H22
cells [54]. This kinase responds to oxidative stress and ER stress and may be part of the pathology of
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neurodegeneration with mitochondrial impairment as in Parkinson’s disease and Alzheimer’s disease
that are both associated with increased brain iron [55–57].

Brain damage after ICH includes irreversible damage to neurons in primary and secondary injury,
the latter is generally considered to be due to the Hb and heme from lysed RBCs. Apoptotic cells
and necrotic cells have both been identified in the perihematomal region after ICH. Both ferroptosis
and necrosis were identified as being involved in Hb- and heme-induced toxicity in primary cultured
neurons, immortalized hippocampal neurons (HT22 cells), and in male mice after ICH [58].

Human monocytes may also be susceptible to ferroptosis induced by heme in transfusion-
dependent patients, who often develop iron-overload. When human monocytic THP-1 cells in
serum-free medium were incubated for 2 h with 20 µM heme, there was an increase in ROS production
together with an increase in cells with markers of necrosis but not markers of apoptosis [59]. The
ROS production was prevented by N-acetyl cysteine (which can chelate metals), by iron chelators
deferoxamine and deferasirox (the latter being more effective), or an inhibitor of NADPH oxidase that
generates ROS. Ferrostatin-1 decreased cell death in response to heme, whereas erastin, which induces
ferroptosis by inhibiting the system Xc, increased cell death implicating ferroptosis as the cause. The
protective effects of serum proteins against heme toxicity by binding heme was clearly shown because
the addition of albumin or fetal bovine serum decreased the amount of heme associated with the cells
and heme toxicity even at very high concentrations of heme (20–80 µM).

Overall, these studies demonstrate the potential that heme toxicity can kill cells by ferroptosis
opening up an additional therapeutic approach in the clinic especially for neurodegenerative conditions
and ischemic and hemorrhagic stroke. A review on the nexus between iron dyshomeostasis,
excitotoxicity, and ferroptosis in stroke with a focus on ferroptosis has recently been published [60].

3. Potential Therapies to Replete HPX Levels for Protection against Heme Toxicity

As previously reviewed, HPX plasma levels can become depleted in patients with genetic
hemolytic anemias (e.g., SCD, β-thalassemia) and hyper-hemolytic states for example after extensive
blood transfusions [61–63]. In mice models of these hemolytic conditions, HPX replenishment by
intraperitoneal (I.P.) or I.V. injection or by hepatic over-expression of HPX is often lifesaving. Thus,
these animal studies formed the foundation for the concept of plasma protein replenishment therapies
with HPX to combat the various damaging effects of heme in biological fluids. Unfortunately, Hp is
often virtually undetectable in patients with hemolysis and so the current view is that a combination of
HPX with Hp may prove most beneficial. Given the information on the effects of heme that include
complement activation and activation of ferroptosis, additional combinations of therapies may prove
even more beneficial to certain groups of patients.

3.1. Plasma Protein Replenishment Therapy

There are some unique aspects to the lipid profiles of patients with SCD, who overall have
hypocholesterolemia, with low levels of both low- (LDL) and high-density (HDL) lipoproteins. In
mice models of SCD, heme activates endothelial cells via toll-like receptor 4 driving events leading to
vaso-occlusion [64]. Two independent studies of SCD patients describe differences in heme and HPX
content of LDL and HDL [65,66]. Both addressed that oxidation of lipoproteins by heme and Hb is due
to the ongoing hemolysis. In addition to HPX, α-1 microglobulin, albumin, and lipoproteins all bind
heme. Vendrame and colleagues [65] considered that the varying levels of HPX would determine how
much heme might intercalate in the lipoproteins in SCD patients. The LDL fraction had a higher heme
concentration than did HDL, but the HDL fraction had a higher concentration of HPX. Thus, HDL is
considered an important defense with potentially anti-inflammatory activity against heme toxicity
but appears to be insufficient to protect endothelial cells from heme. Nevertheless, and intriguingly,
HPX is linked with lipid metabolism because the cholesterol levels in the SCD patients were inversely
correlated with circulating plasma HPX concentrations.
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In the second study [66], the level of lipid peroxidation in SCD patients undergoing regular
transfusions was measured using a sensitive assay—the end product of lipid peroxidation
malondialdehyde. In SCD patients, Hp is essentially absent; however, HPX is present albeit significantly
decreased. Consequently, as might be expected, both LDL and HDL oxidation were increased
demonstrating the loss of protection against heme-mediated damage by the plasma proteins. At the
postmortem of an SCD patient, oxidized LDL was found in the pulmonary artery. These observations
reinforce the conclusion from other studies on SCD that replenishment therapy with HPX together
with Hp may prove useful therapeutically; and this is also supported by studies with mice models of
SCD (see Section 8).

3.2. Plasma Exchange

Plasmapheresis or therapeutic plasma exchange may provide another means to raise HPX and
Hp plasma levels and may be more cost effective than recombinant proteins. Plasmapheresis is an
established therapy and has been described as a symptomatic treatment for critically ill patients. Whole
blood is removed, the plasma and cells separated, and the plasma replaced with another solution
that may be specially prepared plasma from another person. Plasma is normally rapidly frozen after
separation from RBCs and used after thawing within 24 h. The plasma is often used to remove and
replace a patient’s plasma when they have autoimmune disease. Plasma exchange was effective in
reversing organ dysfunction in children with thrombocytopenia-associated multiple organ failure [67].
However, while generally considered safe, it can cause bleeding, allergic reactions, and also potentially
increase the chances of developing a bacterial infection. Using a small group of three patients, plasma
exchange was found to successfully replete HPX and Hp in two SCD patients that were refractory to
RBC exchange [68]. There were significant increases in both HPX and Hp while heme decreased ~30%.
Unfortunately, the condition of one patient deteriorated, their circulating HPX and Hp levels were not
increased by plasmapheresis presumably because their liver was not able to sustain and synthesize
plasma proteins.

3.3. The Scavenger Receptor LRP1/CD91 as a Target for Therapies When There Is Hemolysis in the Brain

In a murine model of ICH, the administration of an antagonist (a potential inhibitor of agonist
action) and agonists (producing a known effect) of TLR7 led to changes in mRNA and protein levels of
the scavenger receptor LRP1/CD91 that binds heme-HPX tightly (Kd~4 nM, [69]). The expression of
LRP1/CD91, HPX itself, and TLR7 were all increased when mice were treated after ICH induction with
the TLR agonist imiquimod and decreased by TLR7 inhibitor ODN2088 [70]. The authors proposed
that these studies reveal the potential for a role for TLR7 in the uptake of heme-HPX, although this was
not shown directly. (See also Section 8.5.)

4. Protective Functions of HPX in Various Pathologies

The published clinical research on HPX within the past two years covers diverse clinical states:
SCD, β-thalassemia, thrombolytic conditions, trauma with hemorrhage, intracerebral hemorrhage,
hemorrhagic stroke, spinal cord injury, carotid artery disease, tuberculosis and diabetes, liver disease,
kidney injury, pre-eclampsia, and microbial invasion of the amniotic cavity. In several studies,
HPX has been investigated as a biomarker, used as a parameter to establish hemolysis or, in some
cases, to assess the extent of hemolysis (“hemolytic index”). Depending upon the cause, extent, and
duration of hemolysis there are significant differences in the amount of heme load from Hb that HPX
counteracts. Additional factors arise when the immune system has been activated. Intriguingly, there
are compensatory changes in the immune system in depression, bipolar disorder, chronic widespread
pain and fatigue, and HPX expression in the CSF is increased in these patients. Notably, HPX is not an
acute phase reactant in humans unlike Hp [71]. Furthermore, even when there is extensive or chronic
hemolysis, as in SCD, high levels of Hb readily deplete plasma Hp but HPX is often still present
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albeit at lower than normal levels. Evidence from both clinical and animal research now supports that
changes in HPX may differ depending upon the source of Hb, i.e., IV Hb or RBC lysis.

In patients with traumatic hemorrhage, high levels of heme and Hb (four times greater than heme)
were present in plasma and heme levels were overall greater than 5 µM. Both were higher than plasma
non-transferrin bound iron. Interestingly, the plasma heme levels were proportional to the number
of units transfused rather than to the length of storage time of the RBCs. Thus, plasma transfusions
are anticipated to provide significant HPX and Hp for protection against the Hb/heme from RBCs.
Nevertheless, in the face of high levels of Hb, HPX levels rapidly and extensively decline. Information
on HPX’s recovery time is needed in a variety of clinical situations and historical studies show that
it may take several days [62]. In contrast to the recycling of HPX from liver, Hb–Hp complexes are
degraded after endocytosis via the scavenger receptor, CD 163, in macrophages predominantly in
the spleen. The extent of uptake by tissue resident macrophages including Kupffer cells in the liver
is not known. When this Hb–Hp scavenger system is impaired or saturated, Hb–Hp remains in the
plasma [72]. It is anticipated that in the clinic, information on the collective levels of heme, Hb, HPX,
and Hp will prove important for assessing and determining patient treatments [73].

When using HPX as a biomarker, it is important to consider that HPX expression and its activity as a
cytoprotectant differ with development, aging, and gender; as well as in response to the various diseases
and conditions investigated. The age-dependent changes in HPX levels make newborns and young
children vulnerable to heme-related pathology including oxidative stress and inflammatory responses,
and can, under certain circumstances, drive inflammation. Furthermore, inflammatory responses
generally are more prevalent with age and are exacerbated by genetic factors and by auto-immunity.

As described above (Section 2.4), the complement system is an integral part of the immune system
and is composed of a plethora of plasma proteins that interact to fight infection in a variety of ways.
Significantly, heme from Hb activates the complement system in vivo and in plasma in vitro. As with
other immune system cells and proteins, this provides a means to protect in the early stages of disease
including infections, and also to exacerbate inflammation and accompanying heme-driven pathology.
These inflammatory conditions as well as the source of heme (IV heme, IV Hb or RBC lysis), determine
which major organs and cells are affected. The lung is a more recently identified site of hemorrhage
and heme injury, in addition to the liver, heart, kidney, and brain. Hemorrhagic brain damage weakens
the integrity of the blood–brain barrier and heme is deleterious for the vascular system because of
toxic effects on endothelial cells, smooth muscle cells, and, thus, blood vessel integrity.

4.1. HPX in Sickle Cell Disease

Unbiased analyses of the plasma proteome revealed several novel proteins that correlated with
a therapeutic response (i.e., decreased hemolysis in young patients with SCD) during treatment
with hydroxycarbamide (HC). Hydroxycarbamide is also known as hydroxyurea (an inhibitor
of ribonucleotide reductase). As a long-time treatment for SCD, HC is thought to help prevent
vaso-occlusion and vasculopathy by increasing γ-globin synthesis, altering adhesion factor expression
by the endothelium, and by reducing the population of neutrophils. Plasma HPX levels significantly
increased as the rate of hemolysis declined in response to HC, demonstrated by an increase in HbF% [74].
In addition, the levels of α-, β-, and γ-globin chains, the Hp-related protein, and complement C9
decreased. Thus, these protein changes were all associated with decreased hemolysis. Two other
biomarker panels were investigated: one for inflammation (including ceruloplasmin, lower α1 acid
glycoprotein, CD5 antigen-like protein, and factor XII among others), and another for decreased
coagulation (including lower factor XII, carboxypeptidase, and platelet basic protein). Overall, the
changes in these biomarkers also support significant improvements in these children in response to
HC, which may prove useful therapeutically in other conditions with extensive hemolysis.
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4.2. HPX Status in Platelets in Hemostasis and Thrombosis

When normal hemostasis is overwhelmed by pathological factors, there is uncontrolled clot
formation that leads to blocked arteries or veins. Platelets together with endothelial cells and
coagulation factors are crucial mediators of both vascular hemostasis and thrombosis. The thrombi
that develop in arteries are rich in platelets and form at the sides of or around thrombotic plaques even
where there is a high shear flow. Thrombi in veins have fibrin and RBC, but form on intact endothelial
cell wall only in areas where there is a low shear force. Hemopexin may have specific roles in trauma
injury with hemorrhage, which is one example of a thrombotic condition. A clot is also an example
of thrombosis where there is a local obstruction of blood flow. Clots can also form on wounds and
in those circumstances aid healing. Thus, depending upon the site of injury monitoring changes in
HPX in plasma and other biological fluids may be a helpful in diagnosis, prognosis, and to predict the
response to therapies in these patients.

In the setting of hemorrhage, hemostasis may occur by normal vasoconstriction and narrowing of
blood vessels by an abnormal obstruction that includes atherosclerotic plaque via activation of the
coagulation cascade (clot formation) or by physical ligation during surgery. These processes regulate
vascular integrity and, thus, blood flow. The responses involve complex biochemical systems with
multi-factorial processes that may even drive pathology in cancer. Hemopexin has been linked to
various cancers (reviewed in Reference [75]) and approximately half of deaths of cancer patients
with malignant tumors are associated with thrombotic events. Vascular occlusive diseases include
atherosclerosis and lead to carotid artery disease and heart attacks, which is a leading cause of death in
developed countries.

Evidence supports that the risk for thrombosis increases when there are larger platelets. Recent
presumptive evidence supports that there are different populations of platelets, and two populations
of human EDTA platelets were separated and identified based upon their mean volumes. Not only
do platelets vary in size; but based on their diverse protein content that includes differences in HPX
content, platelets have different functions [76]. Consistent with the link to thrombosis, large platelets
were found to have more glycoproteins expressed on their cell surface and were found to be able
to adhere better to collagen surfaces. Proteomic analyses revealed that 80/894 proteins differed in
abundance between the large and small platelets. The differences among them are beginning to be
defined. For example, the activation of integrin by ADP was greater in small platelets. Intriguingly,
the proteins most relevant for heme and iron homeostasis including HPX, Hp and α-1 anti-trypsin,
transferrin, and vitronectin, as well as immunoglobulins, were all more abundant in small platelets. It
will therefore be interesting to understand the physiological relevance of these observations.

5. Hemopexin as a Biomarker for Concomitant Changes in Hemolysis, Inflammation, Heme, and
Iron Metabolism—Some Challenges Include Age, Gender, and Type of Infection

Due to the developmental expression of HPX and of Hp and transferrin, the potential exists for
key differences in the changes in these proteins as biomarkers (among other parameters of disease
progression) between children and adults during therapy. This will be important especially in
conditions complicated by inflammation in the presence of heme- (and iron-) toxicity known to be
related to pathology. There will also be gender differences not solely because of estrogen-related effects
in women but also to documented differences in iron-metabolism between men and women. Men
with coronary artery disease have lower levels of plasma iron-transferrin and HPX but higher levels of
inflammatory markers, macrophage infiltrates, and iron stores. There are increased levels of plasma
Hb, increased numbers of Hb CD68+/+ macrophages, together with ferritin and transferrin receptor 1
in atheromas [77]. Thus, there are differences in both heme and iron metabolism in men and women
with atherosclerosis. Such differences need to be fully established to help physicians better assess the
progress of their patients from diagnosis through therapy.

Women are more prone to inflammatory diseases and are three times more likely than men to
develop rheumatoid arthritis. Once more, this is not solely due to the presence of estrogen because
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several disease-associated genes reside on the X chromosome. Increases in inflammatory markers
were recently found in the CSF of seven rheumatoid arthritis patients, which also correlated with
fatigue. Fatigue is considered to be related to changes in the central nervous system. For over twenty
years it has been known that tumor necrosis factor (TNF), which is an inflammatory cytokine, plays
a major role in arthritis [78] and that targeting TNF (for example with a monoclonal antibody such
as infliximab) is effective and improved the symptoms of fatigue. An “arthritis proteome” identified
that TNF blockade with infliximab decreased 35 proteins in the CSF. Hemopexin was one out of seven
candidate proteins and changes in HPX are known to be associated with arthritis [79]. Contactin 1
and complement factor B, both known to increase with systemic inflammation, were also decreased.
Both fibrinogen γ-chain and complement factor B decreased in response to the TNF inhibitor. The
decrease in HPX in response to infliximab was considered to be due to the amelioration of both
systemic and CNS inflammation because markers of inflammation were decreased in the CSF. Overall,
these data support a relationship between arthritis symptoms and CNS inflammatory pathways as
targets of the TNF inhibition. Although the infliximab is stated to not cross the blood–brain barrier,
TNFα crosses via receptor transport. Thus, systemic TNFα can damage the endothelial cells of the
barrier creating localized permeability and infliximab peptides were detected in the CSF. Intriguingly,
the circumventricular organs were proposed as an alternative route into the brain. These are brain
structures with extensive and permeable capillaries, which allow the passage of molecules both into
and from the brain (e.g., certain hormones [80]), and which contain cells with TLR4, a target of LPS
and heme [81].

Pregnant women are at risk for heme-related toxicity when they develop the potentially
lethal condition of preeclampsia, typically in the third trimester. Preeclampsia is associated with
life-threatening high blood pressure among other symptoms and occurs in about 3–7% of all pregnancies.
The pathology is not well understood but is thought to originate from changes in the placenta. It has
been associated with autoimmune disorders and blood vessel problems, and there are several other
risk factors including a history of diabetes, high blood pressure or kidney disease. Several studies
have provided evidence that changes in the level of the heme-binding protein alpha-1 microglobulin
(A1M) may correlate with the severity of this condition. As this condition becomes more severe, A1M
levels increase and may reflect increased endogenous oxidative stress [82]. Hemopexin levels also
changed in women with preeclampsia and may be related to changes in cardiac function. Hemopexin
was proposed to become depleted in the early stages of pregnancy and to rise in the third trimester
when the high blood pressure symptoms of preeclampsia become apparent. However, confirmation of
this will require further analyses to fully elucidate. Nevertheless, biomarkers for Hb sequestration and
degradation pathways may prove informative in assessing the mother’s status in preeclampsia.

HPX as a Biomarker for Sepsis

Evidence from both clinical and animal studies [35,61] shows that HPX has potential as a biomarker
in sepsis, as reviewed previously [62]. A panel of biomarkers is urgently needed for sepsis and septic
shock patients due to the prevalence and high incidence of mortality and health issues. Patients who
recover from sepsis endure long-term effects that include both physical and mental problems.

Vimentin may prevent lymphocyte apoptosis and be anti-inflammatory and, thus, may be a useful
new target in sepsis [83]. Vimentin is one of the main constituents of the intermediate filament proteins
that maintain cell shape, in part, by stabilizing the interactions of the cytoskeleton and perhaps more
importantly by helping cells resist damage including apoptosis. Both serum and lymphocyte levels
of vimentin were significantly increased in these two groups of patients. Hemopexin was one of 56
proteins identified in plasma, finally ranking fourth in a protein network of 12 based upon interactions
with eight other proteins in the network (defined as “betweenness centrality”). Thus, HPX has been
linked in a co-expression protein network with vimentin in patients diagnosed with sepsis and septic
shock [83].
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Ekregbesis and colleagues [84] tested the hypothesis that inflammation- or infection-associated
hemolysis contributes to sepsis-associated anemia and also leads to detectable HO1 in plasma.
Hemopexin levels were used as one of several parameters of hemolysis. The prevalence and extent of
anemia, the presence of inflammation and levels of HO1 were determined in a cohort of ICU patients
within 12 h of admission. Most patients (~83%) were deemed anemic and hemolysis was evident
because of heme in the plasma (median levels ~21 µM), low Hp, decreased HPX (median levels
9.6 mg/dL, normal levels ~77 mg/dL) together with elevated HO1. Hemolysis was accompanied by
IL-10-associated inflammation and the presence of IL-6 and TNFα. In this study, HPX was neither
associated with the anemia nor with morbidity. However, all of the cytokines that were increased,
including IL-6 and IL-10, were weakly inversely correlated with HPX. The IL-6 levels correlated with
IL-10 levels and HO1 induction was associated with IL-10 levels rather than the extent of hemolysis. In
contrast to other studies on sepsis [35,85], the severity of sepsis was considered better indicated by the
rise in plasma IL-10 and the HO1 levels rather than the low HPX levels on admission.

Iron is needed by pathogens for cell growth and to establish an infection. Circulating ferritin light
chain (L-ferritin, FtL), needed for iron homeostasis, has recently been shown to play a protective role
in the cecal ligation and puncture model in mice that produces, as the gut contents leak, polymicrobial
sepsis. [86]. There are known gender differences in iron markers and, in the clinic, serum ferritin levels
together with several other markers are used to assess iron stores. Ferritin light chain is a secreted form
of ferritin and low in iron content, which predominates in the circulation and whose function has been
enigmatic for decades. The increase in serum ferritin in response to infection indicates a role in the
acute phase response and this study supports such a link. The role of myeloid cell specific ferritin, using
ferritin H (FtH) deleted cells, was also addressed. The FtH deficiency dampened the inflammatory
response in vivo and decreased the response in vitro of bone marrow derived macrophages to LPS.
However, it did not alter phagocytosis or bacterial clearance. Hemopexin levels have been implicated
as protective in a previous study with this model of sepsis [35] but were not apparently affected by the
loss of FtH in the myeloid cells (perhaps due in part to the wide range of individual values among
the mice compared with those of Hp). FerritinH and FtL chains were both increased. FerritinL is
anti-inflammatory because when it was elevated there were lower levels of liver injury, decreased
inflammatory cytokine levels and increased inducible nitric oxide synthase, which is protective in the
recovery from post-ischemic inflammation.

As noted by Chaim Hershko [87] in a review entitled “Iron, Infection and Immune Function”,
the term “nutritional immunity” was first used in 1973 to demonstrate the importance of preventing
human pathogens from multiplying and dividing to establish an infection [88]. It is well known
that both iron and heme (the latter presumably as an iron source), are necessary for the growth of
pathogenic bacteria. The need for heme is apparent from the plethora of uptake systems that bacteria
employ to ensure the capture of heme, many of which are redundant ready to bind: heme itself, Hb,
heme-HPX or Hb-Hp [89]. Therefore, HPX by sequestering heme acts in nutritional immunity and to
overcome this heme/iron limitation many human pathogens express receptors for heme-HPX uptake.
HPX has recently been linked to host immunity and the anti-microbial action of IL-22 because, in mice,
limiting infection depends upon HPX but not on Hp, in spite of the fact that the expression of both
proteins in the liver is induced by IL-22. Mice were infected with either Escherichia coli that causes
sepsis in humans or Citrobacter rodentium that normally resides in the gut of mice and can also cause a
wide range of infections in humans. Citrobacter rodentium shares several features with E. coli in how it
establishes infections. After WT and IL22−/− mice were infected, C-reactive proteins, serum amyloid
A1, α2-macroglobulin as well as HPX and Hp were increased in plasma. Hepatic levels of HPX and
Hp mRNA rose after infection in WT mice and in the IL22−/− mice, but to a significantly lesser extent;
consequently, Hb accumulated in the plasma due to the ongoing hemolysis caused by the infection.
The presence of HPX was sufficient to clear C. rodentium in WT mice but not in HPX−/−, Hp−/−HPX−/−

or Hp−/− mice. Furthermore, HPX reduced the level of infection (judged by decreased numbers of
circulating bacteria) in IL22−/− mice regardless of whether it was from an intravenous or oral infection.
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6. Organs That Endure the Worst Heme Toxicity Include the Lung, Liver, Kidney and Brain

6.1. Lung Disease/Injury

Lung injury comes from exposure to many different kinds of inhaled compounds and can lead
to pulmonary hemorrhage. Blood gets into the alveolar spaces when there is disruption of the
alveolar capillary membrane (diffuse alveolar hemorrhage) [90]. The heme levels in plasma of patients
with chronic obstruction pulmonary disorder (COPD) was significantly increased compared with
non-smokers [91]. As described in Section 2.3, high intracellular heme levels lead to oxidative damage
of proteins, which in turn activates the UPR. Consistent with this, the levels of one key regulator of the
UPR, namely, GRP78, were extensively increased in the lung of COPD patients.

Chemical weapons were first used in World War 1; furthermore, chemical weapons such as
chlorine may have been used in Syria within the past two years, while mustard gas and nerve agents
were used against residents in Northern Iraq in 1988. The toxic gases chlorine and bromine damage
lungs. Hemolysis developed in mice exposed to bromine by inhalation with heme-mediated lung
damage that was ameliorated by a single IV treatment with recombinant human HPX [92]. Abnormally
high levels of plasma heme were detected in the mice up to 14 days post bromine exposure. This
was associated with increased lung elastase activity, which may induce the UPR via the PERK/CHOP
arm [91]. The protection by exogenous human HPX was due to the counteracting high heme levels in
part by sequestering heme, thus relieving RBC lysis after bromine exposure but also by stimulating
the level of endogenous HPX circulating in plasma of these mice. The mechanism of the induction of
endogenous HPX is currently unknown and may be occurring, but unrecognized or detected, in other
mice models of hemolysis and HPX replenishment. Incidentally, bromine is present in cigarette smoke
and, thus, represents a risk factor for chronic smokers.

Both these studies on patients support that HPX plasma replenishment is of potential therapeutic
value in different kinds of lung injury that produce lung fibrosis and emphysema; and, especially, in
combination with drugs that relieve the UPR and ER stress in lung cells.

6.2. Liver Disease/Injury

Many different types of liver pathology ultimately lead to liver cancer including chronic liver
disease scarring such as cirrhosis. These pathologies can be caused by hepatitis B or C infection,
by alcoholism or by fat accumulation (i.e., fatty liver). Hepatocellular carcinoma (HCC) is the most
common type of primary liver cancer and there is a greater prevalence of HCC in men. Hepatocellular
carcinoma can be cured if the liver disease is identified early enough. Hepatocellular carcinoma can
develop when there is cirrhosis and the only cure is a liver transplant. Thus, identifying biomarkers of
liver disease and especially HCC is of crucial importance.

Potential biomarkers including those for liver disease may be discovered in the content of
exosomes, which are very small endocytic membrane bound vesicle derived from all cells (as far as is
known). Exosomes were first discovered in maturing mammalian reticulocytes [93]. Their content
of proteins and miRNA provides a window on the cells that release them providing information not
only on the cell of origin but also potentially that of the tissues and organs from which the cell is
derived. Thus, exosomes are providing useful biomarkers consisting of proteins and peptides that are
readily being identified and quantitated by proteomic profiling. For example, HPX levels together with
properdin were decreased in exosomes of patients with HIV with active drug use compared with HIV
or with HIV patients with alcoholism. Properdin is the only known positive regulator of complement
that stabilizes the alternative pathway convertases C3bBb [94]. Thus, HPX and properdin are poised to
be potential markers for co-morbidity in drug abusers who were HIV positive, [95] indicating both
liver disease and complement activation.

Several changes in carbohydrate structure of glycoproteins have been linked to liver disease [75]
and another means to monitor liver disease utilizes identification of aberrant core fucosylation of
plasma glycoproteins as biomarkers. Such alterations are readily assessed from patient serum samples.
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Human HPX has one O-linked oligosaccharide chain at its N-terminal threonine and five additional
N-linked chains [96]. Core fucosylation of glycoproteins is site specific and clearly identifies a protein. A
multiplex LC-MS/MRM array was used for the serological assessment of liver disease and to determine
the extent of fibrosis of the liver. Key and specific changes (both increases as well as decreases in
fucosylation of several N-linked glycoproteins) were detected at the stage of fibrosis in a comparison of
the data garnered from healthy control, fibrotic, and cirrhotic livers. While five proteins were identified
that marked liver fibrosis including transferrin, ceruloplasmin, α-1 antitrypsin, and vitronectin, there
were also additional changes found in cirrhosis including HPX. Of relevance here, the changes included
aberrant fucosylation at N630 of transferrin, N187 of HPX, and both N138 and N762 of ceruloplasmin,
and N354 of clusterin [97]. Thus, detectable changes in fucosylation levels of several key plasma
proteins including HPX, either increase or decrease as the liver disease worsens.

Additional monitoring of plasma proteins via glycan screening, including HPX [98], may also
provide evidence of changes in liver function, thus aiding in the early detection and progress of HCC.
This technique involves protein extraction using lectin-affinity binding of plasma samples. Preliminary
data using MALDI-MS or ESI analysis show that glycan screens may prove useful to detect changes
disease-related changes in HPX, Hp, and kininogen as liver function deteriorates.

6.3. Kidney Disease/Injury

It is well established that acute kidney injury occurs in hemolysis and that the kidney is susceptible
to damage by Hb and heme. Thus, this organ is particularly vulnerable when plasma Hp and,
eventually, HPX are both decreased.

Severe malaria pathology is associated with inflammation, endothelial cell activation and hemolysis.
Furthermore, acute kidney disease is a known complication of malaria, especially in infection by
Plasmodium falciparum and contributes to a high rate of mortality. One potential biomarker of acute
kidney injury is chitinase-3 like 1 protein (CH3L1 YKL-40, HCgp39). It has also been associated with
burn injury and bacterial infection. In spite of its name, CH3L1 is not an enzyme and does not act on
chitin, which is an N-acetyl glucosamine polysaccharide that is expressed by endothelial and immune
cells. However, CH3L1 on epithelial cells may bind chitin binding proteins expressed by bacterial
strains that are potentially pathogenic. Thus, CH3L1 has been proposed to enhance the adhesion
and binding of pathogenic bacteria. A high ratio of heme to HPX in children with malaria indicated
severe disease with adverse clinical outcomes, and 46% of the children had acute kidney injury [99].
Interestingly, children with the highest heme levels (and lowest HPX) had significantly lower levels of
parasitemia and the heme to HPX ratio decreased with recovery demonstrating a useful parameter to
assess the severity of malaria.

Following up on these studies, Conroy et al. [100] investigated in a clinical trial if inhaled NO
was an effective adjunct therapy for severe malaria in children in Uganda and investigated changes in
CH31L as a potential biomarker for kidney damage. The rationale and hypothesis that children with
malaria might benefit from exposure to nitric oxide (NO) as an adjunct therapy was first proposed
in 2011. This was based on the response of adults with malaria to nitric oxide as a therapy, where
NO minimized endothelial cell activation, data from animal models of malaria, and the improvement
of adults with severe malaria in response to the NO precursor arginine. Plasma biomarkers were
measured for 4 days and, finally, at day 14. There was an increase in CH3L1 in pediatric severe malaria
(0–18 years of age) consistent with acute kidney injury. Several panels of plasma biomarkers were
investigated including those for endothelial activation (Ang-2, slCAM-1). Hemopexin was included in
the panel for intravenous hemolysis together with lactate dehydrogenase (LDH) and heme. The levels
of CH31L correlated with markers of inflammation (e.g., surface receptor triggering receptor-expressed
myeloid cells, [101]).

Kidney transplants are carried out worldwide and generally have a high success rate, although
they do have risks. Nevertheless, markers for rejection after kidney transplantation are needed.
Some research supports that in certain cases due to low abundance in the circulation, proteins may
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be more readily detected in urine than in plasma. Hemopexin, together with tetraspanin-1, has
the potential to be a novel urinary exosome marker in adult T-cell-mediated rejection (TCMR) in
kidney transplant recipients detected by nanoscale liquid chromatography coupled to tandem mass
spectrometry. Tetraspanin-1 is a member of a family of 4-pass transmembrane proteins implicated
in cell adhesion, migration and proliferation, which interact with membrane proteins including
integrins. Large multimolecular complexes organize cell–cell interactions and matrix–cell interactions
and consequently activate signaling pathways. Tetraspanin-1 is overexpressed in several different
cancerous cells and plays a role in carcinogenic progression including the migration and invasion by
malignant cells [102]. Intriguingly, both HPX and tetraspanin-1 were significantly increased in the
TCMR patients [103].

6.4. Brain/Injury and Neurotoxicity

The brain is protected by the integrity of the blood–brain barrier that prevents toxic plasma
components like heme, intact blood cells, and pathogens from reaching the brain. However, most brain
injuries including stroke and hemorrhage (intracerebral, subarachnoid, stroke) cause damage within
the brain that leads to damage of the protective blood–brain barrier and leakage of molecules across
these cells. Neurotoxicity comes from the presence of Hb, heme, and iron derived from its catabolism,
as well as inflammatory events all with consequences for the different types of brain cells. In brain
cells, the HO2 isozyme predominates although the heme-inducible HO1 is also present. The role for
the various cell types in the response to brain injury is under active investigation. To better assess
brain injury and the response to both the brain damage, markers in the CSF are being defined not just
for hemolysis and heme toxicity but also for inflammation and the activation of endothelial cells. Such
information will hopefully guide and improve therapeutic approaches. In this regard, iron uptake via
transferrin and, intriguingly, via ferritin into the brain are influenced by gender and genotype [104].

Hemopexin is present in the CSF, likely produced by neurons and ependymal cells [22,23]. Several
studies have revealed that CSF HPX levels change in response to neurological diseases including
Alzheimer’s [105] as well as brain hemorrhage [24]. Once more, HPX’s role as a potential therapeutic
was reinforced in a recent review on subarachnoid hemorrhage, which compared the pathophysiology in
humans and rodents [106], and Hp is active in outcomes in patients after subarachnoid hemorrhage [107]
or after ICH [108]. When there is impairment of the blood–brain barrier both brain and systemic HPX
and Hp systems may interact. However, it is most likely that brain inflammation drives the local
synthesis of HPX. Emerging treatment strategies for clearing hemoglobin/heme from the brain after
intracranial bleeding were presented in a comprehensive review by Galea and colleagues [109]. Also,
the clearance of heme through the inducible HO1 pathway as a treatment for ischemic stroke has
recently been reviewed [110]. We refer the reader to these publications and have not presented these
topics in detail here.

Further insight into the development of neurotoxicity and inflammatory conditions in the brain
has now come from using the neurotoxic effects of lymphodepletion chemotherapy. Endothelial
cell activation by cytokines leads to disseminated intravascular coagulation, capillary leakage, and
increased blood–brain barrier permeability. When the blood–brain barrier is permeable, it no longer
protects the CSF from exposure to high concentrations of systemic cytokines including IL6 and IL4 [111].
Such severe endothelial activation may lead to multiple areas of hemorrhage. Interferon-γ (IFN-γ)
induces brain vascular pericytes to secrete cytokines that activates endothelial cells. Most patients
developed cytokine release syndrome initiated by T cell activation with fever and hypotension that
was associated with high IL-6. As described in Section 12, IL-6 can alter the response of models of liver
and neuronal cells to cytoprotective heme-HPX signaling.

One of the most detailed studies on the relationship between protection of human brain cells
via heme clearance by the HPX and Hp systems and activation of localized inflammatory response
comes from a study by Righy and coworkers [24] on patients after either intracerebral or subarachnoid
hemorrhage. Hemorrhagic stroke depletes the CSF of HPX and Hp as does subarachnoid hemorrhage
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as heme and iron increased in the CSF [24]. A comparison of the levels of heme, iron, HPX, and
Hp in the plasma and CSF at 24, 48, and 72 h post-ictus revealed that iron levels were extremely
high throughout. Plasma HPX levels were essentially maintained and Hp was lower at the 24 h time
point, but the values of both varied widely including some patients who had undetectable protein
levels. The CSF HPX decreased over the first 48 h post ictus, but then appeared to increase by 72 h.
The Hp appeared to increase over this three-day period as it did in the plasma. Significantly, these
changes were linked to survival in that plasma iron, and heme over the first 48 h were highest in the
non-survivors. These data indicate that iron overload dominated perhaps more so than toxicity from
heme per se. Nevertheless, extracellular Hb is clearly toxic, and when the defenses are overwhelmed,
then some protection is derived from HPX. Furthermore, 3 days after admission, IL-4 levels in the CSF
were higher in the survivors, whereas both IL-6 and IL-8 in the circulation were significantly increased
in the non-survivors. These cytokine responses suggest that some anti-inflammatory protection was
taking place in the brain. Thus, treatments for brain hemorrhage using local anti-inflammatory agents
may have a protective role in addition to heme toxicity attenuation.

7. Hemopexin Metabolism Is Altered When Inflammation Occurs in the Brain in
Non-Hemorrhagic Conditions

There is a novel compensatory immune-regulatory reflex system (CIRS) in a large population of
patients diagnosed with depression and bipolar disorders who are particularly affected. Markers to
demonstrate that there was activation of an immune-inflammatory response system (IRS) are being
sought. In this study, there is an associated increase in pro-inflammatory M1 macrophages and T-helper
(Th)-1 pro-inflammatory cytokines including IL-6 trans signaling, together with positive acute phase
proteins and complement. In fact, evidence for activation of the immune system during major episodes
comes from the findings of increases in T-helper type 2 cells that protect and secrete several interleukins
(IL-4, -5, -9, -13, and -17). These cells are required for humoral immunity as well as regulatory T
cells that act against extracellular pathogens and facilitate cell repair but can contribute to chronic
disease such as allergies and asthma. A larger increase was observed in IL-4 and IL-10 production
with IL-6 signaling and transcription of the sIL-1 receptor antagonist soluble IL-2, TNFα receptors,
and HPX together with four acute phase reactants Hp, α-1 acid glycoprotein, α1-antitrypsin, and
ceruloplasmin. (Based on clinical data, HPX is not an acute phase reactant in humans [62], although the
human HPX gene contains an “active” IL-6 response element [63].) Therefore, this is evidence of the
primary immune-inflammatory response with spontaneous recovery or in response to treatment with
anti-depressants. Unfortunately, after each acute episode, the patients developed a sensitized IRS and
CIRS response. Thus, there remains a need for composite biomarker(s) to estimate the relative ratio of
these two responses in these and other mood disorders that clearly have a biochemical basis [112].

There is also a lack of biomarkers for chronic widespread pain. This occurs in chronic fibromyalgia
syndrome that manifests as general muscle pain, tiredness, together with anxiety and depression.
Even cognitive disabilities may exist. A preliminary proteome was analyzed using 2D electrophoresis
of plasma samples to assess if different patterns in plasma proteins could be found that changed
in response to pain or to the psychological distress. Hemopexin together with two complement
components and clusterin were proteins associated with the psychological aspects of this condition.
These were considered to represent immunity, iron, and lipid metabolism. On the other hand, proteins
associated with metabolic and immunity process (kininogen, fibrinogen γ-chain, and ceruloplasmin)
were linked to pain intensity. It seems that several psychiatric disorders have immune activation, where
changes in HPX metabolism help to identify them [113]. Further study may provide new knowledge
of factors that influence HPX metabolism and its levels in plasma and CSF.

8. Animal Models of Human Hemolytic Diseases and Conditions

Animal models of human diseases and potential therapies for them allow investigation of target
tissues and cells that are not always possible in patients. As briefly summarized in the Introduction, the



Pharmaceuticals 2019, 12, 144 18 of 35

extracellular antioxidant protective role of HPX is only one means whereby the HPX system protects
against heme toxicity. In a variety of animal models of hemolysis, the protective effect of HPX has been
recently linked to increased HO1 activity in hepatocytes and other cell types. Importantly, it is the rate
at which heme builds up in cells, the intracellular concentration of heme, and cofactors for HOs, which
affect the extent of heme metabolism by HOs and, thus, the potential for toxicity either in response
to heme or to increased ferrous iron from heme catabolism, as recently described [3]. When cells are
incubated with “free” heme in vitro, even when albumin is present in culture medium, heme very
rapidly accumulates in cells—within seconds and minutes. Also, because this process is unregulated
compared with the endocytosis of heme-HPX, toxicity readily develops (see Section 2 above for the
toxic effects of heme at ~10–25 µM or higher). Heme oxygenase enzymes are quickly induced upon
entry of heme across the plasma membrane and into the nucleus. Under these conditions, we do
not know what limits HO enzymatic activity or the rate of increases in ferrous iron in the cytosol
or, simultaneously, carbon monoxide (CO) levels. What is a toxic threshold for intracellular heme
concentrations? Does CO from heme catabolism inhibit the intracellular heme-proteins such as those in
the electron transport chain as it does cytochrome P-450? Clearly, a certain amount of cytosolic ferrous
iron from HOs can readily be dealt with by cells in response to the changes in the proteins of iron
homeostasis via the Fe/IRP/IRE system. However, what might be a “breaking point” for toxicity? The
cytosolic “labile” ferrous iron pool is ~1 µM whereas iron stored on ferritin is 0.7–0.36 mM. Certainly,
defense against iron toxicity may be equally or perhaps more important than heme sequestration, for
example, after brain hemorrhage in patients, ([24], see Section 6.4).

Protection of cells against heme involves both sequestration of extracellular heme as well as
intracellular events that include induction of HO1 activity. Also, HO1 responds to many stimuli not
heme solely. In animal and cell studies, evidence for a role for HO1 in cytoprotection often comes from
the use of metal porphyrins (e.g., cobalt-, tin- or zinc-protoporphyrin IX) that have been shown to
inhibit HO enzymatic activity in vitro (but also induce HO1 mRNA to very high levels). Thus, HOs
have been linked to the cytoprotection of the HPX system because protective effects of HPX are “lost”
in the presence of these heme analogs.

8.1. Hemopexin Reduces Inflamation and Descreases Oxidative Stress in Models of SCD

In mice models of SCD [114], a single infusion of human HPX (1 µmole/kg; ~14 µM) together with
equimolar amounts to Hb increased HO1 in liver, skin, and kidney within 1 h. Hemopexin inhibited
stasis from the Hb (less than 1% at 24 h) compared with untreated mice (10–11%). Plasma Hb and heme
levels were unchanged 1 h after infusion of HPX. Also, and importantly, HPX did inhibit the induction
of markers of inflammation such as inflammatory cytokines (chemokine 5), but did not affect the
plasma levels of TNFα, IL-10 or IFNγ. Furthermore, HPX inhibited NFkBphosphoP65, considered to
promote stasis via activation of pro-inflammatory adhesion factors. Furthermore, the increased levels
of hepatic oxidative stress indicated by the presence of hydroxynonenal were ameliorated by HPX. In
previous studies from Vercellotti, Belcher, and colleagues [64], heme sequestration by HPX mobilization
to the surface of endothelial cells of Weibel–Palade body protein P-selectin and von Willebrand factor
that drive vaso-occlusion, a potentially lethal pathology of SCD. Because induction of hepatic HO1
and engineered hepatic over expression of HO1 inhibited stasis in these mice, the inhibitor tin-PP was
administered at levels to block HO1 activity, which prevented the protection by HPX. Furthermore,
CO administration to the mice before Hb fully restored protection by HPX. To support the relevance of
the mice model to clinical SCD and to show directly that heme induces proteins such as P-selectin
needed for vaso-occlusion, human umbilical vein endothelial cells were incubated with heme (10 µM
for 30 min or histamine as a positive control), which readily induced P-selectin.

Overall, HPX was considered to inhibit stasis by inducing HO1 and, thus, raising CO levels.
One challenge with mice as a model for human hemolytic conditions including SCD is that, unlike in
humans, Hb is cleared via CD163 in macrophages and, thus, does not require Hp. Intriguingly, the
authors point to novel hepatic uptake of Hb–Hp complexes into hepatocytes as an additional clearance
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mechanism that will need defining. It may be related to the process in rats documented in1972, where
85–95% of the radioactivity from 59Fe-Hb was present with liver parenchymal cells whether injected IV
alone or with Hp [115]. The conclusion was that plasma protein replenishment therapies with both
HPX and Hp might be best for SCD patients, especially those with acute chest syndrome.

Evidence is accruing for differences in the response of HPX, Hp, and HOs to intravenous Hb
or Hb from intravascular hemolysis compared with Hb release after the administration of RBCs.
Graw et al. [116] showed that an infusion of stored red blood cells increased hepatic HO 1 mRNA and
also in kidney and spleen. In addition, HO1 levels in all these organs were increased by co-infusion
with HPX (or albumin or Hp).

The excessive heme from erythrophagocytosis causes the loss of resident red-pulp macrophages.
In this context, there are some unexpected relationships in mice between HO1 activity and hepatic
HPX expression (that drives plasma levels), which is altered when spleen function is impaired. Spleen
macrophages may die due to the toxicity of heme when HO1 is inhibited or when heme export via
plasma membrane transporter FLVCR1b [117] is impaired because proteins heme such as HPX or
albumin are needed as extracellular heme acceptors to drive transport down the concentration gradient.
Hepatic HPX is increased significantly when HO1 is inhibited or absent as shown in studies with
HO1 knock out mice [118]. These studies showed that the status of spleen macrophages affects HPX
levels both in the liver (HPX mRNA) and in the circulation. The implication of this includes whether
some of the effects in mice given Hb, RBCs or in hyper-hemolytic states (after phenylhydrazine) are
due to the changes in endogenous levels of HPX, especially when inhibitors of HO1 are administered.
Thus, when both spleen macrophages and Kupffer cells are involved in RBC clearance, there may
be changes in the regulation and activity in the various defenses against plasma Hb/heme including
the HPX system compared with low levels of hemolysis (or IV heme or Hb in animal studies). In
the light of observations on toxicity from globin, when HPX is present with Hb in Hp−/− mice or in
humans with hemolysis sufficient to have depleted Hp, there must be mechanisms in vivo that mitigate
extracellular globin toxicity in Hp deficiency. Alternatively, globin precipitation is a key missing part
of the complicated puzzle that is the mechanism of Hb/heme toxicity.

8.2. Hemopexin Protects the Blood–Brain Barrier

Using a model of cerebral ischemia-reperfusion injury in rats, focal cerebral ischemic and
reperfusion, Dong and colleagues [119] showed that HPX alleviated cognitive dysfunction rapidly
when injected intracerebro-ventricularly once reperfusion was initiated. This protective effect was
also linked to HO1 activity because it was reversed by the HO1 inhibitor, zinc-PPIX [119]. In a similar
experimental approach, HPX was protective after cerebral ischemia/reperfusion injury and protection
was lost when zinc-PPIX was given [119].

Importantly, HPX in the cerebral spinal fluid (CSF) helps to maintaining the integrity of the
blood–brain barrier, in part, because HPX and the induction of HO1 helps new blood vessel formation
by supporting both the migration and differentiation of endothelial progenitor cells [120]. The
administration of HPX allowed the rats to recover after cerebral ischemia, as assessed by the magnitude
of their synaptic plasticity, but this was blocked by administration of the HO1 inhibitor ZnPPIX. Thus,
HO1 activity is implicated in the protection by HPX of both the endothelial cells and blood–brain
barrier integrity in rats with cerebral ischemia [120].

The HPX, LRP1/CD91 positive cells, and heme were detected from day 1 in both the clot and in the
tissue surrounding the brain hematoma, and perihematoma in piglets were injected with autologous
blood into the right frontal lobe of the brain [121]. The administration of the iron-chelator deferoxamine
significantly decreased all of these indicators of the HPX system. Unfortunately, the full significance of
protection by HPX in these studies is not yet clear because deferoxamine does not cross the blood–brain
barrier. Therefore, when this chelator is reported to be effective, it is presumptive evidence for an
impairment of the blood–brain barrier allowing molecules from the plasma to reach the brain and
potentially vice versa.
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Importantly, data from a rat model of the sports-related head injury supports that HPX is a
potential diagnostic for a frequent form of traumatic brain injury—diffuse axonal injury. Biomarkers for
brain damage are urgently needed because such injuries, as is now evident, occur even in recreational
and professional sports. They represent a serious and complex brain injury with significant morbidity
and mortality. Low linear and angular accelerations to the head [122] replicate axonal injury and
hemorrhagic tears that represent the histology and neurological changes of axonal injury. Both HPX
and glyceraldehyde-3-phosphate were 2 out of 58 proteins in plasma deemed potentially diagnostic
for this type of brain injury.

A role in olfactory system development is perhaps one of the most intriguingly recent discoveries
about HPX. Neurogenesis relies on neural stem cells of the subventricular zone that reside in a
specialized niche. Abnormalities develop in the SV2/olfactory bulb pathways of HPX-null mice
that impair neuroblast migration in the subventricular zone as well as the rostral migratory stream.
Exogenous HPX inhibited apoptosis and promoted the migration and differentiation of cultured neural
stem cells [123].

Furthermore, HPX is protective against bleeding and blood loss in trauma injury, which is the
leading cause of death for the young, including infants, and in the middle aged. Trauma includes the
severe injury from automobile accidents, industrial accidents, and on the battleground. These severe
injuries lead to significant blood loss and internal bleeding may damage the lungs. Both blood loss
and hemorrhagic shock after trauma are routinely treated with massive blood transfusions to maintain
Hb oxygen levels. This may well be life saving for patients but also presents a hazard to their health
because of extensive RBC lysis from blood transfusions. It is well established that RBCs deteriorate; the
longer that blood and packed RBCs are stored, the more likely RBCs will lyse and release Hb leading to
heme toxicity. Thus, extensive transfusions are associated with poor recovery due to the Hb/heme load
for the patient and, significantly, there is an increase in organ injury. Furthermore, bacterial infection
becomes more prevalent in part because nutritional immunity is overcome by the systemic heme and
iron loads.

8.3. Hemopexin Is a Part of Nutritional Iron Defense System in the Lung

Mice have provided novel information on the dangers from heme leading to the development
of pathology in the lung, which are exacerbated by bacterial infection of the lungs following, for
example, trauma-induced hemorrhage [73]. Most human pathogens have multiple ways to acquire
heme via surface receptors and transport systems for heme itself, or for Hb, Hb–Hp, heme-HPX
and for iron-transferrin. After trauma hemorrhage, the mice were resuscitated with plasma and
leukocyte-reduced RBCs that were either fresh or stored for 14 days. Two days later, their lungs were
infected by administering the opportunistic pathogen, the K-strain of Pseudomonas aeruginosa that
has many virulence genes. This Gram-negative rod bacterium is associated with bronchial infections
in patients with cystic fibrosis and is predominantly responsible for the nosocomial infections in
hospital intensive care units. Also, it has developed resistance to many antibiotics. As expected and
linked with hemolysis, infusion of stored RBCs increased lung injury and the severity of bacterial
infection determined by a higher bacterial count in the lung and increased pulmonary edema. These
changes were greater than the responses to fresh RBC infusion. Changes in plasma Hb, heme, and
non-transferrin bound iron were measured longitudinally over 48 h after trauma hemorrhage. When
IV HPX (1 mg/kg) was administered immediately before resuscitation, the mice had significantly lower
levels of Hb compared with mice exposed to stored RBCs. These data support that the increased
lung injury (pulmonary edema and lung bacterial count) after resuscitation with stored RBCs is due
to the heme. Following up on observations that heme can activate TLR4 driving the pathology of
SCD in mice [64], it was shown that administration of HPX or pharmacological inhibition of TLR4,
during the traumatic hemorrhage and resuscitation completely prevented the P. aeruginosa-induced
mortality following resuscitation with stored RBC. The TLR4−/− mice were similarly “protected”. In
addition, using murine alveolar macrophage line (MS1) heme inhibited bacterial phagocytosis of
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macrophages via the release of the damage-associated molecular pattern molecule HMGB1, a death
high mobility group box transcription factor, which is released from apoptotic cells. Antibody to
HMGB1 protected against death following the P. Aeruginosa infection. It was shown from a group of
50 patients with trauma hemorrhage that they received sufficient heme from resuscitation therapy
transfusions to overwhelm HPX. However, it remains to be established how changes over time of the
different products generated during hemolysis, including heme levels, are linked to adverse outcomes
in after transfusions in these types of patients.

In mice, HPX has been shown to be involved in the nutritional iron defense system in the
lungs. Pneumonic plague is highly contagious and the causative agent is Yersinia pestis. After mice
received a lethal dose of pneumonic plague, both HPX and Hp increased 48 h later in the lung and
serum. However, when this lethal plague dose was given together with a single injection of EV76 live
attenuated Y. pestis, there was a more rapid increase, within 24 h, of HPX and Hp in both lung and in
serum. Some broad range antibacterial drugs are available to treat outbreaks of multi-drug resistance Y.
pestis, but while they are effective in vitro and can be given intranasally (ideal for rapid absorption and
incidentally a useful route for drug administration in humans), they are not effective in mice leading to
an ~86% rate of fatality. However, a combination treatment revealed that antibiotic treatment 48 h after
a previously lethal dose of Y. pestis treatments was extremely effective—all the mice survived. When
the mice were checked 21 days later, there were no signs of Y. pestis infection in the blood or in key
organs such as the spleen, liver, and lungs. These studies are exciting because they reveal that live
vaccine strains can activate not only lung immunity but also systemic immunity. They also show the
potential for treatment via inhalants for acute lung infections and for patients whose lungs are rapidly
deteriorating as in pneumonic plague. Finally, this research shows the importance of iron and heme
sequestration for nutritional immunity that is protective and demonstrates a combination therapy that
is effective to treat antibiotic resistant strains of pathogenic bacteria [124].

8.4. Hemopexin Is Neuroprotective in Models for Intracerebral Hemorrhage

Secondary brain injury is the term used for the damage produced by extracellular heme and
leads to irreversible brain damage and enduring neurological deficits. The first studies showing
that HPX protects the brain were published in 2009 and used a rat ischemia-reperfusion stroke
model [125]. Recently, data from mice have revealed the therapeutic potential for a clinical grade HPX
in neuroprotection for intracerebral hemorrhage (ICH) [108]. Brain HPX levels were increased using
a CNS-targeted recombinant adeno-associated viral vector. This organ-specific expression of HPX
resulted in smaller lesions and improved functional recovery from ICH including significantly reduced
hematoma volumes compared with the control rats. Furthermore, although HO1 and iron levels
were not elevated, there was increased microgliosis and decreased astrogliosis and lipid peroxidation.
Importantly, the elevated HPX in brain improved both central and peripheral clearance mechanisms
indicating some communication and interactions between the systemic and brain clearance systems.
This may represent a situation where the blood–brain barrier is “leaky”, as shown when the iron
chelator deferoxamine, which does not cross the blood–brain barrier, is effective at reducing brain
damage and symptoms. A role for the circumventricular organs (see Section 5) is also a possibility.

8.5. Hemopexin Is Induced in Response to TLR7 Activation in Models of ICH

Toll like receptors are expressed by all cells of the immune system and are integral to the innate
and adaptive immune systems. Thus, TLRs are logical targets for interference by pharmacological
means for development and maintenance of inflammatory conditions including inflammatory bowel
disease, rheumatoid arthritis, and SLE. As described above (Section 8.3), when heme binds to toll-like
receptor 4 on endothelial cells, P-selectin is induced leading to the assembly of structures on the cell
surface that causes vaso-occlusion as seen in SCD [64]. The Bruton tyrosine kinase (BTK), which
is needed for B-cell receptor signaling and the survival of B-cells in humans, has been identified
downstream of five TLRs including TLR4 and TLR7. A BTK–LRP1 pathway has been proposed to aid
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in heme clearance by heme-HPX uptake into brain cells in a mouse model of ICH [126]. In this model,
the stereo striatal injection of type VII collagen [70] causes traumatic brain injury that is hemorrhagic
with the development of inflammation. The TLR7 activation improved neurological deficits including
neurological scores for spatial learning and memory. Improvement was also seen in the physical
changes to the brain such as edema, blood–brain barrier permeability and the hematoma volume.
Compared with sham-operated mice, TLR7 activators increased the protein expression of HPX, the
scavenger receptor LRP1/CD91 that binds heme-HPX, as well as BTK and other pathway components.
Furthermore, all of these proteins were decreased in response to TLR7 inhibitors. Investigation of
LRP1 as a therapeutic target in ICH is described in Section 3.3. The role of BTK in the TLR-mediated
regulation of innate immunity and differences among how information from mice models and humans
may affect the application to human therapeutics has recently been reviewed [126].

9. Divergent Evolutionary Fate of Hp and HPX Reveals the Potential for Additional Roles
for HPX

The only vertebrates known to lack Hb and red blood cells are, among the notothenioids, Antarctic
ice fishes. Ice fishes live in the Southern Ocean that encircles Antarctica and, to survive, they produce
anti-freeze proteins, thus preventing ice crystals from forming in their thin blood. Thin blood is
another adaptation because at cold temperatures, thin blood is easier to circulate. Also, ice fishes
have developed large hearts and their blood vessel have large diameters [127]. A genetic accident
allowed ice fish to survive when a gene needed for the assembly of Hb was completely corrupted.
Although cold water offers more oxygen, fish living in cold waters do have fewer RBCs in their blood
over the winter months to save energy. Sadly, now these species and the icefish are threatened by
climate change and warming oceans; however, they provide a unique situation to gain insights into the
function of HPX.

Compared with hundreds of red blooded notothenioids, these ice fish have very little Hp and
its translation into a functional protein has actually been silenced [128]. Overtime, a degeneration of
the Hp genotype manifested in a separate lineage. This was due to the distinct nonsense mutations
including a deletion frame shift and a mutated poly A sequence. Significantly, the loss of Hb effectively
reduced the selective constraints on Hp maintenance. Importantly, this took place without affecting
either the HPX gene or its expression. The HPX genotype is preserved and the transcription rate of the
HPX gene is comparable to that in the red-blooded notothenioids. The authors of this study speculate
that HPX persists due to the selective pressure to maintain mitochondrial function and to capture heme
released from dead and dying cells. This had been previously proposed as a function for HPX, but to
what extent there exists such intracellular sources of heme-proteins from dying and apoptotic cells is
unknown. In addition, these fish have little bone but do have an extensive muscular system; and, thus,
HPX may be conserved because it is needed for heme reclamation in myoglobin biology.

10. Immune Cells as Therapeutic Targets in Intravenous Hemolysis

Evidence supports that a calcium sensor “calprotectin” on the surface of immune cells may
be an important target for reducing heme-mediated inflammation in patients with IVH. Human
neutrophils and monocytes constitutively express this sensor, which is a heterodimer (S100A8 and
S100A9). These proteins are currently possible candidates for both diagnostics and therapeutics when
inflammation is causing disease-related pathology. They participate in cytoskeletal rearrangement
and arachidonic acid metabolism. When the calprotectin dimer is released from cells, they modulate
the inflammatory response by stimulating leukocyte recruitment and inducing cytokine secretion.
Mechanistically, S100A8 drives the NLRP3 inflammasome and leads to IL-1β secretion. Myeloid-derived
alarmin and S100A8 (AKA calgranulin A) have been shown to propagate hemolytic inflammation via
leukocyte priming [129]. Thus, S100A8 alone may represent a novel target to reduce inflammation in
hemolytic disorders.
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Human CD4+ cells were differentiated into human monocytes and used to address the question
of whether heme-induced inflammation is amplified under sterile conditions. When these cells were
incubated with S100A8, there was the expected increase in pro-IL1β, which required the activation
of NFkB, in turn partly dependent upon signaling via the TLR4. In addition, when these cells were
incubated with heme, pro-IL1β secretion was secreted and the effect of heme was enhanced by addition
of S100A8. Furthermore, S100A8 levels increased in plasma when IVH was induced in mice; and heme
sequestration by HPX administration prevented this S100A8 production.

The S100A8 levels were found to be increased in human hemolytic and sickle cell anemias. With
the evidence that some heme effects are amplified by autocrine S100A8 production, these studies
provide a mechanism whereby leukocyte priming in the absence of bacterial infection could be harmful.
Thus, S100A8 represents a potential therapeutic target to reduce heme-mediated inflammation in
hemolytic disorders.

The presence of CNS trauma such as spinal cord injury (SCI) has limited therapy and the pathology
of SCI is linked to the polarization of microglia to the M1 or M2 state. Heme is known to activate mouse
macrophages to the pro-inflammatory M1 state [130]. Also, HPX increases at the lesion site after crush
injury to the spinal cord during the time when intramedullary spinal cord hemorrhage is alleviated
and is synchronously correlated with the M2 marker Arginase 1 in microglia. Loss of HPX in vivo
decreased the number of “protective” M2 microglia relative to increased M1 microglia in the lesion site.
This is consistent with a role for the M1 microglia in delaying recovery and exacerbating the behavioral
dysfunction after SCI. In LPS-stimulated primary cultured murine microglia, the heme-binding activity
of HPX led to a rapid increase in the cells in the M2 state and was associated with improvements
such as less neuronal degeneration, less demyelination together with increased numbers of mature
oligodendrocytes [131].

11. Novel Metabolite Regulation of Tissue Resident Macrophages and Bone Marrow Macrophage
Populations by Heme for Iron Recycling and Body Iron Homeostasis

Senescent red blood cells are degraded daily by almost half a million macrophages and their heme
iron recycled for all of the body’s iron needs (see citations within Reference [132]). This link between
heme and iron metabolism is important for normal iron homeostasis but also provides a special example
of how heme, derived from citric acid cycle precursors, is involved in novel metabolite regulation in
pathological hemolytic diseases and conditions. For example, in hemolysis, red pulp macrophages
in the spleen not only phagocytose red blood cells but likely also take up Hb–Hp complexes and
heme-HPX complexes via surface receptors CD163 and LRP1/CD91, respectively. Intracellular heme
levels in macrophages are therefore assumed to be normally limited by heme export by FLVCR and/or
degradation by HOs. This exporter is a member of the major facilitator family of transporters and,
as such, moves heme (the solute) down a concentration gradient. However, FLVCR heme export
in vitro requires a heme-binding protein such as albumin or HPX to be present extracellularly to
accept the heme. Presumably this is also needed in vivo and could be compromised in patients with
hemolysis and decreased HPX or when heme-binding by circulating albumin is compromised. (Many
pharmaceuticals occupy the hydrophobic site on albumin that accommodates heme.) Heme catabolism
generates iron and this must be exported via ferroportin to transferrin or in macrophages via secretion
on L-ferritin.

In pathological hemolysis, the increasing heme is toxic and excessive heme induces the loss of
resident red-pulp macrophages. As macrophages die, the population of pulp macrophages and bone
marrow cells is replenished by the relief by heme of Bach1-mediated transcriptional repression of the
gene encoding the transcription factor Spi-C in monocytes [132] that drives their differentiation into
macrophages. Circulating monocytes enter the spleen and upregulate SpiC, leading to macrophage
differentiation, reestablishment of the splenic red-pulp macrophage compartment, and restoration of
iron homeostasis. Thus, local signaling within tissues might be sufficient to promote the acquisition of
specialized macrophage functions irrespective of their lineage. This further demonstrates a critical
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role of monocytes to repopulate the body with splenic red-pulp macrophages and bone marrow
macrophages. Furthermore, this regulation is likely to take place at other sites of hemorrhagic damage
including macrophages at atherosclerotic plaques and alveolar macrophages that regulate surfactant
production. Other tissue-specific macrophages are found in bone (osteoclasts) and induction of
HO1-inhibited osteoclast differentiation into osteoclasts in vitro and in vivo and may affect bone in
rheumatoid patients who had increased serum bilirubin levels [133].

12. Evidence for Cross Talk between IL-6 and the HPX System in Models of Liver and
Neuronal Cells

Evidence is mounting to show that HPX protects against heme toxicity from Hb in both sterile
and infectious inflammation [26]. The cytokine IL-6 contributes to host defense via stimulation of
the hepatic acute phase response, immune cell responses, and hematopoiesis. However, when IL-6
synthesis is sustained due to the perturbed regulation, chronic inflammation ensues, which is life
threatening. Il-6 is elevated in several hemolytic states and in mice studies to model human sepsis [134].
Interleukin-6 interacts with specific receptors on many different cell types including hepatocytes and
lymphocytes but also on bone marrow cells, synovial fibroblasts, CD4 and CD8T cells, and B cells.
Interleukin-6 can activate the MAP3K upstream kinase MKK4 for the Jun N-terminal kinase (JNK)
in human HepG2 hepatoma cells [135], a signaling pathway well known to regulate several normal
biological processes, not solely stress-related responses. A substrate of phospho-JNK, the transcription
factor c-Jun, is phosphorylated in mouse hepatoma cells in response to heme-HPX providing evidence
for activation of the JNK pathway [136]. Because the HPX system is protective, we propose that JNK
activation by heme-HPX is part of JNK’s important role in normal biological processes needed for the
maintenance and/or restoration of cell homeostasis in hemolysis and oxidative stress.

The purpose of this research was to determine if signaling pathways activated by the inflammatory
cytokine IL-6 affect, and possibly override, the activation of the JNK pathway by heme- HPX, and
if so, to what extent. Our hypothesis was that if there is cross talk between the IL-6 and heme-HPX
activation of the JNK pathway, then the target for inhibition by IL-6 will be MKK4 rather than JNK.
Elevated IL-6 cross talk in the early stages of inflammation when there is hemolysis may reprogram
the cytoprotective cell response(s) to heme-HPX and/or perhaps impair them.

Our preliminary data showed that incubation of heme-HPX with mouse Hepa cells as models of
hepatocytes (Figure 1A) and with rat PC12 cells that are models of cholinergic neurons (Figure 1B, [137])
led to the rapid phosphorylation of MKK4 and JNK. Furthermore, two JNK substrates c-Jun(Ser63) and
c-Jun(Ser73) were also phosphorylated These phosphorylations occurred very rapidly with very high
levels of p-MKK4(Thr261), p-JNK(Thr183/Tyr185), and p-c-Jun(Ser63, Ser73) detectable in cell extracts
within 2 min after addition of 5 µM heme-HPX to the cell medium. The time course data in Figure 1
show that they remain high for at least 30 min relative to total JNK levels supporting activation of the
JNK pathway by heme-HPX.

When Hepa cells were incubated with increasing concentrations of IL-6 simultaneously with
heme-HPX, the extent of phosphorylation of MKK4, JNK, and of c-Jun (Ser 63 and 73) was significantly
decreased (Figure 2). The effect of IL-6 was dose-dependent. The IL-6 consistently decreased on
average to 54.3% the levels of p-MKK4 and also decreased p-JNK levels to 60.4% (further details
are in the legend of Figure 2). We used correlation analyses to assess for a possible association first
between the IL-6 and p-MKK4 levels as variables and, second, between the IL-6 and p-JNK levels
as variables to validate our hypothesis. Statistical analysis using Kendall’s Tau and Spearman’s rho
rank correlation analyses show there was a strong negative correlation between the IL-6 concentration
and p-MKK4 levels and also the IL-6 and p-JNK levels. Applying both types of correlation analyses
the correlation was significant at the 0.01 level (2 tailed). The Kendall’s tau correlation coefficients
were −0.683, significance 0.008 (2 tailed), and −0.730, significance 0.005 (2 tailed) for p-MKK4 and
p-JNK, respectively, and the Spearman’s rho correlation coefficients were −0.775, significance 0.008
(2 tailed), and −0.825, significance 0.003 (2 tailed) for p-MKK4 and p-JNK, respectively. Thus, IL-6
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significantly reduced JNK pathway activation by heme-HPX demonstrating for the first time cross talk
on a heme-HPX signaling pathway with an inflammatory cytokine and confirming our hypothesis.
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Figure 1. Heme-hemopexin activates the JNK pathway via MKK4 in hepatic and neuronal cells. In
panel (A) Mouse Hepa cells were incubated with PBS (control) or heme-HPX (5 µM, H-HPX in PBS) for
up to 30 min as indicated. The levels of p-MKK4 and p-JNK—both kinases of the JNK pathway and of
p-c-Jun, a substrate of JNK, together with total JNK levels—were detected by immunoblotting of cell
extracts (40 µg protein/lane), as described briefly below. (B) Data shown are from a similar time course
experiment to determine the effects of heme-HPX on the JNK pathway and c-Jun phosphorylation in
rat PC12 cells. The data shown in both panels are from a representative experiment of two independent
biological replicates. Hepa cells are minimal deviation hepatoma cells from a mouse solid tumor line
BW 7756 and were grown and maintained as previously described [1]. Western blots were performed by
loading the same amount of protein from the sample of cell lysate per lane (40 µg protein/lane), and after
electrophoresis on SDS-PAGE gels, the proteins were transferred to a nitrocellulose membrane (Bio-Rad,
Hercules, CA, USA). Primary antibodies (Thermo-Fisher Scientific, Waltham, MA, USA) used at 1:1000
dilution, were detected by binding a secondary antibody of goat anti-rabbit IgG horseradish peroxidase
(generally 1:5–10,000) and the peroxidase enzyme activity detected using the chemiluminescence ECL
system (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Data were collected using a multifunction
phosphoimager/fluorimager laser scanner (Molecular Dynamic Storm Molecular Imager, LICOR,
Lincoln, NE, USA).

The data are from immunoblot analyses of cell extracts (40 µg protein/lane, as described in the
legend to Figure 1). After incubation of Hepa cells with 5 µM heme-HPX in the presence or absence of
IL-6 at the concentrations shown, for 30 min, IL-6 (1.0–100 ng/mL) consistently decreased to 54.3%
the levels of p-MKK4 (mean +/− SD of three highest IL-6 concentration datasets: 58.63 +/− 6.21;
49.97 +/− 9.66). The IL-6 also decreased p-JNK levels to 60.4% (mean +/− SD of three highest IL-6
concentration data sets 56.25 +/− 11.56 and 64.5 +/− 4.96). These data show that IL-6 decreases the
levels of key kinases of the JNK pathway activated by heme-HPX in Hepa cells. The data shown
are from a representative experiment of two independent biological replicates. Kendall’s tau and
Spearman’s rho rank correlation analyses were used for the statistical analyses of the relationship
between IL-6 concentrations and the levels of p-MKK4 and p-JNK as described in the text.
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Although, MKK4 is a master regulator against liver damage and for liver regeneration [138]), the
implications of this initial in vitro study for the effects of IL-6 on the HPX system in vivo in clinical
hemolytic and inflammatory conditions and in rodent models of HPX replenishment remain to be
established. Many stimuli of hepatocytes regulate the acute phase production of IL-6, both at the
autocrine and endocrine/paracrine levels [139]. For example, when the liver itself is injured, the Kupffer
cells are the primary source of IL-6 that stimulates IL-6 production by parenchymal cells for the acute
phase response. There may be differences in the upstream events in different cell types because IL-6
alone did not phosphorylate MKK4 in the mouse hepatoma cells as it did in human HepG2 cells.
In addition, there may be differences in the response to heme-HPX in the presence of IL-6 between
transformed cells and non-transformed cells. Preliminary data from PC 12 cells (not shown) revealed
that IL-6 decreased pMKK4 levels in response to 5 µM heme-HPX more effectively when added to the
medium 30 min before heme-HPX. This suggests some differences in response to IL-6 cross talk with
heme-HPX between liver and neuronal cells.

Nevertheless, and overall, this research shows that further investigations of the interaction between
IL-6 and the HPX system in different cell types including primary human hepatocytes are warranted.
Our data provide a basis to gain a better understanding of the consequences of cross talk between the
IL6 and other signaling pathways that may ultimately be used to improve patient diagnosis, therapy,
and prognosis when there is hemolysis together with immune and inflammatory responses.

13. Conclusions

It is apparent from the research covered here, which builds on many previous studies in this
area, that we now have a more detailed understanding of how the hemopexin system protects against
both heme toxicity and iron toxicity. Many biological events are involved and include different types
and sources of hemolysis; heme-driven activation of cells of the immune system and of endothelial
cells; heme- and cytokine-mediators, among others, of inflammation; and specific parameters of heme
and iron homeostasis, such as the activity of HOs, the induction of FtH, and the increase in plasma
FtL. Many of these events and processes are depicted in Figure 3. Furthermore, identification of
the activation of different kinds of cells reveals a significant number of sites in the body that can
be perturbed by heme and, hence, the number of biological processes affected by hemolysis. For
example, endothelial cells help to maintain the integrity of the blood–brain barrier and blood vessel
walls and minimize the development of atheromas on the wall of blood vessels that can develop into
hemorrhagic plaques.
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biological processes that protect the human body against heme- and iron-mediated toxicity.

This depiction of the processes that are associated with the HPX system as it protects against
heme toxicity provides a sense of the extensive nature of the biological systems and cells that are
deleteriously affected by heme. Furthermore, in humans, C-reactive protein 1 and Hp levels rise
when there is an acute phase reaction but HPX does not [62]. In addition, lipopolysaccharide-(LPS)
stimulated human peripheral blood monocyte-derived macrophages rely on oxidative phosphorylation
for ATP production and do not undergo the metabolic reprogramming to glycolysis as do mouse bone
marrow-derived macrophages [140]. Such differences require assessing when using mice as pre-clinical
models [141].

Experimental evidence shows that HPX protects against all identified damage by heme in more
instances than not. After endocytosis of heme-HPX by hepatocytes, HPX recycles from the liver after
delivering heme [2], but because the hepatic concentration of heme alters HPX turnover, this can
change plasma HPX levels [142,143]. Heme-HPX taken up into non-hepatic tissues by LRP1/CD91
a receptor that directs its ligands to lysosomes, may thus deplete HPX without generating signals
for compensatory hepatic synthesis and secretion of HPX to plasma. Clearly, HPX levels decrease
quite quickly after massive hemolysis (reflected by the number of heme molecules and the duration of
the heme load) and the heme can take about 6 days to clear in humans before returning to normal
levels [62].

Plasma exchange therapy appears poised to be a useful means to increase HPX and Hp and reduce
heme toxicity. Perhaps such treatment could be a means of “respite care” for cells and organs. There is
already evidence from studies on proteasomes, ER stress, and UPR as well as ALIS formation that
heme-toxicity related responses can be short- or long-lived or are reversible. It will be important to
establish the amount of intracellular heme from which cells can recover, how long a period of high
intracellular heme and/or iron can be tolerated, and how cells return safely to homeostasis. In the
future, what will be needed to counteract heme and iron toxicity are treatments that combine raising
HPX (perhaps with Hp depending upon Hb levels) with certain targeted iron chelators (or other means
to prevent ferroptosis) and/or a means to increase plasma FtL. We draw the reader’s attention to some
challenges in the design of in vitro experiments to “mirror” heme toxicity in humans; as well as the
differences between the response to heme/Hb toxicity of humans and mice (see Figure 3). It is perhaps
worth remembering that experimental animals generally live out their lives in sterile conditions. Also,
there are numerous differences between the response of human and mouse immune cells as pointed
out in 2004 [141], and include both the innate and adaptive immune systems.
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Analyses of the number and level of biomolecules in patient samples are currently extremely
sensitive, thus generating a plethora of data. The plasma proteome contains thousands of proteins
compared with those isolated by C18 chromatography including the normally abundant HPX [144].
Thus, future multiplexing analyses will generate so much data that very sophisticated software will be
required for analysis, which may not be available to all researchers and physicians in the field. As the
means to develop pathway analyses, pattern recognition networks are increasingly available through
online bioinformatics programs. Ideally, a public repository for all this information is needed, which is
accessible to researchers and physician–scientists to share and compare their patient data, especially
for prognosis and response to treatments. In this review, juxtaposing a wide variety of studies will
help researchers to more readily extend their sets of target molecules in the clinic, thus helping in the
diagnosis, prognosis, and response to therapies of patients.
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