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Abstract:
Background:

Arsenic is present in above permissible safe limits in groundwater, soil, and food, in various areas of the world. This is increasing exposure to
humankind and affecting health in various ways. Alternation in cognition is one among them. Epidemiological research has reflected the impact of
arsenic exposure on children in the form of diminished cognition.

Aims:

Considering this fact, the present study reviewed the impact of arsenic on amyloid precursor protein, which is known to cause one of the
commonest cognitive disorders such as Alzheimer’s disease.

Methods:

The present study reviews the arsenic role in the generation of amyloid-beta from its precursor that leads to Alzheimer’s disease through the
published article from Pubmed and Scopus.

Description:

According to the findings, regular, long-term exposure to arsenic beginning in infancy changes numerous arsenic level-regulating regions in the rat
brain, which are related to cognitive impairments. Arsenic also affects the BBB clearance route by increasing RAGE expression. Arsenic triggers
the proamyloidogenic pathway by increasing APP expression and subsequently, its processing by B-secretase and presenilin. Arsenic also affects
mitochondrial dynamics, DNA repair pathway and epigenetic changes. The mechanism behind all these changes is explained in the present review
article.

Conclusion:

A raised level of arsenic exposure affects the amyloid precursor protein, a factor for the early precipitation of Alzheimer’s disease.
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\\§ J

Received: August 11, 2023 Revised: September 09,2023 |

1. INTRODUCTION

Amyloid precursor protein (APP) was initially cloned three
decades ago, and a compelling case has been established over
the years linking it to Alzheimer's disease (AD) which is the
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amassing of amyloid (AB) and the development of AP
oligomers is considered to degrade synapses, likely
contributing to the loss of memory and, eventually, dementia
[1]. The APP family consists of SPTMP (type I) with short CT
region and a significant ECD. APP along with APLPs include
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homologous regions throughout their ectodomains, particularly
in their carboxy-terminal intracellular domains (containing the
El and E2 domains) [2]. The APP gene is present on
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chromosome 21 in humans. Alternate splicing provides 8—11
APP protein isoforms with amino acid content (305, 639, 677,
695, 696, 714,733, 746, 751,752, 770) [3]. APP's cellular
location changes over time. The secretory pathway transfers
APP from the ER to the plasma membrane [4]. Arsenic trioxide
(As,0;) is the most frequent inorganic arsenic in the
atmosphere; nevertheless, it is certainly possible to identify it
in groundwater, mud or foodstuffs, in addition to elemental
arsenic (AsO3) or arsenites (AsO2) [5]. The accidental
ingestion of arsenic is often inflicted by two main sources:
work-related contact and contaminated beverages or liquor, and
malevolent delivery [6]. APP processes post-translational
alteration via two major pathways, including a variety of
secretases and proteases. o- and y-secretases cleave APP
progressively throughout the non-amyloidogenic route [7]. One
of the most perplexing challenges in study is the unknown
physiological role of APP. The vast majority of research shows
that APP overexpression improves cell health and proliferation
[8]. AD is accompanied by the buildup of A into amyloid
plaques outside the cells and clusters of hyperphosphorylated
tau protein within neurons [6]. These epigenetic adjustments
are quite important in the complicated mechanism of action of
As. Arsenic exposure alters microRNA gene expression,
methylation of DNA, and enzymatic post-translational histone
alteration [9]. The epigenome may be altered through exposure
to heavy metals (arsenic, cadmium, nickel, mercury) and
pollutants (dioxin, bisphenol A, benzene, diethylstilbestrol)
[10]. This review focuses on the processing of APP expressions
and epigenetic modifications produced by arsenic exposure in
AD (Fig. 1).

2. EXPOSURE OF ARSENIC TO THE HUMAN BODY

According to the toxicological evidence or hypotheses,
arsenic ranks higher than other hazardous elements that reveal
a potential for serious harm to the well-being of people. It has
been demonstrated that these naturally formed metallic
compounds at lower doses are hazardous, a co-carcinogen, as
well as responsible for contributing to memory loss [11].
Currently, 10 pg/L is the arsenic limit for potable water [12,
13]. The pituitary gland has favorable arsenic content in the
brain, specifically inorganic and dimethyl arsenicals [14]. The
majority of human arsenic poisoning is prompted by rocks and
soil discharging substances containing arsenic into
groundwater [15].

Behavioral problems, learning difficulties, and changes in
neurotransmission and receptors have all been related to iAs or
their derivatives affecting fundamental cellular functions [16].

Even though the initiating hypothesis was primarily
supported by epidemiologic studies linking older people's
frequent contact with ecological iAs with declines in cognition.
Research is piling up that the deteriorating brain function is
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considered a hallmark of AD that may share morphological as
well as biochemical similarities with the potential exposure to
iAs leading to a hazardous cascade [17, 18].

3. ENTRY AND BIOTRANSFORMATION OF ARSENIC
IN ORGANISMS

Arsenic is found in the environment (groundwater, soils,
atmosphere, and foodstuffs) largely in its elemental types
(arsenite, arsenate) and is considered harmful [19]. Although
the purpose of this article is to highlight the epigenetic
perspective of APP processing and the detrimental impact of
iAs and its breakdown products on animals, evaluating
arsenic's physiochemical responses in mammalian and
alternative biological processes could aid in the comprehension
of how mammals cope with iAs [20]. For instance, in neutral
pH aqueous conditions, iAsV is negatively charged as H,AsO,-
/HAsO4” (pKa 6.9), which is identical to phosphate
H2PO,/HPO,”, where it is taken up through phosphate
channels among species like plants, microbes, and moulds [21,
22].

In vitro method of transfection suggests that utilising
oocytes of Xenopus laevis, phosphate transporters are
responsible for iAsV absorption. Among these investigated
transporters, SLC34A2 is bound to iAsV with the highest
specificity (i.e. rodents with a Km value of 50 M). Phosphate
transporter inhibitors increased iAsV urine excretion, showing
that 1AsV is picked up by renal phosphate transport proteins
[23, 24]. In contrast, the absorption rate of iAsV in human cells
is considerably lower than that of iAsIIl (arsenite), and
utilizing arsenic via the phosphate channel seems to have some
sort of function. Aquaporins/aquaglyceroporins appear to be
exceptional iAslII transporters into cells [25]. It is tempting to
believe that iAsV resistance was implemented after iAsIII
resistance because the primordial environment lacked oxygen,
meaning that arsenic's oxidation state was trivalent [22]. The
phosphorylation and acetylation of histones may be enhanced
by iAslIl. It has been demonstrated that both iAslIIl and
MMAIII interact with enzymes involved in DNA repair by
binding to cysteine residues in their zinc finger domain [26].

4. ARSENIC TOXICITY; MOLECULAR MECHANISM
AND ITS IMPLICATIONS IN AD

Arsenic upon chronic administration has a major
deleterious outcome, although the definitive etiology is still
unknown. Several assumptions exist: One example is the
creation of ROS, which attacks macromolecules like genetic
material proteins, and fatty acids resulting in cellular injury
[27]. Arsenic-induced DNA oxidation lowers the antioxidant
potential and peptide thiols in rodent brain regions (brain
cortex, striatum, hippocampus) with subsequent loss of ATP-
synthase activity and LPO stimulation [28].
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The pathobiology of a number of neurological diseases,
including AD, relies largely on oxidative stress. Arsenic-
induced neurological damage appears to be mainly caused by
cytoplasmic release of ROS. The AMTs, which are involved
with the formation of iAs in the vicinity of GSH, MMA and
DMA [29], maybe a substrate for binding proteins in the brain.
Inflammation forms a pathogenic triad with free radicals and
faulty mitochondria [30]. Understanding the molecular
processes underlying mitochondrial failure could aid in the
development of more effective treatments for arsenic-mediated
neurotoxicity. Multiple studies have demonstrated that arsenic-
mediated neurotoxicity leads to mitochondrial dysfunction in
the brain [31].

Arsenic has been shown to be mutagenic by interfering
with the activity of mitochondria. As a result of the arsenic-
induced impairment of mitochondrial oxidation, an abundance
of superoxide anions was produced, which interacted with NO
to simulate ONOO-(peroxynitrites) formation. Arsenic affects
mitochondrial membrane function through the generation of
ROS, destruction of DNA is linked to increased cell death by
cytochrome C which starts off the cascading death process. As
a result, mitochondria are the arsenic's primary neurotoxic
target besides AD-related cognitive impairments [32, 33].
Apoptosis is a prevalent kind of cell death caused by arsenic
poisoning. Arsenic-induced neurotoxicity has been linked to
the triggering of JNK3 and p38MAPK pathways in cortical
neurons. Recent research has shown that increasing Bax levels
while decreasing Bcl-2 levels induces the loss of neuronal cells
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[34, 35]. Moreover, Fas/FasL is engaged in disruption to the
epithelium triggered by arsenic via an exogenous apoptotic
route, which is associated with changes in the NFkB and AP-1
signaling. Arsenic-induced neuronal degeneration encompasses
the enhancement of autophagy-dependent mortality via
stimulating AMPK while Akt suppression [36].

Arsenic-induced mitochondrial dysfunction reduces ATP
generation, leading to ER stress, calcium (Ca’") accumulation
in intracellular vesicles, and results insufficient Ca™ signaling
repair mechanisms. Triggered such as GSK-3a (PK molecule)
[37] can produce memory problems or the hyperphosphory-
lation of tau when calcium signaling is altered.

5. AMYLOID PROTEIN PRECURSOR (EXPRESSION
AND PROCESSING IN NORMAL AND HIGH ARSENIC
LEVELS)

APP is processed post-translationally via two major
pathways, including a variety of secretases and proteases. o-
and y-secretases process APP progressively along the non-
amyloidogenic route [38]. APP processing can be either non-
amyloidogenic progenitors that are fragmented off at amino
acid 687 by the enzyme APP-a secretase or amyloidogenic,
releasing the extracellular ectodomain and soluble APP
(sAPP). Consequently, an APP-CTF83 remains in the plasma
membrane. The cleavage of CTF83 by a-secretase leads to the
release of short p3 segments and AICD into the cytoplasm [4].
(Figs. 2 and 3)
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Fig. (2). Cellular processing of APP.
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Fig. (3). Canonical and non-canonical pathway of APP processing.

According to a number of preclinical studies, As exposure
enhances the processing and production of APP in mice. Sergio
Zaraza and coworkers did preclinical studies on the processing
of APP by in vitro SN56.B5.G4 cell line. They examined
sodium arsenite and its metabolite activity (DMAA) on APP
synthesis besides transduction in human APP Swedish

(b) Non-canonical processing
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mutation that expresses fundamental neurons. The results
indicate suppression of cell survival and acetylcholinesterase
and choline acetyltransferase activity that depends on both
dosage and duration. Also, elevated amounts of the cell
membrane and intracellular APP along with sAPP proportions
have been observed [39].
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Fig. (4). Arsenic exposure and processing of APP.

Hydroarsenicism is a widespread health issue that has a
global influence on the health of individuals. When iAs enter
the body to which GSH has been infused undergo a
methylation process via arsenic (IlI)-methyltransferase,
resulting in the formation of dual toxic metabolites:
monomethylated (MMAIII or V) and dimethylated (DMAIII or
V) [40]. Although inorganic arsenic compounds or their
metabolic products are removed by urine and faeces, a
substantial amount of them accumulates in numerous organs,
including the brain [41]. Furthermore, C. Escudero-Lourdes
and co-researchers have acutely exposed rat cortical astrocytes
to MMAIII, leading to microglial accumulation with no
impairment of cell survival. The astrocytes with MMAIII
reflect its LD50 of 10.52M, nevertheless, subtoxic
concentrations (50-1000 nM) stimulated the expression of
CoX-2, TNF-a, IL (1 and 6) besides MIF expression
considerably. Upon treatment of MMAIII (50, 125, and
500nM), astrocytes demonstrated a significant increase in APP
gene expression. This lines up to greater levels of expression of
the BACE-1 protein [42]. Moreover, arsenic exposure may
cause mental retardation, while inflammation may be a
contributing factor. Another study was conducted on
mummichogs (small killifish) to examine the effect of arsenic
and the role of gender and age of exposure. Adult female and
male mummichogs were subjected to different sodium arsenite
doses (172 ppb, 575 ppb, 1720 ppb) for upto 10 days before
spawning. The total number of eggs laid or the proportion that
hatched was the same throughout each group. However, the
group exposed to 1,720 ppb arsenic exhibited a considerable
increase in abnormalities. Using total RNA extracted from
adult liver tissue and 6-week-old juvenile liver tissue, custom-
made microarrays were probed to determine changes in gene
expression. Females exposed to 172 ppb and 575 ppb had 3%

of their genes expressed differently in contrast with the placebo
group. In males, each of the exposure groups comprised
between 1% and 3% of the genes exhibiting different
expressions. Various genes, particularly serum amyloid
precursor and apolipoprotein expression get downregulated in a
dose-dependent fashion while gender-independent [43]. In
addition, qPCR was utilized to validate these regulatory
patterns. These results clarify the gender-related consequences,
dose, and frequency of arsenic response.

Atmospheric pollutants are potential causes of AD that
mostly affect the elderly (Fig. 4). As a result, investigation
through research was executed to know early AD symptoms
and pathogenesis produced by a combination of arsenic, lead,
and cadmium that have all been associated with
neurodegeneration. They injected cadmium, lead, and arsenic
into rats at quantities seen in Indian groundwater, which were
0.098 ppm, 0.22 ppm, and 0.38 ppm, respectively each 10
times from the 5" day of development until the day after birth
(day 180™). In the hippocampus and frontal cortex, a dose-
dependent increase in AP was identified. During early
adulthood, the impact was enormous and dosage that induced
AP levels in animals that resembled levels observed in AD
patients. The proamyloidogenic cascade was set off by metals
through initiated APP overexpression with consequent
processing of APP by [-secretase and presenilin. As per
research, the process of AP creation initiates an increase in
neuroinflammation. This promotes APP synthesis by targeting

the 5'-untranslated domain of APP mRNA, which is
particularly susceptible to cytokines [44]. The results
demonstrate toxic metals like lead, arsenic and cadmium lead
to APP processing and the early onset of AD-like pathogenesis.
Sandra Aurora Nio et al. performed another study on chronic
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arsenic exposure in the rat brain. The inorganic form of arsenic
has a cumulative impact on a developing foetus, and infants up
to 4 months of birth on AP synthesis with the eradication of it
in Wistar rats being examined. The brains were collected after
behavioural deficits caused by arsenic and expression of APP
and RAGE was evaluated by western blot analysis; ELISA for
analysis of AP production and BACEI protein activity; and
evaluating gene expression using RT-PCR, mass spectrometry
of plasma and inductive coupling is determined. They found
that chronic arsenic exposure induces behavioural
abnormalities as well as elevated levels of soluble and
membranous RAGE and a rise in AP cleavage. Moreover, the
enzyme activity of BACE1 was also elevated. These results
indicate that exposure to arsenic affects AP generation and
RAGE-mediated amyloid elimination in an AD mouse model
with behavioural changes [45]. This research gives credence to
the idea that early metal exposure significantly contributes to
neurotoxic amyloid buildup. Moreover, arsenic has been shown
to possess negative impacts on myelination, namely in the
cortex prefrontal region and corpus callosum. According to
another study results, Wistar rats (males) were provided with
water comprising 3 ppm sodium arsenite. The animals were
treated from prenatal stages to the second, fourth, sixth, and
twelve months of life. Immunohistochemistry and
immunoblotting from the callosum and prefrontal cortex were
used to determine the amounts of MBP. Mitochondrial mass or
neurofilament phosphorylation and APP levels are two
manifestations of damage to axonal cells that have been
identified as potential demyelination-related alterations. At 12
months, there was a significant decrease in MBP levels in both
regions, associated with the frontal region of the brain,
revealing a drop in neuronal degeneration and a rise in
mitochondrial density. Only the arsenic group demonstrated
APP accumulation at 12 months of age and ultrastructural
imaging revealed a reduction in white matter amount [46]. The
ingestion of arsenic is believed to be linked with the buildup of
APP. A recent study was conducted to explore gene expression
alteration in participants chronically exposed to arsenic based
on reports that reveal Bangladesh and portions of West Bengal
have significant quantities (varying between 0.5 pg/L to 4600
ug/L) of arsenic contamination. The Bangladeshi 29 women
with urine arsenic concentrations between 22.32 and 182812
pg/g creatinine were included in this investigation. RNA
sequencing was used to examine RNA isolated from
lymphocytes and monocytes in the peripheral blood. There
exist 1,054 alleles statistically linked to heightened
concentrations of arsenic in urine samples (FDR p<0.05),
including 636 upregulated and 418 downregulated genes. In
addition, ingenuity pathway analysis identified promising
arsenic carcinogenesis target genes (EGR2, APP, DAPKI),
microRNAs (210, 338, 155,) and NOTCH signaling [47].
These demonstrated by preclinical research that arsenic has a
significant effect on APP accumulation, processing, and
expression. Furthermore, these investigations clearly indicate
APP as a potential arsenic carcinogenesis target gene, as well
as arsenic exposure as a key contributor to neurotoxicity
induced by amyloid buildup.
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6. EPIGENETIC CHANGES RELATED TO ARSENIC
EXPOSURE

The study of epigenetics emphasizes how external
variables aside from modifications to the sequencing of DNA
could impact biological and neuronal functions. The word
“epigenetics” refers to the investigation of the gene regulation
methods that turn genes on or off, as well as cellular
interpretation of DNA being altered by factors outside of the
cell's control. Therefore, research on epigenetics pursues to
understand how the transcription propensity of a cell varies
throughout time [48]. In the 1980s, it was revealed that inAs
(indium arsenide) induces alterations in histone methylation as
well as acetylation patterns in experimental cells of
Melanogaster. This was the first indication of arsenic-mediated
epigenetic modifications (methylation of the genomic DNA,
irreversible posttranslational modifications to histone, and
transcription of miRNA changes). Changes in these
components can disrupt cellular homeostasis because each of
these epigenetic components is essential for modulating gene
expression [49, 50].

For instance, methylation of nucleic acid (DNA) is
essential for optimal development and is involved in various
steps, including transposon regulation [51]. 5-MeC originates
from the methylation of cytosine's C'S location known as CpG
islands. Epigenetic modification has received the greatest
attention [52] because it plays an essential role in the
development of organisms. Methylation occurs in gene
promoters and regions. This mechanism or process employs
DNMTs (DNA methyltransferases), a class of enzymatic
processes that modify DNA strands and SAM, a universal
methyl contributor [53].

When the xenobiotic arsenic enters the bloodstream, it
undergoes metabolic activation in the liver, where it is
methylated, and subsequent reductive processes produce a
number of methylated metabolites. The methyl donor for this
detoxification process is provided by SAM. Arsenic exposure
induces a deficiency of SAM in the body, which reduces
DNMTs' function in regulating DNA methylation [12, 54].
After penetrating brain cells, iAs are methylated by a variety of
mechanisms. Because 1AsllI is always methylated, iAsV must
be transformed to iAsIII before it can be used. Many brain
regions express the AS3MT enzyme that methylates iAs [S5].

The iAs exposure individually is not sufficient to cause
neurodegeneration, as demonstrated by multiple investigations.
On the other hand, certain iAs neurotoxicity can match or else
collaborate with signaling pathways for neurodegenerative
illnesses. Higher iA levels in urine have been linked to an
elevated likelihood of AD [56]. Chronic iAs exposure induces
behavioural impairments as well as higher levels of RAGE and
BACE-1 expression in rats [57]. iAs perpetuates AP and Tau
phosphorylation immunostaining in a modified AD rodent
study, which is related to energy metabolism failure and
changes in redox regulation [58]. Consequently, iAs increase
cytokines expression in astrocytes, which correlates with
enhanced levels of APP and BACE-1 [16]. iAs can work
synergistically with dopamine to elicit neurotoxic events [31],
which leads to a-synuclein accumulation [59]. The PS1 and
BACE (B-secretase) genes were hypomethylated due to SAM
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deficiency. This reduction in methyl elevated AB -producing
BACE and PSI1 proteins [49]. Additionally, the DNMT (1 and
3a) expression was reduced. In mice embryonic fibroblast cells,
sodium arsenite inhibited HDAC p300, resulting in a reduction
of H3K27ac at promoters. Su and colleagues established a
DRC between total arsenic concentrations in European topsoil
and the incidence and mortality of AD [45, 46]. Arsenite, an
atmospheric toxin, induced a considerable elevation in the
phosphorylation of numerous tau sites, particularly Thr
(181,205 and 231), Ser (202, 262, 356, 396, 404) that matched
with AD findings [60].

Another of the recognized approaches to histone
modification, acetylation, has been correlated with arsenic. It
affects the pyruvate dehydrogenase catalytic function that
generates acetyl-CoA from pyruvate, a molecule crucial to
histone acetylation to occur. Moreover, mice with exposition to
arsenic during gestation identified hypoacetylation in H3K9
region, which is combined with a lack of perceptual and
contextual cognition [61].

The work demonstrates that frequent, long-term exposure
to arsenic throughout early childhood affects several arsenic-
level regulatory sites in the rat brain. These alterations are
associated with behavioural problems. In addition, exposure to
arsenic affects the BBB clearing system by elevating RAGE
expression. Arsenic generation is ultimately boosted by
inorganic arsenic treatment by enhancing BACE1 activities and
significantly elevating APP and RAGE in a mouse model
devoid of AD predisposition. Furthermore, arsenic toxicity is
an ecological issue that promotes memory problems and
inadequate synaptic cleansing, lending credence to the notion
that prenatal metal exposure may result in neurodegenerative
disorders [57]. Post-translational histone modification enhances
the DNA's availability for transcription thereby gene
expression via modulating the architecture of chromatin.
Histone methylation and demethylation turn genes “on” and
“off,” respectively. The iAs decrease PDH activity, which
catalyses the oxidation with acetyl-CoA formation from
pyruvate. Reduced H3K9 acetylation leads to impairments in
acute and chronic memory by iAs during pregnancy. In
response to embryonic iAs exposure, a gender-dependent
H3K9 modification (methylation and acetylation) is observed
[61, 62].

CONCLUSION AND OUTLOOK

CNS is an especially vulnerable target for infectious agents
(iAs). According to decades of research, iAs exposure changes
the development of the neurological system. Given the ever-
increasing AD incidence, the undesirable socioeconomic
consequences of neurodegenerative disorders, and the steadily
worsening pollutant levels in certain regions of the world, the
evolving  link  between  toxicant  exposure  and
neurodegenerative disorders is of critical importance to public
health. A few epidemiological studies have yielded
inconclusive results in terms of obtaining significant estimates
of AD hazard risk with crucial confounders, including repeated
exposure to toxic substances, variation in genes, and
environmental issues in chronic exposure cases. It happens due
to limitations such as difficulties in precisely diagnosing AD
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cases and also due to a lack of specific biomarkers. The current
knowledge on AD is focused not only on AP toxicity but also
on evaluating the impact of non-amyloidogenic APP
fragments. Energy impairment due to mitochondrial
dysfunction is another area being studied widely for initiation
events in AD, however, their link with APP metabolism is
unclear. This strongly recommends that abnormal APP
processing and AP peptide toxicity are essential for the
development of AD in elderly individuals. Understanding the
fragments of protein generated during proteolysis possess
distinct physiological applications within the APP domain has
made tremendous strides over the past several years. In this
context, in-vivo methods employing genetically modified mice
models have been highly efficient. Despite this, fundamental
issues must still be addressed.
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LIST OF ABBREVIATIONS

5-MeC = S-methyl cytosine

AICD = APP intracellular domain
AMPK = Denosine monophosphate-activated protein kinase
AMTs = Arsenic methyl transferases
AP-1 = Activator protein 1

AS3MT = Arsenic methyltransferase
BACE1 = B-secretase 1 by enzymatic assay
BAX = Bcl-2-associated X protein

Bel-2 = B-cell lymphoma 2

COX2 = Cyclooxygenase-2

CT = Cytoplasmic tail

CTF83 = C-terminal subunit containing 83 amino acids
DMA = Dimethylarsinic acid

DMAA = Dimethylarsinic acid

ECD = Extracellular domain

ER = Endoplasmic reticulum

Fasl = Fas and Fas Ligand

GSH = Glutathionel

JNKs = C-Jun N-terminal kinases

LPO = Lipid peroxidation

MBP = Myelin basic protein

MMA = Monomethylarsonic acid

NF-xB = Nuclear factor kappa B

p38 MAPKs = P38 mitogen-activated protein kinases
PDH = Pyruvate dehydrogenase
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PK = Protein Kinase

RAGE = Receptors for advanced glycation end products
ROS = Reactive oxygen species

SAM = S-adenosyl methionine

SLC34A2 = Type IIb sodium-phosphate cotransporter
SPTMPs = Single-pass transmembrane protein

TNF-o = Tumour Necrosis Factor alpha
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