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Abstract: Background: A limited number of studies have investigated the role of environmental
chemicals in the etiology of mild cognitive impairment (MCI). We performed a cross-sectional study
of the association between exposure to selected trace elements and the biomarkers of cognitive
decline. Methods: During 20192021, we recruited 128 newly diagnosed patients with MCI from
two Neurology Clinics in Northern Italy, i.e., Modena and Reggio Emilia. At baseline, we measured
serum and cerebrospinal fluid (CSF) concentrations of cadmium, copper, iron, manganese, and zinc
using inductively coupled plasma mass spectrometry. With immuno-enzymatic assays, we estimated
concentrations of 3-amyloid 1-40, 3-amyloid 1-42, Total Tau and phosphorylated Taul81 proteins,
neurofilament light chain (NfL), and the mini-mental state examination (MMSE) to assess cognitive
status. We used spline regression to explore the shape of the association between exposure and each
endpoint, adjusted for age at diagnosis, educational attainment, MMSE, and sex. Results: In analyses
between the serum and CSF concentrations of trace metals, we found monotonic positive correlations
between copper and zinc, while an inverse association was observed for cadmium. Serum cadmium
concentrations were inversely associated with amyloid ratio and positively associated with Tau
proteins. Serum iron concentrations showed the opposite trend, while copper, manganese, and zinc
displayed heterogeneous non-linear associations with amyloid ratio and Tau biomarkers. Regarding
CSF exposure biomarkers, only cadmium consistently showed an inverse association with amyloid
ratio, while iron was positively associated with Tau. Cadmium concentrations in CSF were not
appreciably associated with serum NfL levels, while we observed an inverted U-shaped association
with CSF NfL, similar to that observed for copper. In CSF, zinc was the only trace element positively
associated with NfL at high concentrations. Conclusions: In this cross-sectional study, high serum
cadmium concentrations were associated with selected biomarkers of cognitive impairment. Findings
for the other trace elements were difficult to interpret, showing complex and inconsistent associations
with the neurodegenerative endpoints examined.
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1. Introduction

Dementia represents a significant public health challenge, as the population ages
globally. The global population of individuals living with dementia is expected to rise to
153 million by 2050 [1]. Emerging evidence suggests that not only genetic and lifestyle
factors, but also environmental exposures, including heavy metals and trace elements like
cadmium (Cd), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn), are involved in the
pathogenesis of cognitive decline and dementia [2]. While Cd is a non-essential metal with
no recognized biologic function, Cu, Fe, Mn, and Zn are essential nutrients that also have
potential neurotoxic effects, depending on the amount of exposure, the chemical species,
and other factors. Understanding the contribution of these trace elements to neurodegener-
ative processes is crucial for identifying modifiable risk factors and developing targeted
interventions.

Cd, a well-known environmental pollutant, has been associated with neurodegenera-
tion in epidemiologic studies [3—6], potentially due to its capacity to exacerbate oxidative
stress and inflammation in the central nervous system, as shown in laboratory studies [7-9].
Cu is a trace element involved in several physiological functions, including mitochondrial
energy production, oxidative stress regulation, and neurotransmitter synthesis as a cofactor
of enzymes such as superoxide dismutase and cytochrome c oxidase [10], though it could
also induce neurodegeneration through its toxic and pro-oxidant properties [11,12]. Zn
plays a pivotal role in maintaining synaptic plasticity and supporting neurogenesis. It is
concentrated in synaptic vesicles and is involved in modulating neurotransmitter release,
neuronal signaling, and enzymatic activity [13]. Both Cu and Zn, while being essential for
neuronal function, may be detrimental at high concentrations, contributing to amyloid beta
aggregation and Tau phosphorylation, the pathological features of Alzheimer’s disease
(AD). The same applies to essential elements like Fe and Mn, which at high levels of ex-
posure may be neurotoxic, affecting neurotransmitter synthesis and promoting oxidative
damage [14]. Fe is fundamental to several neurological processes, including neuronal
development, myelination, and neurotransmitter synthesis and catabolism. However, it
also promotes reactive oxygen species protein oxidation, lipid peroxidation, and nucleic
acid modification [15,16]. Mn serves as a cofactor for several key enzymes, including man-
ganese superoxide dismutase, which protects cells from oxidative damage by neutralizing
superoxide radicals. Mn is also involved in the synthesis of glutamine and glutamate,
neurotransmitters critical for brain function [17], but at higher levels Mn may induce neuro-
toxicity [18,19]. The impact of different trace elements can vary by the brain region affected
and is often dose dependent [20]. Fe, the most abundant trace element in the brain, tends
to accumulate in the substantia nigra, striatus, and hippocampus, while Zn accumulates in
the cortex, hippocampus, and amygdala. High Cu concentrations have been found in the
hippocampus and cortex [21], while chronic Mn mainly affects the basal ganglia [22].

We performed a cross-sectional study among patients with MCI to examine associa-
tions between the concentrations of Cd, Cu, Fe, Mn, and Zn in serum and cerebrospinal
fluid (CSF) and the biomarkers of cognitive decline, including amyloid Ap1-42/1-40 ratio
(reflecting amyloid plaque deposition), Tau proteins (indicating neurodegeneration), and
neurofilament light chain (NfL, reflecting axonal injury) [23].

2. Methods
2.1. Study Population

We enrolled patients consecutively admitted to the neurology departments of Reggio
Emilia ASMN Hospital and Modena University Hospital from 2019 to 2021 with a diagnosis
of subjective cognitive decline (SCD) or MCI based on history and neuropsychological
assessment [24-26]. Detailed inclusion criteria were as follows: clinical diagnosis of MCI or
SCD based on history and neuropsychological assessment, including the mini-mental state
examination (MMSE), in accordance with the last edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) criteria [27]; age at recruitment less than 70 years; onset
of reported cognitive impairment before the age of 65; ability to read and write in the
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Italian language for neuropsychological evaluation; presence of a caregiver available to
respond to questionnaires as part of the neuropsychological assessment. Exclusion criteria
were as follows: failure to provide consent or withdrawal of consent; diagnosis within the
last 2 years of stroke or other cerebrovascular disease; cranial trauma or other focal brain
injuries; inflammatory central nervous system disease; other neurodegenerative diseases
(Parkinson’s disease, Huntington’s, etc.); major psychiatric disorders; pregnancy. The
protocol of this study was approved by the Modena (AOU no. 2158/19) and Reggio Emilia
(AUSLRE no. 2019/0009686) Ethics Committees.

A flowchart of study exclusions is shown in Figure 1. Of the 147 enrolled patients,
we excluded two patients with other neurological diseases (e.g., neurosyphilis) and no
available serum sample. Of the 145 participants included in the analysis, we eventually
assayed trace element concentrations in 103 patients with serum samples. A CSF analysis
was performed in only 50 of them due to limited sample availability. Data on each patient’s
medical history, sociodemographic information, and lifestyle habits were collected through
their medical records and ad hoc project-designed questionnaires. For the purpose of
this study, analyses were performed in 89 MCI patients with serum samples and 45 MCI
patients with CSF samples.

» Subjects excluded for the
occurrence of concomitant
pathologies (n = 1)

» Subjects excluded for missing
serum samples (n = 1)

Number of participants
enrolled (n = 147)

A 4

Number of participants
recruited
(n = 145)

Number of participants with SCD
diagnosis (n = 17)

A 4

Number of participants
with MCI diagnosis
(n=128)

A 4

Number of participants
with serum sample
analysis
(n=289)

Number of participants with CSF
sample analysis
(n =45)

Figure 1. Study flowchart. Abbreviations: CSF, cerebrospinal fluid; SCD, subjective cognitive decline
(SCD).

Patients provided informed consent before undergoing a lumbar puncture to collect
CSF samples for diagnostic purposes. Subsequent approval for the use of these samples in
research was granted by the Modena Ethical Committee. We collected approximately 6 mL
of CSF from each patient under sterile conditions employing an ultraclean technique. Serum
samples were also obtained. We promptly stored the samples at —80 °C in polypropylene
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tubes to ensure preservation. Prior to analysis, we thawed the samples in a refrigerator
maintained at 4 °C. Once thawed, they were allowed to reach room temperature, subjected
to vortex mixing to ensure homogeneity, and subsequently analyzed.

2.2. Biomarkers of Neurodegeneration

The CSF amyloid beta ratio (A31-42/1-40), Total Tau, and phosphorylated Tau 181
(p-Taul81) were assessed with the Lumipulse™ fully automated system using CLEIA
(Fujirebio Inc., Ghent, Belgium) following manufacturer instructions. Lumipulse® G B-
Amyloid;.4, Lumipulse® G B-Amyloid;.4, Lumipulse® G Total Tau, and Lumipulse® G
p-Taul81 Chemiluminescent Enzyme ImmunoAssays kits (Fujirebio Inc., Ghent, Belgium)
were employed. Specific laboratory cut-offs were as follows: amyloid ratio > 0.069 pg/mL,
Total Tau < 400 pg/mL, and p-Taul81 < 56.5 pg/mL. Serum and CSF concentrations of
NfL were determined using Ella™ microfluidic platform (Bio-Techne, Minneapolis, MN,
USA), as previously described [28,29]. Briefly, after 1:2 manual dilution according to the
manufacturer’s recommended procedures, samples were loaded into cartridges coated with
a capture antibody. Samples were read in triplicate, evaluating intra-assay and inter-assay
variability. All analytical procedures were performed by biologists who were blinded to
clinical information.

2.3. Trace Element (Cd, Cu, Fe, Mn, Zn) Determination

We transferred a 1 mL aliquot of serum and 1 mL of CSF in polypropylene tubes.
Samples were transported in a frozen state on dry ice to the laboratory at the Helmoltz
Zentrum in Munich where they were maintained in a frozen condition until analysis.
We used inductively coupled plasma atomic emission spectrometry (Optima 7300 DV
system, Perkin Elmer, Rodgau-Jiigesheim, Germany) for Cu, Fe, Mn, and Zn determinations
(Schramel 1988), introducing samples with the use of a peristaltic pump connected with a
Seaspray nebulizer and a cyclon spray chamber. The measured spectral element lines were
Cu: 324.754 nm, Fe: 259.941 nm, Mn: 257.611 nm, and Zn: 213.857 nm. We set RF power to
1400 W, plasma gas at 13 L Ar/min; the nebulizer gas was approximately 0.6 L Ar/min
after daily optimization. Since Cd levels were very low, we used inductively coupled
plasma sector field mass spectrometry (ICP-sf-MS, “Element 2” from Thermo-Scientific,
Bremen, Germany) to analyze 111 Cd [30]. As part of routine quality control, every ten
measurements included three blank determinations and a control assessment using a
certified standard for all analyzed elements. The final measurements were calculated
using a computerized laboratory data management system, which integrated sample
measurements with calibration curves, blank determinations, and control standards to
ensure accuracy and reliability.

2.4. Data Analysis

For data analyses, we used the following routines of Stata statistical software (Stata/MP
18, Stata Corp., College Station, TX, USA, 2024): ‘margins’, ‘mkspline’, ‘regress’, ‘winsor’,
xbersplinei’, and ‘vioplot’. Of the characteristics reported in Table 1, we created categorical
variables for age (<65 and >65 years), educational attainment, and body mass index (BMI)
(underweight, <18.5 kg/m?; normal weight, 18.5-24.9 kg/m?; overweight/obese, 25 or
more). There were no missing data for covariates, with the exception of BMI (19%) and
marital status (12%); the latter covariates were not included in multivariable regression
models because they had minimal effects on exposure—outcome associations.

We used crude and multivariable models to assess associations between trace element
concentrations in serum and CSF, with the latter analysis being adjusted for age, sex,
educational attainment, and MMSE as potential confounders. We analyzed the associations
between trace element concentrations and NfL, amyloid ratio, Total Tau, and p-Taul81. We
estimated associations using linear fit models with marginal statistics and restricted cubic
spline regression models with knots at three fixed percentiles, i.e., 10th, 50th, and 90th of
trace element concentrations [31,32].
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Table 1. Characteristics of the study population (only mild cognitive impairment (MCI) participants)
according to availability of cerebrospinal fluid (CSF) samples.

MCI Participants MCI with Serum TE Analysis ~ MCI with CSF TE Analysis
(n =128) (n =89) (n = 45)
Median Median Median
(IQR) (IQR) (IQR)
Sex (n, %)
Males 53 (41.4) 36 (40.5) 20 (44.4)
Females 75 (58.6) 53 (59.5) 25 (55.6)
Age at diagnosis (years) 61 (56-65) 61 (56-65) 61 (56-64)
Age in categories (n, %)
<65 years 90 (70.3) 60 (67.4) 35 (77.8)
>65 years 38 (29.7) 29 (32.6) 10 (22.2)
Education (years) 11 (8-13) 11 (8-13) 12 (8-13)
Education in categories (n, %)
Elementary school 11 (8.6) 10 (11.2) 5(11.1)
Middle school 46 (35.9) 33 (37.1) 12 (26.7)
High school 48 (37.5) 30 (33.7) 18 (40.0)
College or more 23 (18.0) 16 (18.0) 10 (22.2)
Marital status (n, %)

Single 9 (7.0) 4 (4.5) 3(6.7)
Married /unmarried 83 (64.8) 61 (68.5) 32 (71.1)
Separated /divorced 13 (10.2) 9 (10.1) 2(44)

Widowed 8 (6.3) 6 (6.7) 4(8.9)

Missing 15 (11.7) 9 (10.1) 4 (8.9)

BMI in categories (n, %)

<18.5 kg/m? 4(3.1) 3(3.4) 2 (4.4)
18.5-24.9 kg /m? 42 (32.8) 24 (27.0) 11 (24.4)
>25.0 kg/m? 58 (45.3) 46 (51.7) 25 (55.6)
Missing 24 (18.6) 16 (18.0) 7 (15.6)

MMSE score 27 (25-29) 27 (25-29) 27 (25-29)

Abbreviations: BMI, body mass index; LP, lumbar puncture; MMSE, mini-mental state examination; NfL, neurofil-
ament light chain protein; p-Taul81, Tau protein phosphorylated at threonine 181; TE, trace element.

3. Results

Table 1 shows the baseline characteristics of the study population. We originally
recruited 145 patients, including 128 MCIL. In total, 42% of MCI patients were males, with a
median age at enrollment corresponding to 61 years (IQR 56-65). Of the 89 MCI patients
with serum trace element data, 45 also had CSF available. No substantial differences in pop-
ulation characteristics were observed between those with (1) only serum and (2) both serum
and CSF. We found no appreciable differences in education or MMSE scores. Most patients
were less than 65 years old, obtained a high school diploma, were married/partnered, and
were overweight or obese.

Table 2 shows serum and CSF trace elements and NfL concentrations along with CSF
Total Tau, p-Taul81, and amyloid ratio.

The highest concentrations in serum and CSF occurred in the following order: Fe > Cu
> Zn > Mn > Cd. Limited differences were instead observed for serum and CSF levels of
the trace elements investigated according to sex (Figure 2).
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Table 2. Distribution of neurofilament light chain (NfL) and trace elements in serum and cere-
brospinal fluid (CSF) among patients with mild cognitive impairment (MCI). Values are median and
interquartile ranges (IQR).

CSF (n = 45) Serum (n = 89)
Median (IQR) Median (IQR)
934.0 19.5
NfL (pg/mL) (665.0-1653.0) (12.7-35.0)
) ) 0.088
Amyloid ratio (0.050-0.094) -
442.0
Total Tau (pg/mL) (215.0-774.0) )
46.1
p-Taul81 (pg/mL) (25.8-116.6) )
. 0.01 0.05
Cadmium (ug/L) (0.01-0.02) (0.03-0.12)
19.50 869
Copper (ug/L) (11.00-30.50) (766-974)
28.50 864
Iron (ug/L) (9.82-42.50) (694-1070)
0.57 2.74
Manganese (ug/L) (0.38-0.94) (1.55-3.50)
. 19.10 741
Zinc (ug/L) (10.90-30.30) (650-856)
154 2000 0.05- 60
0.04
16 1500 0.034 407
0.02 4
051 1000 20
0.01
00 500 00 °l
M F M B M F "
Cd (Serum) pg/L Cu (Serum) pg/L Cd (CSF) pg/L Cu (CSF) pg/L
4000 104 2501 2.0
3000 [ 87 ] -
. 150 10
2000 o 100 0.5
1000 2 501 007
. o 01 0.5
M F M F L F " i
Fe (Serum) pg/L Mn (Serum) pg/L Fe (CSF) ug/L Mn (CSF) pg/L
2500 801
2000 1
1500 “
1000 7
500 1
M F M F
2Zn (Serum) ug/L 2Zn (CSF) pg/L

Figure 2. Violin plots distribution of trace element concentrations in serum and cerebrospinal fluid
(CSF) according to sex (M, males; F, females). MCI, serum n = 89; CSF n = 45. Abbreviations: Cd,
cadmium; Cu, copper; Fe, iron; MCI, mild cognitive impairment; Mn, manganese; NfL, neurofilament
light chain; SCD, subjective cognitive decline; Zn, zinc.

Among 45 patients with data on serum and CSF, we compared serum and CSF concen-
trations for each of the trace elements. In spline regression analyses among MCI patients,
we observed a positive linear association between serum and CSF concentrations of Cu
and Zn, and an inverse association for Cd. There was a positive association between Fe
concentrations in serum and CSF up to a threshold of 1000 ug/L, beyond which the rela-
tion plateaued. For Mn, there was a slight inverted U-shaped association, with a positive
monotonic relation between the serum and CSF matrices until 3.0 ug/L and a slight inverse
association above that value (Figure 3).
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Figure 3. Spline regression analysis of the association between trace element concentration in serum
and cerebrospinal fluid among patients with mild cognitive impairment. The solid line indicates the
multivariable analysis; the shaded area represents upper and lower confidence interval limits. The
dashed line represents association assuming linearity. Diamonds represent individual observations
(n = 45). Abbreviations: Cd, cadmium; CSF, cerebrospinal fluid; Cu, copper; Fe, iron; Mn, manganese;
NfL, neurofilament light chain; Zn, zinc.

When we examined the association between the trace element concentrations and
each study endpoint, in serum, we found little association of Cd and Cu concentrations
with NfL, whereas we observed non-linear associations of Fe, Mn, and Zn with NfL. For
Fe, we observed an inverse association until 1000 ug/L after which the effect plateaued.
For Mn and Zn, we found a U-shaped relation, with an inflection point at 3.0 pg/L and
800 png/L, respectively (Figure 4A). In CSF, Cd and Cu showed an inverse U-shaped
association with NfL concentrations, while Fe showed a monotonic inverse association. For
Mn and Zn, the association was almost flat at the lowest exposure levels, while there was an
inverse association for Mn above 1.0 ug/L and a positive association for Zn above 20 ng/L
(Figure 4B). When comparing associations between trace elements and NfL concentrations
across matrices (serum vs. CSF), the associations were substantially similar.
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Figure 4. Spline regression analysis of the association between trace element concentration in serum
(dark blue) and cerebrospinal fluid (CSF-light blue) with serum (A) and CSF neurofilament light
(NfL) concentrations (B) among patients with mild cognitive impairment. The solid line indicates
the multivariable analysis; the shaded area represents the upper and lower confidence interval
limits. The dashed line represents the association assuming linearity. Diamonds represent individual
observations (serum n = 89; CSF n = 45). Abbreviations: Cd, cadmium; Cu, copper; Fe, iron; MMSE,
mini-mental state examination; Mn, manganese; Zn, zinc.

For Cd, we found an inverse association with amyloid ratio, and a positive association
with total Tau and p-Taul81. On the contrary, an opposite pattern emerged for Fe, since
its serum concentrations were positively associated with amyloid ratio and inversely
associated with Tau proteins. Some discrepancies were observed in the association between
Cu and the neurodegeneration biomarkers. In fact, Cu was positively associated with
amyloid ratio until 800 ug/L after which an inverse relation emerged. Similarly, there
was a U-shaped association with Total Tau and p-Taul81, showing an inverse and then
a positive association at the same inflection point. Mn concentrations showed an inverse
U-shaped association with amyloid ratio, while being inversely, although not linearly,
associated with Tau proteins. Zn concentrations were positively associated with amyloid
ratio, while demonstrating a U-shaped association with total Tau and an inverse association
with p-Taul81, but only until 800 ug/L. Above this value, the association with amyloid
ratio flattened, and the association with Total and p-Taul81 became positive. In CSE, Cd
concentrations were inversely associated with amyloid ratio, and there was a slight inverse
U-shaped association with Tau protein biomarkers. Cu, Mn, and Zn also showed a U-
shaped association with amyloid ratio, while showing an inverse U-shaped association with
Tau proteins, with inflection points at 20, 0.75, and 25 ug/L, respectively. Fe concentrations
were positively and monotonically associated with Total Tau, showing an inverse U-shaped
association with p-Taul81, and showing no association with amyloid ratio (Figure 5).
Finally, according to the laboratory cut-off values of the neurodegeneration biomarkers
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used for AD, Cd in serum was the only element found to be inversely associated with
amyloid ratio and positively associated with Tau proteins, while higher concentrations of
Zn and Cu in serum were positively associated with Total Tau and p-Taul81, respectively.
When considering CSF trace element concentrations, none of the elements demonstrated
a clear association with amyloid ratio. When considering Total Tau, we found a positive
association above 400 pg/mL for all elements, with a linear association for the full range of
exposure only for Fe. We observed similar associations for p-Taul81, although the slopes of
the spline curves were considerably less steep.
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Figure 5. Spline regression analysis of the association between trace element concentration in serum
(dark green) and cerebrospinal fluid (CSF—light green) with CSF concentration of amyloid ratio (A),
Total Tau (B) and phosphorylated Tau (p-Taul81) protein (C) among patients with mild cognitive
impairment. The solid line indicates the multivariable analysis; the shaded area represents the
upper and lower confidence interval limits. The dashed line represents the association assuming
linearity. Diamonds represent individual observations (serum n = 89; CSF n = 45). Red lines represent
laboratory cut-offs (>0.069 for amyloid ratio; <400 pg/mL for Total Tau; <56.5 pg/mL for p-Taul81).
Abbreviations: Cd, cadmium; Cu, copper; Fe, iron; MMSE, mini-mental state examination; Mn,
manganese; Zn, zinc.

4. Discussion

In this cross-sectional study among patients with MCI, some trace elements measured
in serum and CSF were positively associated with the biomarkers of neurodegeneration.
Most associations were non-linear. Cd in particular was positively associated with neurode-
generation biomarkers, with the exception of NfL, consistent with an ongoing neurodegen-
erative process. Other trace elements displayed inconsistent and heterogeneous non-linear
relations with amyloid and Tau biomarkers, while Mn was the only trace element shown to
have a U-shaped association with NfL.

As for the associations between serum and CSF concentrations of trace metals, we
found monotonic positive correlations only for Cu and Zn. The inverse or non-linear
associations between the concentrations of some elements by matrix (serum vs. CSF) can
be attributed to several factors, including altered blood-CSF barrier permeability and the
dynamics of the transport of metals across the blood-brain barrier [33-35]. For instance,
in the case of Fe, homeostatic mechanisms may occur when serum metal concentrations
increase without a corresponding rise in CSFE. Therefore, when serum metal concentrations
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rise, the blood-brain barrier may become more restrictive, preventing excess metals from
entering the CSFE. In addition, neurons and glial cells can actively regulate metal home-
ostasis through specific transporters and channels, thereby preventing accumulation in
CSF [36]. Conversely, the inverse association we observed for Cd between serum and CSF
concentrations was unexpected and intriguing, since most of the epidemiological studies
conducted to date used urinary levels and biomarkers of exposure [37,38]. Evidence about
whether the CSF content may reflect the blood concentrations of this trace element is scarce
and some epidemiological studies have raised concerns about the reliability of CSF as a
biomarker of exposure [39]. In a previous study, a positive and relatively strong correlation
was found between the serum and CSF concentrations of Cd in children, hypothesizing
that this trace element exhibits the capacity to access the brain via the nasal mucosa or
olfactory pathways, which are not yet fully developed in young children [33]. Our results
may differ from those in previous studies due to the different physiological mechanisms
in populations of different ages. Cd’s affinity for sulthydryl groups in serum proteins
could lead to a scenario where higher serum concentrations do not correspond to increased
concentrations in CSF, hypothesizing a protective role of serum against Cd toxicity [7].

Recent findings have highlighted a potential role of some trace elements such as
Cd, a heavy metal potentially linked to an excess risk of many diseases [40] including
cardiovascular disorders [41-43] and neurodevelopmental disorders [44], in the etiology of
different forms of dementia, particularly that are induced by AD [45,46]. Conversely, little
evidence is available for MCI, long recognized as a precursor of dementia [47]. Therefore,
understanding the environmental and biological factors contributing to MCI progression
is essential for developing preventive strategies for dementia [48]. The studies of Cd’s
neurotoxic effects have indicated that even low-level exposure can lead to impairments in
cognitive performance among older adults [49-51]. Several studies have also indicated that
Cd has the ability to induce oxidative stress and neuroinflammation, which can disrupt
neuronal function and lead to cognitive decline [52,53]. Cd accumulation might also
exacerbate some pathological features of AD, such as a reduction in 3-amyloid degrading
enzymes leading to increased 3-amyloid accumulation [54]. In our study, among the trace
elements measured in serum, Cd was the only element associated with adverse effects on
neurodegeneration biomarkers, as highlighted by the associations found upon exceeding
the standard laboratory values of amyloid ratio and Tau proteins. This association emerged
at exposure concentrations believed not to be unusually high, given that the median serum
Cd concentrations in our study were lower than those measured in the National Health
Nutrition Examination Survey [55] or in the Beaver Dam Offspring Study cohort, which
found comparable associations between serum Cd and amyloid ratio or Tau proteins [56].
Hence, our results appear to be even more relevant if considering that we observed adverse
associations at lower concentrations than previous reports. However, the results for CSF
concentrations did not reflect the same associations found for serum Cd, a discrepancy that
warrants further investigation.

Fe is the most abundant transition metal and the most investigated in relation to
AD. Through Fenton chemistry, Fe can catalyze the formation of reactive oxygen species
(ROS), leading to detrimental processes for neuronal integrity, such as lipid peroxidation
and protein oxidation [57]. For Fe, we observed an inverse relation between serum and
CSF concentrations and neurodegeneration biomarkers, with the exception of a positive
association between Fe and total Tau in CSF. The latter result is consistent with previous
results highlighting a positive relation between brain Fe deposition and atrophy, cognitive
decline, and Tau aggregation in elderly individuals [58—60]. A recent systematic review
highlighted that lower Fe in blood and greater ferritin in CSF were found among AD
patients compared with healthy subjects [61]. In this study, we did not perform Fe speciation
analysis, thus we could not ascribe distinct associations to different Fe compounds.

Zn and Cu are nutritionally essential trace elements that play significant roles in brain
function, but they may also have neurotoxic properties at high concentrations. Particularly
in the case of Cu, it operates as a catalyst of redox reactions and, in the context of dementia
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and AD, it has been shown to interact with 3-amyloid peptides, promoting oxidative
damage to neuronal membranes and facilitating their aggregation [62,63]. Moreover, Cu
is known to promote Tau protein hyperphosphorylation and it has been linked to the
activation of inflammatory pathways, further compounding oxidative stress and neuronal
injury [11,64]. While being essential for synaptic plasticity and cognitive function at low
concentrations and capable of 3-amyloid-induced toxicity suppression, at high levels Zn
binds 3-amyloid, thereby enhancing fibrillary aggregation and leading to neurodegenera-
tion [65,66]. We found evidence of some detrimental effects of these two trace metals in
relation only to Tau proteins at the highest concentrations in serum, consistent with a previ-
ous case—control study finding a positive correlation of non-ceruloplasmin serum Cu with
CSF total Tau levels [67]. A previous meta-analysis indicated that serum concentrations of
Zn were lower among AD patients compared with healthy subjects, even though there was
high heterogeneity between studies [68].

With regard to Mn, while necessary for several enzymatic functions, it can be neu-
rotoxic at elevated levels. Recent reviews suggested that Min exposure may disrupt iron
homeostasis, and its accumulation contributes to oxidative stress and mitochondrial dys-
function [69,70]. The competition between Mn and other trace metals for transport mech-
anisms in the brain can exacerbate these effects, leading to the further dysregulation of
metal homeostasis and neurotoxicity [71]. In a previous study, Mn was slightly positively
associated with the risk of cognitive dysfunction among people over 60 years old [72].
However, a 2017 meta-analysis reported a decrease in serum Mn concentrations among
individuals with cognitive impairment including AD and MCI subjects compared with
healthy controls [73]. In our study, Mn was not associated with neurodegeneration, being
inversely and positively associated with Tau proteins and amyloid ratio, respectively.

While some studies in the literature reported the association between trace metals and
classical biomarkers of AD pathology used in clinical practice, few studies investigated
their associations with NfLs. NfLs are among the most promising biomarkers for detecting
neuroaxonal damage across a broad spectrum of neurological disorders. Its concentrations
in CSF and blood serve as reliable indicators of neuronal injury and degeneration, reflecting
the extent of underlying neural pathology [28,74]. Elevated NfL concentrations have been
consistently associated with various forms of dementia, including AD and frontotemporal
dementia [75]. In a recent study, Cd in serum was found to be positively associated with
NfL concentrations [56], similar to what was observed in our study, where Cd in serum was
slightly positively associated only with NfL in CSF at the highest levels. No associations
were reported for Cd in CSF. Cu, Fe, Mn, and Zn were positively associated with NfL in CSF
in the only study conducted to date [76]. However, we found evidence of inverse or null
associations for Cu, Fe, and Zn with NfL. Mn in serum was the only trace metal found to be
associated through a U-shaped pattern with NfL in both serum and CSF, suggesting that,
while essential, it can exhibit neurotoxic effects when present in non-optimal concentrations.

To our knowledge, this study represents the first ever conducted among cognitively
impaired subjects with deficits occurring at relatively young ages (<65 years), and one of the
few to investigate the association between trace metals and neurodegeneration biomarkers,
including NfL. In addition, the use of non-linear dose analysis allowed a comprehensive
assessment of the patterns of association. Finally, a CSF analysis of trace metals provides
unique insights into the pathophysiological processes that occur in the central nervous
system allowing the direct assessment of the brain’s biochemical environment. Some study
limitations must be outlined. First, given the study’s cross-sectional design, associations
may not be causal. Ideally, we would have collected longitudinal data among disease-free
individuals on the progression to dementia to determine temporality. Misclassification
would be minimal if the baseline concentrations of metals reflected the patient’s habitual
exposure during the years prior to disease onset. We are also currently collecting longitudi-
nal data on the progression to dementia of the individuals of this cohort to better assess
temporal relations. Secondly, metal concentrations measured at a single time point may
have contributed to the misclassification of exposure, especially if the relevant time window
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for exposure was years earlier. The half-lives of the metals examined in this study range
from some hours to several years, depending on the sample matrix; thus, we made the
strong assumption that the concentrations measured at baseline in our study population
were reflective of what patients were exposed to before the onset of MCI. In addition,
whole blood might have provided a better reflection of long-term metal status in the body
compared with serum, which can be influenced by recent dietary intake. Third, few data
are available on pharmacokinetic properties of each metal in CSF; therefore, the stability of
some metals in this matrix is uncertain. Fourth, our study population was relatively small,
which reduced the precision of our effect estimates and could affect the generalizability of
our findings. Finally, we could not rule out potential unmeasured or residual confounding,
which may have affected the validity of the observed associations.

Author Contributions: Conceptualization, T.U., M.V, and T.F,; Data Curation, T.U., C.C., M.M., and
T.E; Formal Analysis, T.U., R.B., and B.M.; Funding Acquisition, T.F., M.V,, and G.Z.; Methodology,
M.V. and T.E; Resources, C.C., M.T,, G.V,, AM., A.C,, and G.Z; Supervision, M.V,, LAW.,, G.Z., and
T.E; Writing—Original Draft, T.U., M.V,, and T.F,; Writing—Review and Editing, All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by grant “PRIN 2022 PNRR” (no. P20229KSXB) from the Italian
Ministry of University and Research (MUR) funded by European Union—Next Generation EU, and
by grant “UNIMORE FAR 2023” from the University of Modena and Reggio Emilia. TF was also
supported by grant “PRIN 2022” (no. 2022MHMRPR) from the Italian Ministry of University and
Research (MUR) funded by European Union—Next Generation EU, and CC, AC, MT, and GV are
also supported by a grant from the ERC to GZ (UnaWireD, ERC-2021-STG number 101042625).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Modena (AOU no. 2158/19) and Reggio Emilia (AUSLRE no.
2019/0009686) Ethics Committees.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (the data are not publicly available due to privacy restrictions).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Livingston, G.; Huntley, J.; Liu, K.Y.; Costafreda, S.G.; Selbaek, G.; Alladi, S.; Ames, D.; Banerjee, S.; Burns, A.; Brayne, C.;
et al. Dementia prevention, intervention, and care: 2024 report of the Lancet standing Commission. Lancet 2024, 404, 572-628.
[CrossRef]

Bakulski, K.M.; Seo, Y.A.; Hickman, R.C.; Brandt, D.; Vadari, H.S.; Hu, H.; Park, S.K. Heavy metals exposure and Alzheimer’s
disease and related dementias. J. Alzheimers Dis. 2020, 76, 1215-1242. [CrossRef] [PubMed]

Ruczaj, A.; Brzoska, M.M. Environmental exposure of the general population to cadmium as a risk factor of the damage to the
nervous system: A critical review of current data. J. Appl. Toxicol. 2023, 43, 66-88. [CrossRef]

Chatterjee, M.; Kortenkamp, A. Cadmium exposures and deteriorations of cognitive abilities: Estimation of a reference dose for
mixture risk assessments based on a systematic review and confidence rating. Environ. Health 2022, 21, 69. [CrossRef]

Min, J.; Min, K. Blood cadmium levels and Alzheimer’s disease mortality risk in older US adults. Environ. Health 2016, 15, 69.
[CrossRef] [PubMed]

Shafiq, H.; Amir, M.; Asghar, S.; Hameed, A.; Riaz, M. Health risk assessment of lead and cadmium exposure from food and snuff
in Pakistani population. J. Trace Elem. Med. Biol. 2024, 86, 127544. [CrossRef]

Arruebarrena, M.A.; Hawe, C.T.; Lee, YM.; Branco, R.C. Mechanisms of cadmium neurotoxicity. Int. J. Mol. Sci. 2023, 24, 16558.
[CrossRef]

Forcella, M.; Lau, P.; Oldani, M.; Melchioretto, P.; Bogni, A.; Gribaldo, L.; Fusi, P.; Urani, C. Neuronal specific and non-specific
responses to cadmium possibly involved in neurodegeneration: A toxicogenomics study in a human neuronal cell model.
Neurotoxicology 2020, 76, 162-173. [CrossRef]

Stelmashook, E.V.; Alexandrova, O.P.; Genrikhs, E.E.; Novikova, S.V.; Salmina, A.B.; Isaev, N.K. Effect of zinc and copper ions on
cadmium-induced toxicity in rat cultured cortical neurons. J. Trace Elem. Med. Biol. 2022, 73, 127012. [CrossRef] [PubMed]

Gale, J.; Aizenman, E. The physiological and pathophysiological roles of copper in the nervous system. Eur. ]. Neurosci. 2024, 60,
3505-3543. [CrossRef]


https://doi.org/10.1016/S0140-6736(24)01296-0
https://doi.org/10.3233/JAD-200282
https://www.ncbi.nlm.nih.gov/pubmed/32651318
https://doi.org/10.1002/jat.4322
https://doi.org/10.1186/s12940-022-00881-9
https://doi.org/10.1186/s12940-016-0155-7
https://www.ncbi.nlm.nih.gov/pubmed/27301955
https://doi.org/10.1016/j.jtemb.2024.127544
https://doi.org/10.3390/ijms242316558
https://doi.org/10.1016/j.neuro.2019.11.002
https://doi.org/10.1016/j.jtemb.2022.127012
https://www.ncbi.nlm.nih.gov/pubmed/35679765
https://doi.org/10.1111/ejn.16370

Toxics 2024, 12,933 13 of 15

11.

12.

13.

14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Squitti, R.; Faller, P.; Hureau, C.; Granzotto, A.; White, A.R.; Kepp, K.P. Copper Imbalance in Alzheimer’s disease and its link with
the amyloid hypothesis: Towards a combined clinical, chemical, and genetic etiology. J. Alzheimers Dis. 2021, 83, 23—41. [CrossRef]
Oggiano, R.; Pisano, A; Sabalic, A.; Farace, C.; Fenu, G.; Lintas, S.; Forte, G.; Bocca, B.; Madeddu, R. An overview on amyotrophic
lateral sclerosis and cadmium. Neurol. Sci. 2021, 42, 531-537. [CrossRef] [PubMed]

Li, Z.; Liu, Y.; Wei, R.; Yong, V.W.; Xue, M. The important role of zinc in neurological diseases. Biomolecules 2022, 13, 28. [CrossRef]
[PubMed]

Lei, P; Ayton, S.; Bush, A.I. The essential elements of Alzheimer’s disease. J. Biol. Chem. 2021, 296, 100105. [CrossRef] [PubMed]
Levi, S.; Ripamonti, M.; Moro, A.S.; Cozzi, A. Iron imbalance in neurodegeneration. Mol. Psychiatry 2024, 29, 1139-1152.
[CrossRef]

Takeuchi, H.; Taki, Y.; Nouchi, R.; Yokoyama, R.; Kotozaki, Y.; Nakagawa, S.; Sekiguchi, A.; lizuka, K.; Yamamoto, Y.; Hanawa, S.;
et al. Association of iron levels in hair with brain structures and functions in young adults. J. Trace Elem. Med. Biol. 2020, 58,
126436. [CrossRef] [PubMed]

Balachandran, R.C.; Mukhopadhyay, S.; McBride, D.; Veevers, J.; Harrison, EE.; Aschner, M.; Haynes, E.N.; Bowman, A.B. Brain
manganese and the balance between essential roles and neurotoxicity. J. Biol. Chem. 2020, 295, 6312-6329. [CrossRef]

EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA); Turck, D.; Bohn, T.; Castenmiller, J.; de Henauw, S.; Hirsch-
Ernst, K.I; Knutsen, H.K.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J.; et al. Scientific opinion on the tolerable upper intake level
for manganese. EFSA J. 2023, 21, e8413. [CrossRef] [PubMed]

Solovyev, N.; Lucio, M.; Mandrioli, J.; Forcisi, S.; Kanawati, B.; Uhl, J.; Vinceti, M.; Schmitt-Kopplin, P.; Michalke, B. Interplay of
metallome and metabolome in amyotrophic lateral sclerosis: A study on cerebrospinal fluid of patients carrying disease-related
gene mutations. ACS Chem. Neurosci. 2023, 14, 3035-3046. [CrossRef]

Pamphlett, R.; Mak, R,; Lee, J.; Buckland, M.E.; Harding, A.].; Kum Jew, S.; Paterson, D.J.; Jones, M.W.M.; Lay, P.A. Concentrations
of toxic metals and essential trace elements vary among individual neurons in the human locus ceruleus. PLoS ONE 2020, 15,
€0233300. [CrossRef]

Ali, T,; Khan, A.; Alam, S.I.; Ahmad, S.; Ikram, M.; Park, ]J.S.; Lee, H.J.; Kim, M.O. Cadmium, an environmental contaminant,
exacerbates Alzheimer’s pathology in the aged mice’s brain. Front. Aging Neurosci. 2021, 13, 650930. [CrossRef] [PubMed]
Krebs, N.; Langkammer, C.; Goessler, W.; Ropele, S.; Fazekas, F,; Yen, K.; Scheurer, E. Assessment of trace elements in human
brain using inductively coupled plasma mass spectrometry. J. Trace Elem. Med. Biol. 2014, 28, 1-7. [CrossRef] [PubMed]
Abukuri, D.N. Novel biomarkers for Alzheimer’s Disease: Plasma neurofilament light and cerebrospinal fluid. Int. ]. Alzheimers
Dis. 2024, 2024, 6668159. [CrossRef] [PubMed]

Winblad, B.; Palmer, K.; Kivipelto, M.; Jelic, V.; Fratiglioni, L.; Wahlund, L.O.; Nordberg, A.; Backman, L.; Albert, M.; Almkvist,
O.; et al. Mild cognitive impairment--beyond controversies, towards a consensus: Report of the International Working Group on
Mild Cognitive Impairment. . Intern. Med. 2004, 256, 240-246. [CrossRef]

Limongi, F.; Noale, M.; Bianchetti, A.; Ferrara, N.; Padovani, A.; Scarpini, E.; Trabucchi, M.; Maggi, S. The instruments used by
the Italian centres for cognitive disorders and dementia to diagnose mild cognitive impairment (MCI). Aging Clin. Exp. Res. 2019,
31, 101-107. [CrossRef] [PubMed]

Jessen, F.; Amariglio, R.E.; Buckley, R.E; van der Flier, WM.; Han, Y.; Molinuevo, J.L.; Rabin, L.; Rentz, D.M.; Rodriguez-Gomez,
O.; Saykin, AJ.; et al. The characterisation of subjective cognitive decline. Lancet Neurol. 2020, 19, 271-278. [CrossRef] [PubMed]
Sachs-Ericsson, N.; Blazer, D.G. The new DSM-5 diagnosis of mild neurocognitive disorder and its relation to research in mild
cognitive impairment. Aging Ment. Health 2015, 19, 2-12. [CrossRef] [PubMed]

Urbano, T.; Maramotti, R.; Tondelli, M.; Gallingani, C.; Carbone, C.; Iacovino, N.; Vinceti, G.; Zamboni, G.; Chiari, A.; Bedin, R.
Comparison of serum and cerebrospinal fluid neurofilament light chain concentrations measured by Ella™ and Lumipulse™ in
patients with cognitive impairment. Diagnostics 2024, 14, 2408. [CrossRef] [PubMed]

Vinceti, M.; Urbano, T.; Filippini, T.; Bedin, R.; Simonini, C.; Soraru, G.; Trojsi, F.; Michalke, B.; Mandrioli, J. Changes in
cerebrospinal fluid concentrations of selenium species induced by Tofersen administration in subjects with amyotrophic lateral
sclerosis carrying SOD1 gene mutations. Biol. Trace Elem. Res. 2024. Online ahead of print. [CrossRef]

DFG. The use of ICP-MS for human biomonitoring [Biomonitoring Methods, 1999]. In The MAK-Collection for Occupational Health
and Safety; Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Area of the Deutsche
Forschungsgemeinschaft, Ed.; Wiley-VCH: Hoboken, NJ, USA, 1999; pp. 1-45.

Urbano, T;; Filippini, T.; Malavolti, M.; Fustinoni, S.; Michalke, B.; Wise, L.A.; Vinceti, M. Adherence to the Mediterranean-DASH
Intervention for Neurodegenerative Delay (MIND) diet and exposure to selenium species: A cross-sectional study. Nutr. Res.
2024, 122, 44-54. [CrossRef] [PubMed]

Filippini, T.; Urbano, T.; Grill, P.; Malagoli, C.; Ferrari, A.; Marchesi, C.; Natalini, N.; Michalke, B.; Vinceti, M. Human serum
albumin-bound selenium (Se-HSA) in serum and its correlation with other selenium species. . Trace Elem. Med. Biol. 2023, 79,
127266. [CrossRef] [PubMed]

Wu, W,; Ruan, X.; Gu, C.; Dan, L.; Ye, J.; Diao, E; Wu, L.; Luo, M. Blood-cerebrospinal fluid barrier permeability of met-
als/metalloids and its determinants in pediatric patients. Ecotoxicol. Environ. Saf. 2023, 266, 115599. [CrossRef]

Roy, S.; Lutsenko, S. Mechanism of Cu entry into the brain: Many unanswered questions. Neural Regen. Res. 2024, 19, 2421-2429.
[CrossRef] [PubMed]


https://doi.org/10.3233/JAD-201556
https://doi.org/10.1007/s10072-020-04957-7
https://www.ncbi.nlm.nih.gov/pubmed/33280067
https://doi.org/10.3390/biom13010028
https://www.ncbi.nlm.nih.gov/pubmed/36671413
https://doi.org/10.1074/jbc.REV120.008207
https://www.ncbi.nlm.nih.gov/pubmed/33219130
https://doi.org/10.1038/s41380-023-02399-z
https://doi.org/10.1016/j.jtemb.2019.126436
https://www.ncbi.nlm.nih.gov/pubmed/31760327
https://doi.org/10.1074/jbc.REV119.009453
https://doi.org/10.2903/j.efsa.2023.8413
https://www.ncbi.nlm.nih.gov/pubmed/38075631
https://doi.org/10.1021/acschemneuro.3c00128
https://doi.org/10.1371/journal.pone.0233300
https://doi.org/10.3389/fnagi.2021.650930
https://www.ncbi.nlm.nih.gov/pubmed/34248598
https://doi.org/10.1016/j.jtemb.2013.09.006
https://www.ncbi.nlm.nih.gov/pubmed/24188895
https://doi.org/10.1155/2024/6668159
https://www.ncbi.nlm.nih.gov/pubmed/38779175
https://doi.org/10.1111/j.1365-2796.2004.01380.x
https://doi.org/10.1007/s40520-018-1032-8
https://www.ncbi.nlm.nih.gov/pubmed/30178442
https://doi.org/10.1016/S1474-4422(19)30368-0
https://www.ncbi.nlm.nih.gov/pubmed/31958406
https://doi.org/10.1080/13607863.2014.920303
https://www.ncbi.nlm.nih.gov/pubmed/24914889
https://doi.org/10.3390/diagnostics14212408
https://www.ncbi.nlm.nih.gov/pubmed/39518375
https://doi.org/10.1007/s12011-024-04311-4
https://doi.org/10.1016/j.nutres.2023.12.002
https://www.ncbi.nlm.nih.gov/pubmed/38150803
https://doi.org/10.1016/j.jtemb.2023.127266
https://www.ncbi.nlm.nih.gov/pubmed/37499550
https://doi.org/10.1016/j.ecoenv.2023.115599
https://doi.org/10.4103/1673-5374.393107
https://www.ncbi.nlm.nih.gov/pubmed/38526278

Toxics 2024, 12,933 14 of 15

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Patti, F; Fiore, M.; Chisari, C.G.; D’Amico, E.; Lo Fermo, S.; Toscano, S.; Copat, C.; Ferrante, M.; Zappia, M. CSF neurotoxic
metals/metalloids levels in amyotrophic lateral sclerosis patients: Comparison between bulbar and spinal onset. Environ. Res.
2020, 188, 109820. [CrossRef]

Zheng, W.; Monnot, A.D. Regulation of brain iron and copper homeostasis by brain barrier systems: Implication in neurodegener-
ative diseases. Pharmacol. Ther. 2012, 133, 177-188. [CrossRef] [PubMed]

Yoshinaga, J.; Ogawa, M. Intake and excretion of cadmium of Japanese adult. J. Trace Elem. Med. Biol. 2024, 86, 127535. [CrossRef]
Yu, J.; Wang, C.; Liu, Y,; Tao, T,; Yang, L.; Liu, R,; Liang, D.; Zhang, Y.; He, Z.; Sun, Y. A comparative study of urinary levels
of multiple metals and neurotransmitter correlations between GDM and T2DM populations. J. Trace Elem. Med. Biol. 2024, 84,
127447. [CrossRef]

Vinceti, M.; Filippini, T.; Mandrioli, J.; Violi, F.; Bargellini, A.; Weuve, ].; Fini, N.; Grill, P.; Michalke, B. Lead, cadmium and
mercury in cerebrospinal fluid and risk of amyotrophic lateral sclerosis: A case-control study. . Trace Elem. Med. Biol. 2017, 43,
121-125. [CrossRef]

Bocca, B.; Forte, G.; Pisano, A.; Farace, C.; Giancipoli, E.; Pinna, A.; Dore, S.; Madeddu, R. A pilot study to evaluate the levels of
aqueous humor trace elements in open-angle glaucoma. J. Trace Elem. Med. Biol. 2020, 61, 126560. [CrossRef]

Verzelloni, P.; Urbano, T.; Wise, L.A.; Vinceti, M.; Filippini, T. Cadmium exposure and cardiovascular disease risk: A systematic
review and dose-response meta-analysis. Environ. Pollut. 2024, 345, 123462. [CrossRef]

Verzelloni, P.; Giuliano, V.; Wise, L.A.; Urbano, T.; Baraldi, C.; Vinceti, M.; Filippini, T. Cadmium exposure and risk of hypertension:
A systematic review and dose-response meta-analysis. Environ. Res. 2024, 263, 120014. [CrossRef]

Corbaton Anchuelo, A.; Martell Claros, N.; Abad Cardiel, M.; Garcia Donaire, J.A.; Fuentes Ferrer, M.; Bravo Gomez, A.; Llorente
Martin, E.; Zamora Trillo, A.; Bonmati Torres, G.; Gonzalez-Estecha, M. Are lead, cadmium and mercury risk factors for resistant
hypertension? J. Trace Elem. Med. Biol. 2024, 84, 127417. [CrossRef] [PubMed]

Fiore, M.; Barone, R.; Copat, C.; Grasso, A.; Cristaldi, A.; Rizzo, R.; Ferrante, M. Metal and essential element levels in hair and
association with autism severity. . Trace Elem. Med. Biol. 2020, 57, 126409. [CrossRef]

Kooshki, A.; Farmani, R.; Mehrpour, O.; Naghizadeh, A.; Amirabadizadeh, A.; Kavoosi, S.; Vohra, V.; Nakhaee, S. Alzheimer’s
disease and circulatory imbalance of toxic heavy metals: A systematic review and meta-analysis of clinical studies. Biol. Trace
Elem. Res. 2024. Online ahead of print. [CrossRef]

Venkatesan, D.; Muthukumar, S.; Iyer, M.; Babu, HW.S.; Gopalakrishnan, A.V.; Yadav, M.K.; Vellingiri, B. Heavy metals toxicity
on epigenetic modifications in the pathogenesis of Alzheimer’s disease (AD). J. Biochem. Mol. Toxicol. 2024, 38, e23741. [CrossRef]
Li, K,; Li, A.; Mei, Y.; Zhao, ]J.; Zhou, Q.; Li, Y.; Yang, M.; Xu, Q. Trace elements and Alzheimer dementia in population-based
studies: A bibliometric and meta-analysis. Environ. Pollut. 2023, 318, 120782. [CrossRef] [PubMed]

Jongsiriyanyong, S.; Limpawattana, P. Mild cognitive impairment in clinical practice: A review article. Am. J. Alzheimers Dis.
Other Demen. 2018, 33, 500-507. [CrossRef] [PubMed]

Lu, L.; Zhang, Y.; Angley, M.; Bejerano, S.; Brockman, J.D.; McClure, L.A.; Unverzagt, EW.; Fly, A.D.; Kahe, K. Association
of urinary cadmium concentration with cognitive impairment in US adults: A longitudinal cohort study. Neurology 2024, 103,
€209808. [CrossRef] [PubMed]

Sasaki, N.; Carpenter, D.O. Associations between metal exposures and cognitive function in American older adults. Int. |. Environ.
Res. Public Health 2022, 19, 2327. [CrossRef]

Song, S.; Liu, N.; Wang, G.; Wang, Y.; Zhang, X.; Zhao, X.; Chang, H.; Yu, Z.; Liu, X. Sex specificity in the mixed effects of blood
heavy metals and cognitive function on elderly: Evidence from NHANES. Nutrients 2023, 15, 2874. [CrossRef] [PubMed]
Urbano, T.; Filippini, T.; Wise, L.A.; Lasagni, D.; De Luca, T.; Sucato, S.; Polledri, E.; Malavolti, M.; Rigon, C.; Santachiara, A.;
et al. Associations of urinary and dietary cadmium with urinary 8-oxo-7,8-dihydro-2’-deoxyguanosine and blood biochemical
parameters. Environ. Res. 2022, 210, 112912. [CrossRef] [PubMed]

Huang, Y,; Dai, Y,; Li, M.; Guo, L.; Cao, C.; Huang, Y.; Ma, R.; Qiu, S.; Su, X.; Zhong, K.; et al. Exposure to cadmium induces
neuroinflammation and impairs ciliogenesis in hESC-derived 3D cerebral organoids. Sci. Total Environ. 2021, 797, 149043.
[CrossRef] [PubMed]

De Benedictis, C.A.; Vilella, A.; Grabrucker, A.M. The role of trace metals in Alzheimer’s Disease. In Alzheimer’s Disease;
Wisniewski, T., Ed.; Codon Publications: Brisbane, Australia, 2019.

National Center for Environmental Health. National Report on Human Exposure to Environmental Chemicals. Available online:
https:/ /stacks.cdc.gov/view/cdc/133100 (accessed on 19 November 2024).

Schubert, C.R.; Paulsen, A.].; Pinto, A.A.; Chappell, R.J.; Chen, Y.; Ferrucci, L.; Hancock, L.M.; Cruickshanks, K.J.; Merten, N.
Effect of neurotoxin exposure on blood biomarkers of neurodegeneration and Alzheimer disease. Alzheimer Dis. Assoc. Disord.
2023, 37, 310-314. [CrossRef] [PubMed]

Doroszkiewicz, J.; Farhan, J.A.; Mroczko, J.; Winkel, I.; Perkowski, M.; Mroczko, B. Common and trace metals in Alzheimer’s and
Parkinson’s diseases. Int. J. Mol. Sci. 2023, 24, 15721. [CrossRef] [PubMed]

Li, R; Fan, Y.R;; Wang, Y.Z.; Lu, H.Y,; Li, PX,; Dong, Q.; Jiang, Y.F.; Chen, X.D.; Cui, M. Brain iron in signature regions relating to
cognitive aging in older adults: The Taizhou Imaging Study. Alzheimers Res. Ther. 2024, 16, 211. [CrossRef] [PubMed]

Spotorno, N.; Acosta-Cabronero, J.; Stomrud, E.; Lampinen, B.; Strandberg, O.T.; van Westen, D.; Hansson, O. Relationship
between cortical iron and tau aggregation in Alzheimer’s disease. Brain 2020, 143, 1341-1349. [CrossRef] [PubMed]


https://doi.org/10.1016/j.envres.2020.109820
https://doi.org/10.1016/j.pharmthera.2011.10.006
https://www.ncbi.nlm.nih.gov/pubmed/22115751
https://doi.org/10.1016/j.jtemb.2024.127535
https://doi.org/10.1016/j.jtemb.2024.127447
https://doi.org/10.1016/j.jtemb.2016.12.012
https://doi.org/10.1016/j.jtemb.2020.126560
https://doi.org/10.1016/j.envpol.2024.123462
https://doi.org/10.1016/j.envres.2024.120014
https://doi.org/10.1016/j.jtemb.2024.127417
https://www.ncbi.nlm.nih.gov/pubmed/38479042
https://doi.org/10.1016/j.jtemb.2019.126409
https://doi.org/10.1007/s12011-024-04326-x
https://doi.org/10.1002/jbt.23741
https://doi.org/10.1016/j.envpol.2022.120782
https://www.ncbi.nlm.nih.gov/pubmed/36464120
https://doi.org/10.1177/1533317518791401
https://www.ncbi.nlm.nih.gov/pubmed/30068225
https://doi.org/10.1212/WNL.0000000000209808
https://www.ncbi.nlm.nih.gov/pubmed/39231381
https://doi.org/10.3390/ijerph19042327
https://doi.org/10.3390/nu15132874
https://www.ncbi.nlm.nih.gov/pubmed/37447200
https://doi.org/10.1016/j.envres.2022.112912
https://www.ncbi.nlm.nih.gov/pubmed/35150710
https://doi.org/10.1016/j.scitotenv.2021.149043
https://www.ncbi.nlm.nih.gov/pubmed/34303983
https://stacks.cdc.gov/view/cdc/133100
https://doi.org/10.1097/WAD.0000000000000579
https://www.ncbi.nlm.nih.gov/pubmed/37698523
https://doi.org/10.3390/ijms242115721
https://www.ncbi.nlm.nih.gov/pubmed/37958705
https://doi.org/10.1186/s13195-024-01575-9
https://www.ncbi.nlm.nih.gov/pubmed/39358805
https://doi.org/10.1093/brain/awaa089
https://www.ncbi.nlm.nih.gov/pubmed/32330946

Toxics 2024, 12,933 15 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Tyczynska, M.; Gedek, M.; Brachet, A.; Strek, W.; Flieger, J.; Teresinski, G.; Baj, ]. Trace elements in Alzheimer’s disease and
dementia: The current state of knowledge. J. Clin. Med. 2024, 13, 2381. [CrossRef] [PubMed]

Gong, L.; Sun, J.; Cong, S. Levels of iron and iron-related proteins in Alzheimer’s disease: A systematic review and meta-analysis.
J. Trace Elem. Med. Biol. 2023, 80, 127304. [CrossRef] [PubMed]

Sensi, S.L.; Granzotto, A.; Siotto, M.; Squitti, R. Copper and zinc dysregulation in Alzheimer’s disease. Trends Pharmacol. Sci. 2018,
39, 1049-1063. [CrossRef] [PubMed]

Pal, A ; Siotto, M.; Prasad, R.; Squitti, R. Towards a unified vision of copper involvement in Alzheimer’s disease: A review
connecting basic, experimental, and clinical research. J. Alzheimers Dis. 2015, 44, 343-354. [CrossRef]

Sabalic, A.; Mei, V.; Solinas, G.; Madeddu, R. The role of copper in Alzheimer’s disease etiopathogenesis: An updated systematic
review. Toxics 2024, 12, 755. [CrossRef] [PubMed]

Mezzaroba, L.; Alfieri, D.F.; Colado Simao, A.N.; Vissoci Reiche, E.M. The role of zinc, copper, manganese and iron in neurode-
generative diseases. Neurotoxicology 2019, 74, 230-241. [CrossRef]

Gorska, A.; Markiewicz-Gospodarek, A.; Markiewicz, R.; Chilimoniuk, Z.; Borowski, B.; Trubalski, M.; Czarnek, K. Distribution
of iron, copper, zinc and cadmium in glia, their Influence on glial cells and relationship with neurodegenerative diseases. Brain
Sci. 2023, 13, 911. [CrossRef] [PubMed]

Squitti, R.; Barbati, G.; Rossi, L.; Ventriglia, M.; Dal Forno, G.; Cesaretti, S.; Moffa, F.; Caridi, I.; Cassetta, E.; Pasqualetti, P; et al.
Excess of nonceruloplasmin serum copper in AD correlates with MMSE, CSF [beta]-amyloid, and h-tau. Neurology 2006, 67, 76-82.
[CrossRef]

Ventriglia, M.; Brewer, G.J.; Simonelli, I.; Mariani, S.; Siotto, M.; Bucossi, S.; Squitti, R. Zinc in Alzheimer’s disease: A meta-analysis
of serum, plasma, and cerebrospinal fluid studies. ]. Alzheimers Dis. 2015, 46, 75-87. [CrossRef] [PubMed]

Nyarko-Danquah, I; Pajarillo, E.; Digman, A.; Soliman, K.F.A.; Aschner, M.; Lee, E. Manganese accumulation in the brain via
various transporters and its neurotoxicity mechanisms. Molecules 2020, 25, 5880. [CrossRef] [PubMed]

Chen, P; Bornhorst, J.; Aschner, M. Manganese metabolism in humans. Front. Biosci. (Landmark Ed.) 2018, 23, 1655-1679.
[CrossRef]

Martins, A.C., Jr.; Morcillo, P.; ljomone, O.M.; Venkataramani, V.; Harrison, EE.; Lee, E.; Bowman, A.B.; Aschner, M. New insights
on the role of manganese in Alzheimer’s disease and Parkinson’s disease. Int. ]. Environ. Res. Public Health 2019, 16, 3546.
[CrossRef]

Gu, L; Yu, J; Fan, Y,; Wang, S.; Yang, L.; Liu, K.; Wang, Q.; Chen, G.; Zhang, D.; Ma, Y.; et al. The association between trace
elements exposure and the cognition in the elderly in China. Biol. Trace Elem. Res. 2021, 199, 403—412. [CrossRef] [PubMed]

Du, K; Liu, M,; Pan, Y.; Zhong, X.; Wei, M. Association of serum manganese levels with Alzheimer’s disease and mild cognitive
impairment: A systematic review and meta-analysis. Nutrients 2017, 9, 231. [CrossRef] [PubMed]

Gallingani, C.; Carbone, C.; Tondelli, M.; Zamboni, G. Neurofilaments light chain in neurodegenerative dementias: A review of
imaging correlates. Brain Sci. 2024, 14, 272. [CrossRef] [PubMed]

Blandino, V.; Colletti, T.; Ribisi, P; Tarantino, D.; Mosca, V.; Agnello, L.; Ciaccio, M.; Piccoli, T. Cerebrospinal fluid neurofilaments
light-chain differentiate patients affected by Alzheimer’s disease with different Rate of Progression (RoP): A preliminary study.
Brain Sci. 2024, 14, 960. [CrossRef]

Babic Leko, M.; Mihelcic, M.; Jurasovic, J.; Nikolac Perkovic, M.; Spanic, E.; Sekovanic, A.; Orct, T.; Zubcic, K.; Langer Horvat, L.;
Pleic, N.; et al. Heavy metals and essential metals are associated with cerebrospinal fluid biomarkers of Alzheimer’s disease. Int.
J. Mol. Sci. 2022, 24, 467. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/jcm13082381
https://www.ncbi.nlm.nih.gov/pubmed/38673657
https://doi.org/10.1016/j.jtemb.2023.127304
https://www.ncbi.nlm.nih.gov/pubmed/37734209
https://doi.org/10.1016/j.tips.2018.10.001
https://www.ncbi.nlm.nih.gov/pubmed/30352697
https://doi.org/10.3233/JAD-141194
https://doi.org/10.3390/toxics12100755
https://www.ncbi.nlm.nih.gov/pubmed/39453175
https://doi.org/10.1016/j.neuro.2019.07.007
https://doi.org/10.3390/brainsci13060911
https://www.ncbi.nlm.nih.gov/pubmed/37371389
https://doi.org/10.1212/01.wnl.0000223343.82809.cf
https://doi.org/10.3233/JAD-141296
https://www.ncbi.nlm.nih.gov/pubmed/25697706
https://doi.org/10.3390/molecules25245880
https://www.ncbi.nlm.nih.gov/pubmed/33322668
https://doi.org/10.2741/4665
https://doi.org/10.3390/ijerph16193546
https://doi.org/10.1007/s12011-020-02154-3
https://www.ncbi.nlm.nih.gov/pubmed/32323131
https://doi.org/10.3390/nu9030231
https://www.ncbi.nlm.nih.gov/pubmed/28273828
https://doi.org/10.3390/brainsci14030272
https://www.ncbi.nlm.nih.gov/pubmed/38539660
https://doi.org/10.3390/brainsci14100960
https://doi.org/10.3390/ijms24010467
https://www.ncbi.nlm.nih.gov/pubmed/36613911

	Introduction 
	Methods 
	Study Population 
	Biomarkers of Neurodegeneration 
	Trace Element (Cd, Cu, Fe, Mn, Zn) Determination 
	Data Analysis 

	Results 
	Discussion 
	References

