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Abstract

The cerebral formation of Amyloid B (Ap) is a critical pathological feature of Alzheimer’s disease (AD). An
accumulation of this peptide as senile plaques (SP) was already reported by Alois Alzheimer, the discov-
erer of the disease. Yet the exact contribution of AP to AD development remains elusive. Moreover, while
extensive cerebral AP formation leads to fibril formation in many species, AD-like symptoms apparently
depend on the highly conserved N-terminal residues R5, Y10 and H13. The amino acids were also shown
to lead to the formation of AB-heme complexes, which exhibit peroxidase activity in the presence of H,O,.
Taking together these observations we propose that the formation and enzymatic activity of the named
complexes may represent an essential aspect of AD pathology. Furthermore, Af is also known to lead to
cerebral micro-vessel destruction (CAA) as well as to hemolytic events. Thus we suggest that the AB-de-
rived cerebral accumulation of blood-derived free heme represents a likely precondition for the subsequent
formation of AB-heme complexes.
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Unsolved Pathology of Alzheimer’s Disease (AD)

AD is the most common neurodegenerative disease in West-
ern countries (Armstrong, 2013). Moreover, increasing life
expectancies and aging societies make AD a growing global
medical and socio-economic challenge. The ultimately fatal
disease is characterized by progressive neuronal loss which
leads to cognitive impairments and other signs of dementia
(Armstrong, 2013). Accordingly, brain shrinkage represents
a macroscopic post-mortem sign of AD and was already
noticed by Alois Alzheimer at the beginning of the 20" cen-
tury (Dubois et al., 2016). Yet despite over 100 years of AD
research, the underlying mechanisms of the disease are still
unknown, including especially the initial pathological events
which lead to the development of sporadic AD. The latter is
by far the most common form of the disease and develops
in elderly people without obvious genetic or environmental
risk factors (Dubois et al., 2016). In this review, we suggest
cerebral amyloid angiopathy (CAA), amyloid B (Ap)-derived
hemolytic events and the subsequent formation of peroxi-
dase-active AP-heme complexes in the brain tissue as critical
initial events at AD pathology.

Role of Human-Specific Ap

Disease-defining biochemical key features of AD are the
extracellular fibrillation of AP to so-called senile plaques
(SP) as well as the intracellular accumulation of hyper-phos-
phorylated neurofibrillary Tau tangles (NFTs) (Dubois et
al., 2016). Yet while e.g., the formation of SP at later disease
stages represents a well-known post-mortem AD marker,
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the exact contribution of AP and Tau peptides to the onset
and the course of AD pathology remains a matter of debate.
Still the rare cases of familial AD are linked either to point
mutations in the amyloid precursor protein (APP) itself or
to proteins involved in the cleavage of this neuronal mem-
brane protein to AP, thus proofing an essential role of the
latter at AD pathology (Ringman et al., 2012; Armstrong,
2013; Buss et al., 2016). AP is itself a neurotoxic peptide and
thus contributes to neurodegeneration at AD. Moreover the
peptide may also be involved in abnormal Tau phosphoryla-
tion. Regarding both aspects, monomeric and/or oligomeric
states rather than final AP fibrils are regarded as the most
likely pathologically active forms of the peptide (Al-Hilaly
et al,, 2013). Still, while AP apparently represents an import-
ant precondition for AD and contributes to its pathology,
further aspects are apparently necessary for disease develop-
ment (Armstrong, 2013).

Most interestingly, the formation of AB-derived fibrils and
their accumulation as extracellular plaques can be found in
many species, most likely due to the evolutionary conserved
hydrophobic C-terminal part of the peptide. For instance,
rodents also exhibit an age-dependent accumulation of Af
plaques, however without showing signs of neurodegenera-
tion and dementia (Ghosh et al., 2015). In fact, all currently
used mouse models for AD are based on the heterologous
expression of human AP forms in the animals. Thus, the spe-
cies-specific differences in the N-terminal part of the peptide
may be responsible for the role of AR during AD develop-
ment. In fact, the only sequence differences between human
and rodent AP are exclusively found in the N-terminal part
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of the peptide, with R5, Y10 and H13 and G5, F10 and R13,
respectively (Atamna et al., 2009). In contrast, many animals
with the human-like N-terminus of AP are also known to
develop AD-like symptoms at higher ages, including dogs,
cats and several hominids (Salazar et al., 2016). As shown
in Figure 1, while a phylogenetic analysis of the whole APP
protein sequence (Figure 1A) clearly reflects the expected
evolutionary relationship between animals, the AD-relevant
AP peptide sequence (Figure 1B) appears to be highly con-
served with only sporadic mutations.

Role of AB-Heme Complex Formation

Several further aspects were suggested to also contribute to
AD pathology, including oxidative stress (Markesbery, 1997;
Chen and Zhong, 2014), free metals (Smith et al., 1997) and
the immune system (Armstrong, 2013; Martino Adami et
al., 2017). In fact, oxidized neurotransmitters (Van Dam et
al., 2013; Mukherjee et al., 2014), lipid peroxides (Chen and
Zhong, 2014; Akhter et al., 2017) and neuro-degenerative
processes due to oxidative stress (Armstrong, 2013; Bastia-
netto et al., 2015) are known aspects of AD pathology. Thus
amyloidosis apparently represents an essential precondition
for disease development while further aspects are required
for AD pathology (Armstrong, 2013). Still the local correla-
tion between extracellular AP accumulation and oxidative
stress strongly suggests a close connection between both
aspects. Considering the findings of Atamna et al. (2009),
both features may be explained by the formation of Ap-
heme complexes: As verified by a recent publication from
our group (Chiziane et al., 2018), the human-specific N-ter-
minal sequence of the named peptide leads to the binding
of free heme groups, most likely via H13 (Atamna and Frey,
2004). Histidines are known to serve as heme ligands in
many peroxidases (Loughran et al., 2008). Several studies
proved the named complex formation e.g., via absorbance
measurements (Pramanik and Dey, 2011; Lu et al., 2014). In
the additional presence of H,0, a peroxidase activity of the
formed complexes can be observed, whereby again the con-
served amino acids R5 and Y10 contribute essentially to this
enzymatic activity. While the exact structure of Ap-heme
complexes remains to be solved, several publications suggest
a 1:1 ratio upon complex formation (Pramanik et al., 2013;
Luetal., 2014). Yet as shown in Figure 2 based on our stud-
ies (Chiziane et al., 2018), we suggest a 2:1 ratio whereby one
AP molecule binds the heme iron via H13 while a second
peptide provides R5 and Y10 for the subsequent peroxidase
activity. Accordingly, in the presence of murine Ap, less
complex formation and a considerably lower peroxidase ac-
tivity were observed (Chiziane et al., 2018). Thus, the named
complexes may provide an explanation for the aforemen-
tioned species-specific occurrence of AD pathology.

In fact, the peroxidase activity of AB-heme complexes was
already clearly shown to contribute to AD pathology: For
instance, the named enzymatic activity leads to neurotrans-
mitter oxidation, a pathological key feature at AD (Atamna
et al., 2009). Moreover, Ap represents also an endogenous
substrate for Ap-heme complex-based peroxidase activity,

resulting in peptide dimer formation via di-tyrosine which
in turn may influence Ap fibrillation (Al-Hilaly et al., 2013).
In fact, our studies clearly showed that free heme inhibits A
aggregation, most likely due to the interaction with F19/20
in the hydrophobic part of the peptide. In striking contrast,
under conditions of heme-derived peroxidase activity, either
by Ap-heme complexes or by an exogenous peroxidase, we
observed strong effects on the kinetics of peptide aggrega-
tion and on the morphology of the formed A fibrils (Chiz-
iane et al., 2018). Comparable studies also showed a positive
correlation between peroxidase activity and A} aggregation
(Al-Hilaly et al., 2013). Thus, while it is still a matter of de-
bate which aggregation state of Ap contributes most to AD
pathology, we strongly recommend further studies on the
aggregation behavior of the peptide under conditions of
heme-derived peroxidase activity.

At any rate, recent NMR studies on the structure of Ap fi-
brils leave open the possibility that free heme may also bind
to the aggregated peptide (Tycko, 2016; Wilti et al., 2016;
Wang et al., 2017). In fact, in line with others we observed
an even stronger peroxidase activity of Ap-heme complexes
by applying the full-length peptide instead of the N-terminal
part (AB,_s) (Chiziane et al., 2018). Thus, the auto-catalytic
structuration of the C-terminal AP part in fibrils may con-
tribute considerably to the pathological impact of Ap-heme
complex-derived peroxidase activity at AD. Preliminary
docking studies in our group indeed strongly suggest a bind-
ing of free heme also to final AP fibrils. Yet despite a possi-
bly huge role of AB-heme interaction at AD pathology, both
the exact stoichiometry and the structure of those complexes
are still unknown. The same holds for the precise active site
structure and the biochemical mechanisms which lead to a
peroxidase activity of these complexes. Thus further studies
are mandatory to reveal the role of AB-heme complex-de-
rived peroxidase activity at AD pathology.

Role of Micro-Angiopathy and Hemolysis

The assumption that AB-heme complex formation may
represent an important step during the initiation of AD
pathology still leaves open the question which mechanisms
are involved in the accumulation of free heme in the brain
tissue. As the analysis of brain tissue from AD patients
showed a specific elevation of hemoglobin-derived peptides
(Slemmon et al., 1994), we deduce that blood-derived he-
moglobin may represent the major source for free heme. In
fact, the aforementioned accumulative nature of AD pathol-
ogy is also reflected by the progressive destruction of small
blood vessels in the brain (Armstrong, 2013), leading to mi-
cro-hemorrhages of small brain vessels in about 90% of all
AD cases. Accordingly the disease was already suggested to
represent a thrombohemorrhagic disorder (Schmaier, 2016).
Other erythrocyte-derived heme proteins like catalase may
also contribute to cerebral accumulation of free heme.

Most strikingly, regarding the reasons for this cerebral
angiopathy again a clear correlation to the deposition of
AP in brain tissue can be drawn (Mendel et al., 2013). The
peptide actively accumulates around small vessels, leading
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Figure 2 Schematic representation of amyloid § (A)-heme complex
formation.

Based on published investigations on the complexation of free heme by Ap
we propose that the interaction takes mainly place between heme and the
N-terminal part of the peptide Thereby we suggest that while one peptide
is mainly involved in the coordination of the heme iron at the distal heme
site via H13 a second peptide may coordinate at the proximal heme site to
provide R5 and Y10, which are responsible for the subsequent peroxidase
activity of the complex. The model was created by using the PDB entries
laml and 2dn1 and modified with the PyMOL Molecular Graphics System,
Version 0.99 (Schrodinger, LLC, Mannheim, Germany).

1172

to blood flow defects and ultimately to vessel destruction,
a pathological feature known as CAA (Cullen et al., 2006).
Furthermore, AB-derived cerebral micro-vessel destruction
leads to micro-bleedings which result in up to micro-molar
concentrations of free heme in the brain tissue of AD pa-
tients due to subsequent APB-derived hemolytic events. In
fact, the peptide is known to quickly bind to erythrocytes
and to impair the stability of the cells (Jayakumar et al.,
2003). Consequently, AB-enriched red blood cells are more
prone to hemolysis, especially during the passage through
small cerebral capillaries. Most interestingly, AB-derived
phospholipid oxidation in erythrocytes also leads to a higher
endothelial binding of the cells, which may further promote
CAA at AD. Moreover, the peptide disturbs catalase activity
in erythrocytes (Habib et al., 2010). Thus AB-derived accu-
mulation of erythrocytes in the brain tissue may lead not
only to the accumulation of free heme for AB-heme complex
formation but also to higher H,0, concentrations as a pre-
condition for a subsequent peroxidase activity of the named
complexes.

In summary, Ap-derived CAA and hemolytic effects pro-
vide a likely pathway for the accumulation of free heme,
and maybe also H,O,, in the brain tissue of AD patients.
The co-localization of heme-rich deposits (HRDs) with A
at AD was already reported (Cullen et al., 2006) and it may
even be speculated that the well-known local correlation of
senile plaques with free iron may represent a clinical end-
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Figure 3 Pathway for cerebral amyloid  (Ap)-heme complex formation at sporadic Alzheimer’s disease (AD).

An age-dependent excess AP formation and/or its disturbed cleavage result in the formation of fibrils and senile plaques. Yet AP also accumulates
around small cerebral blood vessels and leads to their destruction. The peptide also readily crosses the blood-brain barrier and accumulates in
erythrocytes. A subsequent cerebral hemoglobin release may represent the main precondition for the formation of Ap-heme complexes which,
in the presence of H,O,, exhibit peroxidase activity. This enzymatic activity is known to contribute to several aspects of AD pathology, including
neurotransmitter oxidation. Yet, e.g., its effect on plaque formation is still not known. Neuron-derived free heme and leukocyte-derived heme per-

oxidases may contribute to this pathway.

stage of AB-heme complex formation during AD pathology.
Also the up-regulation of hemolysis-associated acute phase
proteins like hemopexin or heme oxygenase is a common
clinical feature of the disease. Both the increasing extracellu-
lar accumulation of AP and decreasing blood vessel stability
are well-known age-dependent processes. Thus, Ap-derived
CAA, cerebral hemolysis and AB-heme complex formation
may provide an explanation for the strong age-dependence
of AD pathology. Conversely, early disease onset in patients
with familial AD may be attributed to considerably higher
cerebral AP concentrations and result in much stronger mi-
cro-hemorrhagic pathologies.

Alternatively, the neuronal loss at AD may also contribute
to the accumulation of free heme in the brain tissue, e.g., due
to cytochrome c release. A disturbed heme metabolism and
mitochondrial dysfunction of neuronal cells were already
suggested to contribute to Ap-heme complex formation
at AD (Atamna et al., 2009). Furthermore, inflammatory
reactions are also discussed to play a role at AD pathology
(Martino Adami et al., 2017). Thus we guess that the activa-
tion of cerebral immune cells like astrocytes, which results
in elevated H,O, production and heme peroxidase activity,
may support, or even replace, the pathological effects of Ap-
heme complex-derived peroxidase activity at AD. Moreover,
the aforementioned micro-hemorrhagic effects of Ap leave

open the possibility that also blood-derived immune cells
like myeloperoxidase-containing neutrophil granulocytes
may accumulate in the brain tissue and take a part in AD
pathology. Thus, the destruction of neuronal cells as well as
the activation of cerebral and/or blood derived heme perox-
idase-containing immune cells may, at least at later stages,
enhance AD pathology. Still, as illustrated in Figure 2, we
suggest AB-derived CAA, hemolysis and the formation and
peroxidase activity of Ap-heme complexes as the major ini-
tial events during the preclinical onset of AD pathology.

Summary and Perspectives

The rare cases of familial AD clearly show a central role of
cerebral AP at AD. In fact, many pathological features of
this neurodegenerative disease are known to be linked to
this peptide, including neuronal oxidative stress and cell
degeneration, CAA and hemolytic events in the brain. As
ageing still represents the major risk factor for the develop-
ment of sporadic AD we suggest, that the initial cause for
the onset of the disease is a disturbed cerebral AP cleavage,
which, especially in age- related pre-damaged blood vessels,
leads to micro-angiopathies in the brain. Consequently, he-
moglobin-derived free heme accumulates in the brain tissue
and forms a complex with AP. These complexes exhibit a
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peroxidase activity in the presence of H,0, and, thus, may
considerably contribute to the AD pathology. Accordingly,
the in vivo detection of AP-heme complexes as well as the
evaluation of their contribution to AD pathology should be
central aspects of future AD research (Figure 3).

In fact, e.g., the visualization of cerebral A aggregates by
antibodies was already shown to have no influence on the
peroxidase activity of Ap-heme complexes (Pramanik et al.,
2013). Thus instead of detecting AP (Pramanik et al., 2013),
hemoglobin and heme (Slemmon et al., 1994; Atamna and
Frey, 2004) or free iron (Smith et al., 1997; Cacciottolo et al.,
2016), we suggest the development of tools to directly target
AB-heme complexes. Thereby both the formation of those
complexes as well as their subsequent enzymatic activity
should be considered as promising clinical parameters in or-
der to detect early AD pathology. Thereby simplified in vitro
approaches may provide a good starting point for the devel-
opment of suitable antibodies and activity assays (Chiziane
et al,, 2018) for subsequent clinical application.
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