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ABSTRACT: Beyond the well-explored proposition of protein aggrega-
tion or amyloidosis as the central event in amyloidogenic diseases like
Alzheimer’s Disease (AD), and Type 2 Diabetes Mellitus (T2Dm); there
are alternative hypotheses, now becoming increasingly evident, which
suggest that the small biomolecules like redox noninnocent metals (Fe,
Cu, Zn, etc.) and cofactors (Heme) have a definite influence in the onset
and extent of such degenerative maladies. Dyshomeostasis of these
components remains as one of the common features in both AD and
T2Dm etiology. Recent advances in this course reveal that the metal/
cofactor-peptide interactions and covalent binding can alarmingly
enhance and modify the toxic reactivities, oxidize vital biomolecules,
significantly contribute to the oxidative stress leading to cell apoptosis,
and may precede the amyloid fibrils formation by altering their native folds. This perspective highlights this aspect of amyloidogenic
pathology which revolves around the impact of the metals and cofactors in the pathogenic courses of AD and T2Dm including the
active site environments, altered reactivities, and the probable mechanisms involving some highly reactive intermediates as well. It
also discusses some in vitro metal chelation or heme sequestration strategies which might serve as a possible remedy. These findings
might open up a new paradigm in our conventional understanding of amyloidogenic diseases. Moreover, the interaction of the active
sites with small molecules elucidates potential biochemical reactivities that can inspire designing of drug candidates for such
pathologies.
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1. INTRODUCTION
Amyloidosis is a vital hallmark in several degenerative maladies
and so far more than 30 human proteins have been identified
which potentially lead to these diseased conditions, collectively
termed as “amyloidogenic diseases” or “amyloidoses”.1−6 All
such diseases show the unique pathological feature of protein/
peptide depositions in a form of cross β-sheet fibrils that are
localized across definite organs or are accumulated systemati-
cally throughout the body (Scheme 1).7−10 Amyloidosis can
evolve either from a normal native protein arrangement, i.e.,
sporadic or from a protein having mutagenesis which is familial
or hereditary.1,4,11 There can also be some infectious forms of
amyloidosis like prion protein aggregation that can cause the
transmissible spongiform encephalopathies.12−14 A few com-
mon amyloidegenic diseases are Alzheimer’s disease (AD),
type 2 diabetes mellitus (T2Dm), dialysis related amyloidosis
(DRA), frontotemporal dementia (FTD), Huntington’s
disease (HD), multiple system atrophy (MSA), familial
amyloid polyneuropathy (FAP), and transthyretin (TTR)
amyloidoses, etc.; among which presently AD and T2Dm have
become endemic all over the world.1,15−19 To date, researchers
have tried to formulate theories in order to address the cause

and effect of these abnormal protein aggregation and
associated malfunctions in the disease etiology, although
these are inadequate as yet.20,21

The silver tsunami of 21st century, AD, is a neuro-
degenerative disease, characterized by a gradual loss of neurons
in the hippocampus and cortex region, resulting in the
shrinkage of brain.22,23 It is also a common form of dementia
with cognitive decline and behavioral function loss including
memory, thinking abilities, etc. This proteinopathy sympto-
matically consists two types of misfolded protein deposits
inside the brain; one is the neurofibrillary tangles (NFTs)
having hyperphosphorylated Tau protein and the other one is
the cellular plaques with aggregated Amyloid β (Aβ)
peptides.24,25 Aβ is a peptide product of the improper cleavage
of a larger trans-membrane protein, amyloid precursor protein
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(APP).26,27 In 1991, the proposal of J. Hardy and D. Allsop
considered Aβ protein deposition as the primary influence to
drive the ‘amyloid cascade hypothesis’ in AD.28 This
hypothesis is strongly endorsed by extensive genetic,
pharmacological, pathological, and biochemical evidence, and
therefore, the main scientific focus lingers on and around these
particular proteins, making the earlier therapeutic approaches
target primarily on the production pathway or the aggregation
mechanism of these peptides.29−31 Numerous clinical trials
with small molecules and vaccines (β-secretase/BACE1
inhibitors, tramiprosate, colostrinin, scyllo-inositol, aducanu-
mab (Aduhelm) etc.) have been steered to aim the AD related
Aβ peptide formation, aggregation, or its clearance, which
accounts for the maximum number of clinical tests (22.3%
until 2019), although they remain largely unsuccessful in their
medical trials.21,32−34 Other known hypotheses include the
Neurotransmitters hypothesis (the second most tested ∼19%),
Cholinergic hypothesis, Tau propagation hypothesis, Calcium
homeostasis and NMDA hypothesis, Neurovascular hypoth-
esis, Inflammatory hypothesis, Lymphatic system hypothesis,
Metal ion hypothesis, and the most recent Heme hypothesis.34

Each of these hypotheses can explain certain aspects of the
disease etiology, however, does not provide an inclusive
scenario of the disease origin or associated toxicities and
abnormalities observed in AD brain owing to the fact that AD
is a complex multifactorial pathology, seeking multidirectional
therapeutic approaches.
Along this line, the aggregation of another amyloidogenic

peptide, islet amyloid polypeptide protein (IAPP) which
deposits around the β-cell of pancreas is held responsible for
the decreased β-cell mass, hyperamylinemia of pancreas, and
the higher oxidative stress, which happen to be the central
events in Type 2 Diabetes mellitus (T2Dm).35−37 T2Dm is
known as a chronic metabolic disorder, attributed to insulin
resistance, decreased insulin secretion, glucose misbalance, β-
cell loss, and most importantly the IAPP islet amyloidosis.38

Recently, IAPP, in the form of oligomers is considered to be
the most toxic form of amyloidogenic protein which is also
membrane permeant and may contribute to β-cell apoptosis;
although no in vivo evidence can be found in the human
pancreas.3,39,40 All such obvious reasons lead this particular
amyloidogenic peptide to be targeted deliberately over the past
decades to craft potential drug substances.41−43 For instance,
compounds like polyphenols and flavonoids, etc. have been
tried to inhibit IAPP peptide aggregation and their cytotoxicity
in vitro, and vaccines are also injected to raise antitoxic

oligomer antibodies which are supposed to prevent IAPP
oligomerization.36,43 However, these have not resulted in
stopping the β-cell apoptosis in vivo. Unfortunately, these trials
are not very successful or are in a preclinical stage to be
considered as impending therapeutics against the malfunc-
tional protein generation, clearance, or aggregation. These
point toward the reconsideration of the amyloid hypothesis,
which is primarily based on particular amyloidogenic proteins
and indicate inclusion of the other essential interfaces involved
that positively affect the disease etiology.21 Hence, in parallel
with these protein-targeted researches, scientists have started
excursions in other directions as well.
In both AD and T2Dm, multiple pathological changes are

found to occur, one such change is in the metal homeostasis in
the affected organs.44−46 In the recent past, biometals like Cu,
Zn, and Fe have been found to accumulate in and around the
amyloid plaques in the AD brain.47,48 Metal interference in
T2Dm pathogenesis is also prominent as a contributor to the
oxidative stress and proinflammatory environment in vascular,
renal, and neural tissues.49 As metal exposure of a soluble
protein can perturb its native folding, it can cause proteins to
form amyloid aggregates, while in some cases, metal is claimed
to inhibit the fibrillization process as well.50−56 As a matter of
fact, with degenerative disorders and with aging, there is
actually a significant interruption in the homeostasis of
essential biometals which can also be the cause of the metal
deficiency found in cellular compartments, as well as metal
accumulation in microscopic proteinopathies.57−59 Metal
chelation therapy, although under controversy, has shown
some positive impact in Alzheimer’s disease and diabetic
patients, further corroborating the suspected role of metals in
such pathophysiology.44,60−62 Fe, the most abundant transition
metal in the human body, is also been implicated in this
disease pathology in the form of a heme cofactor. Similar to the
metal ions, heme is more recently found to have specific
interactions with the amyloidogenic proteins/peptides causing
cytotoxic effects in body.63−65 There are several changes in
heme metabolism, observed in the AD brain, along with its
colocalization within the senile plaques.62,66,67 The presence of
heme casts a similar effect in T2Dm as well. This redox active
cofactor can instigate oxidative stress by producing reactive
oxygen species (ROS) and in turn accelerate the mitochondrial
decay and damage other cellular components.64,68,69 Thus,
metals and heme may as well be a significant hallmark for
identifying the individuals who are predisposed to these
degenerative pathologies. Owing to the considerable similar-

Scheme 1a

aNative peptide or protein monomers having a random-coil structure, aggregates to form oligomers and protofibrils with partial folding and finally
to insoluble mature fibrillar form. The soluble oligomers are considered as the most toxic form of amyloids.
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ities between AD and T2Dm, researchers have been trying to
find basic connections so that the remedial approach may
become easy and holistic. Without undermining the previous
approaches toward disease pathogenesis, another aspect
involving metals and redox cofactor-like heme has been the
focus here. These small molecules might serve as the missing
link between AD and T2Dm as they are directly involved in
coordination with amyloidogenic peptides like Aβ, IAPP, and
insulin as well (Scheme 2).70−74

Moreover, their interactions show similar cytotoxic effects in
the affected organs, making them more vulnerable than healthy
individuals. This perspective deals with heme and metal
involvement in the etiology of AD and T2Dm, demonstrating a
brief overview of the process of their binding to peptides, the
active site environments, their altered reactivities, the effects in
cellular environments and on the other vital biomolecules, and
the reactive oxidants that are responsible for enhanced toxicity
in their respective mechanisms. Lastly, it elaborates the effect
of chelators which might direct toward an imminent cure.

2. CONNECTIONS BETWEEN AD AND T2DM
Conventionally, AD and T2Dm are thought to be two
independent disorders, however, the mounting epidemiolog-
ical, observational, and basic molecular level research evidence
have linked T2Dm as an increased risk of AD and vice
versa.75,76 Such similarities between AD and T2Dm have
justified the proposed designation of AD as ‘Type 3 Diabetes
(T3Dm)’.77,78

2.1. Epidemiology
Prevailing characteristic features like protein misfolding,
aggregate deposition, metal and heme binding, oxidative stress
generation, altered glucose metabolism, hyperglycemia and
insulin resistance, premature senescence and slow cognitive
deterioration with aging; all these can be found in the
histopathology of both these maladies (Scheme 3).79,80 All
these are considered as the outcome of proteinopathy, i.e., the
abnormal conformational changes of proteins which have
native physiological functions otherwise.22,42 Common risk
factors are higher cholesterol, aging degenerations, hampered
metabolism, amyloid depositions, tau hyper-phosphorylation,

increased glycogen synthesis kinase 3 (GSK3) activity,
cardiovascular problems, inflammation, interaction of genetic
and nongenetic factors with apolipoprotein E4 (ApoE4), cell
apoptosis, oxidative stress, mitochondrial damage and so
on.39,81,82 Mutations in the Aβ peptide which increases its
propensity to fibrilize are identified in early onset of familial
AD while a similar kind of mutation in IAPP has been found to
enhance the risk of T2Dm.81,83

2.2. Aβ and IAPP
IAPP, the neuroendocrine peptide cosecreted along with
insulin from pancreatic β-cells, can exert a pathological role in
cognitive functions as it can cross and damage the blood brain
barrier (BBB) and parallely can interact and co-deposit with
Aβ-40/42 and tau peptides in the cerebrovascular system and
gray matter in the aging brains, common to both AD and
T2Dm.40,76,78 It has been found that Aβ and IAPP can interact
with each other and the latter promoted the former’s
aggregation in a seeding fashion, leading to the cross-seed
oligomer formation.40,73 IAPP dyshomeostasis aggravates the
Aβ-42 toxicity via ROS generation and the interruption of
insulin degrading enzyme activity which are responsible for
IAPP, insulin, and Aβ degradation.76 Such Aβ-IAPP crosstalk

Scheme 2. Amino Acid Sequence of Human Aβ, IAPP, and Insulina

aThe blue segment is hydrophilic and the rest is hydrophobic region of human Aβ and IAPP; the blue part is chain A and rest is chain B of insulin.

Scheme 3. Commonalities between AD and T2Dm
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has important consequences in neuronal network function,
insulin resistance, and in corresponding glucose imbalance.
Eventually it contributes to the metabolic dysfunction in brain,
leading to the onset and progression of diabetes-associated
dementia.84 Interestingly, Resveratrol, a phenolic compound,
has been found to inhibit the pathological effects of both IAPP
and Aβ, showing the above-discussed link between these two
diseases.85,86

2.3. Aβ and Insulin

During AD, the brain suffers from neuron loss and also the
ability to process glucose and to respond to insulin and insulin-
like growth factor (IGF) which are necessary for synaptic
plasticity and essential cognitive function, and the depletion of
which may lead to dementia.75 Impaired insulin signaling, one
of the prominent symptoms in diabetes, also plays a critical
role in AD pathogenesis as insulin is found to indirectly
enhance the cleavage of APP by controlling the γ-secretase
complex and thus can increase the Aβ level.87 Such “brain
diabetes phenotype” can result in the appearance of classical
AD molecular biomarkers. Moreover, hyperinsulinemia and
hyperglycemia may increase the quantity of free radicals and
eventually decrease the capability of antioxidants, which may
successively lead to further difficulties in the disease pathway.75

Based on preclinical research, a few drugs or insulin sensitizers
used to treat diabetes, including DPP-4 inhibitors (gliptins),
GLP-1, or GLP-1R agonists, have shown to be a promising
approach to fight against AD also, providing some neuronal
protection in elderly patients.88

2.4. Metals and Heme

The essential trace elements have an optimum concentration
(mostly in μg scale) to function effectively in humans and are
strictly regulated throughout the system. Specifically, the
biometals like Cu, Zn, and Fe are necessary to perform as
cofactors for different enzymatic activities and mitochondrial
and neuronal functions, etc.89 Imbalance of any of these metals
in the body may lead to pathological conditions. In both AD
and T2Dm, such irregularity has been observed and, in both
cases, it interferes with the respective protein aggregation and
toxicity.44,45,61,90,91 Cu and Zn are found to directly coordinate
to Aβ peptide while Fe has a higher concentration in the senile
plaques.92,93 Fe overload may accelerate the neuronal Aβ
production which consequently can worsen the cognitive
decline.92 Free Cu and Fe are involved in the development of
T2dm pathology as well. Similar to that for AD, Cu levels are
found to be altered in diabetes as well.94,95 In fact, the Cu level
becomes considerably higher compared to that of the healthy
subjects, and such increased serum concentration of Cu has
been linked to conditions like distressed structure of arterial
walls, infections, and oxidative stress, etc.93,96,97 The irregular
metabolism of Cu along with Zn affects the function of
important antioxidant enzymes like superoxide dismutase
(SOD), compromising the cell lifetime and the natural defense
system in the body.51,92,98 A Cu chelating substance,
tetrathiomolybdate essentially shows an advantageous role in
the T2Dm pathogenesis, further validating the toxic role of Cu
in this malady.62,99 Moreover, Cu can act as a catalyst in Fe
oxidation and its deposition in tissues.98 Being redox-active,
excess Fe and Cu can enhance the reactive oxygen species
(ROS) generation, and the subsequent toxic hydroxyl radical
formation gives rise to a pro-inflammatory environment in
vascular, renal, and neural tissues and can act as a trigger for
insulin resistance.51,100

Heme appears to be another common element in both these
diseases. This common redox cofactor is known to perform
several toxic effects independently as well as when bound to
peptides or proteins.63,67,101 Reports suggest that heme
metabolism is changed in AD brain and is closely allied to
many undesirable observations in the disease’s pathology. In
the AD brain a higher level of heme b (250%) has been found,
and this excess heme content can enhance oxidative stress,
hampering the normal mitochondrial activity.102 Besides this,
the altered metabolism of heme; including unregulated iron
gathering, increased heme oxygenase, ferrochelatase, biliverdin
reductase A, and heme degradation products can be seen in
AD pathology.64,103−105 Moreover, the monomeric form of
APP, the precursor of the Aβ peptide, is found to be decreased
by ∼50% in the heme deficient AD brain.64 In different parts of
the brain, colocalization of hemoglobin (a form of heme) with
Aβ is observed in the senile plaques which are characteristic to
neuropathology. Such coexistence also promotes Aβ oligome-
rization.106 The presence of heme-rich deposits alongside the
Aβ deposits is another vital evidence of heme involvement in
AD.53 The cerebral amyloid angiopathy (CAA) is a common
neuropathological finding in AD which is characterized by Aβ
depositions around the blood vessel wall. These depositions
considerably weaken the cerebral vessel walls causing a high
chance of rupture and hemorrhage.107,108 Thus, the micro-
hemorrhages and consequent heme exposure inside the brain
might authenticate the possibility of the heme involvement in
disease etiology. The colocalization of heme-rich deposits
together with Aβ plaques are confirmed in AD by staining the
affected brain.24,109 The heme hypothesis has its confirmative
evidence from the recent researches that established heme-Aβ
binding in vitro, which might account for heme deficiency and
other cytopathology observed in AD.67,102,110−112 Thus, all
these findings collectively propose heme to be another key to
the Alzheimer’s pathogenesis. It is notable that heme-bound
Aβ can behave as peroxidase and can catalyze the oxidation of
many significant biomolecules in H2O2 medium which can be
portrayed as a reason for abnormal neurotransmission and
cognitive decline.110,113 T2Dm also shows much similar
inclusion of heme in its etiology. Coincidentally, many of the
symptoms and pathological markers of AD are also seen in
diabetic patients such as the higher serum concentration of Fe,
higher heme-Fe ingestion, etc.65,114 Heme can also coordinate
to IAPP and its cohormone insulin in vitro similar to Aβ
peptide.70,115,116 All these heme−peptide complexes are
capable of generating ROS and subsequent oxidative stress
leading to β-cell apoptosis and decreased cell mass in
pancreas.117 Analogous to the CAA condition induced by Aβ
depositions, the IAPP aggregates are also demonstrated to
exert hemolytic activities against red blood cells (RBCs)
confirming their cytotoxicity and an increased amount of free
hemoglobin in the serum, making the role of heme in T2Dm
pathology more relevant.118,119 Hence, small molecules like
metal ions and heme might act as a common bridge between
these two amyloidogenic diseases, and this concept needs a
greater focus in global research.

3. HEME IN AD AND T2DM

3.1. Active Site Environment of Heme-Aβ
The 1:1 heme-Aβ active-site consists of a high-spin five-
coordinated heme-Fe(III) center likely connected to the His13
residue in the primary binding sphere (Scheme 2). The 241
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cm−1 stretching vibration in rR spectrum confirms this His
coordination in the proximal pocket (Figure 1A). pKa
perturbation reveals the trans axial sixth ligand to be a water
derived residue with a H2O⇌OH− equilibrium, with a pKa of
∼6.8 ± 0.3 (Figure 1B). Furthermore, for Arg mutated Aβ, the
metal−peptide complex shows a relatively higher pKa,
indicating that, at physiological pH, a H-bond between the
labile sixth water-derived ligand and the positively charged
guanidinium side chain of Arg5 is present at a distal site that
can stabilize the hydroxide form of the axial ligand relative to
its protonated form.70,112

Importantly, this strategic arrangement of Arg5 in the
second sphere makes heme-Aβ complex behave as a
peroxidase.111,117,120,121 There is also some minor amount of
a six-coordinated low-spin component present along with the
major high-spin component. Increasing the concentration of
Aβ with respect to heme enhances the relative population of
this low-spin component having bis-His ligations in the axial
positions. His14 from another Aβ peptide strand acts as the
second axial residue. Such coordination makes the active site of

heme-Aβ similar to that of Cytochrome b. H-bonding by Arg5
possibly assists in the binding of the second His.122 Scheme 4
shows the active site environments of high spin and low spin
heme-Aβ complexes.
3.2. Active Site Environment of Heme-IAPP

Spectroscopic and mutagenesis studies indicate that a 1:1
heme-hIAPP complex has an analogous active site environ-
ment as heme-Aβ. This active site also comprises a high-spin
Fe(III) center with an exchangeable weak field H2O ligand
having a pKa of ∼7.3 ± 0.2 (Figure 2A, 2B), confirmed by
absorption, EPR, and rR spectroscopy. Here, His18 binds
porphyrin-Fe(III) axially while the Arg11 moiety provides an
additional second sphere interaction to support the essential
active site structure of this complex (Scheme 2). Arg11 residue
is proposed to form H-binding or ion pairing to the propionate
side chain of heme group unlike in heme-Aβ where it is directly
H-bonded to the sixth axial water-derived ligand (Scheme
5).116 This small alteration in the second sphere of these two
complexes exerts a huge dissimilarity in their function. Heme-
Aβ can act as a peroxidase as its Arg5 induces a pull effect

Figure 1. (A) Lower frequency rR spectrum of reduced heme-Aβ (in 100 mM, pH 7, phosphate buffer, at concentration 0.02 mM, excited at
∼413.1 nm, laser power ≈15 mW on the sample). (B) pKa plots of heme-Aβ complexes with error bars: (1−40), red; (1−16), green; (10−20),
yellow; Arg5Asn mutant of (1−16) peptide, pink. Part A is adapted from ref 67. Copyright 2015 American Chemical Society. Part B is adapted
from ref 112. Copyright 2011 American Chemical Society.

Scheme 4. Schematic Representation of the Active Site Environment of (A) High Spin Heme-Aβ and (B) Low Spin Heme-Aβ.
Part A is Reproduced from Reference 112. Copyright 2011 American Chemical Society. Part B is Reproduced from Reference
122. Copyright 2013 American Chemical Society
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which facilitates the O−O bond heterolysis, necessary for the
active intermediate formation in the peroxidase pathway, while
in contrast, heme-hIAPP cannot act as a peroxidase because its
Arg11 moiety only provides a structural support to the active
site.117

3.3. Active Site Environment of Heme-Insulin
In vitro experiments under physiological conditions indicate
that heme binds to insulin peptide as well. The equimolar ratio
of heme and insulin produces the heme-insulin complex having
a mixture of components, a major high-spin mono His bound
species and a low-spin bis-His coordinated minor species
(Scheme 6). The associated pKa of 1:1 heme-insulin complex
is found to be 8.5 ± 0.2 which corresponds well to the H2O ↔
OH- equilibrium alike, the heme proteins such as myoglobin
having a water derived ligand distal to the heme center (Figure
3A).74

Molecular docking studies reveal that the binding residue of
insulin is His5, while Tyr26 and Phe1 promote electrostatic or
hydrophobic interactions, whereas Val2 forms an H-bond to
the heme center, assisting in the heme-insulin complex
formation (Scheme 2).73 In the presence of excess insulin

relative to heme, the amount of low-spin bis-His component
becomes higher as is indicated by the increase of the
characteristic marker bands in rR spectroscopy (Figure 3B).
Moreover, when the pH of the medium is increased, both the
high-spin and low-spin complexes convert to the hydroxide
bound form (Scheme 6).74

3.4. Reactivity

3.4.1. Peroxidase Activity and Substrate Oxidation of
Heme-Aβ. A detrimental reactivity exhibited by heme-Aβ
under physiological conditions is the peroxidase-like reac-
tivity.70,112,123 Natural peroxidases like horse radish peroxidase
(HRP), chloroperoxidase, cytochrome c peroxidase, etc. can
oxidize organic substrates in the presence of perox-
ides.121,124,125 Recent reports reveal that a 1:1 high-spin
heme-Aβ complex shows ∼3 times greater peroxidase activity
as compared to free heme using H2O2 as the oxidant and
3,3′,5,5′-tetramethylbenzidine (TMB) as the substrate (Figure
4).112 The low-spin bis-His coordinated heme-Aβ exhibits a
higher reactivity, relative to its high-spin counterpart.126

All natural peroxidases contain a highly conserved Arg
residue in the distal pocket which imparts a “pull effect”
facilitating the O−O bond cleavage and generating the high
valent Fe-oxo intermediates, which are the active oxidants
(Scheme 7). It is to be noted that the rate of substrate
oxidation for natural peroxidases like Myeloperoxidase (MPO)
and HRP are ∼107 M−1 S1− while for heme-Aβ it is ∼10−2 M−1

S1−.113,121,127 This significant second sphere influence is
exhibited by Arg5 residue in Aβ. This is experimentally
demonstrated by the fact that heme-Aβ ceases to exhibit its
enhanced peroxidase activity in the Arg5Asn mutated heme-
Aβ.112
In the peroxidase pathway the first intermediate is Fe(III)-

OOH or Compound 0 in which Arg5 protonates the distal O
and helps in cleaving the O−O bond heterolytically, forming
the high valent FeIV�O porphyrin π cation radical or
Compound I in the active site.124,128 This intermediate has
been trapped and characterized using its characteristic
absorption feature (675 nm, Figure 5A), an axial broad EPR
signal which only appears below 30 K (Figure 5B) and the
oxidation state marker band at 1368 cm−1 and ν(Fe-0)
vibration at 843 cm−1 in rR (Figure 5C, 5D). H/D isotope

Figure 2. (A) pKa plots of heme-IAPP complexes with error bars: (1−37) IAPP, red; (1−19) IAPP, green B). High frequency rR spectra of free
heme, black, and heme-IAPP complexes: IAPP(1−37), red, and IAPP(1−19), green, at pH 7 at room temperature. Adapted from ref 116.
Copyright 2013 American Chemical Society.

Scheme 5. Schematic Representation of the Active Site
Environment of Heme-IAPP, Showing the Primary and
Secondary Coordination Residues. Reproduced from
Reference 116. Copyright 2013 American Chemical Society
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experiment proves that this protonation assisted O−O bond
cleavage is the rate-determining step (r.d.s.) in Compound I
formation (KH/KD value of ∼2). The absence of any isotope
effect in the decay of this intermediate is in line with the
previous reports of other natural peroxidases stating that decay
of Compound I occurs via outer sphere electron transfer
process (Table 1).110

Both in the presence and in the absence of substrates,
compound I decays to another high valent intermediate FeIV�
O porphyrin or Compound II. The redox active Tyr10 residue
can be involved in the redox pathway leading to the decay of
Compound I, which is established from its ∼3 times slower
decay rate for heme-Aβ (Tyr10Phe) compared to that of its
native form (Table 1). Thus, Tyr10 seems to provide a natural
protective role against these highly oxidizing intermediates.110

Owing to the peroxidase-like activity, heme-Aβ can oxidize
the key physiological messenger molecules like serotonin (5-

hydroxytryptamine or 5-HT), DOPA (3,4-dihydroxyphenyla-
lanine) and other neurotransmitters in the presence of
peracid/peroxide at physiological pH. Catalytic oxidation of
serotonin by heme-Aβ and H2O2/mCPBA produces its
corresponding symmetric dimer, dihydroxybitryptamine
(DHT) as a major product, identified using HPLC (Scheme
8).103,108 Following its kinetics, this oxidation reaction is found
to be of first order with respect to both the catalyst and
oxidant. The active oxidant in the case of the catalytic
oxidation by heme-Aβ and mCPBA is found to be the transient
intermediate, compound I. Heme-Aβ shows the highest
catalytic activity at neutral pH due to the optimum condition
where both the ease of active oxidant formation via Arg’s pull
effect (favorable below pH 7) and the ionization of the
phenolic OH of 5-HT to generate the actual substrate
(favorable above pH 7) can act in favor.115 Quite expectedly,
the absence of Arg5, hampers the rate of serotonin oxidation as

Scheme 6. Active Site Structures of High Spin and Low Spin Heme-Insulin Complexes, Both of Which Generate a Hydroxide
Bound High Spin Complex at Alkaline pH. Reproduced from Reference 74. Copyright 2021 World Scientific Publishing
Company

Figure 3. (A) pKa plot of 1:1 heme-insulin complex with error bar. (B) High-frequency rR spectra (excitation 413.1 nm) of heme-insulin
complexes with different heme-to-insulin ratios at pH 7.4 in 100 mM phosphate buffer. Adapted from ref 74. Copyright 2021 World Scientific
Publishing Company.
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in its absence, formation of active oxidant becomes much
slower compared to the native heme-Aβ complex, further
reminiscing the second sphere impact of Arg5.110 The
noninnocent redox active Tyr10 affects this oxidation rate as
well. Heme-Aβ(Tyr10Phe) shows slower substrate oxidation
rate relative to the wild type heme-Aβ at physiological pH
while the KM value increases with the increase in pH of the
medium, owing to the ability of proton translocation by Tyr

residue that assists in compound I generation.115 On the other
hand, Try10 is thought to be a natural defense against highly
reactive compound I as suggested by the slower decay of the
intermediate in its absence, in the Aβ(Tyr10Phe) mutant.110

Notably, the altered metabolism of cholinergic, catechola-
minergic, and serotonergic neurotransmitter system and their
oxidations are common in AD patients.122,129,130 A decreased
level of serotonin specifically in the temporal and frontal cortex
region and in the cerebrospinal fluid (CSF) are significant
manifestations in the disease pathology.34,131 Therefore, this
experimental evidence of catalytic substrate oxidation in the
presence of heme-Aβ might partly explain such abnormal
neurotransmission in the AD brain.

3.4.2. Peroxidase Activity and Substrate Oxidation of
Heme-IAPP and Heme-Insulin. As discussed earlier, the
striking difference in the arrangement of Arg residue between
heme-Aβ and heme-hIAPP results in a lack of enhanced
peroxidase activity of the latter complex compared to that of
free heme when subjected to similar catalytic oxidation of
TMB substrate in the presence of H2O2.

116

On the other hand, heme-insulin is capable of showing
peroxidase-like activity as heme-Aβ (Figure 6). Experimental
results show that insulin can amplify the usual peroxidase
activity of free heme that in turn promotes production of Tyr
radicals in insulin peptide chain.73 Such radicals enhance the
oxidative and nitrative stresses that are known to affect native
biomolecules and important organs.117,132,133 Tyr radicals can
also end up forming the well-known di-Tyr cross-links which
causes the permanent loss of physiological action of insulin by
inhibiting its binding to the insulin receptor (IR) which
sequentially activates the tyrosine kinase catalytic domain and
cell metabolism.73,117,134,135

Within the β-cells, Tyr nitration may as well result in
inactivation of vital proteins leading to diabetic conditions.36

Overall, it is anticipated that such insulin dimerization will
affect insulin signaling and insulin dependent glucose uptake,
ultimately indicating toward the typical insulin resistance
symptom in T2Dm.73,136,137 The analogous peroxidase activity
of heme-insulin similar to heme-Aβ might again demonstrate
the significance of the presence of the highly conserved Arg
residue in the distal pocket, which for the former complex is
probably Arg22. Heme-insulin can potentially oxidize other
physiologically available substrates like TMB in the presence of
H2O2 that might lead to physiological dyshomeostasis in
diabetic patients. This warrants further experimental inves-
tigations.

3.4.3. ROS Formation of Heme-Aβ. Redox active
transition metals such as Fe and Cu in their reduced state
can react with dioxygen to generate reactive oxygen species
(ROS) via Fenton’s mechanism (Scheme 9).44,51,138 Partial
reduction of O2 produces O2

•−, H2O2, HO•, etc. which are
readily diffusible through BBB and are quite neurotoxic in
nature.53,139−141 ROS can lead to lipid peroxidation and
nucleic acid adducts, RNA and DNA damage and cell
apoptosis, and oxidative stress induced impairment, which
are common in the pathophysiology of amyloidogenic
diseases.139,142

Xylenol orange (XO) assay detects the amount of H2O2
produced during the reaction of a ferrous heme-peptide
complex with O2.

143 The high-spin 1:1 heme-Aβ produces
∼90% ROS, implying a 2 e− reduction of dioxygen. One of the
electrons is donated by the heme-Fe(II) center while the
second one is donated by the Tyr10 residue (Scheme 9). This

Figure 4. Kinetic traces for peroxidase activity, monitoring the
increase of the 652 nm absorbance intensity, for different heme-Aβ
complexes: (1−40), red; (1−16), green; (10−20), yellow; Arg5Asn
mutant of (1−16), pink; and free heme, black. Adapted from ref 112.
Copyright 2011 American Chemical Society.

Scheme 7. Catalytic Cycle of Peroxidase Enzymes with Axial
His Ligation, Showing the Role of Arg Residue in the Distal
Site. Reproduced with Permission from Reference 124.
Copyright 2010 Elsevier
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is confirmed from experimental results, which show ∼50%
lowering in ROS generation, by heme-Aβ when Tyr10 is
replaced by Phe.144 The tyrosyl radical (TyrO•) formed after
one e− transfer from Tyr residue can lead to dimer formation
and peptide cross-links, an observed phenomenon in AD
pathology.145 For low-spin heme-Aβ, <40% H2O2 is produced
during the reaction of the ferrous heme-peptide complex with
O2, suggesting a one-electron reduction of O2 to its superoxide
form which eventually disproportionates to H2O2 (Figure
7).122 The e− is donated by the heme-Fe(II) site. Here, Tyr10

is unable to donate the necessary second e− possibly due to the
lack of its favorable orientation in the bis-His coordinated
active site.122

3.4.4. ROS Formation of Heme-IAPP and Heme-
Insulin. Heme-IAPP complexes can also produce a significant
amount of ROS, observed in in vitro experiments. Approx-
imately 40 ± 5% H2O2 has been detected, indicating a similar
one electron reduction of O2 like low-spin heme-Aβ via the
heme-Fe(II) center (Figure 8).116 This can potentially exert
cytotoxic effects, a phenomenon common in T2Dm etiology.
In the pancreas, alongside the heme-IAPP complex, both the

mono-His and bis-His bound heme-Fe(II)-insulin complexes
also form ROS, although in a negligible amount of 8−12%
(Figure 8).74

3.4.5. Reaction Intermediate in ROS Formation of
Heme-Aβ and Heme-IAPP. The formation of an Fe−O2
intermediate is the first step in the ROS generation by the
Fe(II) center (Scheme 10).146,147 In the course of ROS
formation, such oxygen-bound intermediates have been
identified for heme-Aβ and heme-IAPP complexes in non-
aqueous medium.148 Using absorption, EPR, and rR spectros-
copy, the Fe−O2 intermediates of heme-Aβ and heme-IAPP
are identified as six coordinated, diamagnetic, low-spin heme
species which are stable only at very low temperatures (−80

Figure 5. (A) Absorption spectrum of heme-Aβ, red; the difference spectrum at 0.027 s (compound I), blue; and the difference spectrum at 130 s
(compound II), green. (B) Temperature dependent EPR spectra of heme-bound mutated Aβ with m-CPBA. (C) Experimental spectrum of heme-
Aβ(Tyr16Phe) with m-CPBA, red; simulation spectrum, black; components of the rR spectrum were determined by simulating the spectra at the
ν4 region. (D) Low frequency region data spectra of heme-Aβ(Tyr16Phe) with m-CPBA in H2O

16 medium, green, and H2O
18 medium, red. Data

were obtained with an excitation wavelength of 413.1 nm (5 mW) at 77 K. Adapted with permission from ref 110. Copyright 2019 The Royal
Society of Chemistry.

Table 1. Rate Constants of Formation and Decay of
Compound I on Reaction of Heme-Aβ with m-CPBA in
H2O and in D2O in the Presence and in the Absence of the
Substrate (Serotonin) as Well as for the Reaction of the
Heme-Aβ Complexes Having Site Directed Mutants with m-
CPBA. Reproduced with Permission from Reference 110.
Copyright 2019 The Royal Society of Chemistry

Heme-Aβ complexes Formation rate (s1−) Decay rate (s1−)

Heme-Aβ(l-16) 115 ± 5 1.20 ± 0.10
Heme Aβ(l 16) in D2O 45 ± 2 1.10 ± 0.10
Heme-Aβ(l-16)+Serotonin 180 ± 5 2.05 ± 0.20
Heme Aβ(l-16,Arg5Asn) 40 ± 2 1.32 ± 0.20
Heme-Aβ(l-16,Tyr10Phe) 55 ± 3 0.40 ± 0.05
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°C). The Fe−O stretches at 575 and 577 cm−1 show the
required isotope shift, confirming the Fe−O2 complex
formation in heme-Aβ and heme-IAPP, respectively (Figure
9A, 9B). ROS formation is suggestive of an inner sphere
pathway via this Fe−O2 complex, characteristic features of
which are also in line with the other natural Fe-oxy adducts of
heme proteins which have strong proximal coordination.148

3.4.6. Cytochrome C peroxidase Activity of Heme-Aβ.
Recent experimental data demonstrates that ferrocytochrome c
(Cyt c(II)) can get catalytically and stoichiometrically oxidized
by heme-Fe(III)-Aβ complex in the presence of peroxides,
resembling the function of naturally occurring cytochrome c
peroxidase (CCP) enzyme, although at a much slower rate
than that of CCP (Scheme 11).149,150 This oxidation rate is
dependent on the concentration of Cyt C(II), H2O2, and

heme-Aβ, the chain length of Aβ peptide, ionic strength, and
the pH of the medium.151 Along with the electron transfer, Cyt
c plays a vital role in the cell apoptosis mechanism, and its
redox state has a significant effect on the pro-apoptotic
signaling pathway. It has been observed that Cyt(III) c can
induce apoptosis while Cyt(II) c cannot. Thus, the CCP-like
activity of heme-Aβ complex, i.e., the oxidation of Cyt(II) c in
the cytosol generating Cyt(III) c can lead to abnormal
apoptosis in the AD brain.152

4. COPPER IN AD AND T2DM

4.1. Active Site Environment of Cu-Aβ
Owing to a high affinity for metals, the interaction of
amyloidogenic Aβ peptides with metal ions, especially Cu,
has been extensively investigated for a long time.44,47 Based on
the nature of the aggregated states of peptide, it has been

Scheme 8. Schematic Representation of the Possible Mechanism of Peroxidase Activity of Heme-Aβ and Serotonin (5-HT)
Oxidation Catalyzed by It during the Reaction with m-CPBA

Figure 6. Kinetic traces for peroxidase activity, monitoring the
increase of 652 nm absorbance intensity against time, for heme-
insulin, green; free heme, red; and insulin, blue. Adapted with
permission from ref 73. Copyright 2017 Elsevier.

Scheme 9. Schematic Representation of O2 Reduction by
the One- (50% H2O2) and Two- (100% H2O2) Electron
Pathways
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suggested that Cu can exert either inhibition or assistance in
the Aβ fibrillation process.50,117,153,154 Till the date, several
research groups have proposed a variety of representative
models for Cu(II)-Aβ active site structures employing
techniques like EPR, CD, NMR, X-ray absorption spectrosco-
py, etc.155−158 However, lack of any proper crystal structure
makes it difficult to converge to a universally accepted model
of this metal−peptide complex.
The hydrophilic region of Aβ peptide comprising the first 16

residues contains the Cu binding residues like Asp, Glu, His,
and Tyr (Scheme 2). An active site of 3N1O coordination
having possible N-donor ligands like three His residues or the

N-terminus with two His residues and a deprotonated amide
have been suggested for Cu-Aβ. The probable O-donors are
Asp1, Glu3, Asp7, Glu11, aqueous buffer-derived molecule, or
a carbonyl from amide linkage.157,159,160 However, it remains a
challenge to assign the distinct ligating environment for this
complex, mainly because of its multiple forms in different pH
values, making it further complicated. Investigation of these
pH dependent components identified two components,
component I and component II, which remain in equilibrium
in the pH range of 5−9 (Figure 10).72,161−163 A combination
of spectroscopic studies, pH variation, exogenous ligand
binding along with ligand field analysis, provides a possible
geometry and electronic structure of the said components of
Cu-Aβ. At physiological pH, two sets of distinct hyperfine EPR
features coming from a mixture of two components can be
observed, of which, component I is more dominant than
component II. With an increase in pH of the medium,
component II becomes more prominent, indicating that at
higher pH (∼pH 9), component II is the major species while
at relatively lower pH (6.5−7), component I predominates.
The corresponding spectroscopic features of these two
components are provided in Table 2.72 Moreover, these two
components are in pH equilibrium with a pKa of ∼8.1,
corresponding to a H2O↔OH− equilibrium and which falls
within the range of reported pKa values of H2O bound Cu
complexes.164,165 From the ligand field analysis of EPR
parameters (g∥ and A∥ values), a β2 value is calculated
which is the percentage Cu 3d character in the singly occupied
molecular orbital, to estimate the covalency of Cu in these two
species. Component I possesses a β2 value of 0.68 (i.e., ∼68%
spin density over Cu center), and that for component II is 0.61
(i.e., ∼61% spin density over Cu), which indicates that the
high pH component of Cu(II)-Aβ is more covalent owing to a
lower β2 value (Table 2). The high energy ligand field
transitions in the absorption and CD spectra suggest a
favorable square pyramidal penta-coordination for both the
components.72

The titration of Cu(II)-Aβ with monodentate azide ligand
reveals that azide binding is biphasic which essentially implies
that one equivalent of Cu-Aβ can bind two equivalents of azide
with the binding constants of 0.01 and 0.001 involving the dx2-
y2 orbital of Cu-Aβ (Figure 11A, 11B). Hence, there must be
two exchangeable ligands present in the equatorial plane to
accommodate the two exogenous ligands like azide. Interest-
ingly, this ligand exchange phenomena can only be seen in
lower pH form, i.e., component I while the active site ligands in
component II cannot be displaced, indicating a stronger ligand
binding environment in the latter.72 Combining such ligand
exchange event with the Cu-Aβ pKa, it may be confirmed that
one of the exchangeable ligands in component I is H2O
derived which converts to its stronger nonexchangeable OH−

Figure 7. Percentage ROS detected for wild-type heme-Aβ high spin,
blue; low spin, red; and the high spin Tyr10 mutant, cyan.
Reproduced from ref 112. Copyright 2011 American Chemical
Society, and ref 122, copyright 2015 American Chemical Society.

Figure 8. Percentage ROS detected for native heme-IAPP, blue; free
heme, green; and heme-insulin, red.74,116 Reproduced from ref 74.
Copyright 2021 World Scientific Publishing Company, and ref 116,
copyright 2013 American Chemical Society.

Scheme 10. Schematic Representation of O2 Reduction by Reduced Heme-Fe(II)-peptides and the Intermediates Formed
during This Reaction Are Marked in Blue. Reproduced with Permission from Reference 146. Copyright 2013 The Royal
Society of Chemistry
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form in component II at the alkaline pH. The other ligand may
be a carbonyl oxygen of the peptide backbone. Adjacent to this
carbonyl, a -NH residue can directly form the H-bond to the
hydroxide at alkaline pH, making the carbonyl stronger, hence
undisplaceable by azide (Scheme 12).72

4.2. Active Site Environment of Cu-IAPP
IAPP, as one of the major components in T2Dm
epidemiology, is found to interact with Cu, and this interaction
is currently under investigation by researchers world-
wide.71,160,166,167 A few studies indicate that Cu delays the
IAPP aggregation process while others claim that Cu-IAPP
complex favors oligomer formation instead of the fibrillar form,
making it more toxic toward pancreatic β-cells.168−170 There
are not many reports found on the active site environment of
the Cu(II)-IAPP complex. Some literature evidence demon-
strate that the 1−19 segment of IAPP peptide essentially

Figure 9. Low frequency resonance Raman spectra of the oxy complex of (A) heme-Aβ with O16, red, and O18, brown. (B) heme−IAPP with O16,
purple, and O18, pink. Adapted with permission from ref 148. Copyright 2016 The Royal Society of Chemistry.

Scheme 11. CCP-like Activity of Heme-Aβ, Oxidizing Cyt C (substrate) in the Presence of H2O2
151

Figure 10. EPR data of the Cu-Aβ complex at different pH values
(pH 6.5 in MES, pH 7, 7.5, and 8 in HEPES, and pH 8.45, 9, and 9.5
in CHES). Adapted from ref 72. Copyright 2013 American Chemical
Society.

Table 2. EPR Analysis of Component I and Component II
of Cu-Aβ Complex. Adapted from Reference 72. Copyright
2013 American Chemical Society

Cu-Aβ A∥ (G) g∥ g⊥ β2

Component I 170 2.239 2.046 0.68
Component II 159 2.204 2.042 0.61
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coordinates to metal via the His18 residue at physiological
pH.166,167 Along with the His-imidazole, three other amides
from the peptide chain also contribute in the primary
coordination sphere. Cu-IAPP is reported to be a square
planar complex with the 4N ligating mode at pH 6.0 and
above.167 Another report highlights the Cu(II) binding to a
truncated hIAPP(18−22), stating a similar role of His18
moiety while the other residues are two deprotonate amides
from Ser19 and Ser20 and one O-donor from backbone
carbonyl or −OH group of Ser20. This particular 3N1O
fashion of the Cu-IAPP complex is found to compete for the
required conformational changes to form β-sheet configu-
rations, thus can explain the inhibitory effect of Cu in IAPP
aggregation.166 Spectroscopy and mutagenesis experiments on
a 1:1 Cu(II)-IAPP complex at pH 8 show an axial EPR signal

with g|| = 2.17 and A|| = 195 G (Table 3, Figure 12A),
implying a D4h tetragonal geometry with a weak axial ligand.71

pH perturbation studies reveal the presence of at least four
distinctive species of Cu-IAPP, named as component I,
component II, component III, and component IV in the 4−8
pH range of buffer. At pH 8, Component I remains as a pure
species while at pH 6, both component I and component II
coexist, making them physiologically and pathologically
relevant. Lowering the pH of the medium to pH 5 and pH
4, component III and component IV are observed, respectively.
At pH 6−8, the charge transfer band at 317 nm (31546 cm−1)
in the CD spectra indicates a deprotonated amide ligation to
Cu, validating the presence of an anionic amide in the active
site sphere of Cu(II) in components I and II (Figure 12B).71

Furthermore, the mutagenesis experiments have aided in
determining the other coordinating residues in the primary
active site sphere of Cu-IAPP. It has been found that an N
terminal -NH2 group is one of the coordinating ligands in
component I and II. Also, His 18 is a ligating residue in
component II contrary to component I. Overall, the active site
of component II is predicted as a five-coordinated square
pyramidal geometry with the coordinating ligands anticipated
to be an amidate (N−), an N-terminal amine (NH2), and a His
(N) as N-donor groups, and the additional two coordinations
are possibly an amide carbonyl and/or water (O). The cyclic
voltammogram (CV) data points out component I as a more
electron-rich species than component II. The possible binding
ligands for component I are proposed to be amidate (N−), N-
terminal amine (NH2), carbonyl (O), and an amidate (N−) or
hydroxide (HO−) forming a square planar geometry as a result

Figure 11. (A) Absorption spectra of addition of azide to Cu-Aβ; 200 equiv, green and 1000 equiv, blue; compared with Cu-Aβ without azide, red,
at pH 7. The LMCT and d → d transitions have been indicated. (B) Biphasic (solid line) and monophasic (dashed line) kinetic fits of changes in
normalized absorbance at 540 nm as a function of the different concentrations of azide. Adapted from ref 72. Copyright 2013 American Chemical
Society.

Scheme 12. Schematic Representation of Displaceable
Ligands Bound to Cu-Aβ. Reproduced from Reference 72.
Copyright 2013 American Chemical Society

Table 3. EPR Parameters of the pH-Dependent
Components of the Cu-IAPP Complex and Their
Coordination Mode. Reproduced from Reference 71.
Copyright 2017 American Chemical Society

Cu-IAPP pH
A∥
(G) g∥ g⊥ β2

Coordination
mode

Component I 8 195 2.17 2.03 0.635 4N
Component II 6 162 2.20 2.04 0.592 3N1O
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of the loss of proton from component II.71 The physiologically
relevant forms of Cu-IAPP are shown in Scheme 13.

4.3. Active Site Environment of Cu-Insulin
The coordination of the essential nutritional metals like
Zn(II), Cu(II), and Mn(II) etc. to insulin peptide has
significant physiological importance.171,172 So far, the Zn-
insulin complexes have been studied most extensively

compared to other metal-insulin complexes.173−175 Although
limited, however, the Cu bound to monomeric insulin
hormone has been explored to understand its electronic
environment and the influence of change in the surroundings
upon the interaction of the protein with metal ion.172,176−178

Past studies investigate the Cu(II)-insulin active site
structure using absorption and EPR spectroscopy, where it is
observed that in aqueous buffer solution, at pH 5, the Cu-
insulin complex is similar to other tetragonal Cu(II)
complexes. The metal center is found to be coordinated to
the oxygen of the carboxylato groups, the nitrogen of the α-
and ε-amino groups, and to the imidazole moiety. Below pH 5,
there are no contributions from any N-based ligands in the
coordination site. The degree of contributions from all these
ligations around the Cu center differs with varying pH of the
medium. However, the binding specificity of the crystalline Cu-
insulin derivatives is not clear enough. Only at a very high pH
value (pH 13.5), can a distinct binding site for Cu be
designated owing to a sufficient increase in the ligand field
strength. This binding site possibly consists of a deprotonated
peptide nitrogen where the Cu(II)-N bond becomes more
covalent, as monitored by the N-coupling in the EPR
spectrum. Interestingly, at physiological pH, no such strong
covalent binding of Cu-insulin is observed.178 Another study
reports the Cu(II)-insulin interaction based on UV−vis
absorption and fluorescence emission spectroscopy, potentio-

Figure 12. (A) EPR spectra of CuSO4, Cu-IAPP complexes with 0.8 equiv of Cu(II) at pH 8.0 in 10 mM Mes buffer. (B) CD spectra of Cu-IAPP
complex at different pH values. Adapted from ref 71. Copyright 2017 American Chemical Society.

Scheme 13. Schematic Representation of the Physiologically
Relevant Components of Cu-IAPP. Reproduced from
Reference 71. Copyright 2017 American Chemical Society

Figure 13. (A) UV−vis absorption spectra of Cu(II)-insulin solution at different molar ratios. (B) UV−vis fluorescence spectra of Cu(II)-insulin
solutions at different molar ratios (λEx, 272 nm, λEm, 306 nm); insulin, 1 × 10 −4 M concentration. Adapted with permission from ref 176.
Copyright 2022 Elsevier.
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metric acid−base titration, and liquid chromatography. It
suggests that Cu binding to insulin is determined by the
chelation mechanism with the formation of a M4L-type
complex and is highly stable. From the spectrophotometric
titration the absorptions at 250 and 276 nm are observed,
which are reminiscent of the Cu binding to peptides,
specifically to the aromatic region of insulin (Figure 13A).
The typical fluorescence emission of insulin at 305 nm gets
quenched by almost 70% upon addition of Cu in a molar ratio
of 90/1 (Cu(II)/insulin), possibly due to the metal ion
coordination to the Tyr residues of insulin (Figure 13B).176,177

4.4. Reactivity
4.4.1. Peroxidase Activity and Substrate Oxidation of

Cu-Aβ. Cu-Aβ shows peroxidase activity similar to that of free
heme (heme b) in the presence of peroxide.179 The reaction of
Cu-Aβ with H2O2 at physiological pH, where component I
predominates over component II, results in a species which
shows ∼40% loss of spin density in the EPR spectrum (Figure
14). On increasing the concentration of Cu-Aβ, the aforesaid

EPR signal loss gets enhanced. Such spin loss when combined
with the absorption feature (350 and 411 nm) of this reaction
mixture, indicates the formation of intermolecularly bridged
Cu2O2 intermediates; either a side-on μ-peroxo-dicopper(II)
complex or a bis (μ-oxo) dicopper(III) complex. Both these
plausible intermediates are diamagnetic in nature (S = 0).
However, the resultant EPR signal from Cu-Aβ and the H2O2
mixture does not disappear entirely, rather a species having
distinct EPR parameters than the resting Cu-Aβ appears which
suggests that the residual spin is not due to any unreacted Cu-
Aβ but from another paramagnetic species.180 Resonance
Raman spectroscopy helps in addressing the reaction
components. In the low frequency region of the rR spectrum,
bands at 518 cm−1, 540 cm−1, and 570 cm−1 indicate the Cu−
O vibrations of a bis(μ-oxo)copper(III) core or a Cu(II)−
OOH species, while the band at 849 cm−1 is characteristic of
the O−O vibration of a Cu(II)−OOH species (Figure
15).181,182 The corresponding isotopic shifts of 849 and 518
cm−1 bands in D2O medium further assigned these vibrations
as ν(Cu−O) and ν(O−O) bands of the Cu(II)-OOH
component, respectively; that is paramagnetic, contributing
to the residual EPR signal (Figure 15B).180 Moreover, the
remaining two bands (540 and 570 cm−1) that do not show
any H/D shift, arise from a Fermi resonance and are
representative of Cu−O vibrations of a diamond core bis(μ-
oxo) species (Figure 15A).182−184 Thus, rR eliminates the μ-
peroxo-dicopper(II) complex as the diamagnetic intermediate
in the reaction of Cu-Aβ and H2O2. The resultant products are
shown in Scheme 14.
Similar to heme-Aβ, Cu-Aβ can also oxidize neuro-

t r ansmi t t e r s l i ke se ro ton in (5 -HT) , dopamine
etc.126,130,180,185 The catalytic oxidation of 5-HT by this
catalyst has recently been investigated using spectroscopic
methods like EPR, UV−vis, and rR. As discussed in the
previous section, the reaction of Cu-Aβ and H2O2 generates a
Cu(II)-OOH and a bis (μ-oxo) dicopper(III) species (Scheme
14), either of which can be the active oxidant to oxidize the
substrates. Therefore, different reaction conditions have been
implemented to determine the reactive oxidant in the 5-HT
oxidation process. Using an excess amount of H2O2 (1000
equiv), the Cu(II)-OOH component is found to be produced
exclusively, escaping the dimerization to form dicopper

Figure 14. EPR spectra of initial Cu−Aβ, blue; Cu−Aβ with 50 equiv
H2O2 at different times, green being the final spectrum after 120 min,
in 100 mM HEPES buffer at pH 7 at 77 K. Adapted with permission
from ref 180. Copyright 2021 The Royal Society of Chemistry.

Figure 15. Resonance Raman spectra of Cu−Aβ with 50 equiv H2O2, blue and Cu−Aβ with 50 equiv D2O2 in, red; difference spectrum of H2O2
data from D2O2 data, dashed black; (A) lower energy region; (B) higher energy region. Data were obtained with an excitation wavelength of 415.4
nm (10 mW at the sample) at 77 K. Adapted with permission from ref 180. Copyright 2021 The Royal Society of Chemistry.
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complex, and under this condition 5-HT gets promptly
oxidized (Scheme 15). Furthermore, when Cu-Aβ concen-

tration is increased, maintaining the relative ratio of Cu-
Aβ:H2O2, the 5-HT oxidation rate becomes slower. It is to be
noted here that in higher Cu-Aβ concentration, the bis (μ-oxo)
dicopper(III) complex formation is enhanced. Considering
these observations, it can be unambiguously concluded that the
Cu(II)-OOH intermediate is the active oxidant species for 5-
HT oxidation by H2O2 catalyzed via Cu-Aβ.180
Also, H2O2 is formed by the reaction of Cu(I)-Aβ with

molecular O2 via a two e− pathway, and the generated H2O2 is
found to be capable of 5-HT oxidation by means of the same
hydroperoxide intermediate (Scheme 16).180

In this oxidation process, a known neurotoxin, tryptamine-
4,5-dione (T-4,5-D) has been produced along with other
products like 5-hydroxy-3-ethylamino-2-oxindole (5-HEO)
and a dimer of these two, i.e., 3,3′-bis(2-aminoethyl)-5-
hydroxy-[3,7′-bi-1H-indole]-2,4′,5′(3H)-trione, likely formed
via aerial oxidation of T-4,5-D and 5-HEO (Scheme 17).180,186

All these products have been characterized by absorption
spectroscopy and HPLC techniques. The difference in the
oxidized products of the catalytic oxidation of 5-HT by heme-
Aβ and Cu-Aβ (primarily a dimer viz dihydroxybitryptamine in
case of the former complex), indicates a basic difference in the
mechanism and in the nature of corresponding intermediates
formed in this process. Nevertheless, analogous to heme-Aβ,

Cu-Aβ can play vital role in the neural toxicity and impairment
in the brain signaling system as well.

4.4.2. ROS Formation of Cu-Aβ. Partially reduced oxygen
species are generated in the presence of reduced Cu-Aβ.
Approximately 84 ± 5% ROS has been detected using xylenol
orange assay, indicating a two electron reduction of O2 to
H2O2 at pH 7 (Figure 16). Apart from the Cu(I) center, the
redox active Tyr10 residue provides the other electron similar
to what we have observed for the heme-Aβ complex. The role
of Tyr is confirmed by the experimental observation where the
amount of H2O2 generated diminished by ∼50% when the Tyr
mutant is used, (Cu(I)-Aβ(Tyr10Phe)).179
Experimental data suggest that Cu-Aβ can also catalyze the

dityrosine cross-linking via its peroxidase mechanism or during
ROS formation, where generation of the tyrosyl radical is
prevalent.187,188 Such cross-linking via Cu-Aβ is similar to that
of other natural peroxidases, however, less efficient. Formation
of the cross-linkings can result in the formation of soluble
dimers of Aβ peptide which is supposedly a key intermediate in
amyloidogenesis.189−191

4.4.3. ROS Formation of Cu-IAPP. H2O2 is produced
during the aggregation of IAPP peptide into its amyloid fibrillar
form.40,192 This process is found to be greatly stimulated by
the presence of Cu(II) ions.96 Owing to a suitable reduction
potential, both component I (at pH 8, 206 mV vs NHE) and
component II (at pH 6, 249 mV vs NHE) of the Cu-IAPP
complex are easily reduced under physiological conditions by
reducing agents like vitamin C, NADH, or glutathione, etc. In
their reduced form Cu(I)-IAPP complexes produce ∼40%
ROS at physiological pH, demonstrating a one electron
reduction pathway of O2. The other components of Cu(I)−
IAPP at different pH values produce almost similar amounts of
PROS (Figure 17).71 Hence, Cu indeed can potentially play a
vital role as a stimulator of oxidative stress in AD and T2Dm
etiology.

5. SOME REMEDIAL APPROACHES

5.1. Heme Sequestration
In the vertebrate family, penta-coordinated globin proteins,
hemoglobin (Hb), and myglobin (Mb) are well-known for
their O2 transport and storage activity and hexacoordinated
cytoglobin (Cgb) and neuroglobin (Ngb) are well charac-
terized with an essential neurological function.193−195 The
hologlobin without the heme prosthetic group is termed as
apoglobin which is known to have very high affinity for
heme.196 Owing to such high heme affinity, apoglobins are
proposed to sequester heme when they are administered in any
heme-peptide complexes to mitigate the heme induced
cytotoxicity (Scheme 18). In vitro experiments and spectro-
scopic evidence reveal that aponeuroglobin (apoNgb) can
actually sequester heme from the heme(III)-Aβ complex when
mixed in a 1:1 ratio, resulting in a characteristic feature of a
hexacoordinated low spin heme complex that resembles

Scheme 14. Reaction of Cu−Aβ with 50 equiv H2O2 at pH 7. Reproduced with Permission from Reference 180. Copyright
2021 The Royal Society of Chemistry

Scheme 15. Reaction of Cu−Aβ with 1000 equiv H2O2 at
pH 7. Reproduced with Permission from Reference 180.
Copyright 2021 The Royal Society of Chemistry

Scheme 16. Serotonin (5-HT) Oxidation Catalyzed by
Cu(II)-OOH Reactive Oxidant, Produced in the Reaction of
Reduced Cu-Aβ with O2. Reproduced with Permission from
Reference 180. Copyright 2021 The Royal Society of
Chemistry
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holoNgb.197 A similar experiment using apoMb instead of
apoNgb also results in the heme uptake, forming a heme
complex similar to holoMb.198 Apart from this, apoglobins can
also extract heme from reduced heme(II)-Aβ complexes
forming the reduced hologlobin molecules. This phenomenon

not only works well for heme-Aβ, but also is applicable in
heme-IAPP complexes as well.199 Absorption, rR, and gel
electrophoresis results establish that apoMb can sequester
heme from a 1:1 heme-IAPP complex to constitute a six-
coordinated high spin ferric active site, alike to that of Mb. In
each of these cases, more than 90% heme has been transferred,
confirming the high affinity of globins for heme. The transfer
has been observed as a biphasic event for heme-Aβ and heme-
IAPP complexes with apoMb while it is monophasic for
apoNgb.197−199 Besides heme transfer, apoglobins can also
transfer heme in a ligand bound state (CO or azide bound
heme-peptide systems). After heme sequestration the resultant
Mb or Ngb is useful for its essential biological functions like O2
transport, neuroprotection, and so on. Importantly, the higher
amount of ROS generation by heme-Aβ and heme-IAPP
complexes reduces drastically, thus diminishing the heme
induced cytotoxicity and in turn providing a protection role
against AD and T2Dm advancement.197−199

Insulin, known to control the glycemic level, can
furthermore enact its defensive role by seizing heme from
heme-IAPP complexes, as confirmed by spectroscopic studies
(Scheme 19). The resultant heme-insulin complex, as shown
earlier, can yield much less ROS (only 8−12%), hence
decreases the oxidative impairments.74

5.2. Cu Chelator and Heme Inhibitor in Artificial Surfaces

A close interconnection of metal dyshomeostasis inside brain
and the onset and progression of AD has long been established
which manifests the metal chelation therapy as a feasible
pharmacological option for the treatment of Alzheimer’s
disease. Some clinically tested chelators are desferrioxamine
(DFO), used against Fe and Al overload; rasagiline, a Fe
chelator; 5-chloro-7-iodo-8-hydroxyquinoline (CQ), primarily
for Cu and Zn metals; hydroxyquinolne ligand (PBT2) and so
on. Albeit, metal chelation therapy has shown some positive
impact in Alzheimer’s disease and diabetic patients; however,
most of these are no longer being pursued clinically.44,48,60−62

Scheme 17. Schematic Representation of Serotonin Oxidation by Cu-Aβ and H2O2. Reproduced with Permission from
Reference 180. Copyright 2021 The Royal Society of Chemistry

Figure 16. Percentage ROS detected for native Cu-Aβ, blue; and Cu-
Aβ (Tyr10Phe), purple. Adapted from ref 179. Copyright 2011
American Chemical Society.

Figure 17. Percentage ROS detected for Cu-IAPP complexes at
different pH values. Adapted from ref 71. Copyright 2017 American
Chemical Society.
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On a similar aspect, a platform that can probe the effect of
potential drugs of AD at low concentrations has been
constructed. For this, a Cys residue is attached to the
truncated Aβ peptide at the C-terminus to form self-assembled
monolayers (SAM) of Aβ(1−16) peptides on Au electrodes
(Scheme 20). A homogeneous cluster of Aβ aggregates has
been obtained when Aβcys solution is mixed with diluent 1-
cysteine in a 1:9 ratio. The oligomers produced in such a
system bear similar arrangements and are stable enough to

assist in the investigation of their reactivity and cytotoxicity.
Heme is readily attached to these peptide assemblies which
serves as an artificial platform for testing biological functions
and potential drug formulations.200−202 These peptide
assemblies can promptly bind both heme and Cu forming
the respective SAM. With such Cu-Aβ SAM, the chelation
activity of a clioquinol-like molecule, 8-hydroxyquinoline
(HQ) has been observed, resulting in the removal of Cu
from the SAM (Scheme 20). Larger Aβ aggregates have higher

Scheme 18. Heme Sequestration by Apoglobins (ApoMb/ApoNgb) from Heme Bound Peptides

Scheme 19. Heme Sequestration by Insulin Peptide from Heme-Bound IAPP Complex. Reproduced from Reference 74.
Copyright 2021 World Scientific Publishing Company

Scheme 20. Cu Chelation and ROS Inhibition (Produced by Heme) on Aβcys SAM. Reproduced from Reference 201.
Copyright 2012 American Chemical Society
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affinity for metals, thus making the Cu removal slower and
requires a much higher concentration of HQ, compared to that
from the smaller aggregates, making it more thermodynami-
cally and kinetically efficient.200 An effective drug in AD known
to enhance the mitochondrial functions is methylene blue
(MB).203 It quenches the strong O2 reduction current by
heme-Aβ, indicating a sharp reduction in the heme induced
ROS generation (Scheme 20). Thus, MB can act as an
antioxidant although it takes a much greater concentration MB
and extended period for the impedance of O2 reduction for
large aggregates related to isolated small aggregates.200,201 Such
inefficiency in larger aggregates or fibrils is likely due to the
sterically hindered access of inhibitors to these targeted active
sites. Thus, the chelation of Cu or inhibition of ROS is
typically ineffective for larger aggregates, and hence considered
as more toxic. The above observations require breaking of the
larger fibrils to oligomers preceding any Cu and heme
associated treatments.

6. CONCLUSION AND OUTLOOK
Scientists now have unanimously accepted the many common
pathological links shared by AD and T2Dm. Other than the
peptide aggregation, one such common aspect is the
association of redox active metals like Cu, Fe, and Fe in the
form of a heme prosthetic group. A recent array of
investigations including the metals and heme are found to be
quite significant to both AD and T2Dm pathophysiology. The
observations like metal and heme dyshomeostasis, fibrillization,
oxidative stress, loss of cell mass and cytotoxicity emerge to be
interconnected, making these proteinopathies multifaceted.
Extensive spectroscopy, mutagenesis, ESI-MS, X-ray crystallog-
raphy, microscopy, and other techniques have clearly establish
the covalent bindings between metal/heme to the peptides and
depict their probable electronic environment of active sites
together with the substantial amino acid residues in both the
primary and secondary spheres.1,204−206 Identifying the key
residues in the active site of these metal-peptide complexes
may help in understanding the molecular level reactivity. In
most of the cases, these small biomolecules can generate or
heighten the cytotoxic effects of misfolded proteins. For
instance, the enhanced peroxidase activity, serotonin oxidation,
ROS formation or the CCP-like activity of heme bound Aβ fit
in several deleterious consequences of AD like the abnormal
neurotransmission, reactive species accumulation, mitochon-
drial dysfunction, cell apoptosis, and so on. Similarly, in T2Dm
disorder, heme-IAPP and heme-insulin show a greater amount
of ROS, peroxidase activity (for heme-insulin only), and
dityrosine formation which might account for some of the
diabetic symptoms like insulin resistance and insulin function
loss, loss of β-cell mass and β-cell dysfunction, etc. Moreover,
the CAA neuropathy in AD and hemolytic activity of IAPP
aggregates against RBCs can also avail free hemoglobin in
affected organs making heme involvement in the pathology
more relevant. The Cu analogues, viz. Cu-Aβ peptide, also can
yield neurotoxic reactive oxidants that can oxidize neuro-
transmitters, can initialize the peptide fibrilization process via
formation of dityrosine cross-links, and can form ROS while
Cu-bound IAPP generates a significant amount of ROS,
contributing toward the myriad of other pathological
consequences. The relatively slower peroxidase activity and
consequent substrate oxidation by these metal-peptide systems
also match well with the late onset and gradual progression of
such an “old age disease”. Furthermore, in vitro experiments

demonstrate successful removal or chelation of heme and Cu
form the peptide bound state so that their induced cytotoxicity
might get minimized to a certain extent. Such in vitro
experiments using apoglobins, insulin, and MB to sequester
heme or metal chelators like HQ to remove Cu may inspire
approaches for in vivo biological systems as well.
The earlier amyloid hypothesis which considers protein

aggregation as the key event leading to fatal degenerative
concerns, is still pertinent, although it cannot provide a holistic
scenario of such maladies. In addition, drugs targeting the
amyloidogenic proteins do not show any significant
symptomatic relief during their high-profile clinical trials in
both the AD and T2Dm histopathology.207 This circumstance
along with the colocalization of heme/metal and the
aggregated peptides in the affected organs impel scientists to
the current consensus of the impact of heme and metals and
their interaction to the amyloidogenic proteins in disease
pathology. In fact, the cytotoxic reactivity of heme/metal
bound peptides, like enhanced peroxidase activity, elevated
ROS, CCP activity, protein cross-linking, neurotransmitter
oxidation etc. can explain some of the critical features of AD
and T2Dm pathophysiology including elevated oxidative stress,
neuro-degeneration, insulin dysfunction, β-cell loss, mitochon-
drial dysfunction, cognitive decline, abnormal neurotransmis-
sion, and many more. Remarkably, rodent Aβ lacks the three
vital amino acid residues (Arg5, Tyr10, and His13) compared
to the mammalian Aβ counterpart.70,208,209 As discussed
earlier, His is the main binding residue for the small
biomolecules to Aβ peptide while Arg exerts a second sphere
effect in the active site, making the heme- Aβ complexes
behave as peroxidase. Also, Tyr takes part in redox activity,
supplying an extra electron to produce enhanced ROS, while it
can in parallel induce a natural defense against the reactive
ferryl oxo intermediates in mammals. The fact that rodents do
not show AD thus can be attributed to the absence of these
vital residues which probably make the heme binding to rodent
Aβ peptide weaker and eventually exempted them from the
characteristic degenerative symptoms like detrimental perox-
idase activity, oxidative stress, etc.209 Coincidentally, rats are
not affected by T2Dm either.210 The nonamyloidogenic rat-
IAPP peptide comprises a different amino acid sequence
compared to human IAPP, where six amino acid residues are
altered, five of which are in the 20−29 region, known to be
responsible for the IAPP amyloidogenicity.211 The major
alteration is the replacement of His18 residue by Arg in the
nonamyloidogenic part of rat IAPP, His18 being the
coordinating ligand for heme/Cu binding. This can potentially
reduce the binding propensity and subsequent cellular toxicity
induced by metal/heme bound IAPP. These contrasting
observations of human and rodents are possibly not a mere
coincidence, but rather may point out the significant impact of
heme and Cu binding to the amyloidogenic peptides in the
pathology of degenerative disease like AD and T2Dm.
Therefore, the in vitro reactivities reported in this manuscript
could potentially be of significance with respect to the disease
pathology and await validation from in vivo studies.

■ AUTHOR INFORMATION

Corresponding Author

Somdatta Ghosh Dey − School of Chemical Sciences, Indian
Association for the Cultivation of Science, Jadavpur, Kolkata

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

675

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Somdatta+Ghosh+Dey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


700032, India; orcid.org/0000-0002-6142-2202;
Email: icsgd@iacs.res.in

Author

Ishita Pal − School of Chemical Sciences, Indian Association
for the Cultivation of Science, Jadavpur, Kolkata 700032,
India

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.2c00572

Author Contributions
CRediT: Ishita Pal conceptualization, writing-original draft,
writing-review & editing; Somdatta Ghosh Dey conceptual-
ization, funding acquisition, project administration, resources,
supervision, writing-original draft, writing-review & editing.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank DST, SERB India, for financial support (grants
EMR/2014/000392, CRG/2020/000561, SPF/2022/
000056), I.P. thanks Indian Association for the Cultivation
of Science for research fellowship.

■ REFERENCES
(1) Iadanza, M. G.; Jackson, M. P.; Hewitt, E. W.; Ranson, N. A.;
Radford, S. E. A New Era for Understanding Amyloid Structures and
Disease. Nat. Rev. Mol. Cell Biol. 2018, 19 (12), 755−773.
(2) Irvine, G. B.; El-Agnaf, O. M.; Shankar, G. M.; Walsh, D. M.
Protein Aggregation in the Brain: The Molecular Basis for Alzheimer’s
and Parkinson’s Diseases. Mol. Med. 2008, 14 (7), 451−464.
(3) Haataja, L.; Gurlo, T.; Huang, C. J.; Butler, P. C. Islet Amyloid in
Type 2 Diabetes, and the Toxic Oligomer Hypothesis 2008, 29 (3),
303−316.
(4) Chiti, F.; Dobson, C. M. Amyloid Formation by Globular
Proteins under Native Conditions. Nat. Chem. Biol. 2009, 5 (1), 15−
22.
(5) Greenwald, J.; Riek, R. Biology of Amyloid: Structure, Function,
and Regulation. Structure 2010, 18 (10), 1244−1260.
(6) Soto, C.; Estrada, L. D. Protein Misfolding and Neuro-
degeneration. Arch. Neurol. 2008, 65 (2), 184−189.
(7) Jahn, T. R.; Tennent, G. A.; Radford, S. E. A Common β-Sheet
Architecture Underlies in Vitro and in Vivo Β2-Microglobulin
Amyloid Fibrils. J. Biol. Chem. 2008, 283 (25), 17279−17286.
(8) Tuttle, M. D.; Comellas, G.; Nieuwkoop, A. J.; Covell, D. J.;
Berthold, D. A.; Kloepper, K. D.; Courtney, J. M.; Kim, J. K.; Barclay,
A. M.; Kendall, A.; Wan, W.; Stubbs, G.; Schwieters, C. D.; Lee, V. M.
Y.; George, J. M.; Rienstra, C. M. Solid-State NMR Structure of a
Pathogenic Fibril of Full-Length Human α-Synuclein. Nat. Struct. Mol.
Biol. 2016, 23 (5), 409−415.
(9) Chatani, E.; Yamamoto, N. Recent Progress on Understanding
the Mechanisms of Amyloid Nucleation. Biophys. Rev. 2018, 10 (2),
527−534.
(10) Riek, R. The Three-Dimensional Structures of Amyloids. Cold
Spring Harb. Perspect. Biol. 2017, 9 (2), 1−11.
(11) Chiti, F.; Dobson, C. M. Protein Misfolding, Amyloid
Formation, and Human Disease: A Summary of Progress over the
Last Decade. Annu. Rev. Biochem. 2017, 86 (May), 27−68.
(12) Marsh, R. F.; Hadlow, W. J. Transmissible Mink Encephalop-
athy. Rev. Sci. Technol. 1992, 11 (2), 539−550.
(13) Bradley, R.; Liberski, P. P. Bovine Spongiform Encephalopathy
(BSE): The End of the Beginning or the Beginning of the End? Folia
Neuropathol. 2004, 42 Suppl A, 55−68.
(14) Wells, G. A.; Scott, A. C.; Johnson, C. T.; Gunning, R. F.;
Hancock, R. D.; Jeffrey, M.; Dawson, M.; Bradley, R. A Novel

Progressive Spongiform Encephalopathy in Cattle. Vet. Rec. 1987, 121
(18), 419−420.
(15) Prasansuklab, A.; Tencomnao, T. Amyloidosis in Alzheimer’s
Disease: The Toxicity of Amyloid Beta (A β), Mechanisms of Its
Accumulation and Implications of Medicinal Plants for Therapy. Evid.
Based. Complement. Alternat. Med. 2013, 2013, 413808.
(16) Höppener, J. W.; Ahrén, B.; Lips, C. J. Islet Amyloid and Type
2 Diabetes Mellitus. N. Engl. J. Med. 2000, 343 (6), 411−419.
(17) Scarpioni, R.; Ricardi, M.; Albertazzi, V.; De Amicis, S.; Rastelli,
F.; Zerbini, L. Dialysis-Related Amyloidosis: Challenges and
Solutions. Int. J. Nephrol. Renovasc. Dis. 2016, 9, 319−328.
(18) Stroo, E.; Koopman, M.; Nollen, E. A. A.; Mata-cabana, A.
Cellular Regulation of Amyloid Formation in Aging and Disease.
Front. Neurosci. 2017, 11 (February), 1−17.
(19) Tu, P.; Galvin, J. E.; Baba, M.; Giasson, B.; Tomita, T.; Leight,
S.; Nakajo, S.; Iwatsubo, T.; Trojanowski, J. Q.; Lee, V. M.-Y. Glial
Cytoplasmic Inclusions in White Matter Oligodendrocytes of
Multiple System Atrophy Brains Contain Insoluble α-Synuclein.
Ann. Neurol. 1998, 44 (3), 415−422.
(20) Kisilevsky, R.; Raimondi, S.; Bellotti, V. Historical and Current
Concepts of Fibrillogenesis and In Vivo Amyloidogenesis :
Implications of Amyloid Tissue Targeting. Front. Mol. Biosci. 2016,
3 (May), 1−11.
(21) Ankarcrona, M.; Winblad, B.; Monteiro, C.; Fearns, C.; Powers,
E. T.; Johansson, J.; Westermark, T.; Presto, J.; Kelly, J. W.; Institutet,
K.; Jolla, L.; Medicine, E.; Jolla, L. Current and Future Treatment of
Amyloid Diseases. J. Intern. Med. 2016, 280 (2), 177−202.
(22) Sarkar, A.; Irwin, M.; Singh, A.; Riccetti, M.; Singh, A.
Alzheimer ’ s Disease : The Silver Tsunami of the 21 St Century.
Neural Regen Res. 2016, 11 (5), 693−697.
(23) Hardy, J. A.; Higgins, G. A. Alzheimer’s Disease: The Amyloid
Cascade Hypothesis. Science (80-.). 1992, 256 (5054), 184−185.
(24) Johnson, V. E.; Stewart, W.; Smith, D. H. Widespread τ and
Amyloid-β Pathology Many Years after a Single Traumatic Brain
Injury in Humans. Brain Pathol. 2012, 22 (2), 142−149.
(25) Weller, J.; Budson, A. Current Understanding of Alzheimer’s
Disease Diagnosis and Treatment. F1000Research 2018, 7, 1161.
(26) Kamenetz, F.; Tomita, T.; Hsieh, H.; Seabrook, G.; Borchelt,
D.; Iwatsubo, T.; Sisodia, S.; Malinow, R. APP Processing and
Synaptic Function. Neuron 2003, 37 (6), 925−937.
(27) Leissring, M. A.; Murphy, M. P.; Mead, T. R.; Akbari, Y.;
Sugarman, M. C.; Jannatipour, M.; Anliker, B.; Müller, U.; Saftig, P.;
De Strooper, B.; Wolfe, M. S.; Golde, T. E.; LaFerla, F. M. A
Physiologic Signaling Role for the Gamma -Secretase-Derived
Intracellular Fragment of APP. Proc. Natl. Acad. Sci. U. S. A. 2002,
99 (7), 4697−4702.
(28) Hardy, J.; Allsop, D. Amyloid Deposition as the Central Event
in the Aetiology of Alzheimer’s Disease. Trends Pharmacol. Sci. 1991,
12, 383−388.
(29) Mullan, M.; Crawford, F.; Axelman, K.; Houlden, H.; Lilius, L.;
Winblad, B.; Lannfelt, L. A Pathogenic Mutation for Probable
Alzheimer’s Disease in the APP Gene at the N-Terminus of β-
Amyloid. Nat. Genet. 1992, 1 (5), 345−347.
(30) Hardy, J. Framing β-Amyloid. Nat. Genet. 1992, 1 (4), 233−
234.
(31) Bush, A. I. The Metallobiology of Alzheimer’s Disease. Trends
Neurosci. 2003, 26 (4), 207−214.
(32) Whitehouse, I. J.; Miners, J. S.; Glennon, E. B. C.; Kehoe, P. G.;
Love, S.; Kellett, K. A. B.; Hooper, N. M. Prion Protein Is Decreased
in Alzheimer’s Brain and Inversely Correlates with BACE1 Activity,
Amyloid-β Levels and Braak Stage. PLoS One 2013, 8 (4),
No. e59554.
(33) Selkoe, D. J; Hardy, J. The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol. Med. 2016, 8 (6), 595−608.
(34) Liu, P.-P.; Xie, Y.; Meng, X.-Y.; Kang, J.-S. History and Progress
of Hypotheses and Clinical Trials for Alzheimer ’ s Disease. Signal
Transduct. Target. Ther. 2019, 4 (29), 1−22.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

676

https://orcid.org/0000-0002-6142-2202
mailto:icsgd@iacs.res.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ishita+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00572?ref=pdf
https://doi.org/10.1038/s41580-018-0060-8
https://doi.org/10.1038/s41580-018-0060-8
https://doi.org/10.2119/2007-00100.Irvine
https://doi.org/10.2119/2007-00100.Irvine
https://doi.org/10.1038/nchembio.131
https://doi.org/10.1038/nchembio.131
https://doi.org/10.1016/j.str.2010.08.009
https://doi.org/10.1016/j.str.2010.08.009
https://doi.org/10.1001/archneurol.2007.56
https://doi.org/10.1001/archneurol.2007.56
https://doi.org/10.1074/jbc.M710351200
https://doi.org/10.1074/jbc.M710351200
https://doi.org/10.1074/jbc.M710351200
https://doi.org/10.1038/nsmb.3194
https://doi.org/10.1038/nsmb.3194
https://doi.org/10.1007/s12551-017-0353-8
https://doi.org/10.1007/s12551-017-0353-8
https://doi.org/10.1101/cshperspect.a023572
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.20506/rst.11.2.606
https://doi.org/10.20506/rst.11.2.606
https://doi.org/10.1136/vr.121.18.419
https://doi.org/10.1136/vr.121.18.419
https://doi.org/10.1155/2013/413808
https://doi.org/10.1155/2013/413808
https://doi.org/10.1155/2013/413808
https://doi.org/10.1056/NEJM200008103430607
https://doi.org/10.1056/NEJM200008103430607
https://doi.org/10.2147/IJNRD.S84784
https://doi.org/10.2147/IJNRD.S84784
https://doi.org/10.3389/fnins.2017.00064
https://doi.org/10.1002/ana.410440324
https://doi.org/10.1002/ana.410440324
https://doi.org/10.1002/ana.410440324
https://doi.org/10.3389/fmolb.2016.00017
https://doi.org/10.3389/fmolb.2016.00017
https://doi.org/10.3389/fmolb.2016.00017
https://doi.org/10.1111/joim.12506
https://doi.org/10.1111/joim.12506
https://doi.org/10.4103/1673-5374.182680
https://doi.org/10.1126/science.1566067
https://doi.org/10.1126/science.1566067
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.1016/S0896-6273(03)00124-7
https://doi.org/10.1016/S0896-6273(03)00124-7
https://doi.org/10.1073/pnas.072033799
https://doi.org/10.1073/pnas.072033799
https://doi.org/10.1073/pnas.072033799
https://doi.org/10.1016/0165-6147(91)90609-V
https://doi.org/10.1016/0165-6147(91)90609-V
https://doi.org/10.1038/ng0892-345
https://doi.org/10.1038/ng0892-345
https://doi.org/10.1038/ng0892-345
https://doi.org/10.1038/ng0792-233
https://doi.org/10.1016/S0166-2236(03)00067-5
https://doi.org/10.1371/journal.pone.0059554
https://doi.org/10.1371/journal.pone.0059554
https://doi.org/10.1371/journal.pone.0059554
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1038/s41392-019-0063-8
https://doi.org/10.1038/s41392-019-0063-8
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(35) Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal,
A.; Siddiqi, H.; Uribe, K. B.; Ostolaza, H.; Martín, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21 (17), 1−34.
(36) Rehman, K.; Akash, M. S. H. Mechanism of Generation of
Oxidative Stress and Pathophysiology of Type 2 Diabetes Mellitus:
How Are They Interlinked? J. Cell. Biochem. 2017, 118 (11), 3577−
3585.
(37) Akter, R.; Cao, P.; Noor, H.; Ridgway, Z.; Tu, L.; Wang, H.;
Wong, A. G.; Zhang, X.; Abedini, A.; Schmidt, A. M.; Raleigh, D. P.
Islet Amyloid Polypeptide : Structure, Function, and Pathophysiology.
J. Diabetes Res. 2016, 2016, 2798269.
(38) Reaven, G. M.; Hollenbeck, C. B.; Chen, Y.-D. I. Relationship
between Glucose Tolerance, Insulin Secretion, and Insulin Action in
Non-Obese Individuals with Varying Degrees of Glucose Tolerance.
Diabetologia 1989, 32 (1), 52−55.
(39) Kajimoto, Y.; Kaneto, H. Role of Oxidative Stress in Pancreatic
Beta-Cell Dysfunction. Ann. N.Y. Acad. Sci. 2004, 1011, 168−176.
(40) Asthana, S.; Mallick, B.; Alexandrescu, A. T.; Jha, S.
Biomembranes IAPP in Type II Diabetes : Basic Research on
Structure, Molecular Interactions, and Disease Mechanisms Suggests
Potential Intervention Strategies. BBA - Biomembr. 2018, 1860 (9),
1765−1782.
(41) Brange, J.; Langkjœr, L. Insulin Structure and Stability BT -
Stability and Characterization of Protein and Peptide Drugs: Case
Histories; Wang, Y. J., Pearlman, R., Eds.; Springer US: Boston, MA,
1993; pp 315−350. DOI: 10.1007/978-1-4899-1236-7_11.
(42) Eisele, Y. S.; Monteiro, C.; Fearns, C.; Encalada, S. E.;
Wiseman, R. L.; Powers, E. T.; Kelly, J. W. Targeting Protein
Aggregation for the Treatment of Degenerative Diseases. Nat. Publ.
Gr. 2015, 14 (11), 759−80.
(43) Noor, H.; Cao, P.; Raleigh, D. P. Morin Hydrate Inhibits
Amyloid Formation by Islet Amyloid Polypeptide and Disaggregates
Amyloid Fibers. Proteiin Sci. 2012, 21, 373−382.
(44) Wang, L.; Yin, Y. L.; Liu, X. Z.; Shen, P.; Zheng, Y. G.; Lan, X.
R.; Lu, C. B.; Wang, J. Z. Current Understanding of Metal Ions in the
Pathogenesis of Alzheimer’s Disease. Transl. Neurodegener. 2020, 9
(1), 1−13.
(45) Alghrably, M.; Czaban, I.; Jaremko, Ł.; Jaremko, M. Interaction
of Amylin Species with Transition Metals and Membranes. J. Inorg.
Biochem. 2019, 191, 69−76.
(46) Khan, A. R.; Awan, F. R. Metals in the Pathogenesis of Type 2
Diabetes. J. Diabetes Metab. Disord. 2014, 13 (1), 16.
(47) Bush, A. I.; Masters, C. L.; Tanzi, R. E. Copper, β-Amyloid, and
Alzheimer’s Disease: Tapping a Sensitive Connection. Proc. Natl.
Acad. Sci. U. S. A. 2003, 100 (20), 11193−11194.
(48) Bush, A. I. Drug Development Based on the Metals Hypothesis
of Alzheimer’s Disease. J. Alzheimers. Dis. 2008, 15 (2), 223−240.
(49) Zraika, S.; Hull, R. L.; Udayasankar, J.; Aston-Mourney, K.;
Subramanian, S. L.; Kisilevsky, R.; Szarek, W. A.; Kahn, S. E.
Oxidative Stress Is Induced by Islet Amyloid Formation and Time-
Dependently Mediates Amyloid-Induced Beta Cell Apoptosis.
Diabetologia 2009, 52 (4), 626−635.
(50) Sarell, C. J.; Wilkinson, S. R.; Viles, J. H. Substoichiometric
Levels of Cu2+ Ions Accelerate the Kinetics of Fiber Formation and
Promote Cell Toxicity of Amyloid-{beta} from Alzheimer Disease. J.
Biol. Chem. 2010, 285 (53), 41533−41540.
(51) Viles, J. H. Metal Ions and Amyloid Fiber Formation in
Neurodegenerative Diseases. Copper, Zinc and Iron in Alzheimer ’ s,
Parkinson ’ s and Prion Diseases. Coord. Chem. Rev. 2012, 256 (May),
2271−2284.
(52) Xu, L.; Shan, S.; Chen, Y.; Wang, X.; Nussinov, R.; Ma, B.
Coupling of Zinc-Binding and Secondary Structure in Non-Fibrillar
Aβ40 Peptide Oligomerization. J. Chem. Inf Model. 2019, 55 (6),
1218−1230.
(53) Greenough, M. A.; Camakaris, J.; Bush, A. I. Metal
Dyshomeostasis and Oxidative Stress in Alzheimer’s Disease.
Neurochem. Int. 2013, 62 (5), 540−555.

(54) Tamás, M. J.; Sharma, S. K.; Ibstedt, S.; Jacobson, T.; Christen,
P. Heavy Metals and Metalloids as a Cause for Protein Misfolding and
Aggregation. Biomolecules 2014, 4 (1), 252−267.
(55) Poulson, B. G.; Szczepski, K.; Lachowicz, J. I.; Jaremko, L.;
Emwas, A.-H.; Jaremko, M. Aggregation of Biologically Important
Peptides and Proteins: Inhibition or Acceleration Depending on
Protein and Metal Ion Concentrations. RSC Adv. 2020, 10 (1), 215−
227.
(56) Hedberg, Y. S.; Dobryden, I.; Chaudhary, H.; Wei, Z.;
Claesson, P. M.; Lendel, C. Synergistic Effects of Metal-Induced
Aggregation of Human Serum Albumin. Colloids Surfaces B
Biointerfaces 2019, 173, 751−758.
(57) Cullen, K. M.; Kócsi, Z.; Stone, J. Microvascular Pathology in
the Aging Human Brain: Evidence That Senile Plaques Are Sites of
Microhaemorrhages. Neurobiol. Aging 2006, 27 (12), 1786−1796.
(58) Beal, M. F. Aging, Energy, and Oxidative Stress in
Neurodegenerative Diseases. Ann. Neurol. 1995, 38 (3), 357−366.
(59) Scholefield, M.; Church, S. J.; Xu, J.; Patassini, S.; Roncaroli, F.;
Hooper, N. M.; Unwin, R. D.; Cooper, G. J. S. Widespread Decreases
in Cerebral Copper Are Common to Parkinson’s Disease Dementia
and Alzheimer’s Disease Dementia. Front. Aging Neurosci. 2021, 13,
641222.
(60) Drew, S. C. The Case for Abandoning Therapeutic Chelation
of Copper Ions in Alzheimer’s Disease. Frontiers in Neuroscience 2017,
DOI: 10.3389/fnins.2017.00317.
(61) Hegde, M. L.; Bharathi, P.; Suram, A.; Venugopal, C.;
Jagannathan, R.; Poddar, P.; Srinivas, P.; Sambamurti, K.; Rao, K.
J.; Scancar, J.; Messori, L.; Zecca, L.; Zatta, P. Challenges associated
with metal chelation therapy in Alzheimer’s disease. J. Alzheimers Dis.
2009, 17 (3), 457−68.
(62) Frizzell, N.; Baynes, J. W. Chelation therapy for the
management of diabetic complications: a hypothesis and a proposal
for clinical laboratory Assessment of Metal Ion Homeostasis in
Plasma. Clin. Chem. Lab. Med. 2014, 52 (1), 69−75.
(63) Chiziane, E.; Telemann, H.; Krueger, M.; Adler, J.; Arnhold, J.;
Alia, A.; Flemmig, J. Free Heme and Amyloid-β: A Fatal Liaison in
Alzheimer’s Disease. J. Alzheimer’s Dis. 2018, 61, 963−984.
(64) Atamna, H.; Killilea, D. W.; Killilea, A. N.; Ames, B. N. Heme
Deficiency May Be a Factor in the Mitochondrial and Neuronal
Decay of Aging. Proc. Natl. Acad. Sci. U. S. A. 2002, 99 (23), 14807−
14812.
(65) Rajpathak, S. N.; Crandall, J. P.; Wylie-Rosett, J.; Kabat, G. C.;
Rohan, T. E.; Hu, F. B. The Role of Iron in Type 2 Diabetes in
Humans. Biochim. Biophys. Acta - Gen. Subj. 2009, 1790 (7), 671−
681.
(66) Flemmig, J.; Zámocky,́ M.; Alia, A. Amyloid β and Free Heme:
Bloody New Insights into the Pathogenesis of Alzheimer’s Disease.
Neural Regen. Res. 2018, 13 (7), 1170−1174.
(67) Ghosh, C.; Seal, M.; Mukherjee, S.; Dey, S. G. Alzheimer ’ s
Disease : A Heme - Aβ Perspective. Acc. Chem. Res. 2015, 48, 2556−
2564.
(68) Pinti, M. V.; Fink, G. K.; Hathaway, Q. A.; Durr, A. J.; Kunovac,
A.; Hollander, J. M. Mitochondrial Dysfunction in Type 2 Diabetes
Mellitus: An Organ-Based Analysis. Am. J. Physiol. Metab. 2019, 316
(2), E268−E285.
(69) Zeng, H.; Tong, R.; Tong, W.; Yang, Q.; Qiu, M.; Xiong, A.;
Sun, S.; Ding, L.; Zhang, H.; Yang, L.; Tian, J. Metabolic Biomarkers
for Prognostic Prediction of Pre-Diabetes: Results from a Longi-
tudinal Cohort Study. Sci. Rep. 2017, 7 (1), 6575.
(70) Pramanik, D.; Ghosh, C.; Mukherjee, S.; Ghosh, S. Interaction
of Amyloid β Peptides with Redox Active Heme Cofactor: Relevance
to Alzheimer’s Disease. Coord. Chem. Rev. 2013, 257, 81−92.
(71) Seal, M.; Dey, S. G. Active-Site Environment of Copper-Bound
Human Amylin Relevant to Type 2 Diabetes. Inorg. Chem. 2018, 57
(1), 129−138.
(72) Ghosh, C.; Dey, S. G. Ligand-Field and Ligand-Binding
Analysis of the Active Site of Copper-Bound Aβ Associated with
Alzheimer’s Disease. Inorg. Chem. 2013, 52 (3), 1318−1327.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

677

https://doi.org/10.3390/ijms21176275
https://doi.org/10.3390/ijms21176275
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1155/2016/2798269
https://doi.org/10.1007/BF00265404
https://doi.org/10.1007/BF00265404
https://doi.org/10.1007/BF00265404
https://doi.org/10.1007/978-3-662-41088-2_17
https://doi.org/10.1007/978-3-662-41088-2_17
https://doi.org/10.1016/j.bbamem.2018.02.020
https://doi.org/10.1016/j.bbamem.2018.02.020
https://doi.org/10.1016/j.bbamem.2018.02.020
https://doi.org/10.1007/978-1-4899-1236-7_11?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd4593
https://doi.org/10.1038/nrd4593
https://doi.org/10.1002/pro.2023
https://doi.org/10.1002/pro.2023
https://doi.org/10.1002/pro.2023
https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.1016/j.jinorgbio.2018.11.004
https://doi.org/10.1016/j.jinorgbio.2018.11.004
https://doi.org/10.1186/2251-6581-13-16
https://doi.org/10.1186/2251-6581-13-16
https://doi.org/10.1073/pnas.2135061100
https://doi.org/10.1073/pnas.2135061100
https://doi.org/10.3233/JAD-2008-15208
https://doi.org/10.3233/JAD-2008-15208
https://doi.org/10.1007/s00125-008-1255-x
https://doi.org/10.1007/s00125-008-1255-x
https://doi.org/10.1074/jbc.M110.171355
https://doi.org/10.1074/jbc.M110.171355
https://doi.org/10.1074/jbc.M110.171355
https://doi.org/10.1016/j.ccr.2012.05.003
https://doi.org/10.1016/j.ccr.2012.05.003
https://doi.org/10.1016/j.ccr.2012.05.003
https://doi.org/10.1021/acs.jcim.5b00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5b00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.neuint.2012.08.014
https://doi.org/10.1016/j.neuint.2012.08.014
https://doi.org/10.3390/biom4010252
https://doi.org/10.3390/biom4010252
https://doi.org/10.1039/C9RA09350H
https://doi.org/10.1039/C9RA09350H
https://doi.org/10.1039/C9RA09350H
https://doi.org/10.1016/j.colsurfb.2018.10.061
https://doi.org/10.1016/j.colsurfb.2018.10.061
https://doi.org/10.1016/j.neurobiolaging.2005.10.016
https://doi.org/10.1016/j.neurobiolaging.2005.10.016
https://doi.org/10.1016/j.neurobiolaging.2005.10.016
https://doi.org/10.1002/ana.410380304
https://doi.org/10.1002/ana.410380304
https://doi.org/10.3389/fnagi.2021.641222
https://doi.org/10.3389/fnagi.2021.641222
https://doi.org/10.3389/fnagi.2021.641222
https://doi.org/10.3389/fnins.2017.00317
https://doi.org/10.3389/fnins.2017.00317
https://doi.org/10.3389/fnins.2017.00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3233/JAD-2009-1068
https://doi.org/10.3233/JAD-2009-1068
https://doi.org/10.1515/cclm-2012-0881
https://doi.org/10.1515/cclm-2012-0881
https://doi.org/10.1515/cclm-2012-0881
https://doi.org/10.1515/cclm-2012-0881
https://doi.org/10.3233/JAD-170711
https://doi.org/10.3233/JAD-170711
https://doi.org/10.1073/pnas.192585799
https://doi.org/10.1073/pnas.192585799
https://doi.org/10.1073/pnas.192585799
https://doi.org/10.1016/j.bbagen.2008.04.005
https://doi.org/10.1016/j.bbagen.2008.04.005
https://doi.org/10.4103/1673-5374.235021
https://doi.org/10.4103/1673-5374.235021
https://doi.org/10.1021/acs.accounts.5b00102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1038/s41598-017-06309-6
https://doi.org/10.1038/s41598-017-06309-6
https://doi.org/10.1038/s41598-017-06309-6
https://doi.org/10.1016/j.ccr.2012.02.025
https://doi.org/10.1016/j.ccr.2012.02.025
https://doi.org/10.1016/j.ccr.2012.02.025
https://doi.org/10.1021/acs.inorgchem.7b02266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b02266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic301865n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic301865n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic301865n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(73) Huang, Y.; Yang, Z.; Xu, H.; Zhang, P.; Gao, Z.; Li, H. Insulin
Enhances the Peroxidase Activity of Heme by Forming Heme-Insulin
Complex : Relevance to Type 2 Diabetes Mellitus. Int. J. Biol.
Macromol. 2017, 102, 1009−1015.
(74) Madhuparna, R.; Ishita, P.; Chinmay Dey, A. D.; Dey, S. G.
Electronic Structure and Reactivity of Heme Bound Insulin. J.
Porphyrins Phthalocyanines 2021, 1088424621, A−K.
(75) Akter, K.; Lanza, E. A.; Martin, S. A.; Myronyuk, N.; Rua, M.;
Raffa, R. B. Diabetes Mellitus and Alzheimer ’ s Disease : Shared
Pathology and Treatment ? Br. J. Clin. Pharmacol. 2011, 71 (3), 365−
76.
(76) Lin, L. Commonality Between Diabetes and Alzheimer ’ s
Disease and A New Strategy for the Therapy. Clin Med. Pathol. 2008,
1 (030001), 83−91.
(77) Desai, G.; Zheng, C.; Geetha, T.; Mathews, S. T.; White, B. D.;
Huggins, K. W.; Zizza, C. A.; Broderick, T. L.; Babu, J. R. The
Pancreas-Brain Axis : Insight into Disrupted Mechanisms Associating
Type 2 Diabetes and Alzheimer’s Disease. J. Alzheimer’s Dis. 2014, 42
(2), 347−56.
(78) Raimundo, A. F.; Ferreira, S.; Martins, I. C.; Menezes, R. Islet
Amyloid Polypeptide : A Partner in Crime With A β in the Pathology
of Alzheimer’s Disease. Front. Mol. Neurosci. 2020, 13 (March), 35.
(79) Deshpande, A. D.; Harris-Hayes, M.; Schootman, M.
Epidemiology of Diabetes and Diabetes-Related Complications.
Phys. Ther. 2008, 88 (11), 1254−1264.
(80) Lindsay, J.; Laurin, D.; Verreault, R.; Hébert, R.; Helliwell, B.;
Hill, G. B.; McDowell, I. Risk Factors for Alzheimer’s Disease: A
Prospective Analysis from the Canadian Study of Health and Aging.
Am. J. Epidemiol. 2002, 156 (5), 445−453.
(81) Yiannopoulou, K. G.; Papageorgiou, S. G. Current and Future
Treatments for Alzheimer’s Disease. Ther. Adv. Neurol. Disord. 2013, 6
(1), 19−33.
(82) Sayre, L. M.; Perry, G.; Smith, M. A. Oxidative Stress and
Neurotoxicity. Chem. Res. Toxicol. 2008, 21 (1), 172−188.
(83) Wiltzius, J. J. W.; Sievers, S. A.; Sawaya, M. R.; Eisenberg, D.
Atomic Structures of IAPP (Amylin) Fusions Suggest a Mechanism
for Fibrillation and the Role of Insulin in the Process. Protein Sci.
2009, 18 (7), 1521−1530.
(84) Ott, A.; Stolk, R. P.; Hofman, A.; van Harskamp, F.; Grobbee,
D. E.; Breteler, M. M. Association of Diabetes Mellitus and Dementia:
The Rotterdam Study. Diabetologia 1996, 39 (11), 1392−1397.
(85) Yang, A. J. T.; Bagit, A.; MacPherson, R. E. K. Resveratrol,
Metabolic Dysregulation, and Alzheimer’s Disease: Considerations for
Neurogenerative Disease. International Journal of Molecular Sciences.
2021, 22 (9), 4628.
(86) Jeyaraman, M. M.; Al-Yousif, N. S. H.; Singh Mann, A.;
Dolinsky, V. W.; Rabbani, R.; Zarychanski, R.; Abou-Setta, A. M.
Resveratrol for Adults with Type 2 Diabetes Mellitus. Cochrane
database Syst. Rev. 2020, 1 (1), CD011919.
(87) Kimura, N. Diabetes Mellitus Induces Alzheimer’s Disease
Pathology: Histopathological Evidence from Animal Models. Interna-
tional Journal of Molecular Sciences. 2016, 17 (4), 503.
(88) Boccardi, V.; Murasecco, I.; Mecocci, P. Diabetes Drugs in the
Fight against Alzheimer ’ s Disease. Ageing Res. Rev. 2019, 54 (1),
100936.
(89) Al-Fartusie, F.; Mohssan, S. Essential Trace Elements and Their
Vital Roles in Human Body. Indian J. Adv. Chem. Sci. 2017, 5, 127−
136.
(90) Calabrese, M. F.; Miranker, A. D. Metal Binding Sheds Light on
Mechanisms of Amyloid Assembly. Prion 2009, 3 (1), 1−4.
(91) Squitti, R.; Mendez, A. J.; Simonelli, I.; Ricordi, C. Diabetes
and Alzheimer’s Disease: Can Elevated Free Copper Predict the Risk
of the Disease? J. Alzheimer’s Dis. 2017, 56 (3), 1055−1064.
(92) Gonzalez-Dominguez, R.; Garcia-Barrera, T.; Gomez-Ariza, J.
L. Homeostasis of Metals in the Progression of Alzheimer ’ s Disease.
Biometals 2014, 27 (3), 539−549.
(93) Pouresmaeil, V.; Al Abudi, A. H.; Mahimid, A. H.; Sarafraz
Yazdi, M.; Es-haghi, A. Evaluation of Serum Selenium and Copper

Levels with Inflammatory Cytokines and Indices of Oxidative Stress in
Type 2 Diabetes. Biol. Trace Elem Res. 2022, 03191-w.
(94) Squitti, R.; Negrouk, V.; Perera, M.; Llabre, M. M.; Ricordi, C.;
Rongioletti, M. C. A.; Mendez, A. J. Serum Copper Profile in Patients
with Type 1 Diabetes in Comparison to Other Metals. J. Trace Elem.
Med. Biol. 2019, 56 (1), 156−161.
(95) Squitti, R.; Lupoi, D.; Pasqualetti, P.; Dal Forno, G.; Vernieri,
F.; Chiovenda, P.; Rossi, L.; Cortesi, M.; Cassetta, E.; Rossini, P. M.
Elevation of Serum Copper Levels in Alzheimer’s Disease. Neurology
2002, 59 (8), 1153−1161.
(96) Masad, A.; Hayes, L.; Tabner, B. J.; Turnbull, S.; Cooper, L. J.;
Fullwood, N. J.; German, M. J.; Kametani, F.; El-Agnaf, O. M. A.;
Allsop, D. Copper-Mediated Formation of Hydrogen Peroxide from
the Amylin Peptide: A Novel Mechanism for Degeneration of Islet
Cells in Type-2 Diabetes Mellitus? FEBS Lett. 2007, 581 (18), 3489−
3493.
(97) Kozakova, M.; Palombo, C. Diabetes Mellitus, Arterial Wall,
and Cardiovascular Risk Assessment. Int. J. Environ. Res. Public Health.
2016, 6 (13), 201.
(98) Targher, G.; Franchini, M.; Montagnana, M.; Lippi, G. The
Role of Iron in Diabetes and Its Complications. Diabetes Care 2007,
30 (12), 1.
(99) TANAKA, A.; KANETO, H.; MIYATSUKA, T.;
YAMAMOTO, K.; YOSHIUCHI, K.; YAMASAKI, Y. ;
SHIMOMURA, I.; MATSUOKA, T.; MATSUHISA, M. Role of
Copper Ion in the Pathogenesis of Type 2 Diabetes. Endocr. J. 2009,
56 (5), 699−706.
(100) Rehman, K.; Akash, M. S. H. Mechanism of Generation of
Oxidative Stress and Pathophysiology of Type 2 Diabetes Mellitus:
How Are They Interlinked? J. Cell. Biochem. 2017, 118 (11), 3577−
3585.
(101) Kumar, S.; Bandyopadhyay, U. Free Heme Toxicity and Its
Detoxification Systems in Human. Toxicol. Lett. 2005, 157 (3), 175−
188.
(102) Atamna, H.; Frey, W. H., 2nd A Role for Heme in Alzheimer’s
Disease: Heme Binds Amyloid Beta and Has Altered Metabolism.
Proc. Natl. Acad. Sci. U. S. A. 2004, 101 (30), 11153−11158.
(103) Kimpara, T.; Takeda, A.; Yamaguchi, T.; Arai, H.; Okita, N.;
Takase, S.; Sasaki, H.; Itoyama, Y. Increased Bilirubins and Their
Derivatives in Cerebrospinal Fluid in Alzheimer’s Disease. Neurobiol.
Aging 2000, 21 (4), 551−554.
(104) Barone, E.; Di Domenico, F.; Cenini, G.; Sultana, R.; Cini, C.;
Preziosi, P.; Perluigi, M.; Mancuso, C.; Butterfield, D. A. Biliverdin
Reductase-A Protein Levels and Activity in the Brains of Subjects with
Alzheimer Disease and Mild Cognitive Impairment. Biochim. Biophys.
Acta - Mol. Basis Dis. 2011, 1812 (4), 480−487.
(105) Smith, M. A.; Kutty, R. K.; Richey, P. L.; Yan, S. D.; Stern, D.;
Chader, G. J.; Wiggert, B.; Petersen, R. B.; Perry, G. Heme
Oxygenase-1 Is Associated with the Neurofibrillary Pathology of
Alzheimer’s Disease. Am. J. Pathol. 1994, 145 (1), 42−47.
(106) Wu, C.-W.; Liao, P.-C.; Yu, L.; Wang, S.-T.; Chen, S.-T.; Wu,
C.-M.; Kuo, Y.-M. Hemoglobin Promotes Aβ Oligomer Formation
and Localizes in Neurons and Amyloid Deposits. Neurobiol. Dis. 2004,
17 (3), 367−377.
(107) Yates, P. A.; Sirisriro, R.; Villemagne, V. L.; Farquharson, S.;
Masters, C. L.; Rowe, C. C. Cerebral Microhemorrhage and Brain β-
Amyloid in Aging and Alzheimer Disease. Neurology 2011, 77 (1),
48−54.
(108) Brenowitz, W. D.; Nelson, P. T.; Besser, L. M.; Heller, K. B.;
Kukull, W. A. Cerebral Amyloid Angiopathy and Its Co-Occurrence
with Alzheimer’s Disease and Other Cerebrovascular Neuropatho-
logic Changes. Neurobiol. Aging 2015, 36 (10), 2702−2708.
(109) El Khoury, Y.; Schirer, A.; Patte-Mensah, C.; Klein, C.; Meyer,
L.; Rataj-Baniowska, M.; Bernad, S.; Moss, D.; Lecomte, S.; Mensah-
Nyagan, A.-G.; Hellwig, P. Raman Imaging Reveals Accumulation of
Hemoproteins in Plaques from Alzheimer’s Diseased Tissues. ACS
Chem. Neurosci. 2021, 12 (15), 2940−2945.
(110) Pal, I.; Nath, A. K.; Roy, M.; Seal, M.; Ghosh, C.; Dey, A.;
Dey, S. G. Formation of Compound I in Heme Bound Aβ-Peptides

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

678

https://doi.org/10.1016/j.ijbiomac.2017.04.113
https://doi.org/10.1016/j.ijbiomac.2017.04.113
https://doi.org/10.1016/j.ijbiomac.2017.04.113
https://doi.org/10.1142/S1088424621500346
https://doi.org/10.1111/j.1365-2125.2010.03830.x
https://doi.org/10.1111/j.1365-2125.2010.03830.x
https://doi.org/10.4137/CPath.S667
https://doi.org/10.4137/CPath.S667
https://doi.org/10.3233/JAD-140018
https://doi.org/10.3233/JAD-140018
https://doi.org/10.3233/JAD-140018
https://doi.org/10.3389/fnmol.2020.00035
https://doi.org/10.3389/fnmol.2020.00035
https://doi.org/10.3389/fnmol.2020.00035
https://doi.org/10.2522/ptj.20080020
https://doi.org/10.1093/aje/kwf074
https://doi.org/10.1093/aje/kwf074
https://doi.org/10.1177/1756285612461679
https://doi.org/10.1177/1756285612461679
https://doi.org/10.1021/tx700210j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx700210j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.145
https://doi.org/10.1002/pro.145
https://doi.org/10.1007/s001250050588
https://doi.org/10.1007/s001250050588
https://doi.org/10.3390/ijms22094628
https://doi.org/10.3390/ijms22094628
https://doi.org/10.3390/ijms22094628
https://doi.org/10.1002/14651858.CD011919.pub2
https://doi.org/10.3390/ijms17040503
https://doi.org/10.3390/ijms17040503
https://doi.org/10.1016/j.arr.2019.100936
https://doi.org/10.1016/j.arr.2019.100936
https://doi.org/10.22607/IJACS.2017.503003
https://doi.org/10.22607/IJACS.2017.503003
https://doi.org/10.4161/pri.3.1.8601
https://doi.org/10.4161/pri.3.1.8601
https://doi.org/10.3233/JAD-161033
https://doi.org/10.3233/JAD-161033
https://doi.org/10.3233/JAD-161033
https://doi.org/10.1007/s10534-014-9728-5
https://doi.org/10.1007/s12011-022-03191-w
https://doi.org/10.1007/s12011-022-03191-w
https://doi.org/10.1007/s12011-022-03191-w
https://doi.org/10.1016/j.jtemb.2019.08.011
https://doi.org/10.1016/j.jtemb.2019.08.011
https://doi.org/10.1212/WNL.59.8.1153
https://doi.org/10.1016/j.febslet.2007.06.061
https://doi.org/10.1016/j.febslet.2007.06.061
https://doi.org/10.1016/j.febslet.2007.06.061
https://doi.org/10.3390/ijerph13020201
https://doi.org/10.3390/ijerph13020201
https://doi.org/10.2337/dc07-1633
https://doi.org/10.2337/dc07-1633
https://doi.org/10.1507/endocrj.K09E-051
https://doi.org/10.1507/endocrj.K09E-051
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1002/jcb.26097
https://doi.org/10.1016/j.toxlet.2005.03.004
https://doi.org/10.1016/j.toxlet.2005.03.004
https://doi.org/10.1073/pnas.0404349101
https://doi.org/10.1073/pnas.0404349101
https://doi.org/10.1016/S0197-4580(00)00128-7
https://doi.org/10.1016/S0197-4580(00)00128-7
https://doi.org/10.1016/j.bbadis.2011.01.005
https://doi.org/10.1016/j.bbadis.2011.01.005
https://doi.org/10.1016/j.bbadis.2011.01.005
https://doi.org/10.1016/j.nbd.2004.08.014
https://doi.org/10.1016/j.nbd.2004.08.014
https://doi.org/10.1212/WNL.0b013e318221ad36
https://doi.org/10.1212/WNL.0b013e318221ad36
https://doi.org/10.1016/j.neurobiolaging.2015.06.028
https://doi.org/10.1016/j.neurobiolaging.2015.06.028
https://doi.org/10.1016/j.neurobiolaging.2015.06.028
https://doi.org/10.1021/acschemneuro.1c00289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.1c00289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC01679A
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Relevant to Alzheimer’s Disease. Chem. Sci. 2019, 10 (36), 8405−
8410.
(111) Roy, M.; Pal, I.; Nath, A. K.; Dey, S. G. Peroxidase Activity of
Heme Bound Amyloid β Peptides Associated with Alzheimer’s
Disease. Chem. Commun. 2020, 56 (33), 4505−4518.
(112) Pramanik, D.; Dey, S. G. Active Site Environment of Heme-
Bound Amyloid Associated with Alzheimer ’ s Disease. J. AM. CHEM.
SOC 2011, 133 (15), 81−87.
(113) Marquez, L. A.; Dunford, H. B. Mechanism of the Oxidation
of 3,5,3′,5′-Tetramethylbenzidine by Myeloperoxidase Determined by
Transient- and Steady-State Kinetics. Biochemistry. 1997, 36 (1),
9349−9355.
(114) Bao, W.; Rong, Y.; Rong, S.; Liu, L. Dietary Iron Intake, Body
Iron Stores, and the Risk of Type 2 Diabetes: A Systematic Review
and Meta-Analysis. BMC Med. 2012, 10 (1), 119.
(115) Mukherjee, S.; Seal, M.; Dey, S. G. Kinetics of Serotonin
Oxidation by Heme-Aβ Relevant to Alzheimer’s Disease. JBIC J. Biol.
Inorg. Chem. 2014, 19 (8), 1355−1365.
(116) Mukherjee, S.; Dey, S. G. Heme Bound Amylin :
Spectroscopic Characterization, Reactivity, and Relevance to Type 2
Diabetes. Inorg. Chem. 2013, 52, 5226−5235.
(117) Roy, M.; Nath, A. K.; Pal, I.; Dey, S. G. Second Sphere
Interactions in Amyloidogenic Diseases. Chem. Rev. 2022, 122 (14),
12132−12206.
(118) Kakinen, A.; Javed, I.; Faridi, A.; Davis, T. P.; Ke, P. C. Serum
Albumin Impedes the Amyloid Aggregation and Hemolysis of Human
Islet Amyloid Polypeptide and Alpha Synuclein. BBA - Biomembr.
2018, 1860 (9), 1803−1809.
(119) Belcher, J. D.; Beckman, J. D.; Balla, G.; Balla, J.; Vercellotti,
G. Heme Degradation and Vascular Injury. Antioxid. Redox Signal.
2010, 12 (2), 233−248.
(120) Denisov, I. G.; Makris, T. M.; Sligar, S. G. Formation and
Decay of Hydroperoxo-Ferric Heme Complex in Horseradish
Peroxidase Studied by Cryoradiolysis. J. Biol. Chem. 2002, 277 (45),
42706−42710.
(121) Schiødt, C. B.; Veitch, N. C.; Welinder, K. G. Roles of Distal
Arginine in Activity and Stability of Coprinus Cinereus Peroxidase
Elucidated by Kinetic and NMR Analysis of the Arg51Gln, -Asn, -Leu,
and -Lys Mutants. J. Inorg. Biochem. 2007, 101, 336−347.
(122) Ghosh, C.; Mukherjee, S.; Seal, M.; Dey, S. G. Peroxidase to
Cytochrome b Type Transition in the Active Site of Heme-Bound
Amyloid β Peptides Relevant to Alzheimer’s Disease. Inorg. Chem.
2016, 55, 1748−1757.
(123) Atamna, H.; Boyle, K. Amyloid-β Peptide Binds with Heme to
Form a Peroxidase: Relationship to the Cytopathologies of
Alzheimer’s Disease. Proc. Natl. Acad. Sci. U. S. A. 2006, 103 (9),
3381−3386.
(124) Poulos, T. L. Thirty Years of Heme Peroxidase Structural
Biology. Arch. Biochem. Biophys. 2010, 500 (1), 3−12.
(125) Coulter, E. D.; Cheek, J.; Ledbetter, A. P.; Chang, C. K.;
Dawson, J. H. Preparation and Initial Characterization of the
Compound I, II, and III States of Iron Methylchlorin-Reconstituted
Horseradish Peroxidase and Myoglobin: Models for Key Intermedi-
ates in Iron Chlorin Enzymes. Biochem. Biophys. Res. Commun. 2000,
279 (3), 1011−1015.
(126) Bacchella, C.; Brewster, J. T.; Bähring, S.; Dell’Acqua, S.;
Root, H. D.; Thiabaud, G. D.; Reuther, J. F.; Monzani, E.; Sessler, J.
L.; Casella, L. Condition-Dependent Coordination and Peroxidase
Activity of Hemin-Aβ Complexes. Molecules 2020, 25, 5044.
(127) Rodriguez-Lopez, J. N.; Smith, A. T.; Thorneley, R. N. Effect
of Distal Cavity Mutations on the Binding and Activation of Oxygen
by Ferrous Horseradish Peroxidase. J. Biol. Chem. 1997, 272 (1),
389−395.
(128) Huang, X.; Groves, J. T. Oxygen Activation and Radical
Transformations in Heme Proteins and Metalloporphyrins. Chem.
Rev. 2018, 118 (5), 2491−2553.
(129) Kaur, S.; DasGupta, G.; Singh, S. Altered Neurochemistry in
Alzheimer’s Disease: Targeting Neurotransmitter Receptor Mecha-
nisms and Therapeutic Strategy. Neurophysiology 2019, 51, 293−309.

(130) da Silva, G. F. Z.; Tay, W. M.; Ming, L.-J. Catechol Oxidase-
like Oxidation Chemistry of the 1−20 and 1−16 Fragments of
Alzheimer’s Disease-Related Beta-Amyloid Peptide: Their Structure-
Activity Correlation and the Fate of Hydrogen Peroxide. J. Biol. Chem.
2005, 280 (17), 16601−16609.
(131) Crino, P. B.; Vogt, B. A.; Chen, J. C.; Volicer, L. Neurotoxic
Effects of Partially Oxidized Serotonin: Tryptamine-4,5-Dione. Brain
Res. 1989, 504 (2), 247−257.
(132) Souza, J. M.; Giasson, B. I.; Chen, Q.; Lee, V. M.-Y.;
Ischiropoulos, H. Dityrosine Cross-Linking Promotes Formation of
Stable α-Synuclein Polymers: IMPLICATION OF NITRATIVE
AND OXIDATIVE STRESS IN THE PATHOGENESIS OF
NEURODEGENERATIVE SYNUCLEINOPATHIES*. J. Biol.
Chem. 2000, 275 (24), 18344−18349.
(133) Thiabaud, G.; Pizzocaro, S.; Garcia-Serres, R.; Latour, J.-M.;
Monzani, E.; Casella, L. Heme Binding Induces Dimerization and
Nitration of Truncated β-Amyloid Peptide Aβ16 Under Oxidative
Stress. Angew. Chemie Int. Ed. 2013, 52 (31), 8041−8044.
(134) De Meyts, P. Insulin and Its Receptor: Structure, Function
and Evolution. BioEssays 2004, 26 (12), 1351−1362.
(135) Tokarz, V. L.; MacDonald, P. E.; Klip, A. The Cell Biology of
Systemic Insulin Function. J. Cell Biol. 2018, 217 (7), 2273−2289.
(136) Mukherjee, S.; Kapp, E. A.; Lothian, A.; Roberts, A. M.;
Vasil’ev, Y. V.; Boughton, B. A.; Barnham, K. J.; Kok, W. M.; Hutton,
C. A.; Masters, C. L.; Bush, A. I.; Beckman, J. S.; Dey, S. G.; Roberts,
B. R. Characterization and Identification of Dityrosine Cross-Linked
Peptides Using Tandem Mass Spectrometry. Anal. Chem. 2017, 89
(11), 6136−6145.
(137) Ku, M.-C.; Fang, C.-M.; Cheng, J.-T.; Liang, H.-C.; Wang, T.-
F.; Wu, C.-H.; Chen, C.-C.; Tai, J.-H.; Chen, S.-H. Site-Specific
Covalent Modifications of Human Insulin by Catechol Estrogens:
Reactivity and Induced Structural and Functional Changes. Sci. Rep.
2016, 6, 28804.
(138) Valko, M.; Morris, H.; Cronin, M. T. D. Metals, Toxicity and
Oxidative Stress. Curr. Med. Chem. 2005, 12 (10), 1161−1208.
(139) Kong, Q.; Lin, C.-L. G. Oxidative Damage to RNA:
Mechanisms, Consequences, and Diseases. Cell. Mol. Life Sci. 2010,
67 (11), 1817−1829.
(140) Morley, J. E.; Farr, S. A. The Role of Amyloid-Beta in the
Regulation of Memory. Biochem. Pharmacol. 2014, 88 (4), 479−485.
(141) Collin, F. Chemical Basis of Reactive Oxygen Species
Reactivity and Involvement in Neurodegenerative Diseases. Interna-
tional Journal of Molecular Sciences 2019, 20 (10), 2407.
(142) Cejas, P.; Casado, E.; Belda-Iniesta, C.; De Castro, J.;
Espinosa, E.; Redondo, A.; Sereno, M.; García-Cabezas, M. A.; Vara, J.
A. F.; Domínguez-Cáceres, A.; Perona, R.; González-Barón, M.
Implications of Oxidative Stress and Cell Membrane Lipid
Peroxidation in Human Cancer (Spain). Cancer Causes Control
2004, 15 (7), 707−719.
(143) Södergren, E.; Nourooz-Zadeh, J.; Berglund, L.; Vessby, B. Re-
Evaluation of the Ferrous Oxidation in Xylenol Orange Assay for the
Measurement of Plasma Lipid Hydroperoxides. J. Biochem. Biophys.
Methods 1998, 37 (3), 137−146.
(144) Kozakova, M.; Palombo, C. Diabetes Mellitus, Arterial Wall,
and Cardiovascular Risk Assessment. Int. J. Environ. Res. Public Health
2016, 13 (2), 201.
(145) Yoburn, J. C.; Tian, W.; Brower, J. O.; Nowick, J. S.; Glabe, C.
G.; Van Vranken, D. L. Dityrosine Cross-Linked Aβ Peptides: Fibrillar
β-Structure in Aβ(1−40) Is Conducive to Formation of Dityrosine
Cross-Links but a Dityrosine Cross-Link in Aβ(8−14) Does Not
Induce β-Structure. Chem. Res. Toxicol. 2003, 16 (4), 531−535.
(146) Seal, M.; Mukherjee, S.; Pramanik, D.; Mittra, K.; Dey, A.;
Dey, S. G. Analogues of Oxy-Heme Ab: Reactive Intermediates
Relevant to Alzheimer’s Disease†. Chem. Commun. 2013, 49 (11),
1091−1093.
(147) Momenteau, M.; Reed, C. A. Synthetic Heme-Dioxygen
Complexes. Chem. Rev. 1994, 94 (3), 659−698.
(148) Seal, M.; Mukherjee, S.; Dey, S. G. Intermediates in ROS
Generation. Metallomics 2016, 8, 1266.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

679

https://doi.org/10.1039/C9SC01679A
https://doi.org/10.1039/C9CC09758A
https://doi.org/10.1039/C9CC09758A
https://doi.org/10.1039/C9CC09758A
https://doi.org/10.1021/ja1084578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1084578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi970595j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi970595j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi970595j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1741-7015-10-119
https://doi.org/10.1186/1741-7015-10-119
https://doi.org/10.1186/1741-7015-10-119
https://doi.org/10.1007/s00775-014-1193-7
https://doi.org/10.1007/s00775-014-1193-7
https://doi.org/10.1021/ic4001413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4001413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4001413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2018.01.015
https://doi.org/10.1016/j.bbamem.2018.01.015
https://doi.org/10.1016/j.bbamem.2018.01.015
https://doi.org/10.1089/ars.2009.2822
https://doi.org/10.1074/jbc.M207949200
https://doi.org/10.1074/jbc.M207949200
https://doi.org/10.1074/jbc.M207949200
https://doi.org/10.1016/j.jinorgbio.2006.10.007
https://doi.org/10.1016/j.jinorgbio.2006.10.007
https://doi.org/10.1016/j.jinorgbio.2006.10.007
https://doi.org/10.1016/j.jinorgbio.2006.10.007
https://doi.org/10.1021/acs.inorgchem.5b02683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0600134103
https://doi.org/10.1073/pnas.0600134103
https://doi.org/10.1073/pnas.0600134103
https://doi.org/10.1016/j.abb.2010.02.008
https://doi.org/10.1016/j.abb.2010.02.008
https://doi.org/10.1006/bbrc.2000.4077
https://doi.org/10.1006/bbrc.2000.4077
https://doi.org/10.1006/bbrc.2000.4077
https://doi.org/10.1006/bbrc.2000.4077
https://doi.org/10.3390/molecules25215044
https://doi.org/10.3390/molecules25215044
https://doi.org/10.1074/jbc.272.1.389
https://doi.org/10.1074/jbc.272.1.389
https://doi.org/10.1074/jbc.272.1.389
https://doi.org/10.1021/acs.chemrev.7b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11062-019-09823-7
https://doi.org/10.1007/s11062-019-09823-7
https://doi.org/10.1007/s11062-019-09823-7
https://doi.org/10.1074/jbc.M411533200
https://doi.org/10.1074/jbc.M411533200
https://doi.org/10.1074/jbc.M411533200
https://doi.org/10.1074/jbc.M411533200
https://doi.org/10.1016/0006-8993(89)91364-4
https://doi.org/10.1016/0006-8993(89)91364-4
https://doi.org/10.1074/jbc.M000206200
https://doi.org/10.1074/jbc.M000206200
https://doi.org/10.1074/jbc.M000206200
https://doi.org/10.1074/jbc.M000206200
https://doi.org/10.1002/anie.201302989
https://doi.org/10.1002/anie.201302989
https://doi.org/10.1002/anie.201302989
https://doi.org/10.1002/bies.20151
https://doi.org/10.1002/bies.20151
https://doi.org/10.1083/jcb.201802095
https://doi.org/10.1083/jcb.201802095
https://doi.org/10.1021/acs.analchem.7b00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep28804
https://doi.org/10.1038/srep28804
https://doi.org/10.1038/srep28804
https://doi.org/10.2174/0929867053764635
https://doi.org/10.2174/0929867053764635
https://doi.org/10.1007/s00018-010-0277-y
https://doi.org/10.1007/s00018-010-0277-y
https://doi.org/10.1016/j.bcp.2013.12.018
https://doi.org/10.1016/j.bcp.2013.12.018
https://doi.org/10.3390/ijms20102407
https://doi.org/10.3390/ijms20102407
https://doi.org/10.1023/B:CACO.0000036189.61607.52
https://doi.org/10.1023/B:CACO.0000036189.61607.52
https://doi.org/10.1016/S0165-022X(98)00025-6
https://doi.org/10.1016/S0165-022X(98)00025-6
https://doi.org/10.1016/S0165-022X(98)00025-6
https://doi.org/10.3390/ijerph13020201
https://doi.org/10.3390/ijerph13020201
https://doi.org/10.1021/tx025666g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx025666g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx025666g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx025666g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cc37626a
https://doi.org/10.1039/c2cc37626a
https://doi.org/10.1021/cr00027a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00027a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6MT00214E
https://doi.org/10.1039/C6MT00214E
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(149) Collins, J. R.; Du, P.; Loew, G. H. Molecular Dynamics
Simulations of the Resting and Hydrogen Peroxide-Bound States of
Cytochrome c Peroxidase. Biochemistry 1992, 31 (45), 11166−11174.
(150) Beetlestone, J. The Oxidation of Cytochrome c by
Cytochrome c Peroxidase. Arch. Biochem. Biophys. 1960, 89 (1),
35−40.
(151) Seal, M.; Ghosh, C.; Basu, O.; Dey, S. G. Cytochrome c
Peroxidase Activity of Heme Bound Amyloid β Peptides. J. Biol. Inorg.
Chem. 2016, 21, 683−690.
(152) Jiang, X.; Wang, X. Cytochrome C-Mediated Apoptosis. Annu.
Rev. Biochem. 2004, 73, 87−106.
(153) Zou, J.; Kajita, K.; Sugimoto, N. Cu2+ Inhibits the
Aggregation of Amyloid β-Peptide(1−42) in Vitro. Angew. Chemie
Int. Ed. 2001, 40 (12), 2274−2277.
(154) Hane, F.; Tran, G.; Attwood, S. J.; Leonenko, Z. Cu2+ Affects
Amyloid-β (1−42) Aggregation by Increasing Peptide-Peptide
Binding Forces. PLoS One 2013, 8 (3), No. e59005.
(155) Atwood, C. S.; Scarpa, R. C.; Huang, X.; Moir, R. D.; Jones,
W. D.; Fairlie, D. P.; Tanzi, R. E.; Bush, A. I. Characterization of
Copper Interactions with Alzheimer Amyloid Beta Peptides:
Identification of an Attomolar-Affinity Copper Binding Site on
Amyloid Beta1−42. J. Neurochem. 2000, 75 (3), 1219−1233.
(156) Drew, S. C.; Barnham, K. J. The Heterogeneous Nature of
Cu2+ Interactions with Alzheimer’s Amyloid-β Peptide. Acc. Chem.
Res. 2011, 44 (11), 1146−1155.
(157) Faller, P.; Hureau, C. Bioinorganic Chemistry of Copper and
Zinc Ions Coordinated to Amyloid-β Peptide. Dalt. Trans. 2009,
No. 7, 1080−1094.
(158) Syme, C. D.; Nadal, R. C.; Rigby, S. E. J.; Viles, J. H. Copper
Binding to the Amyloid-Beta (Abeta) Peptide Associated with
Alzheimer’s Disease: Folding, Coordination Geometry, PH Depend-
ence, Stoichiometry, and Affinity of Abeta-(1−28): Insights from a
Range of Complementary Spectroscopic Techniques. J. Biol. Chem.
2004, 279 (18), 18169−18177.
(159) Dorlet, P.; Gambarelli, S.; Faller, P.; Hureau, C. Pulse EPR
Spectroscopy Reveals the Coordination Sphere of Copper(II) Ions in
the 1−16 Amyloid-β Peptide: A Key Role of the First Two N-
Terminus Residues. Angew. Chemie Int. Ed. 2009, 48 (49), 9273−
9276.
(160) Pal, I.; Roy, M.; Dey, S. G. Active-Site Environment of Cu
Bound Amyloid β and Amylin Peptides. J. Biol. Inorg. Chem. JBIC a
Publ. Soc. Biol. Inorg. Chem. 2019, 24 (8), 1245−1259.
(161) Eury, H.; Bijani, C.; Faller, P.; Hureau, C. Copper(II)
Coordination to Amyloid β: Murine versus Human Peptide. Angew.
Chemie Int. Ed. 2011, 50 (4), 901−905.
(162) Sarell, C. J.; Syme, C. D.; Rigby, S. E. J.; Viles, J. H.
Copper(II) Binding to Amyloid-β Fibrils of Alzheimer’s Disease
Reveals a Picomolar Affinity: Stoichiometry and Coordination
Geometry Are Independent of Aβ Oligomeric Form. Biochemistry
2009, 48 (20), 4388−4402.
(163) Drew, S. C.; Noble, C. J.; Masters, C. L.; Hanson, G. R.;
Barnham, K. J. Pleomorphic Copper Coordination by Alzheimer’s
Disease Amyloid-β Peptide. J. Am. Chem. Soc. 2009, 131 (3), 1195−
1207.
(164) Young, M. J.; Wahnon, D.; Hynes, R. C.; Chin, J. Reactivity of
Copper(II) Hydroxides and Copper(II) Alkoxides for Cleaving an
Activated Phosphate Diester. J. Am. Chem. Soc. 1995, 117 (37),
9441−9447.
(165) Wall, M.; Linkletter, B.; Williams, D.; Hynes, R. C.; Chin, J.
Rapid Hydrolysis of 2‘,3‘-CAMP with a Cu(II) Complex: Effect of
Intramolecular Hydrogen Bonding on the Basicity and Reactivity of a
Metal-Bound Hydroxide. J. Am. Chem. Soc. 1999, 121 (19), 4710−
4711.
(166) Sánchez-López, C.; Cortés-Mejía, R.; Miotto, M. C.; Binolfi,
A.; Fernández, C. O.; del Campo, J. M.; Quintanar, L. Copper
Coordination Features of Human Islet Amyloid Polypeptide: The
Type 2 Diabetes Peptide. Inorg. Chem. 2016, 55 (20), 10727−10740.
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(177) Gülfen, M.; Özdemir, A.; Lin, J.; Chen, C. International
Journal of Biological Macromolecules ESI-MS Measurements for the
Equilibrium Constants of Copper (II) -Insulin Complexes. Int. J. Biol.
Macromol. 2018, 112, 188−196.
(178) Ferrari, R.P.; Michelin Lausarot, P.; Beringhelli, T.;
Morazzoni, F. On the pH dependence of cu (ii) binding to insulin :
esr and electronic studies. Polyhedron 1984, 3 (7), 833−38.
(179) Pramanik, D.; Ghosh, C.; Dey, S. G. Heme-Cu Bound Aβ
Peptides: Spectroscopic Characterization, Reactivity, and Relevance
to Alzheimer’s Disease. J. Am. Chem. Soc. 2011, 133 (39), 15545−
15552.
(180) Nath, A. K.; Ghatak, A.; Dey, A.; Dey, S. G. Intermediates
Involved in Serotonin Oxidation Catalyzed by Cu Bound Aβ Peptides.
Chem. Sci. 2021, 12 (5), 1924−1929.
(181) Elwell, C. E.; Gagnon, N. L.; Neisen, B. D.; Dhar, D.; Spaeth,
A. D.; Yee, G. M.; Tolman, W. B. Copper-Oxygen Complexes
Revisited: Structures, Spectroscopy, and Reactivity. Chem. Rev. 2017,
117 (3), 2059−2107.
(182) Holland, P. L.; Cramer, C. J.; Wilkinson, E. C.; Mahapatra, S.;
Rodgers, K. R.; Itoh, S.; Taki, M.; Fukuzumi, S.; Que, L.; Tolman, W.
B. Resonance Raman Spectroscopy as a Probe of the Bis(μ-
Oxo)Dicopper Core. J. Am. Chem. Soc. 2000, 122 (5), 792−802.
(183) Henson, M. J.; Vance, M. A.; Zhang, C. X.; Liang, H.-C.;
Karlin, K. D.; Solomon, E. I. Resonance Raman Investigation of
Equatorial Ligand Donor Effects on the Cu2O22+ Core in End-On
and Side-On μ-Peroxo-Dicopper(II) and Bis-μ-Oxo-Dicopper(III)
Complexes. J. Am. Chem. Soc. 2003, 125 (17), 5186−5192.
(184) Spencer, D. J. E.; Reynolds, A. M.; Holland, P. L.; Jazdzewski,
B. A.; Duboc-Toia, C.; Le Pape, L.; Yokota, S.; Tachi, Y.; Itoh, S.;
Tolman, W. B. Copper Chemistry of β-Diketiminate Ligands:
Monomer/Dimer Equilibria and a New Class of Bis(μ-Oxo)Dicopper
Compounds. Inorg. Chem. 2002, 41 (24), 6307−6321.
(185) da Silva, G. F. Z.; Ming, L.-J. Alzheimer’s Disease Related
Copper(II)- β-Amyloid Peptide Exhibits Phenol Monooxygenase and

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

680

https://doi.org/10.1021/bi00160a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00160a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00160a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0003-9861(60)90008-4
https://doi.org/10.1016/0003-9861(60)90008-4
https://doi.org/10.1007/s00775-016-1367-6
https://doi.org/10.1007/s00775-016-1367-6
https://doi.org/10.1146/annurev.biochem.73.011303.073706
https://doi.org/10.1002/1521-3773(20010618)40:12<2274::AID-ANIE2274>3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010618)40:12<2274::AID-ANIE2274>3.0.CO;2-5
https://doi.org/10.1371/journal.pone.0059005
https://doi.org/10.1371/journal.pone.0059005
https://doi.org/10.1371/journal.pone.0059005
https://doi.org/10.1046/j.1471-4159.2000.0751219.x
https://doi.org/10.1046/j.1471-4159.2000.0751219.x
https://doi.org/10.1046/j.1471-4159.2000.0751219.x
https://doi.org/10.1046/j.1471-4159.2000.0751219.x
https://doi.org/10.1021/ar200014u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200014u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B813398K
https://doi.org/10.1039/B813398K
https://doi.org/10.1074/jbc.M313572200
https://doi.org/10.1074/jbc.M313572200
https://doi.org/10.1074/jbc.M313572200
https://doi.org/10.1074/jbc.M313572200
https://doi.org/10.1074/jbc.M313572200
https://doi.org/10.1002/anie.200904567
https://doi.org/10.1002/anie.200904567
https://doi.org/10.1002/anie.200904567
https://doi.org/10.1002/anie.200904567
https://doi.org/10.1007/s00775-019-01724-8
https://doi.org/10.1007/s00775-019-01724-8
https://doi.org/10.1002/anie.201005838
https://doi.org/10.1002/anie.201005838
https://doi.org/10.1021/bi900254n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi900254n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi900254n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja808073b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja808073b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00142a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00142a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00142a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981227l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981227l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981227l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6DT00628K
https://doi.org/10.1039/C6DT00628K
https://doi.org/10.1039/c0cc02141e
https://doi.org/10.1039/c0cc02141e
https://doi.org/10.1039/C6SC00153J
https://doi.org/10.1039/C6SC00153J
https://doi.org/10.1039/C6SC00153J
https://doi.org/10.1016/j.jinorgbio.2007.09.010
https://doi.org/10.1016/j.jinorgbio.2007.09.010
https://doi.org/10.1107/S1399004713029040
https://doi.org/10.1107/S1399004713029040
https://doi.org/10.1107/S1399004713029040
https://doi.org/10.1107/S1399004713029040
https://doi.org/10.1039/C4MT00059E
https://doi.org/10.1039/C4MT00059E
https://doi.org/10.1039/C4MT00059E
https://doi.org/10.1039/C4MT00059E
https://doi.org/10.1021/la202902a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la202902a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10534-005-3686-x
https://doi.org/10.1007/s10534-005-3686-x
https://doi.org/10.1016/j.ijbiomac.2018.01.150
https://doi.org/10.1016/j.ijbiomac.2018.01.150
https://doi.org/10.1016/j.ijbiomac.2018.01.150
https://doi.org/10.1016/S0277-5387(00)84631-8
https://doi.org/10.1016/S0277-5387(00)84631-8
https://doi.org/10.1021/ja204628b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204628b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204628b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC06258H
https://doi.org/10.1039/D0SC06258H
https://doi.org/10.1021/acs.chemrev.6b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja992003l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja992003l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0276366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0276366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0276366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0276366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020369k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020369k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020369k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200501013
https://doi.org/10.1002/anie.200501013
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Catechol Oxidase Activities. Angew. Chemie Int. Ed. 2005, 44 (34),
5501−5504.
(186) Wrona, M. Z.; Yang, Z.; McAdams, M.; O’Connor-Coates, S.;
Dryhurst, G. Hydroxyl Radical-Mediated Oxidation of Serotonin:
Potential Insights into the Neurotoxicity of Methamphetamine. J.
Neurochem. 1995, 64 (3), 1390−1400.
(187) Jiang, D.; Men, L.; Wang, J.; Zhang, Y.; Chickenyen, S.; Wang,
Y.; Zhou, F. Redox Reactions of Copper Complexes Formed with
Different Beta-Amyloid Peptides and Their Neuropathological
[Correction of Neuropathalogical] Relevance. Biochemistry 2007, 46
(32), 9270−9282.
(188) Atwood, C. S.; Perry, G.; Zeng, H.; Kato, Y.; Jones, W. D.;
Ling, K.-Q.; Huang, X.; Moir, R. D.; Wang, D.; Sayre, L. M.; Smith,
M. A.; Chen, S. G.; Bush, A. I. Copper Mediates Dityrosine Cross-
Linking of Alzheimer’s Amyloid-Beta. Biochemistry 2004, 43 (2),
560−568.
(189) Giulivi, C.; Traaseth, N. J.; Davies, K. J. A. Tyrosine Oxidation
Products: Analysis and Biological Relevance. Amino Acids 2003, 25
(3−4), 227−232.
(190) Gross, A. J.; Sizer, I. W. The Oxidation of Tyramine, Tyrosine,
and Related Compounds by Peroxidase. J. Biol. Chem. 1959, 234 (6),
1611−1614.
(191) MacMillan, F.; Kannt, A.; Behr, J.; Prisner, T.; Michel, H.
Direct Evidence for a Tyrosine Radical in the Reaction of
Cytochrome c Oxidase with Hydrogen Peroxide. Biochemistry 1999,
38 (29), 9179−9184.
(192) Jeong, H. R.; An, S. S. Causative Factors for Formation of
Toxic Islet Amyloid Polypeptide Oligomer in Type 2 Diabetes
Mellitus. Clin. Interv. Aging. 2015, 10 (1), 1873−79.
(193) Antonini, E. Hemoglobin and Its Reaction with Ligands.
Science (80-.). 1967, 158 (3807), 1417−1425.
(194) Gros, G.; Wittenberg, B. A.; Jue, T. Myoglobin’s Old and New
Clothes: From Molecular Structure to Function in Living Cells. J. Exp.
Biol. 2010, 213, 2713−2725.
(195) Burmester, T.; Hankeln, T. What Is the Function of
Neuroglobin? J. Exp. Biol. 2009, 212 (10), 1423−1428.
(196) Landfried, D. A.; Vuletich, D. A.; Pond, M. P.; Lecomte, J. T.
J. Structural and Thermodynamic Consequences of b Heme Binding
for Monomeric Apoglobins and Other Apoproteins. Gene 2007, 398
(1−2), 12−28.
(197) Seal, M.; Uppal, S.; Kundu, S.; Dey, S. G. Interaction of
ApoNeuroglobin with Heme-Aβ Complexes Relevant to Alzheimer’s
Disease. JBIC J. Biol. Inorg. Chem. 2015, 20 (3), 563−574.
(198) Pramanik, D.; Mukherjee, S.; Dey, S. G. Apomyoglobin
Sequesters Heme from Heme Bound A β Peptides. Inorg. Chem. 2013,
52 (19), 10929−35.
(199) Pal, I.; Roy, M.; Dey, S. G. Interaction of ApoMyoglobin with
Heme-HIAPP Complex. J. Inorg. Biochem. 2021, 216 (111348), 1−8.
(200) Sengupta, K.; Chatterjee, S.; Pramanik, D.; Dey, S. G.; Dey, A.
Aggregates of A β Peptides Relevant to Alzheimer ’ s Disease :
Morphology Dependent Cu/Heme Toxicity and Inhibition of PROS
Generation †. Dalt. Trans. 2014, 43, 13377−13383.
(201) Pramanik, D.; Sengupta, K.; Mukherjee, S.; Dey, S. G.; Dey, A.
Self-Assembled Monolayers of A β Peptides on Au Electrodes : An
Arti Fi Cial Platform for Probing the Reactivity of Redox Active
Metals and Cofactors Relevant to Alzheimer’s Disease. J. Am. Chem.
Soc. 2012, 134, 12180.
(202) Dey, C.; Roy, M.; Dey, S. G. Insights from Self-Assembled
Aggregates of Amyloid β Peptides on Gold Surfaces 2022, 7, 9973.
(203) Atamna, H.; Kumar, R. Protective Role of Methylene Blue in
Alzheimer’s Disease via Mitochondria and Cytochrome c Oxidase. J.
Alzheimers. Dis. 2010, 20, 439−452.
(204) Duce, J. A.; Bush, A. I. Biological Metals and Alzheimer’s
Disease: Implications for Therapeutics and Diagnostics. Prog.
Neurobiol. 2010, 92 (1), 1−18.
(205) Howitz, W. J.; Wierzbicki, M.; Cabanela, R. W.; Saliba, C.;
Motavalli, A.; Tran, N.; Nowick, J. S. Interpenetrating Cubes in the X-
Ray Crystallographic Structure of a Peptide Derived from Medin19−
36. J. Am. Chem. Soc. 2020, 142 (37), 15870−15875.

(206) Grimm, S.; Hoehn, A.; Davies, K. J.; Grune, T. Protein
Oxidative Modifications in the Ageing Brain: Consequence for the
Onset of Neurodegenerative Disease. Free Radic. Res. 2011, 45 (1),
73−88.
(207) Doig, A. J.; Castillo-frias, M. P.; Berthoumieu, O.; Tarus, B.;
Nasica-labouze, J.; Sterpone, F.; Nguyen, P. H.; Hooper, N. M.; Faller,
P.; Derreumaux, P. Why Is Research on Amyloid - β Failing to Give
New Drugs for Alzheimer ’ s Disease? ACS Chem. Neurosci. 2017, 8,
1435−1437.
(208) Bush, A. I. Metal Complexing Agents as Therapies for
Alzheimer’s Disease. Neurobiol. Aging 2002, 23 (6), 1031−1038.
(209) Atamna, H.; Frey II, W. H.; Ko, N. Human and Rodent
Amyloid-β Peptides Differentially Bind Heme: Relevance to the
Human Susceptibility to Alzheimer’s Disease. Arch. Biochem. Biophys.
2009, 487 (1), 59−65.
(210) Madine, J.; Jack, E.; Stockley, P. G.; Radford, S. E.; Serpell, L.
C.; Middleton, D. A. Structural Insights into the Polymorphism of
Amyloid-Like Fibrils Formed by Region 20−29 of Amylin Revealed
by Solid-State NMR and X-Ray Fiber Diffraction. J. Am. Chem. Soc.
2008, 130 (45), 14990−15001.
(211) Goldsbury, C.; Goldie, K.; Pellaud, J.; Seelig, J.; Frey, P.;
Müller, S. A.; Kistler, J.; Cooper, G. J. S.; Aebi, U. Amyloid Fibril
Formation from Full-Length and Fragments of Amylin. J. Struct. Biol.
2000, 130 (2), 352−362.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00572
JACS Au 2023, 3, 657−681

681

https://doi.org/10.1002/anie.200501013
https://doi.org/10.1046/j.1471-4159.1995.64031390.x
https://doi.org/10.1046/j.1471-4159.1995.64031390.x
https://doi.org/10.1021/bi700508n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi700508n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi700508n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0358824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0358824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00726-003-0013-0
https://doi.org/10.1007/s00726-003-0013-0
https://doi.org/10.1016/S0021-9258(18)70059-8
https://doi.org/10.1016/S0021-9258(18)70059-8
https://doi.org/10.1021/bi9911987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9911987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/CIA.S95297
https://doi.org/10.2147/CIA.S95297
https://doi.org/10.2147/CIA.S95297
https://doi.org/10.1126/science.158.3807.1417
https://doi.org/10.1242/jeb.043075
https://doi.org/10.1242/jeb.043075
https://doi.org/10.1242/jeb.000729
https://doi.org/10.1242/jeb.000729
https://doi.org/10.1016/j.gene.2007.02.046
https://doi.org/10.1016/j.gene.2007.02.046
https://doi.org/10.1007/s00775-015-1241-y
https://doi.org/10.1007/s00775-015-1241-y
https://doi.org/10.1007/s00775-015-1241-y
https://doi.org/10.1021/ic401771j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401771j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jinorgbio.2020.111348
https://doi.org/10.1016/j.jinorgbio.2020.111348
https://doi.org/10.1039/C4DT01991A
https://doi.org/10.1039/C4DT01991A
https://doi.org/10.1039/C4DT01991A
https://doi.org/10.1021/ja303930f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303930f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303930f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3233/JAD-2010-100414
https://doi.org/10.3233/JAD-2010-100414
https://doi.org/10.1016/j.pneurobio.2010.04.003
https://doi.org/10.1016/j.pneurobio.2010.04.003
https://doi.org/10.1021/jacs.0c06143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3109/10715762.2010.512040
https://doi.org/10.3109/10715762.2010.512040
https://doi.org/10.3109/10715762.2010.512040
https://doi.org/10.1021/acschemneuro.7b00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.7b00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0197-4580(02)00120-3
https://doi.org/10.1016/S0197-4580(02)00120-3
https://doi.org/10.1016/j.abb.2009.05.003
https://doi.org/10.1016/j.abb.2009.05.003
https://doi.org/10.1016/j.abb.2009.05.003
https://doi.org/10.1021/ja802483d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802483d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802483d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jsbi.2000.4268
https://doi.org/10.1006/jsbi.2000.4268
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

