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Abstract: The heme oxygenase (HO) system is essential for heme and iron homeostasis and necessary
for adaptation to cell stress. HO degrades heme to biliverdin (BV), carbon monoxide (CO) and ferrous
iron. Although mostly beneficial, the HO reaction can also produce deleterious effects, predominantly
attributed to excessive product formation. Underrated so far is, however, that HO may exert effects
additionally via modulation of the cellular heme levels. Heme, besides being an often-quoted
generator of oxidative stress, plays also an important role as a signaling molecule. Heme controls the
anti-oxidative defense, circadian rhythms, activity of ion channels, glucose utilization, erythropoiesis,
and macrophage function. This broad spectrum of effects depends on its interaction with proteins
ranging from transcription factors to enzymes. In degrading heme, HO has the potential to exert
effects also via modulation of heme-mediated pathways. In this review, we will discuss the multitude
of pathways regulated by heme to enlarge the view on HO and its role in cell physiology. We will
further highlight the contribution of HO to pathophysiology, which results from a dysregulated
balance between heme and the degradation products formed by HO.

Keywords: heme oxygenase; free heme; free iron; intracellular signaling; oxidative stress; biliverdin;
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1. Introduction

The last decades have brought to light an exciting spectrum of pathways that are maintained
and modulated by heme oxygenase (HO). HO is the rate-limiting enzyme in the degradation of heme,
resulting in the formation of equivalent amounts of biliverdin (BV), carbon monoxide (CO) and ferrous
iron (Fe?*). In mammalian tissues, BV is rapidly reduced to bilirubin (BR) by the cytosolic enzyme
biliverdin reductase (BVR). The HO system is not only an essential component of the heme and iron
homeostasis but also indispensable for providing adaptation to cell stress.

For most of the HO-mediated effects, two principal processes account, (i) the degradation of heme,
and (ii) the generation of its reaction products. Two functionally active isoforms of HO have been
described, the inducible and highly dynamic HO-1, and the constitutive HO-2, which is much less
regulated [1]. They differ in respect to their tissue distribution and function. A third isoform (HO-3) is
nearly identical to HO-2 (90%) in its amino acid sequence, but shows only low enzyme activity [2].

Most attention has been paid to HO-1, which is a member of the heat shock protein family
(syn. HSP32) and an important component for the cellular stress control. In contrast to HO-2 knock-out
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mice, which show only minor physiological derangements and remain fertile [3], HO-1 knock-out
mice display a high mortality in-utero and suffer from severe chronic inflammation. Further, adult
HO-1-deficient animals develop both, serum iron deficiency and pathological iron overload, indicating
that HO-1 is required for iron mobilization and distribution [4,5]. The only known HO-1 deficiency in
a human patient showed multiple inflammatory complications and an early death [6], indicating the
central role of HO-1 in normal mammalian development [4,7]. HO-2 has been less studied, possibly
because it is barely regulated at its expression level. However, it contributes nearly completely to the
HO activity in testis, endothelial cells, and particularly in the brain [8], underpinning the relevance of
HO-2 for the proper function of these tissues [9,10]. Findings suggest that HO may also exert some
of its modulatory effects independently of the catalytic activity. However, HO is mostly known for
the impressive multitude of physiologic and pathophysiologic pathways regulated by virtue of its
reaction products.

The unique HO products CO and BV/BR contribute to tissue function and protection by multiple
mechanisms. The role of HO and its products supporting cytoprotection has been thoroughly addressed
and discussed in several recent reviews [11-15]. Therefore, we will focus on properties of HO arising
from aberrant HO activity that are less considered.

One consequence of an accelerated HO reaction is the accumulation of reaction products to
critical levels. This applies to iron, which can cause severe counterproductive effects, if insufficiently
sequestered. Other consequences of aberrant biological effects of HO are related to the role of heme.
Heme is a pro-oxidative molecule when excessive, but it is also required at sufficient levels to fulfil
important signaling functions. The intracellular heme pool is dynamic and the result of different fluxes.
Import and export processes, biochemical synthesis, trafficking between organelles, and the assembly
into hemoproteins all affect heme levels. The enzymatic degradation of heme will modify these fluxes
and HO may therefore act as a regulator of heme-mediated signaling.

In this review we will summarize the pivotal role of HO for amelioration vs aggravation of
diseases and recapitulate known information regarding the effects of decreased heme availability and
increased product generation accounted by a sustained HO activity, including the newly discovered
form of iron-mediated cell death, ferroptosis [16-18].

2. Pivotal Role of Heme Oxygenase Reaction—Salutary vs. Deleterious Effects

2.1. Beneficial Role of HO

Under physiological conditions, most tissues express only low levels of HO-1. Exceptions are
the cells of the reticuloendothelial system, which are challenged with high levels of heme, due to the
removal of aged erythrocytes. However, besides its own substrate, nearly all stressful conditions,
such as hypoxia, ischemia/reperfusion, heavy metal exposure, fungal toxins, inflammatory agents,
ultraviolet irradiation rapidly induce HO-1 [12-14,19-23]. Overwhelming data clearly show that high
enzymatic activity of HO is a prerequisite for the well-recognized cytoprotective effects. Classically
speaking, HO exerts anti-oxidative and cytoprotective effects by two synergistically operating measures.
The first is the removal of heme, which can catalyze the formation of damaging reactive oxygen species
(ROS), when insulfficiently chaperoned as outlined in details in Section 2.3. Therefore, HO-1 induction
significantly contributes to protection of the endothelium under conditions of elevated hemolysis [24].
The second measure is the increased generation of HO reaction products with distinct cytoprotective
properties [25], which we will summarize in the following part.

BV/BR is considered as an important endogenous antioxidant system [26], although it has been
shown that BVR-mediated redox cycle of BR/BV may have a less important role as a cellular antioxidant
defense mechanism than generally assumed [27]. However, many studies have reported cytoprotective
effects of BR that are based on its immunomodulatory capabilities [28-33].

Besides these well-accepted roles, BR has recently been shown to act as a transcriptional regulator
via peroxisome proliferator-activated receptor (PPAR)«x [34]. Upon activation by BR, PPAR«x was
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shown to suppress lipid accumulation [35,36]. PPAR« belongs to the PPAR family of lipid sensors,
which are ligand activated transcription factors that modulate gene expression in a hormone-like
fashion. Activation of PPAR« affects energy storage and expenditure, as well as lipid and fatty acid
homeostasis [37,38]. Loss of BVR induces alterations of insulin signaling, lipid accumulation, and
hepatic steatosis, suggesting an important role for BR preventing lipotoxicity [39—41]. Apart from many
other important functions, BVR also regulates glucose metabolism (for review see [42]). This entirely
unexpected role of BR adds a new facet to this interesting part of the heme degradation pathway and
dramatically changes the perception of BR from a metabolic waste to a metabolic signaling molecule
(see Figure 1).

CO is a gaseous mediator with multiple properties, such as vasodilatory, anti-inflammatory,
anti-proliferative, and anti-apoptotic activities (see Figure 1). In neuronal tissues CO plays a particular
role, since it has been shown to act as neurotransmitter [43], regulator of ion channels [44] and to
be required for memory consolidation [45]. The role of endogenous CO as a signaling molecule,
particularly its role as activator of guanylate cyclase, has been excellently reviewed recently [46], and
will therefore not be discussed in detail.
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Figure 1. Overview of the predominant mechanisms underlying HO product-mediated cell protection.
The two products of HO activity, namely, CO and BV/BR, are associated with the beneficial role
of this enzyme. In stimulating cGMP synthesis, CO acts similarly to another gas messenger, NO.
It further activates intracellular signaling cascades, involving Nrf2, which provides an anti-oxidative
defense, and by interacting with ion channels for modulating glucose metabolism and inhibiting
apoptosis. An anti-inflammatory action of BV/BR is predominantly executed by inhibiting generation of
reactive oxygen and nitrogen species, via NOX and iNOS. Further, BR/BV possesses potent antioxidant
capacity towards oxidation of biomolecules. Recently, BR acts as ligand of PPAR«, thereby controlling
lipid and energy homeostasis. Solid arrows indicate the most considered protective pathways.
Abbreviations: ARE, antioxidant response elements; cGMP, cyclic guanosine monophosphate; iNOS,
inducible NO-synthase; Keap, Kelch-like ECH-associated protein 1; Nrf2, nuclear-factor-E2-related
factor-2; NO, nitric oxide; Nox4, NADPH oxidase (isoform 4); ROS, reactive oxygen species. PPAR,
peroxisome proliferator activated receptor.
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During the last decades, the cytoprotective properties of the HO reaction have been extensively
elucidated and are reviewed in different contexts in several outstanding papers (see [1,10,23,47-51]).
However, in spite of their often-quoted beneficial aspects, an enhanced product formation due to
excessive upregulation/activity of HO can also produce adverse effects. This aspect will be outlined in
the next chapter.

2.2. Absense of Cytoprotection or Aggravation of Disease by Upregulated HO

Various solid and blood cancers exploit HO to modulate pathways facilitating proliferation,
progression of disease and chemoresistance (for review see: [52,53]). Further, HO-1 also supports
cancer progression through modulating tumor microenvironment and expression of angiogenic
factors [54-56]. Chemo-, radio- and photodynamic therapy appear to select for HO-1 overexpressing
tumor cells, which are tolerant to the adverse stress conditions associated with treatment. Recently
it has been shown that HO-1 overexpression and nuclear translocation, a mechanism occurring
preferentially under pathological conditions, is associated with transcription regulating roles of HO-1,
which are independent of the generation of HO products [57]. Together with the anti-oxidative and
anti-apoptotic action of the HO products BR and CO exploited by tumor cells, these findings suggest
HO-1 inhibition as a suitable therapy against different cancer types [55], such as melanoma [58],
prostate cancer cells [59], as well as various leukemia malignancies [60,61]. In contrast to normal
cells, many tumor cells are particularly vulnerable to inhibition of HO, because they possess reduced
levels of other anti-oxidative enzyme systems, such as catalase, superoxide dismutase and glutathione
peroxidase [62—-65]. The promising results obtained in different experimental tumor systems using
HO inhibitors or silencing of HO-1 [66-68] have encouraged the development of novel anti-cancer
therapeutics [69-72]. These new types of HO inhibitors are water soluble and do not interfere with
other heme containing enzymes, such as cytochrome P450 or iNOS [72], which has been described for
higher concentrations of the classical metalloporphyrin-HO inhibitors [73]. These novel inhibitors are
better suited for systemic application, and possibly serve not only as future anticancer drug, but also
for the treatment of other diseases that are associated with an unfavorable upregulation of HO.

However, some cell types, including certain cancer cells, display an increased susceptibility
to chemically induced cell death, despite upregulation of HO. It has been shown that chronic
HO-1 upregulation sensitizes cells to electrophilic agents and ROS mediated injury [74-77]. Upon
chronic HO-1 overexpression, adverse effects probably elicited by excessive product formation prevail
(for review see: [78,79]). It has been shown that a several-fold induction of HO-1 counteracted
the cytoprotective effects of its basal expression [80]. In neuronal tissue, HO-1 overexpression was
frequently not associated with cytoprotection, but with an enhanced neuronal injury [77,81,82]. Also,
low-grade inflammation may be caused by sustained upregulation of HO, which may be associated
with polymorphism of the HO-1 promotor region [83]. This may explain the controversy of reports
regarding the role of HO in onset and progression of metabolic syndrome and diabetes [21,84]. However,
the thorough analysis of studies conducted in human population and a comprehensive mechanistic
approach suggest that HO is causally involved in the onset and development of metabolic disease [21].
It has been further shown that HO-1 promotes delayed wound healing in diabetes [85], and is also
associated with the progression of diabetic nephropathy [86].

All these findings demonstrate the diagnostic value of the knowledge of the displayed tissue
HO-activity in various chronic diseases. Analysis of HO-1 expression in cancer biopsies is already
used as a diagnostic tool and for the follow-up of therapeutic approaches [87-91]. Monitoring HO
expression or activity will optimize treatment of other diseases and may help individual tailoring of
therapeutic interventions.
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2.3. Mechanisms Underlying Deleterious Effects of HO

Some of the deleterious effects of HO are attributed to the excessive formation of its products,
particularly the accumulation of free ferrous iron. Free intracellular iron demands a sufficient cellular
iron chelating capacity to cope with its pro-oxidative character. Additionally, an increased HO activity
will lead to an increased consumption of NADPH. Cytosolic NADPH plays a role in numerous cellular
functions [92]. In particular, it is required for the enzymatic reduction of oxidized glutathione, which
is an essential part of the anti-oxidative systems, especially for the enzymatic activity of glutathione
peroxidases [93]. NADPH is thought to be regenerated primarily via the oxidative pentose phosphate
pathway [94]. Thus, down-regulation of the pentose phosphate pathway, which has been shown to
occur in response to hypoxia [95], may lead to an increased susceptibility against oxidative stress in
HO overexpressing cells.

An increased HO activity transiently augments the intracellular free iron pool [96] (or loosely
bound or labile iron pool [97]) and leads to an increased ROS formation [74,98]. Although ROS
stimulates ferritin, synthesis and sequestration of iron, the increased iron deposition may lead to iron
overload, as has been shown following sustained HO overexpression [74,99]. Iron overload is generally
associated with a higher risk of oxidative damage [100,101]. Under physiological conditions, iron is
exported from cells of the reticuloendothelial system via ferroportin 1 (Fpnl) and redistributed in target
tissues via transferrin. Particular signaling via toll like receptors (TLR), which results in degradation of
the iron-exporter Fpnl to withhold iron within the cells, may significantly contribute to critical iron
overload (for review see: [102]) and increase the risk of iron-mediated oxidative damage [103,104].

A frequent complication in severe inflammatory conditions [20] and hypoxic episodes [105] is the
displacement of iron from ferritin and other iron stores, by releasing chemically active ferrous molecules,
which activate oxidative stress and cause tissue injury [106]. These iron species can be inactivated by
applying iron chelators, such as desferrioxamine. The latter ameliorates post-ischemic reperfusion
injury in the heart [107], kidney [108], intestine [109], and other tissues. Therefore, HO-mediated release
of free iron from heme, as well as reductive mobilization of iron from ferritin (for review see: [110])
both contribute to an enlarged free iron pool facilitating iron-mediated ROS formation [111]. We and
others have shown that HO could at least partially cause iron/ROS-mediated cellular dysfunction
in conditions of severe inflammation [20]. In line with this observation, it has been shown that HO
inhibition upon bile duct ligation attenuates rat liver fibrosis by reducing free iron levels [112].

Although mostly addressed, the HO-mediated effects are not solely explainable by the formation
of the reaction products. HO also exerts its effects via the degradation of heme. It has been shown that
an elevated HO activity leads to a measurable decrease of intracellular free heme levels [98]. Increased
HO activity has been shown to diminish the levels of other heme proteins, such as cytochrome P450
enzymes, most likely via decreasing the intracellular heme pool [113]. Prolonged overexpression
of HO-1 in cultured endothelial cells was accompanied by a time- and dose-dependent decrease in
intracellular heme and an increase in the intracellular levels of cGMP [114]. In contrast, inhibition of
HO, by applying the competitive HO-inhibitor tin-protoporphyrin, resulted in elevation of intracellular
heme levels [115].

Generally, lowering heme levels is predominantly seen as an anti-oxidative defense strategy
to limit heme-induced ROS formation, which is therefore considered as a beneficial action of HO.
Heme, similarly to ferrous iron, represents a significant oxidative challenge and requires an efficient
chaperoning/scavenging system for limiting formation of ROS. Of principal relevance, however, is
the role of heme as a fundamental cell regulatory molecule. Besides controlling its own biosynthesis
and export, it directly regulates gene expression, proliferation, cell function and differentiation, and is
recognized as a master regulator of the cell fate (for review see: [79,116,117]). Therefore, by decreasing
intracellular heme levels, HO is supposed to affect all those heme-controlled pathways as well. In the
following sections, we will outline the roles of heme in the cell as a pro-oxidant and signaling molecule
highlighting the pathways that are modulated by heme and consequently also by active HO.
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3. Chemistry of Heme

In living organisms, iron-mediated catalytic processes are mainly exerted via heme, which
contributes about 90% to all the iron present within the body. Heme is a chelating complex of iron
with protoporphyrin IX, a ubiquitous compound among living organisms, and is essential for electron
transfer reaction and reactions involving oxygen [79,118]. Heme exists in different modifications.
The most common type of heme is heme b, which is bound non-covalently to proteins via coordination
with the imidazole residue of histidine. In myoglobin and hemoglobin, heme b mediates oxygen
storage and transport [119], while it plays a role in electron transfer reactions in the cytochrome
P450 system, the xenobiotic detoxication enzymes of the endoplasmic reticulum. Apart from mixed
function mono-oxygenases, peroxidases, catalases and synthases (e.g., nitric oxide synthase, NOS),
cyclooxygenases, and several other mammalian proteins, including heme oxygenases itself, contain
heme b. Heme b may dissociate from the holoprotein, which is facilitated upon oxidation of the central
iron ion [120]. In contrast, heme c, the prosthetic group of cytochrome c, a part of the mitochondrial
respiratory chain, is mainly prevented from dissociation by its covalent bond. HO cleaves both types
of heme. However, the resulting biliverdin isoform cannot be converted into bilirubin [121].

Apart from hemoproteins, heme is present within the cell in the so-called labile heme pool, which
primarily serves to maintain biosynthesis of hemoproteins. This heme is probably loosely bound to a set
of proteins [118,122,123]. These proteins, similar to hemopexin and albumin within the intravascular
space, scavenge heme and prevent its uncontrolled association with membranes and other lipophilic
structures and subsequent induction of oxidative damage [124-126].

4. Pro-Oxidative Properties of Heme

Redox active heme iron can induce oxidative stress reactions, leading to the degradation of
biomolecules, lipids, proteins and DNA [127]. These deleterious reactions can be prevented by the
most prominent heme scavenger, hemopexin [128]. This suggests that the detrimental effects of heme
are mainly associated with conditions of insufficient heme scavenging capacity, which can occur upon
extensive hemolysis and the subsequent excessive release of heme into the blood. Un-scavenged heme
in the circulation damages endothelial cells, oxidizes lipoproteins and activates systemic inflammatory
responses [127]. Lipoproteins are predominant targets for heme-mediated oxidation in the blood.
Free heme in plasma is capable of oxidizing low-density lipoprotein [129-131], damaging endothelial
cells and leading to excessive immune stimulation and an elevated death rate of heme-handling
macrophages [132-135]. These deleterious effects of heme can be diminished or even prevented by
therapeutic administration of hemopexin [136].

The release of heme into the blood is considered as a driver of inflammation operating via
activation of NF-kB or/and the nucleotide-binding domain and leucine rich repeat containing family,
pyrin domain containing 3 (NLRP3) inflammasome [133,134]. Therefore, free heme appears to be an
endogenous danger molecule [137]. However, it is still unclear whether effects of excessive heme
administration described in a number of publications [132-135] are directly induced by heme or
whether they are caused by secondary effects, such as release of DAMPs from cells damaged by
heme-mediated oxidative stress reactions. The latter is supported by a recent observation, that heme
pretreatment does not influence the inflammatory response induced by LPS in rats [138].

Intracellular accumulation of heme has also a pronounced deleterious effect. This occurs
predominantly in erythropoietic precursor cells deficient in the heme exporter feline leukemia virus
subgroup Creceptor 1 (Flvcrl). Here accumulation of heme induces ROS-mediated cell death tentatively
via apoptosis [139]. However, the impact of intracellular pro-oxidant reactions on cellular functions
that are heme-catalysed is still poorly understood.

There are two mechanisms underlying pro-oxidant reactions of heme. The first mechanism, called
the Fenton reaction [140], leads to the formation of highly toxic hydroxyl radicals (¢OH) from the
reaction of heme with hydrogen peroxide. The second mechanism is the formation of ferryl (Fe*")
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and perferryl (Fe’*) species [140]. Both species have a very high oxidative potential [141] and react
instantly with organic hydroperoxides [97].

Apart from the damage to biological structures, redox reactions of heme and non-heme free
iron have recently been associated with ferroptosis, a newly discovered mechanism of programmed
cell death [17,18,142]. The metabolic cornerstones of this death program include iron-dependent
(lipoxygenase-mediated) generation of (phospho)-lipid hydro-peroxides and their reduction to alcohols
by glutathione peroxidase 4 (GPX4) [143]. The latter prevents redox iron mediated decay of
hydroperoxy-lipids to oxidatively truncated reactive electrophilic species [16] that attack critical
protein targets and lead to cell death [144]. It is not clear yet whether intracellular heme or free ferrous
iron pools predominantly contribute to ferroptosis, but since HO regulates the balance between heme
and free ferrous ions, it may be an important trigger of cell death (see Figure 2).

Thus, the properties of heme allow interaction with high-molecular-weight biomolecules, resulting
in oxidative damage and induction of inflammatory responses, or in execution of ferroptosis. As outlined
above, chaperoning proteins, acting similarly to hemopexin, which operates as heme scavenger in the
circulation, can largely prevent all these adverse effects of heme.

Apart from scavenging proteins, other endogenously produced molecules, the gaseous messengers
nitric oxide (NO) and CO, can reduce the pro-oxidative capacity of heme. These two molecules have
a high affinity for ferrous iron and they can diffuse through cell membranes. It has been shown
that the formation of nitrosyl complexes upon reaction between NO with heme or free ferrous iron
results in the loss of their catalytic activity [97]. Further, formation of nitrosyl iron complexes has been
demonstrated to prevent iron-mediated lipid peroxidation, to preserve mitochondrial function [145], to
induce cytoprotective effects in the skin [146], and in cancer cells [147]. More details about the action
of NO and CO will be addressed in the following section.

5. Heme and NO/CO and the Resulting Reactions

The capability of NO to efficiently form nitrosyl-complexes has curiously been exploited from
the tobacco industry, which used porcine blood-soaked filters to eliminate carcinogenic volatile
nitroso-compounds from cigarette smoke. Impregnation with hemoglobin resulted in a 90% reduction
of these compounds and simultaneously reduced the alveolar production of both NO and peroxynitrite
(ONOO7) upon inhalation by 70% [148]. This property of heme is not limited to its localization in
proteins. Also free heme acts as a scavenger or biological reservoir of NO within the body and is
thereby able to modulate other signaling pathways via NO/CO messengers. NO donors reduce HO
activity [149] and nitrosylated heme is not degradable by HO (own observation). Thus, enhanced NO
generation may increase the cellular heme levels by inhibiting HO.

There is controversy in the literature regarding biological effects of NO derived from NOS; it has
been shown that it may manifest both, beneficial and deleterious biological effects [150,151], which
depend on the type of NOS (endothelial NOS, neuronal NOS, iNOS) and the type(s) of cells, which
are exposed to NO [150]. Excessive release of NO may induce overwhelming vasodilation causing
circulatory failure followed by multi-organ dysfunction and death. In contrast to NOS, nitrite, which
acts as NO-donor upon reaction with deoxygenated hemoglobin, is mainly beneficial as summarized
in several reviews [152,153].

6. Heme Modulating Cellular Pathways—From Transcription to Differentiation

6.1. Heme Regqulating Its Degradation and the Anti-oxidative Defense

In the redox reactions described in the previous sections, we considered direct interaction of
heme with biomolecules yielding highly toxic reactive species. However, heme also contributes to the
regulation of the redox homeostasis by affecting specific antioxidant systems indirectly. In nearly all
mammalian cell types, heme induces its own degradation via the transcription factors Btb and Cnc
Homology1 (Bachl). Activity of Bachl, a basic leucine zipper acting as a transcriptional repressor, is
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directly modulated by heme-binding [154,155]. Heterodimers of Bach1 with proteins of the Maf-related
oncoprotein family bind to several target genes via the cis-acting sequence known as Maf Recognition
Element (MARE)/Antioxidant Response Element (ARE) in their regulatory region [154,156,157]. Besides
HO-1, ARE containing targets are several oxidative stress response genes, such as NAD(P)H quinone
oxidoreductase 1, and glutathione S-transferases [158], as well as enzymes of the cellular glutathione
biosynthetic pathway, such as glutamate-cysteine ligase catalytic subunit (GCLC), glutamate-cysteine
ligase modifier (GCLM), and cystine/glutamate transporters (see Figure 2). Bach1 further regulates
expression of globin genes, and key genes required for heme synthesis [154,157,159] (see Section 6.2),
and finally genes related to the cell cycle and apoptosis [160].

Bach1 is a heme sensing protein and is activated by direct cooperative binding of heme at six heme
binding motifs (HRM) [161,162]. HRM are short amino acid sequences that include a heme-coordination
site. HRM are located on the surface of proteins which act as heme sensors [163]. In several proteins,
such regulatory interaction with heme has been shown, amongst others the nuclear receptors Rev-erba
and Rev-erbf3, HO-2 (see also Section 6.3), and 5-aminolevulinate synthase. Recent evidence suggests
the existence of these heme interaction sites in more proteins than so far known [164].

The binding of heme to the HRM of Bach1 results in its dissociation from AREs, its subsequent
translocation into the cytoplasm, and further ubiquitination and degradation [165]. Except heme, other
factors, such as cadmium, anchor Bachl within the cytoplasm and thereby provoke the expression
of ARE containing target genes [166]. Dislocation of Bachl allows Maf to dimerize with another
transcription factor, NF-E2-related factor 2 (Nrf2) [167]. Maf in conjunction with Nrf2 now acts as an
activator of the transcription of ARE containing genes [155]. This shows that heme, by binding to Bachl,
provokes a shift from gene repression to gene activation, realized by exchanging the Maf dimerization
partner. Considering that Nrf2 is stabilized in the presence of electrophiles [168], which are generated
under conditions of enhanced ROS formation, heme synergistically induces HO-1 together with several
other proteins required for an enhanced ROS defense (see Figure 2). Heme has also been shown to
regulate the transcription of the iron exporter Fpnl through binding of Bachl and Nrf2 at its ARE
response element [169]. Fpnl is required to expulse iron to avoid excessive iron accumulation under
conditions of elevated heme supply (see Figure 2).

Thus, in addition to the direct pro-oxidant action of heme resulting in oxidative damage to
biomolecules, it also enhances oxidant defense systems predominantly via upregulation of HO-1 and
activation of the Nrf2 pathway. However, the activation of antioxidant systems takes time required
for the gene expression. We assume that an acute increase in heme levels will have an immediate
pro-oxidative effect and a delayed anti-oxidant effect, when respective pathways are activated and
changes executed. However, active HO can slow down the activation of Nrf2, because it degrades
heme. The latter can probably also account for the deleterious effects of chronic upregulation of
HO mentioned above. In addition, HO shifts the iron balance from heme to ferrous iron, facilitates
iron (re-)distribution via Fpnl and transferrin to the body compartments with an increased demand
for de novo hemoprotein synthesis. The highest amount of iron is used for heme biosynthesis in
erythrocyte precursors, where heme plays a fundamental role supporting erythrocyte differentiation
and maturation. This topic will be outlined in the following chapter.

6.2. Heme Regqulating Erythrocyte Maturation and Differentiation

In healthy subjects, erythropoiesis continuously produces a sufficient amount of red blood cells to
assure adequate tissue oxygenation (for recent reviews see: [170,171]. About 200 x 10° erythrocytes are
released each day from the bone marrow into the blood stream in healthy humans [172]. Erythropoiesis
responds on the respective life conditions (i.e., pregnancy, altitude, physical exercise, infectious
diseases, etc.) and can thus vary substantially. Red blood cell production critically depends on
erythropoietin, which regulates survival, proliferation, and the rate of terminal maturation from
erythroid progenitors [173]. A critical target of erythropoietin is GATA-1, a hematopoietic transcription
factor, which orchestrates the expression of many target genes including those encoding erythrocyte
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constituents required for erythroid maturation [174]. The expression of hemoglobin subunits and
heme biosynthetic enzymes, including the initial enzyme of the heme biosynthetic pathway, the
erythroid-specific isoform 5-aminolevulinate synthase 2, occurs in a highly coordinated fashion. Both
iron and heme are required in sufficient amounts to maintain erythroblast maturation. The intense
demand of heme requires an accelerated iron import and heme biosynthesis, which therefore critically
depends on iron availability. High levels of intracellular heme suppress the 5-aminolevulinate
synthase 2, which is located in mitochondria [175]. Under heme deficiency, a part of GATA-1 target
genes becomes GATA-1 insensitive. Among these genes are proteins that contribute to the building
up of erythroid cell constituents [176]. The repressor Bachl plays a particular role as a heme sensor
for an important part of the erythroid precursor transcriptome. The coordination between heme
synthesis, globin synthesis and other erythrocyte constituents is achieved via a complex interaction of
GATA-1 and Bachl. GATA-1 induces expression of globin chains, 5-aminolevulinate synthase 2 and
down-regulates Bach1 levels indirectly, via the increased heme synthesis. Heme, by binding to Bachl
amplifies GATA-1 driven globin gene expression, recruits Bachl to the cytoplasm for degradation and
diminishes Bachl-mediated repression. Bachl is than replaced by the transcriptional activator p45
promoting enhanced gene transcription. High levels of heme repress 5-aminolevulinate synthase 2 at
the level of mitochondrial import in erythroid progenitors. Hemoglobin assembly depends critically
on the size of the cytosolic heme pool, which requires export of heme from mitochondria. Further,
to protect erythroblasts from heme-mediated toxicity, excess heme must be expulsed from erythroid
precursors [177,178]. Exportation of heme is achieved via the coordinated expression of Feline leukemia
virus subgroup C receptor (FLVCR) 1, serving as a heme carrier [179]. FLVCR, which is encoded
by the gene SLC49A1, contains binding sites for GATA1 [178] and a consensus binding motif for
Bach1 [180]. Thus, via stimulating FLVCR expression, heme organizes its trafficking across membranes
and expulsion. Heme deficiency results in a GATA-1 dependent accumulation of Bachl, repression of
globin synthesis, and subsequently the activation of autophagy programs. Iron deficient mice develop
anemia and show enhanced mitophagy in erythroblasts. Silencing Bachl resulted in aggravation of
anemia and de-repression of HO-1 [181], indicating that in erythroblasts HO, different to other cell
types, is repressed under normal conditions to keep heme levels high.

These findings demonstrate that heme, by controlling GATA-1 function, rules an essential part
of the erythroblast transcriptome, which regulates red blood cell differentiation and maturation.
However, heme regulation occurs not only at transcriptional level, as outlined before, but additionally
at post-transcriptional levels, which we describe in the following part.

It is well recognized that heme regulates the activity of eukaryote initiation factor 2alpha (elF2«)
kinase (HRI), which controls the translation of globin RNA and survival of erythroid precursors.
Absence of heme leads to the activation of the kinase, which in turn phosphorylates elF2x, and
thereby leads to a general translation arrest [182]. Phosphorylation of elF2« is also an integral part
of the cellular stress response, which can be triggered by endoplasmic reticulum stress or enhanced
oxidative stress [183]. Heme deficiency not only induces a general translation arrest, but simultaneously
activates stress response pathways via ATF4 to prevent cytotoxicity elicited by accumulated globin
chains [184]. Additionally, expression of ATF4 target genes is activated to maintain mitochondrial
function in erythropoiesis in absence of heme [185]. Thus, heme at physiological levels prevents the
activation of the integrated stress response (ISR) pathway via HRI and ATF4 (see Figure 2). All these
findings demonstrate how regulative circuits involving heme ensure that this prosthetic group and
the respective apo-proteins are available at the correct stoichiometric requirements. Further, heme
prevents cytotoxic accumulation by inducing its own export, and prevents accumulation of excessive
protein synthesis by activating the integrated stress response. The ubiquitous expression of Bach
proteins suggests the existence of similar fine-tuned regulation circuits in other cell types manifesting
high levels of hemoproteins.
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6.3. Heme Regulating Energy Metabolism and Glucose Utilisation

Due to its important role as a prosthetic group, it is not surprising that heme regulates numerous
cellular pathways at different levels. Heme is an essential component in the orchestration of
oxygen-dependent energy metabolism, from glycolysis to mitochondrial respiration. Heme and
glucose show an interesting interplay regulating each other’s metabolism in the liver. Expressions of
gluconeogenic genes, such as phosphoenol pyruvate carboxykinase and the glucose-6-phosphatase
are suppressed by heme, leading to decreased glucose excretion, when heme levels are high [186].
This suggests that heme deviates glucose to feed the pentose phosphate pathways needed to build up
NADPH. Oxidative cleavage of heme and the subsequent reduction of BV to BR requires 4 mol NADPH
per mol heme. Further, in liver cells, high levels of glucose maintain expression of the glycolytic key
enzyme, 6-phosphofructo 2-kinase/fructose 2,6-bisphosphatase (PFKFB) 4 in a coordinated fashion with
HO-2[187]. PFKFBs are bifunctional enzymes with distinct kinase vs phosphatase activities that control
the levels of fructose 2,6-bisphosphate by their predominantly executed reaction. Increased expression
levels of PFKFB4 have been shown to accelerate production of fructose 2,6-bisphosphate from fructose
6-phosphate and to feed the glycolytic (anaerobic) ATP production [188]. This suggests that high HO
activity favors anaerobic glycolysis and an inefficient energy provision. The tight association between
heme metabolism and glucose utilization is also supported by the increased body weight, which HO-2
knockout mice display when compared to their wild type litter mates [187] (see Figure 2). Considering
that the HO reaction consumes oxygen and NADPH, it can be expected that heme degradation compete
with other oxygen consuming reactions, most of all the oxidative phosphorylation of mitochondria.
HO further produces CO, which can interact with heme proteins, amongst others with mitochondrial
hemoproteins. This strongly suggests that mitochondrial respiration and heme degradation are
competing reactions. We will outline the findings underpinning this viewpoint in the following part.

The intracellular heme pool is central for mitochondrial function and oxygen metabolism [116,189].
For neuronal cells, which particularly depend on proper mitochondrial function, heme deficiency has
been demonstrated as crucial factor leading to mitochondrial decay and degeneration, which is observed
in aging [190] and Alzheimer’s disease [191]. Studies suggest that a decrease in heme levels prevents
the assembly of complex IV, the terminal complex of the electron transport chain [192]. However, heme
is not only required for supporting mitochondrial function by controlling the mitochondrial protein
availability. It also regulates mitochondrial activity indirectly via the circadian clock [193].

The circadian clock is an oscillating molecular mechanism consisting of clock genes regulated as
loops at the transcriptional and translational level, which regulates a number of cellular processes (for
reviews see: [194,195]). Here, heme plays a central role. By binding to the nuclear receptors Rev-erbo
and Rev-erbf3, heme represses target clock genes, including brain and muscle aryl hydrocarbon
receptor nuclear translocator (ARNT)-like 1 (BMAL1), which together with Rev-erba is responsible
for the circadian oscillator mechanism [193,196]. Both, Rev-erba expression and repression of
its target gene BMALL1 are also required to control mitochondrial activity and enhance oxidative
phosphorylation [197-199].

Thus, it appears that heme presence facilitates an efficient energy provision supporting
mitochondrial function, while heme deficiency may shift the energy metabolism from oxidative
phosphorylation towards anaerobic glycolysis. We have shown that acute inhibition of HO enhances
mitochondrial respiration [200], suggesting that heme degradation is associated with a decrease in
mitochondrial respiration. At leastin yeast this role for heme has already been demonstrated: increased
heme synthesis provoked a metabolic switch from fermentation to oxidative phosphorylation, while
lowering heme levels favored anaerobic glycolysis, that is fermentation [201].

How could such a regulation be achieved in mammalian cells? First, HO, and particularly HO-1
protein turnover are regulated by the ubiquitin—proteasome system involving the really interesting new
gene (RING)-type E3ligase [202]. In susceptible cells, high glucose has been shown to modulate both, the
ubiquitin/proteasome system, which is compromised [203], and the autophagic mechanism, especially
mitophagy, which is enhanced [204]. Also, the HO reaction product CO may play a role. CO has been
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shown to inhibit mitochondrial respiration and thus oxygen consumption by different means [205].
Additionally, recent data suggest that CO also induces mitochondrial uncoupling [206,207], which
is suggested to operate via the mitochondrial conductance Ca?*-activated K* (BKc,) channels [206].
CO mediated uncoupling has been shown to decrease ATP synthesis, which was associated with an
accelerated glycolysis and lactate production in response to high glucose [207]. This effect may depend
on the metabolic requirements of the cell type. In endothelial cells, despite inducing uncoupling, CO
application resulted in inhibition of glycolysis [206], suggesting cell type specific regulation.

All these findings suggest that HO by two means, directly and acutely via enhanced production
of CO, and indirectly and delayed by lowering intracellular heme levels and heme-mediated signaling,
modulates mitochondrial oxygen consumption. Attenuation of mitochondrial respiration would
also favor the heme breakdown, as the HO reaction requires 3 mol oxygen per mol heme [208].
In the view of all the findings discussed above it is tempting to speculate that heme degradation
by active HO switches the cell metabolism from oxidative phosphorylation to anaerobic glycolysis.
The heme degradation product CO, depending on cell type, could either support or counteract a heme
induced metabolic switch. In metabolic syndrome we have previously shown that HO-1 modulates
mitochondrial respiration by enhancing ROS production which inhibits adipocyte proliferation [209]
and urge macrophages towards an inflammatory profile [21]. The capability to adapt the metabolism to
the environment plays a particular important role for macrophages, enabling the execution of different
functions. In the next chapter we will outline the role of heme regulating phenotypes and functions
of macrophages.

6.4. Heme Regulating Macrophage Function

Macrophages are involved in recycling heme/heme iron from phagocytosed senescent
erythrocytes [177] or the uptake of excess heme resulting from hemolysis. It has been shown that HO-1
deficiency in mammalians substantially reduce the activity of erythrophagocytosing macrophages and
damage to spleen, liver and kidney [5]. Along with tissue-specific functions, macrophages are principal
regulators of immune homeostasis. They can either promote inflammation, classically considered
as M1-polarized macrophages, hallmarked by the production of pro-inflammatory cytokines and
reactive oxygen species (ROS) or inhibit inflammation by producing anti-inflammatory cytokines,
viewed as M2-polarized macrophages [210,211]. However, the rigid concept of M1/M2 polarization
only insufficiently describes the mixed phenotypes, which macrophages express under different
pathological conditions. This is explained by the high plasticity of macrophages as a result of the
various factors, which fine-tune the macrophage’s phenotyp [212]. Heme and HO-1 appear to play an
important role in modulating macrophage phenotype and function towards the anti-inflammatory
M2-type [213,214]. The anti-inflammatory effects of IL-10 in macrophages were shown to be mediated
by induction of HO-1 and CO generation [215,216]. Further, absence of HO-1 renders macrophages
to become susceptible to heme mediated cell death, because HO-1 is required for cell protection
from excess heme in erythrophagocytic macrophages and for attenuating the hepcidin mediated
degradation of the iron exporter Fpnl [217,218]. Heme regulates iron homeostasis in macrophages
via the heme exporter Flverl [219], and via Fpnl, required to export iron following HO-mediated
heme degradation. In macrophages, Flvcrl is considered as a kind of overflow valve that extrudes
heme when the intracellular heme content reaches critical levels (for review see [220]). However,
the inflammatory response to infection results in sequestration of heme and iron within cells. This
mechanism has been shown to represent an efficient innate immune strategy to reduce the access
of microbes to iron sources [221]. Inflammatory/infectious stimuli operating via stimulation of
TLR polarize macrophages towards M1, which is associated with a decrease in Flvcrl and Fpnl
expression [219]. Also pro-inflammatory cytokines, TNF-« or INF-y or endogenous danger signals,
released from damaged cells, have been shown lead to the differentiation into an M1 phenotype [222].
Thus, it can be assumed that under inflammatory conditions, heme levels rise within the macrophages,
which contribute to the increased expression of HO-1.
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Circulating free heme is considered as an endogenous stress or danger signal [137] termed
‘alarmin’, a compound that is able to recruit and activate innate immune cells, such as macrophages and
dendritic cells and to promote adaptive immune response [223,224]. However, removal of pathogens
is compromised when macrophages are subjected to excessive heme, or inhibition of HO. We have
shown that heme decreases the phagocytic activity of macrophages challenged with bacteria [200].
Inhibition of phagocytosis is mediated by direct disruption of actin cytoskeletal dynamics [138], which
are required to organize the engulfment of bacteria or host derived material [225]. These findings
indicate that excessive release of heme as a consequence of hemolysis, or inhibition of HO, may
compromise essential macrophage functions required for clearance of pathogenic material and thus
resolution from diseases (see Figure 2).

7. Modulation of Heme-Mediated Signaling Pathways by HO Activity

Activity of HO is the result of the levels of functional protein from both isoforms, which are
expressed at varying levels in most tissues. Besides the pure amount of protein, multiple regulatory
mechanisms contribute to the overall activity. Changes in the catalytic activity can occur in both
isoforms. We will outline in the following part what is known for either HO isoform. Regulation
of HO activity at the protein level has mostly been described for HO-2. However, loss of function
can also occur by cleavage and translocation into other compartments. Proteolytic cleavage of the
ER-membrane anchor of HO-1 has been shown to mediate HO-1 translocation into the nucleus [226].
Such translocation has been suggested to go along with a changed function of HO-1, since heme
degradation may not occur in the nucleus. It is instead assumed that truncated HO-1 may control gene
expression. It has been shown that a catalytically inactive mutant HO-1 protein down-regulated the
transcription factor NF-«B [226].

Activity of HO-2, in contrast to that of HO-1, appears to be regulated by multiple modifications.
In most species, multiple transcripts encoding HO-2 have been reported, which may undertake
cell-specific roles in development [227]. Similarly to Bachl, HO-2 contains HRMs in the C-terminus,
which regulate activity and stability of the respective protein [228]. Additionally, the cysteine residues
of these HRMs form a redox sensitive thiol/disulfide switching mechanism, suggested to act as cellular
redox sensor [229]. This thiol/disulfide redox switch in HO-2 serves to modulate the affinity to its
substrate heme [230]. The oxidative formation of disulfide bonds in HO-2 is associated with an
increased heme affinity and CO generation. Thus heme is able to directly regulate the activity of HO-2.
Both increased CO generation or decreased heme availability operate as signaling mechanism for
activating BKc, channels involved in neural firing, muscle contraction, hearing, and vascular tone
modulation [44]. These channels are located in the plasma membrane and activated by depolarization
and the increase in intracellular Ca?*. Heme inhibits, while CO activates opening of the BK¢, channels
(see Figures 1 and 2).

Apart from the exiting regulation by heme, activity of HO-2 can be influenced by several
chemical modifications. Phosphorylation of neuronal HO-2 has been described to enhance activity
of the enzyme and is considered an important mechanism for quickly increasing CO generation for
neuronal signaling [231]. Further, Ca>* mobilizing agents, such as ionomycin and glutamate, stimulate
endogenous HO-2 activity, which is induced via a calmodulin binding site [232]. Modifications
inhibiting HO-enzyme activity have also been described. It has been suggested that both isoforms,
HO-1 together with HO-2, may form a complex, which displays a decreased HO activity [233]. Also,
oxidation or nitrosylation of HO protein is associated with a decrease or a loss of function [234,235],
possibly via interaction with the heme moiety.

Obviously, each modulation of the overall activity of HO enzymes will result in a transient
imbalance of the ratio between heme and the HO products (see Figure 2). There is a certain capability
to substitute the loss of one isoform by the other. Inhibition of HO frequently results in a subsequent
super-induction of HO-1 at the transcriptional level, as has been frequently reported [236]. It has
further been shown that HO-1 expression is induced when HO-2 is lost [115]. Genetic deletion of HO-2
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lead to a compensatory upregulation of HO-1 and an enhanced HO activity. Also, (ii) knockout of
HO (mostly done for HO-1) is likely to result in a compensatory adaptation of metabolically relevant
enzymes to keep homeostasis, as was already shown in several cases [237]. However, it appears that
HO-1, although it is exquisitely inducible, cannot fully overtake the role of HO-2. It has been shown
that HO-1 derived activity does not protect neurons with a deleted HO-2 isoform [238].

These data demonstrate that the cellular HO activity may be much more dynamic than can be
inferred from the expression levels of both enzymes. It can thus be assumed that the ratio between
heme and HO products is subjected to the same dynamic variations and that consequently an inhibited
HO activity enhances heme-controlled pathways, while an over-expressed HO activity enhances those
controlled by the HO products (see Figure 2).
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Figure 2. Role of HO as master regulator of cell physiology. Highly active HO shifts the balance from
heme mediated signaling towards HO product mediated signaling. Low activity results in an increased

Signaling
by HO products

Signaling
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heme mediated signaling. Black arrows indicate direct processes associated with HO activity. Green
arrows indicate elicited effects; red blocks indicate inhibitory actions of the indicated compounds.
Interactions occurring in specialized cells, such as erythroid cells, or macrophages, are indicated by
dotted lines. §, integrated stress response (ISR) pathway is activated via ATF4 by heme deficiency,
indicating that physiological heme levels repress ATF4 activation. Abbreviations: ATF4, Activating
transcription factor 4; BKc,, conductance Ca?*-activated K* channels; BV/BR, biliverdin/bilirubin;
c¢GMP, cyclic guanosine monophosphate, CO, carbon monoxide; COX, cytochrome c oxidase; DAMPs,
danger associated molecular pattern; FLVCR, Feline leukemia virus subgroup C receptor; FPN1,
ferroportin 1; PPP, pentose phosphates pathway; ROS, reactive oxygen species; TLR, Toll-like receptors.

8. Conclusions

HO is a unique enzyme, which apart from its primary function, recovery of iron from heme for
synthetic purposes, also regulates complex cascades of intracellular physiological signaling pathways.
HO regulates signal transduction by the release of BV, iron, or the short living product, CO, but also
by its substrate, heme. Intracellular heme amount results from fluxes across membranes, synthesis
and consumption for assembly of hemoproteins, and its degradation by HO. Active HO leads to the
activation of signaling events governed by its products, which occur on the account of pathways
activated by the HO substrate, heme. Vice versa, a deceleration of the HO reaction will enhance heme
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mediated signaling, while lowering the effects elicited by heme degradation products. Due to only
limited redundancy or cooperation between both sets of signaling events, modulation of HO activity
has the potential to switch between different metabolic programs. However, dysregulation of HO,
such over-activation or prolonged inhibition, will result in loss of balance of these two metabolic
master programs. One example is the compromised heme/iron distribution, associated with chronic
inflammation, which by itself is a potent inducer of HO-1. Thus, therapeutic targeting of HO should
take into account the complex regulatory role of HO, which not only influences the network regulated
by its products, but also that modulated by heme.
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