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Abstract: Olfactory function, orchestrated by the cells of the olfactory mucosa at the rooftop of the
nasal cavity, is disturbed early in the pathogenesis of Alzheimer’s disease (AD). Biometals including
zinc and calcium are known to be important for sense of smell and to be altered in the brains of AD
patients. Little is known about elemental homeostasis in the AD patient olfactory mucosa. Here we
aimed to assess whether the disease-related alterations to biometal homeostasis observed in the brain
are also reflected in the olfactory mucosa. We applied RNA sequencing to discover gene expression
changes related to metals in olfactory mucosal cells of cognitively healthy controls, individuals with
mild cognitive impairment and AD patients, and performed analysis of the elemental content to
determine metal levels. Results demonstrate that the levels of zinc, calcium and sodium are increased
in the AD olfactory mucosa concomitantly with alterations to 17 genes related to metal-ion binding
or metal-related function of the protein product. A significant elevation in alpha-2-macroglobulin, a
known metal-binding biomarker correlated with brain disease burden, was observed on the gene and
protein levels in the olfactory mucosa cells of AD patients. These data demonstrate that the olfactory
mucosa cells derived from AD patients recapitulate certain impairments of biometal homeostasis
observed in the brains of patients.

Keywords: Alzheimer’s disease; olfactory mucosa cells; biometals; zinc; calcium; sodium; alpha-2-
macroglobulin; olfactory dysfunction

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, and the most
common cause of dementia. Genetic, lifestyle and environmental factors are involved in the
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pathogenesis of AD, so the exact disease mechanisms remain incompletely understood. The
late onset AD (LOAD) is a multifactorial disease caused by lifestyle, environmental factors
and a poor genetic component but it is important because it is responsible for more than
90% of the cases of AD (reviews [1,2]). The pathological proteins associated with AD begin
to accumulate in the brain already decades before the patients report any clinical symptoms
(review [3]). A precursor disorder named mild cognitive impairment (MCI) is thought to
be an early form of AD in a subset of individuals (review [1]). Interestingly, one of the
earliest symptoms of AD, which is also associated with certain other neurodegenerative
diseases, is olfactory dysfunction [4,5] (meta-analysis [6]). We have shown earlier that the
cells of the olfactory mucosa (OM), situated at the rooftop of the nasal cavity, show several
pathological features observed in AD brains, including increased secretion of amyloid-beta
(Aβ1–42) [7].

Biometal homeostasis is crucial for tissue function, as metals are needed for cellular
signaling and serve as co-factors for a multitude of enzymes. Dyshomeostasis of biometals
is a commonly observed feature of neurodegeneration and evident in AD affected brains
(review [8]). Alterations of several elements, including copper, zinc and iron are commonly
observed in postmortem brains, although at times, contradictory results have been pre-
sented with a subset of studies showing elevations, and others describing reductions in
particular elements. Interestingly, some changes in metals are reported to occur in the
olfactory bulb of AD patients [9], and the levels of certain metals are high in the olfactory
bulbs in comparison to other areas of the central nervous system [10]. In addition, changes
in the levels of metal transporters and metal binding proteins are also described in the AD
brain (review [11]). While the exact reason for altered metal homeostasis in AD remains
unknown, it has been suggested to be linked to metal-catalyzed oxidation relating to tran-
sition metal ions that may lead to mitochondrial dysfunction (review [8]) and impaired
metal buffering by proteins including the metallothioneins (reviewed in [8,12,13]).

In the present study, we addressed the question of whether alterations to biometal
homeostasis observed in AD patient brains are also reflected in the OM. We applied RNA
sequencing to discover alterations to metal-linked genes and pathways, which yielded a
total of 17 genes related to metal-ion binding or with metal-related function that were sig-
nificantly altered between AD and control OM cells. MCI OM cells displayed, respectively,
a total of 14 metal-related and differentially expressed genes. Gene Ontology enrichment
analysis of the genes significantly differently expressed between AD and control OM cells
highlighted calcium ion binding as enriched molecular function of these genes. Alterations
in the gene expression of alpha-2-macroglubulin, A2M, was further validated on the pro-
tein level and shown to be significantly increased in AD OM cells. Further support for
biometal imbalance in the AD OM cells was provided by analysis of the elemental content
by inductively coupled plasma mass spectrometry (ICP-MS), implicating an increase in the
cellular levels of sodium, calcium and zinc in AD OM cells.

2. Results
2.1. Transcriptomic Analysis of Metal-Related Gene Alterations in AD OM Cells

To assess whether biometal imbalance that is commonly observed in AD brains is also
found in the OM cells of patients with AD or MCI, we first applied total RNA sequencing to
OM cells (Table A1). Sequencing revealed a total of 47 differentially expressed genes (DEGs)
between the AD and control OM cells (FDR < 0.1), of which 17 were related to metal-ion
binding or metal-related function of the protein product between the cognitively healthy
controls and AD patients (Figure 1a, Table 1 and Table S1). The majority of the DEGs
between AD and controls were related to metal-binding of zinc, calcium or magnesium.
Most of the DEGs were upregulated in AD OM cells, whilst only RIMS1 and THBS3 were
significantly downregulated in AD OM cells. Gene Ontology (GO) enrichment analysis
of the DEGs suggested calcium ion binding (GO:0005509) as a significantly (p = 0.022)
enriched molecular function among the 47 DEGs between AD and control OM cells.
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Figure 1. Transcriptomic metal-related gene alterations in AD) and MCI olfactory mucosa (OM)
cells. The volcano plot visualizes the differentially expressed genes (DEGs) between the OM cells
derived from cognitively healthy controls and patients with (a) Alzheimer’s disease (AD) or (b) mild
cognitive impairment (MCI). The significant DEGs upregulated in AD OM cells are visualized in red
(positive fold change) and the significantly downregulated DEGs in blue (negative fold change). The
metal-related DEGs are highlighted.

Table 1. Differentially expressed genes (DEGs) with metal-ion binding abilities or other metal-related
function between the Alzheimer’s disease (AD) and control olfactory mucosa (OM) cells identified by
total RNA sequencing. FC, fold change. padj-value (adjusted p-value, false discovery rate) < 0.1.

Gene Symbol Gene Name Log2FC p-Value padj-Value Metal-Binding/Metal-Related
Function 1

NOTCH4 notch receptor 4 6.31 2.72 × 10−6 0.0110 metal-binding; Ca

LMTK3 lemur tyrosine kinase 3 6.29 3.90 × 10−6- 0.0127 metal-binding; Mg

ATP8A2 ATPase phospholipid
transporting 8A2 4.49 4.19 × 10−7 0.0034 metal-binding; Mg

KDM4A-AS1 KDM4A antisense RNA 1 4.30 1.85 × 10−5 0.0251 for KDM4A: metal-binding; Fe, Zn

ADGRE2 adhesion G protein-coupled
receptor E2 3.27 1.45 × 10−6 0.0079 metal-binding; Ca

NKD1 NKD inhibitor of WNT
signaling pathway 1 2.78 9.71 × 10−5 0.0533 metal-binding; Ca

DCHS1 dachsous cadherin-related 1 2.39 8.83 × 10−6 0.0211 metal-binding; Ca

A2M alpha-2-macroglobulin 2.26 1.02 × 10−4 0.0533 Ca-dependent protein binding

ZNF501 zinc finger protein 501 2.06 1.05 × 10−5 0.0212 metal-binding; Zn

PRDM1 PR/SET domain 1 1.96 3.17 × 10−7 0.0034 metal-binding; Zn

PLS1 plastin 1 1.92 1.52 × 10−4 0.0686 metal-binding; Ca

PHF7 PHD finger protein 7 1.90 7.37 × 10−5 0.0460 metal-binding; Zn

CORO1A coronin 1A 1.67 2.66 × 10−4 0.0938 calcium ion transport

S100A3 S100 calcium binding protein
A3 1.28 1.68 × 10−4 0.0698 metal-binding; Ca, Zn

RNF24 ring finger protein 24 0.17 1.39 × 10−4 0.0644 metal-binding; Zn

THBS3 thrombospondin 3 −0.34 1.33 × 10−4 0.0635 calcium ion binding

RIMS1 regulating synaptic membrane
exocytosis 1 −2.94 5.49 × 10−5 0.0397 metal-binding; Zn

1 UniProt (https://www.uniprot.org/, accessed on 16 February 2022).

https://www.uniprot.org/
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When comparing the gene expression of MCI and control OM cells, a total of
28 significantly differentially expressed genes (FDR < 0.1) were found (Table S2). A total
of 14 of these DEGs between MCI and control OM cells were found to have metal-related
functions (Figure 1b, Table 2). Similarly to AD OM cells, the metal-related functions of the
DEGs between MCI and OM cells were associated mainly to metal-binding of zinc, calcium
and magnesium. Four genes (NOTCH4, AC253536.3, A2M and PRMD1) were upregulated
both in AD and MCI OM cells compared to the controls (Tables S1 and S2), with NOTCH4,
A2M and PRMD1 having metal-related functions (Figure 1, Tables 1 and 2).

Table 2. Differentially expressed genes (DEGs) with metal-ion binding abilities or other metal-related
function between the mild cognitive impairment (MCI) and control olfactory mucosa (OM) cells
identified by total RNA sequencing. FC, fold change. padj-value (adjusted p-value, false discovery
rate) < 0.1.

Gene Symbol Gene Name Log2FC p-Value padj Value Metal-Binding/Metal-Related
Function 1

GNG4 G protein subunit gamma 4 4.42 2.71 × 10−6 0.0337 pathway, Ca

NOTCH4 notch receptor 4 3.66 8.31 × 10−6 0.0337 metal-binding; Ca

SYTL5 synaptotagmin like 5 3.25 1.27 × 10−5 0.0339 metal-binding; Zn

A2M alpha-2-macroglobulin 2.45 1.47 × 10−5 0.0339 Ca-dependent protein binding

STC1 stanniocalcin 1 1.16 2.94 × 10−5 0.0397 Ca homeostasis

PRDM1 PR/SET domain 1.02 1.07 × 10−5 0.0339 metal-binding; Zn

HTR2B 5-hydroxytryptamine receptor 2B 1.00 1.24 × 10−4 0.0856 Ca-mediated signaling

ZNF408 zinc finger protein 408 0.85 6.13 × 10−6 0.0337 metal-binding; Zn

CHURC1 churchill domain containing 1 0.72 3.49 × 10−5 0.0435 metal-binding; Zn

SLC46A1 solute carrier family 46 member 1 0.45 2.66 × 10−5 0.0392 iron homeostasis

DSE dermatan sulfate epimerase −0.10 6.20 × 10−5 0.0628 metal-binding, Mn

ENPP5
ectonucleotide pyrophos-

phatase/phosphodiesterase
family member 5

−1.17 1.27 × 10−4 0.0856 metal-binding; Zn

ADAMTS14 ADAM metallopeptidase with
thrombospondin type 1 motif 14 −1.21 9.42 × 10−5 0.0727 metal-binding; Zn

AGBL2 AGBL carboxypeptidase 2 −1.77 7.85 × 10−5 0.0706 metal-binding; Zn

1 UniProt (https://www.uniprot.org/, accessed on 16 February 2022).

2.2. Expression of Alpha-2-Macroglobulin Is Altered in AD OM Cells

Of particular interest, both the AD and MCI OM cells were, via RNA sequencing,
shown to express significantly higher levels of alpha-2-macroglobulin (A2M), encoded by
A2M, than the cells derived from cognitively healthy individuals (Tables 1 and 2). Previous
reports have demonstrated the levels of A2M to also be increased in the brains [14] and
plasma of AD patients (systematic review [15]). Enrichment analysis of the DEGs between
AD and control OM cells with pathfindR, a tool also utilizing protein–protein interaction
data for enrichment [16], revealed the GO term for serine-type endopeptidase inhibitor
activity (GO:0004867) to be significantly enriched. DEG associated with this particular GO
term was A2M (p = 0.041). A2M belongs to the LRP1–A2M–annexin VI complex, which
was suggested as a significantly enriched protein complex both in AD and MCI OM cells
compared to controls based on the functional analysis of the DEGs using the CORUM
(the comprehensive resource of mammalian protein complexes) database (CORUM:2710,
for AD p = 0.012, for MCI p = 0.032). Therefore, we next applied Western blotting to
determine whether the upregulation of A2M by AD OM cells is also evident at the protein
level. Western blotting revealed that the AD OM cells express significantly increased
levels of the A2M protein when compared to the cells derived from cognitively healthy

https://www.uniprot.org/
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controls (p ≤ 0.05, Figure 2a). Levels of A2M protein were unaltered in individuals with
MCI (Figure 2b).
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Figure 2. Western blot of A2M and β-actin in (a) AD olfactory mucosa (OM) cells and (b) MCI
OM cells and the analysis of band intensities normalized to β-actin. All data are presented as
mean ± SD. (a,b) n = 11 control lines, (a) n = 10 Alzheimer’s disease (AD) lines, (b) n = 11 mild
cognitive impairment (MCI) lines. Outliers within the data groups were tested with iterative Grubb’s
method (alpha 0.05). Unpaired two-tailed t-test. * p ≤ 0.05.

2.3. Elemental Content in AD OM Cells

Since the expression of several metal-related genes were altered in AD OM cells, and
the protein level of A2M was significantly altered in AD, we next measured the elemental
content of Na, Mg, P, K, Ca, Mn, Fe, Cu, Zn, Se, Rb and Co using ICP-MS in AD and control
OM cells (Tables 3 and A2).

Table 3. The elemental content of Na, Mg, P, K, Ca, Mn, Fe, Cu and Zn in Alzheimer’s disease
(AD) and control olfactory mucosa (OM) cells measured by inductively coupled plasma mass
spectrometry (ICP-MS).

Metal Controls Mean ± SEM † AD Mean ± SEM † Unpaired t-Test (Two-Tailed) p-Value
23Na 7436 ± 450.7 11,600 ± 1005 0.0020 *
24Mg 13.29 ± 1.627 16.16 ± 1.553 0.2252

31P 543.4 ± 45.32 629.9 ± 37.82 0.1716
39K 6.645 ± 0.7977 7.674 ± 0.5793 0.3181

43Ca 7.299 ± 0.754 10.02 ± 1.008 0.0416 *
55Mn 0.1171 ± 0.01115 0.1437 ± 0.01158 0.1153
56Fe 1.718 ± 0.1663 2.047 ± 0.2251 0.2499
63Cu 0.1836 ± 0.02722 0.3156 ± 0.08026 0.1218
66Zn 1.899 ± 0.1417 2.385 ± 0.1570 0.0340 *

† Elemental content normalized to total protein level and shown as µmol/µg protein. Outliers within the data
groups were tested with iterative Grubb’s method (alpha 0.1). Unpaired two-tailed t-test. * p ≤ 0.05.
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The total levels of sodium (p ≤ 0.01), calcium (p ≤ 0.05) and zinc (p ≤ 0.05) were
significantly increased in AD OM cells, whilst the other measured elements were not
significantly altered between the healthy and AD cells. The levels of Se, Rb and Co were
below the detection limit of the ICP-MS measurement.

3. Discussion

Biometal dyshomeostasis is a well characterized feature of the AD brain and plasma,
which is related to both onset and progression of the disease. Here, we show for the first
time that cells of the OM, central for sense of smell, and in direct contact with the brain,
also display disease-related alterations in both biometal levels, and in the expression of
several metal-related genes. Specifically, we demonstrate by RNA sequencing the alteration
of 17 metal-related genes between AD and control OM cells, out of which four—NOTCH4,
CORO1A, ATP8A2 and RIMS1—have been previously associated with AD or amyloid
related cognitive decline [17–21]. We also report increases in the levels of intracellular
zinc, sodium and calcium in OM cells derived from patients with AD. Concomitantly, we
demonstrate the protein level of A2M to be significantly upregulated in AD OM cells.

Literature spanning decades of work has provided important insight into pathologi-
cal mechanisms of AD, and the involvement of metals in these processes. However, the
presence of conflicting reports on AD-associated changes to metal levels in the brains of
patients makes it difficult to draw conclusions on the exact role of specific metals in AD
pathogenesis. For example, zinc levels are reported to be increased, reduced or unchanged
in the AD brain (review [22]), after the first hypothesis of the involvement of zinc in demen-
tia by Burnet in 1981 [23]. Interestingly, increases in zinc have been previously implicated
in AD in regions of the brain involved in the olfactory system [9]. Further complexity
arises from the observations that subcellular alterations, or mis-localization of metal ions
has also been reported (review [24]). These discrepancies could be partly explained by
different experimental systems, post-mortem delay times and different analytical methods.
However, imbalance or mis-localization of zinc is clearly harmful as zinc is one of the
most abundant essential trace metals, the levels of which are tightly controlled. Most of
the zinc in the body is bound by proteins, for which it is essential in terms of enzymatic
activity or structural stability. Here, we show an elevation in intracellular zinc levels in the
OM cells derived from AD patients. We also describe alterations to several genes that are
bound or activated by zinc, seven between AD and control OM cells and eight between
MCI and controls, including zinc finger protein coding genes. Furthermore, our previously
published single cell RNA sequencing data of OM cells derived from patients with AD and
their controls revealed alterations to genes that encode metallothioneins, including MT2A
(metallothionein 2A) and MT1X (metallothionein 1X) especially in fibroblast/stromal-like
cells [7]. The key functions of metallothioneins are to maintain the cellular metal homeosta-
sis, and act against increased amounts of reactive oxygen species (ROS) in the cell or after
stimuli of heavy metals (review [25]). Both of the metallothioneins MT1X and MT2A can
bind zinc (UniProt 16.2.2022). Interestingly, astrocytes treated with zinc display increased
levels of glial fibrillary acidic protein (GFAP), a marker for astrocyte activation/reactive
astrogliosis [26], suggesting that tight regulation of zinc levels is essential for the normal
functioning of cells. Similarly to our findings, high levels of zinc are also reported in
another brain-connected sensory organ of the body, in the deposits in the eye in patients
with age-related macular degeneration (AMD) [27]. AMD is a neurodegenerative disease
of the retina with multiple clinical and pathological similarities to AD (review [28]). Taken
together, our data supports the previously published reports on brain-related alterations in
zinc balance that occurs in AD and suggests that also other tissues beyond the brain suffer
from impaired zinc homeostasis in this disease.

Dysregulation of intracellular calcium is a well-described feature of the AD brain.
Similar to zinc, calcium levels are increased in the vicinity of Aβ plaques, and several
studies also report increases in intracellular calcium levels of brain cells (review [29]).
In line with these reports, our results demonstrate that intracellular calcium levels are
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elevated in AD OM cells. Interestingly, metals have a key role in olfaction [30], and prior
literature suggests that metal ions are transported from the olfactory mucosa to the brain
(review [31]). Studies in mice have demonstrated that intranasal administration of zinc
sulfate results in transient anosmia [32], and the administration of inhalational forms of
zinc in humans can cause hyposmia or anosmia [33]. It is believed that zinc can block
the ion channels that facilitate signal transduction in the olfactory mucosa. In addition,
reducing intranasal calcium can improve olfaction in patients with smell impairments [34].
Olfactory dysfunction is an early sign of AD-associated neurodegeneration [4–6], and here
we show that cells of the OM of AD patients have significant increases in zinc and calcium
levels, and alterations in genes associated with metal-related processes. In further studies,
it would be interesting to investigate in detail whether the changes in the OM cells are
connected to olfactory dysfunction reported by a subset of AD patients.

Changes in the dynamic balance of metal ions are linked to the deposition of beta-
amyloid and hyperphosphorylation of tau protein in the AD brain [35,36]. For example,
zinc ions are associated with the processing of the amyloid precursor protein (APP), the
precursor of beta-amyloid (Aβ) [37], and calcium elevation can promote Aβ production
(review [38]). We have previously shown that the AD OM cells secrete increased amounts
of Aβ1–42 [7]. While direct evidence is still lacking, it is plausible that elevations of zinc
observed in the AD OM cells can result in increased aggregation of Aβ, yet further studies
are still needed.

Alpha-2-macroglobulin, A2M, (i) is found in senile plaques of AD [39], (ii) can bind
Aβ with high affinity [40], and (iii) can mediate the Aβ clearance in cells [41]. Interestingly,
neuronal A2M is reported to be mostly expressed in the entorhinal cortex and hippocam-
pus [39], brain areas affected early in the disease pathogenesis along the olfactory processing
areas. Furthermore, a variant of A2M (A2M-2 allele) has been linked with elevated risk for
AD [42]. In this study, we observed both the transcripts of A2M and the A2M protein levels
to be increased in AD OM cells, supporting the previous findings of increased A2M levels
in AD affected brains [14] and plasma (systematic review [15]). Interestingly, plasma A2M
levels are known to correlate with cerebral amyloid burden [43] and are now considered
as a component of a panel of plasma biomarkers for early AD [44]. Furthermore, A2M
alterations have been previously reported in other diseases besides AD, such as chronic
lung diseases [45], liver fibrosis [46] and are linked to patients with congenital antithrombin
deficiency [47]. In addition, decreased serum levels of A2M have been reported in prostate
cancer with bone metastases [48].

It is important to note that in the presence of zinc, the ability of A2M to bind Aβ is
enhanced [40]. Upon A2M binding to Aβ, the A2M–Aβ complex can be cleared by the LDL
receptor related protein 1, LRP1 [41]. We have previously shown the expression of LRP1 to
be significantly upregulated in fibroblast/stromal-like cells of the AD OM, when compared
to the cognitively healthy controls [7]. In addition to the A2M, also variants of the other
interaction partners of LRP1, for example, APP encoding for the amyloid precursor protein,
and the gene for apolipoprotein E, APOE, have a well-known link to AD (review [1]). Our
data suggest a link between increased A2M levels in response to increased Aβ, facilitating
a potential means of clearance of A2M–Aβ complexes. The binding and degradation are
affected by metals; hence, biometal homeostasis can play an important role in the process.
Taken together, we consider that the impairments of biometal homeostasis in the OM can
recapitulate the alterations observed in the brain. Given that the sense of smell is critical for
the cognitive process of autobiographical retrieval known to be compromised in AD [49],
impairments in the proper functioning of the OM could be related to memory, and thus
provide a potential site for the early diagnosis of the disease.

4. Materials and Methods
4.1. Patients and Culture of OM Cells

Primary OM cell cultures from 13 cognitively healthy controls (age range 64–73 years),
11 individuals with amnestic MCI (later, MCI age range 62–82 years), and from 12 patients
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with mild AD (age range 58–80 years) were used in this study. Prior to harvesting the
tissues from donors, diagnostic examinations were carried out at the Kuopio University
Hospital, and University of Eastern Finland Brain Research Unit, Finland, as previously
described [7] under the ethical approval from the Research Ethics Committee of the North-
ern Savo Hospital District (permit number 536/2017). All study participants underwent
careful demographic interview, medical records were checked, Clinical Dementia Rating
(CDR) scale evaluation [50] and the Consortium to Establish a Registry for Alzheimer’s
Disease neuropsychological battery (CERAD-NB) was carried out at the screening visit.
The CERAD test battery is a standardized test battery developed to measure primarily
AD-related cognitive decline [51]. It is widely used and gives less false negative results than
MMSE [52]. The study group (control, MCI or AD) was confirmed by the study clinicians
and psychologists specialized to memory disorders. The study participants were accepted
to the control group if they performed the cognitive tests within normal limits and they
had no cognitive impairment or decline in daily functions on the basis of demographic and
CDR interview. The participants that demonstrated reduced performance in at least one
memory domain in the CERAD-NB but were normal with regard to performance in daily
activities and did not meet the NIA/AA criteria for dementia formed the MCI group for this
study. The AD patients were diagnosed using the revised National Institute on Aging and
Alzheimer’s Association (NIA/AA) criteria [53] by neurologists. The differential diagnostic
laboratory tests, and neuropsychological test battery had been performed for all of them
before this study. All the AD patients had initiated appropriate AD medication. However,
the stage of AD was confirmed after study evaluations. Persons with neurodegenerative
disorders or MCI relating to a condition other than AD or without amnestic MCI were
excluded as well as persons with moderate (CDR 2) or severe (CDR 3) AD. Furthermore, a
structural brain MRI was carried out for all the MCI and AD patients if a previous brain
MRI was more than 18 months older, was not available or there were new findings in the
clinical screening evaluation. Persons with minor vascular changes (Fazekas 1) in brain
MRI were included in the study if the other evaluations supported clinically amnestic
MCI or mild AD. Written informed consent was collected from all study participants and
proxy consent from the family members/legally acceptable representatives of persons with
amnestic MCI or AD.

The OM cells were cultured as previously described [7,54]. Briefly, the OM cells
harvested from a biopsy of the nasal septum were cultured in medium (DMEM/F12,
#11320033) supplemented with 10% heat-inactivated FBS (#10270106) and 1× Penicillin–
Streptomycin (#15140122), all reagents obtained from Gibco (Waltham, MA, USA), at 37 ◦C,
5% CO2. The cells used in this study were in primary passages 4–7.

4.2. RNA Extraction and RNA Sequencing

Total RNA of OM cells cultured at passages 4–5 was extracted using RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions with a minor
adjustment of addition of β-mercaptoethanol to RLT Plus reagent. Agilent 2100 Bioanalyzer
with the RNA 6000 Pico kit was used to evaluate integrity of the isolated RNA (Agilent,
Santa Clara, CA, USA). Prior to RNA-seq library preparation, rRNA was depleted from
100 ng of total RNA input with QIAseq Fast Select RNA Removal Kit (Qiagen) following
the manufacturer’s instructions. RNA libraries were prepared using QIAseq Stranded Total
RNA Library Kit (Qiagen), according to the manufacturer’s instructions. Concentrations of
the amplified libraries were measured with Qubit fluorometer and dsDNA HS assay kit
(Invitrogen, Waltham, MA, USA). Library size distribution was visualized with Agilent
5200 Fragment Analyzer and HS NGS Fragment Kit (1–6000 bp). Libraries were pooled and
subsequently sequenced on Illumina NovaSeq 6000 platform using S1 Reagent Kit (Illumina,
San Diego, CA, USA). The 2 × 100 bp paired-end sequencing resulted in approximately
50 million reads per sample.
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4.3. RNA Sequencing Data Processing and Analysis

For each of samples, two separate lanes were sequenced, and the resulting forward
and reverse read fastq files of different lanes were merged together using the cat bash
command. After lane file merging, read quality control was performed using the FastQC
(v0.11.9) tool, Trimmomatic (v.0.39) [55] was used to remove potential TruSeq adapters
sequences and trimmed reads were then aligned to the GENCODE [56] reference genome
(GRCh38), previously indexed through a primary assembly annotation gtf file (v36), using
the STAR tool (v.2.7.7) [57]. The FeatureCounts (v.2.0.0) [58] tool of the package Subread [59]
was used to quantify the mapped reads and to achieve the raw count matrix.

Downstream and statistical analyses were carried out using the R package DESeq2 [60]
of the Bioconductor (review [61]) framework. Genes not expressed in at least one sample for
each sample’s condition (AD, MCI, Controls) and with a total number of reads mapped in
all the samples lower than 10 were filtered out. PCA plots, used to identify potential sources
of variation inside the dataset, showed a batch effect due to the sample sequencing group;
therefore, the batch variable was used as a covariate in the statistical model together with the
sample condition and other biological information including gender, APOE genotype and
the age, previously categorized in seven groups using the R function cut(), of the samples.
Before proceeding with the differential expression analysis, sample AD1, appearing as an
outlier from PCA plots, was removed from the dataset. Differential expression analysis
was performed using the DESeq() function and significantly differentially expressed genes
between Alzheimer’s disease control and MCI samples, with an adjusted p-value lower
than 0.1, were retrieved using the lfcShrink() function excluding non-converging ones and
shrinking the LogFoldChanges using the “ashr“ method [62].

Functional analysis of the significantly differentially expressed genes was performed.
Genes were used as input for the enrichment R package gprofiler2 [63] and the analysis was
conducted querying different databases including Gene Ontology [64,65] and CORUM [66].

To further explore biological functions perturbed, enrichment analysis was also per-
formed through an active subnetwork enrichment method called pathfindR [16] and using
Gene Ontology gene sets [64,65].

4.4. Protein Extraction and Western Blotting

OM cells (primary passages 4–7) were plated at an approximate density of 15000 cells
per cm2 on 6-well culture plates and kept in culture for 96 h prior to collection for Western
blot. First, cells were washed with D-PBS (Gibco, Waltham, MA, USA); then scraped and
collected into 1× Laemmli buffer for storage at −20 ◦C. Total protein measurement was
performed using Pierce 660nm Protein Assay Reagent (Thermo Fisher, Waltham, MA, USA)
according to the commercial protocol. Samples (20 µg of protein) were denaturated at 95 ◦C
for 5 min and separated by electrophoresis on 7.5% polyacrylamide gels. Proteins were
transferred to poly(vinylidene fluoride) (GE Healthcare, Chicago, IL, USA) membranes
by semi-dry blotting. The membranes were blocked in 5% nonfat dry milk in phosphate-
buffered saline with Tween-20 (1× PBS, 7.4 pH, 0.2% Tween) and incubated overnight with
primary antibodies at 4 ◦C: β-actin (1:5000, A5441, Sigma-Aldrich, St. Louis, MO, USA) and
α2M (1:1000, 13545-1-AP, Proteintech Group Inc., Rosemont, IL, USA). The signals were
detected with Cy5 conjugated AffiniPure Donkey Anti-Mouse IgG (H+L) (1:1000, Jackson
Immuno Research Laboratories Europe Ltd., Cambridgeshire, UK) for β-actin (incubated
for 2 h, at RT, protected from light); and anti-rabbit horseradish peroxidase-conjugated
antibody (1:3000, 130-65-15, BioRad, Hercules, CA, USA) for α2M, using a substrate solution
(Pierce SuperSignal West Pico Plus Chemiluminescent substrate, Waltham, MA, USA)
for signal enhancement. For the imaging, a Bio-Rad ChemiDoc XRS+ System was used
and the analysis of the blots was performed with Image Lab (6.0) software (Bio-Rad,
Hercules, CA, USA).
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4.5. Metal Quantitation via ICP-MS

Cells for ICP-MS were collected as dry cell pellets from a total of 11 OM cell lines
derived from cognitively healthy controls and 10 patients with AD at passages 4–6. Work-
ing on ice, the cell culture medium from a total of three 6-wells/line was replaced with
1× tris-buffered saline (TBS) and cells from three wells were scraped in 1× TBS to collect
the cells. Next, the cells were pelleted by centrifugation for 720× g for 3 min and the
resulting soft pellet was resuspended in 1 mL of 1× TBS. An aliquot of the cell suspension
was used for protein quantification and the remaining cell suspension was centrifuged at
1500× g for 3 min to pellet the cells. The samples were stored as dry cell pellets at −70 ◦C
prior to processing for the ICP-MS.

Next, 30 µL of concentrated nitric acid (65%, Suprapur, Merck, Darmstadt, Germany)
was added to each cell pellet and allowed to digest overnight at room temperature. Then,
the samples were heated at 90 ◦C for 20 min in a heat block to complete the digestion. A
total of 470 µL of 1% nitric acid (v/v) was added to each sample to reach a total volume of
500 µL, and the samples were stored at 4 ◦C until the day of the analysis. Measurements
were made using an Agilent 7700 series ICP-MS instrument under routine multi-element
operating conditions using a Helium Reaction Gas Cell as previously described [67].

Protein concentration of the cell samples were measured with a commercial kit based
on a colorimetric quantification of the total protein according to the manufacturer’s instruc-
tions (Pierce™ BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA, #23227)).
The results were normalized to the protein concentration of the cell samples and calcu-
lated as µmol/µg protein ((raw ppb value x final sample volume/molecular weight of the
element)/total protein in the sample).

4.6. Statistical Analysis

GraphPad Prism 8.1.0 (GraphPad Software Inc., San Diego, CA, USA) software was
used for statistical analysis of the data. Mean values in ICP-MS and Western blot analyses
were compared using an unpaired two-tailed t-test. Error bars in the figure legends
represent standard deviation (SD). Statistical outliers were removed for each assay with
iterative Grubb’s method (alpha 0.1 for ICP-MS and alpha 0.05 for Western blot). Statistical
significance was assumed for adjusted p-value < 0.1 for the RNA sequencing data and for
p-values ≤ 0.05 for the Western blot and ICP-MS.

5. Conclusions

This study provides new insight into biometal alterations in cells of the olfactory
mucosa in AD. In line with published literature on the brain, we report AD-associated
alterations to metal levels and metal-related genes in cells of the OM, further providing
support for the notion that these cells show changes related to the disease processes.
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Appendix A

Table A1. Demographic information of the biopsy donors of olfactory mucosa (OM) cell lines used
for RNA sequencing.

Study Group n Age * Sex Other Diseases

Controls 10 71.1 ± 3.8 Females 70.0%
Males 30.0%

Cardiovascular 100.0%
Thyroid 30.0%

Respiratory 10.0%
Autoimmune 20.0%

Diabetes 0.0%

AD 12 68.3 ± 7.4 Females 50.0%
Males 50.0%

Cardiovascular 66.7%
Thyroid 8.3%

Respiratory 0.0%
Autoimmune 0.0%

Diabetes 33.3%

MCI 11 70.9 ± 6.4 Females 45.5%
Males 54.5%

Cardiovascular 63.6%
Thyroid 9.1%

Respiratory 9.1%
Autoimmune 27.3%

Diabetes 18.2%
* Mean ± SD.

Table A2. Demographic information of the biopsy donors of olfactory mucosa (OM) cell lines used
for inductively coupled plasma mass spectrometry (ICP-MS).

Study Group n Age * Sex

Controls 11 69.1 ± 3.2
Females 63.6%
Males 36.4%

AD 10 68.7 ± 7.7
Females 60.0%
Males 40.0%

* Mean ± SD.
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