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Non-coding RNAs (ncRNAs), including microRNAs (miRNAs), are key regulators of differentiation and development. In
the cell, transcription factors regulate the production of miRNA in response to different external stimuli. Copper (Cu) is a
heavy metal and an essential micronutrient with widespread industrial applications. It is involved in a number of vital
biological processes encompassing respiration, blood cell line maturation, and immune responses.

Keywords: Alzheimer’s disease ; cardiovascular disease ; microRNAs ; copper

| 1. Introduction

Copper (Cu) is an essential transition metal present in traces in our body, and either a Cu deficiency or excess is life-
threatening.

A number of studies have indicated that an imbalance in Cu levels and a high burden of oxidative stress are contributors
to Alzheimer’s disease (AD), the main form of dementia in the elderly (1112,

It is known that Cu is a cofactor in the regulation of a number of processes associated with hypoxia. This condition is
triggered by an insufficient oxygen supply to tissues and organs that results from pathological conditions underlying AD
and ischemic cardiovascular disease (CVD). Hypoxia response is mainly regulated by the hypoxia-inducible factor (HIF)
family of oxygen-sensitive transcription factors [, including HIF-1a, which is regulated by Cu 4.

HIF-1 regulates oxygen homeostasis by modulation of angiogenesis and vascular remodeling, as well as oxygen
utilization. HIF also regulates glucose metabolism and redox homeostasis and plays a critical protective role in tissue
response to hypoxia of ischemic heart disease, as well as myocardial infarction (MI) &1,

Under the condition of low oxygen levels, HIF-1 is not degraded but acts as a transcriptional target underlying several
processes via hypoxia response elements (HRES) at the binding sites, defined as HBSs. Other factors modifying HIF-1's
ability to bind to HREs include epigenetic modifications such as CpG methylation and DNA damage caused by oxidative
stress due to elevated intracellular levels of reactive oxygen species (ROS) [,

The main pathological process triggering the onset of ischemic heart disease is an inflammatory process in which
metabolic cells are activated, thereby increasing oxygen demand.

Cu is highly involved in inflammatory processes, either through ceruloplasmin, an acute phase reactant, or through non-
ceruloplasmin Cu (also known as “free Cu”), since both increase during inflammation 4. Despite the accumulated
knowledge and technological achievements in amyloid beta (AB) and tau detection which build up in the AD brain and
typify AD pathology and the new FDA-accelerated approval of the controversial disease-modifying drug Aducanumab
(marketed as Aduhelm), which likely can reasonably translate to a clinical benefit &, the current consensus in the field is
that the cause of AD is incompletely defined. An alternative and valid approach toward AD should consider the disease as
a multifactorial disorder where many risk factors contribute to global AD susceptibility. In this complex interplay, aging and
oxidative stress—mainly through transition metal imbalance—constitute the leading risk factors 9. Oxidative stress is a
central molecular mechanism underlying transition metal-induced toxicity and hypoxia. During brain hypoxia, the
autophagy machinery may abnormally accumulate high amounts of transition metals such as Cu and iron (Fe), which are
normally present in the brain since they are necessary for correct brain functioning. When not bound to proteins or
enzymes, Fe and Cu undergo redox cycling reactions with H,O, (Fenton-type reactions), resulting in the production of
ROS, of which H,0, can diffuse through the cell membrane and then produce the very reactive hydroxyl radical (HOs)
catalyzed by Cu and Fe (Fenton-type reactions) 19, eventually leading to tissue damage. The picture of Cu imbalance in
AD emerging from a recent meta-analysis 4l is consistent with a shift or displacement of the metal from functional bound



Cu to a labile toxic non-ceruloplasmin Cu pool that can easily cross the blood—brain barrier, affecting the aggregation of
AR and likely producing oxidative stress [,

Consistently, the literature has pointed at a brain-to-heart connection, focusing mainly on the associations between
neurodegeneration and cerebral hypoperfusion, hypertension, genetic risk factors (APOE4 and MTHFR gene mutations),
high cholesterol, diabetes mellitus, obesity 121 and more recently Cu imbalance (a3,

It is known that severe but also prolonged hypoxia is involved in AD neurodegeneration, as one third of stroke patients
suffer from post-stroke dementia [14. Despite this body of literature, the mechanisms linking AD and CVD—which may
mediate heart failure (HF), MI, coronary artery disease, atrial fibrillation, and vasculopathy—are still not completely
understood.

Among the newly identified mechanisms of Cu toxicity in AD, there is the loss of endothelial lipoprotein receptor-related
protein 1 (LRP1), which has been shown to cause aberrant parenchymal AB buildup in various AD mouse models [151116]
mainly in a process that appears to be orchestrated by microRNAs 181, As a matter of the fact, increasing evidence shows
that hypoxia resulting from pathological conditions associated with AD and CVD induces the expression of a subset of
microRNA (miRNAs) called hypoxia-induced miRNAs !, which act as regulators of cell responses to a drop in oxygen
tension.

miRNAs are short, single-stranded, non-coding RNA molecules of 19-25 nucleotides whose activity is crucial in gene
silencing 4. MiRNAs are an important epigenetic component, as miRNA expression is controlled by epigenetic
modifications in a tissue-specific manner at the transcriptional level 8], In the cytoplasm, miRNAs bind messenger RNAs
(mRNAs) in a complementary way. This bond induces gene silencing through the inhibition of translation or degradation of
mRNA 12 One miRNA can influence the expression of hundreds of genes, and each mRNA molecule can be regulated
by different miRNAs 29, Most miRNAs are localized intracellularly but can be released into the blood’s circulation and
travel to different districts, thus participating in cell-cell communication processes 21,

miRNAs are also present in the nucleus. Although the function of nuclear miRNAs has not been fully elucidated, the
results of several studies show that nuclear miRNAs are involved in gene silencing and gene activation 22, Most of the
functions of miRNAs are linked to recognition by specific regions called miRNA response elements (MREs), which form
the interaction link between miRNA and mRNA 23],

MIiRNAs, together with ROS and other cell-signaling species such as NF-kB, a family of transcription factors, act as nodes
of cross-talk in the inflammation cascade 24, Several studies have revealed how specific miRNAs are regulated by HIF
during hypoxic conditions, thus establishing a link between HIF, miRNA, and CVD states [23]. In the same line of thinking,
since HIF is strictly linked to Cu regulation, HIF can be proposed as the possible missing link between Cu and miRNA
regulation in AD, which is known to be associated with Cu imbalance 11 and cardiovascular risk.

| 2. Non-Coding RNAs and Cu Metabolism in Physiology

Non-coding RNAs (ncRNASs) are key regulators of differentiation and development. In 2003, the Human Genome Project
(HGP) was completed, and about 20,000-25,000 genes were identified, offering the opportunity to predict the outcomes
of individuals diagnosed or threatened with complex diseases such as AD [28],

Cu is a heavy metal and an essential micronutrient with widespread industrial applications. As an essential metal, it is
involved in a number of vital biological processes encompassing respiration, blood cell line maturation, immune
responses, wound healing, myelin sheath formation, and neurotransmitter synthesis and regulation. It is indispensable for
brain and heart development and correct physiology. Severe Cu deficiencies can cause cardiac, bone, immune, and
central nervous system conditions, while Cu chronic excess, exposure, or displacements in tissues and organs are
associated with liver damage and neurodegenerative disorders 22,

The interplay between miRNA regulation and Cu in physiology will be discussed herein.
2.1. Role of microRNAs in Cell Regulation in Physiology

The genome consists of a large fraction of sequences of RNAs that do not encode any proteins 28 according to Palazzo
and collaborators. It is estimated that 99% of the total RNA species present in mammalian cells are non-coding RNAs 22,

The ncRNAs can be classified by length (small: 18-200 nt; long: >200 nt) Y or by function. The housekeeping ncRNAs
include tRNAs and rRNAs, while the regulatory transcripts comprise miRNAs Bl The miRNAs are a group of small



ncRNA molecules.

The biogenesis of miRNAs involves being encoded by genomic DNA with the action of RNA polymerase Il, which
generates the primary RNA (pri-miRNA). This first product is usually several kilobases long. Then, the pri-miRNA is
processed by RNase Il Drosha into short hairpin structures called pre-miRNAs, which are exported from the nucleus by
exportin. In the cytoplasm, the RNase Ill enzyme Dicer cuts the pre-miRNAs into mature miRNAs composed of about 22
bases [28]. In association with the Argonaute (AGO) proteins, miRNAs form the RNA-induced silencing complex (RISC),
which allows for the translational repression or degradation of the target mRNA. The action of the miRNA on the mRNA
depends on the complementarity of the miRNA with its target. When the complementarity is imperfect, the result is
translational repression 22, but target RNA destabilization is also observed very often.

According to recent studies, the regulation of miRNA functionality and expression is controlled at three different levels:
transcription, processing, and subcellular localization.

In the cell, the transcription factors regulate the production of miRNAs in response to different external stimuli such as
inflammation. This process permits control at the transcriptional level (23],

There are several regulatory mechanisms that control miRNA maturation at various stages, starting from the primary
transcript. Some of these factors, are the SMAD proteins 24 and Arsenate-resistance protein 2 (ARS2), which permit
processing of pri-miRNA 2. In addition, the tumor suppressor protein p53 has an important role in miRNA processing.
The link between p53 and the protein Drosha increases the processing of pri-miRNA to pre-miRNA, and this interaction

induces the maturation of specific miRNAs. The levels of p53 in turn can be negatively or positively regulated by specific
miRNAs 28157,

The processing of mMiRNAs can be post-transcriptionally regulated by RNA-binding proteins (RBPs), which can recognize
some regions of miRNA precursors and modulate the processing efficiency. One of these regulators is the stem cell factor
LIN28, which interacts with the pre-miRNAs and blocks their expression 28, Another regulatory factor is HNRNPA1, which
binds to pri-miR-18a and increases the function of Drosha B9, Nussbacher and collaborators found that 92% of RBPs
interact directly with one miRNA locus, and they are cell line specific 2.

miRNA is the most studied class of ncRNA. miRNAs recognize their targets through miRNA response elements (MRES).
Generally, the most conserved binding sites are enriched in the 3'UTR sequences, but MRESs can also be present in the 5
UTR sequences as well as in the coding regions of mRNAs ¥, miRNAs form a complex (RISC) by binding to various
AGO proteins, allowing the miRNAs to recognize their targets and to bind and detach easily from targets. Furthermore,
AGO proteins are important cofactors for the binding of RISC with the target, and different types of AGO proteins mediate
different gene regulation 42,

In the cytoplasm, one of the primary functions of the miRNA-RISC (miRISC) is post-transcriptional mRNA regulation 421,
Cytoplasmic nuclear shuttling is a studied function of miRISC 244311461 miRNAs have many nuclear functions, and some
of these are independent of RISC activity.

miRISC can regulate non coding transcripts, too. Indeed, this complex can target IncRNAs, modifying their stability and
function [Z7(28](29]

2.2. Cu Intake in Human Diet and Drinking Water

Cu balance is established by the rates of dietary absorption from food, supplements, drinking water, and excretion through
stools and bile, and it is tightly controlled (Figure 1).
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Figure 1. Copper (Cu) in physiology The recommended dietary allowance (RDA) for Cu is 0.9-1.3 mg/day. This
represents the intake level sufficient to meet the nutrient requirements. Accordingly, humans normally ingest 1.5 mg/day of
Cu via beverage and foods. The Cu balance is determined by the equilibrium between the rates of dietary absorption from
diet and excretion through stools and bile, and it is tightly regulated. In the small bowel, concerning Cu absorption into the
enterocyte, Cu?* is reduced by reductases. CTR1 imports Cul* within the cell. Cu is absorbed as a pool of low molecular
weight soluble complexes and pumped out of the enterocyte’s basolateral membrane by the Cu-transporting P-type
ATPase (ATPase7A) via the vesicular compartment (not shown). Cu is then transported, mostly bound to amino acids,
peptides, micronutrients, and albumin, and transported into the serum. From the gut, this pool of low molecular weight Cu,
known as non-ceruloplasmin (non-Cp) Cu, travels to the liver through the portal vein. The liver represents the main organ
of storage and utilization of Cu. CTR1 facilitates Cu intake in the hepatocytes and delivery to chaperones. In the liver,
ATPase7B, the homologue of enterocytes’ ATPase7A, incorporates Cu into ceruloplasmin. Of the Cu, 75-95% tightly
binds to ceruloplasmin, whereas the remainder loosely binds to and is exchanged among albumin, a2 macroglobulin,
amino acids, peptides, and several micronutrients. Hepatocytes limit the non-Cp Cu concentration in the blood to 0.008—
1.6 pmol/L (equivalent to 0.05-1 mg/dL), which is the upper limit of the normal reference range of non-Cp Cu in serum
after an overnight fast. An excess of Cu induces the translocation of ATPase7B from the trans-Golgi network to the
canalicular membrane (via the vesicular compartment), where the metal is released into the bile. As for blood barrier
exchange in the brain ventricles, the endothelial cells of the brain’s capillaries constitute the blood—brain barrier (BBB).
The cerebrospinal fluid (CSF) is the biological fluid that surrounds the brain and fills the brain ventricles, and it is secreted
by the choroid plexus. The Cu in CSF has values in the range of 0.5-2.5 pmol/L. In the choroid plexus, non-Cp Cu is the
main form of Cu taken up from the blood and is then released into the brain by processes mediated by CTR1, ATPase7A,
and ATPase7AB.

The Cu recommended dietary allowance (RDA)—the intake level sufficient to meet the nutrient requirements for 97-98%
of people—is 0.9-1.3 mg/day (United States (US)) “Z. On average, the individual consumes ~2 mg per day (WHO, 1996)

(48] and 2—-3 mg/day of Cu intake is safe and adequately prevents Cu deficiency, while ingesting >5 mg/day is deemed
toxic 49,

2.3. Cu Regulation in Physiology

The Cu from a diet is readily absorbed from the stomach and intestines (duodenum and ileum) at a rate of 0.5 mg/day 2.
Then, it is transported to the liver (Figure 1), and 0.5 mg/day generally corresponds to 30% of the intake (75% from food
and 25% from supplements and beverages). The remaining amount of Cu is directly eliminated through the “mucosal
block”, consisting of metallothioneins (MTs), which are cysteine-rich proteins that bind and sequester metal ions and are
located in the enterocyte cells lining the mucosal tract, which trap Cu and facilitate its excretion B, The rate of Cu
absorption lessens as the Cu intake rises. The dietary Cu intake changes from 56% during a low-Cu regimen to 12%
under a high-Cu diet B, Even though in a high-Cu intake diet the efficiency of Cu absorption declines, more Cu is
absorbed and retained 211,

In the stomach, duodenum, and ileum, Cu is absorbed as a pool of low molecular-weight-soluble complexes of Cu 52 In
the intestinal lining cells, Cu is then pumped out of the enterocyte by the Cu-transporting P-type ATPase (Cu-ATPase) 7A



(ATPase7A) located at the basolateral membrane. This pool of Cu is called non-ceruloplasmin Cu, a serum Cu?* species
not structurally bound to proteins and primarily not bound to ceruloplasmin, the main Cu protein in general circulation 23!,
Non-ceruloplasmin Cu is mostly loosely bound to low molecular weight compounds such as amino acids, peptides, and
micronutrients, and it is exchanged among them, albumin, and a2-macroglobulin and transported into the serum. From the
gut, it reaches the liver through the portal vein. In physiology, hepatocytes take up most of this Cu species and regulate
the blood’s non-ceruloplasmin Cu concentration in the range of 0.008-1.6 pmol/L (equivalent to 0.05-1 mg/dL). These are
the normal reference range values of non-ceruloplasmin Cu in serum after an overnight fast 29241 (Figure 1).

In the liver, namely in the interstitial fluid surrounding cells, human Cu transporter 1 (CTR1) regulates Cu(l) entry into the
hepatocyte, and Cu chaperons and transporters then accompany the metal to the sites of its utilization within the cell 2],
At the trans-Golgi network, Cu is packed into Cu proteins and enzymes. The main pathways include cytochromes in the
mitochondria for oxidative respiration (cytochrome oxidase (COX)), copper/zinc superoxide dismutase (Cu/Zn SOD) for
antioxidant defenses, and ceruloplasmin for controlling the iron (Fe) oxidative state 2],

Similar to ATPase7A, the Cu-transporting P-type ATPase (Cu-ATPase) 7B (ATPase7B) is a key protein controlling the Cu
balance. It is a Cu pump located in the trans-Golgi network that loads Cu into nascent ceruloplasmin in the hepatocyte 23]
and facilitates Cu excretion into the bile when the metal exceeds the needs of the cell B2 (Figure 1). Ceruloplasmin binds
75-85% of circulating Cu, whereas the remainder constitutes the non-ceruloplasmin Cu species 221,

In correct physiology, Cu in the CSF, the biological fluid that surrounds the brain and is produced and secreted by the
choroid plexus, ranges between 0.5 and 2.5 pmol/L B8], Perfusion of three species of radioactive $*Cu (a homolog of non-
ceruloplasmin 84Cu, %*Cu-albumin, and 84Cu-ceruloplasmin) into a rat brain via the internal carotid artery demonstrated
that non-ceruloplasmin $4Cu in a rat choroid plexus is the main species taken up into the brain, being about 50 times
higher than Cu-albumin and 1000 times higher than Cu-ceruloplasmin B2, This is also exemplified in Wilson’s disease, the
paradigmatic disorder for non-ceruloplasmin Cu toxicosis or accumulation, in which non-ceruloplasmin Cu easily crosses
the blood—brain barrier (BBB) Y, and it has also been found in AD [8],

Wilson’s disease is a rare genetic disorder caused by mutations in the ATP7B gene, encoding for the ATPase7B the Cu
pump that handles Cu incorporation into ceruloplasmin and Cu excretion through the bile. ATP7B mutations cause Cu
accumulation in the liver, kidneys, and other parenchymal tissues, including the brain 3. Cu deposition in the cornea and
around the iris of the eye, known as Kayser—Fleischer rings (for a specialized review, refer to [€9) is typical. Wilson's
disease is also typified by levels of non-ceruloplasmin Cu higher than the 1.6 pmol/L that is considered toxic [, Aside
from eating food and supplements and drinking water, Cu exposure can also occur through breathing air or by skin
contact with soil, water, and other Cu-containing substances, including nanoparticles (62,
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