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Preface to ”Biochemical Biomarkers and

Neurodegenerative Diseases”

Neurodegenerative diseases represent an important health burden, and their early identification

is crucial. However, today, this remains challenging. Thus, intense research is being conducted

and remains ongoing in order to identify biomarkers for assisting clinicians in the management of

neurodegenerative diseases, from screening to diagnosis, prognosis, and treatment.

Marcello Ciaccio

Editor
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Neurodegenerative diseases (ND) are a heterogeneous group of disorders charac-
terized by progressive dysfunction and loss of neurons in different areas of the central
nervous system or peripheral nervous system. NDs, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), and motor neuron disease (MND), represent a big challenge for
scientific research due to their prevalence, cost, basic pathophysiological mechanisms, and
lack of mechanism-based treatments. The diagnosis, prognosis, and monitoring of such
disorders are complex and rely mainly on clinical criteria. In the last decades, biochemical
markers have emerged as promising tools in the field of ND. The articles belonging to this
Special Issue of “Biochemical Biomarkers and Neurodegenerative Disorders” encompass
the last literature evidence on the importance of biomarkers in the management of ND,
from screening to diagnosis, prognosis, and treatment.

Scazzone et al. explored the association among Vitamin D3, single nucleotide poly-
morphisms (SNPs), and Multiple Sclerosis (MS) in a retrospective case-control study [1].
They showed that MS patients had significantly lower levels of Vitamin D3 than controls,
but no association among SNPs, Vitamin D3, and MS risk was found. The role of hypovita-
minosis D in MS risk has been widely investigated in the last decades, and some literature
evidence supports the hypothesis that Vitamin D3 could be involved in MS pathogenesis.
Noteworthy, Vitamin D3 status is influenced by both genetic and environmental factors.
Thus, many Authors investigated the possible influence of genetic variants in Vitamin D3
related genes on MS risk, achieving contrasting results [2].

Beyond its well-known role in calcium homeostasis, Vitamin D3 has pleiotropic
functions, including immune-regulation and neurological function [3]. Thus, its possible
role as a biomarker or risk factor in several autoimmune and neurodegenerative diseases
has been evaluated. Bivona et al. described the current knowledge on the role of Vitamin
D3 in Alzheimer’s Disease (AD), stating that a definite conclusion cannot be drawn because
controversial findings have been found across the studies [4].

Another interesting area of research is the role of circulating biomarkers in Inherited
Neuromuscular Disorders (INMD), defined as a heterogeneous group of genetic diseases
characterized by progressive muscle degeneration and weakness and associated with long-
term disability. They represent rare disorders whose diagnosis is based on an extensive
clinical evaluation with complementary genetic analysis. Due to the presence of genetic
heterogeneity and lack of segregation in sporadic cases, a definite diagnosis is challenging.
Thus, serum biomarkers are strongly sought after. Lupica et al. described several promising
biomarkers that could help clinicians in the diagnostic workup of INMD [5].

Another rare disease with important clinical consequences is Amyotrophic Lateral Sclerosis
(ALS). Many efforts are ongoing to find prognostic biomarkers of this devastating disease.
Colletti et al. found that beta-amyloid 1–42 (Aβ 1–42) could be involved in the pathogenesis of
ALS, and the Aβ 1–42/Aβ 1–40 ratio could represent a biomarker of prognosis [6].

Finally, an interesting article was focused on the current COVID-19 pandemic, raising
the question if SARS-CoV-2 infection could induce long-term neurological consequences [7].
Notable, SARS-CoV-2 is a neurotropic virus and, consequently, it could predispose and
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accelerate the development of neurological disorders, such as AD. However, we may have
the answer to such an interesting question in the next few years.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interests.
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Abstract: Parkinson’s disease (PD) is a progressive neurodegenerative disorder, characterized by
motor and non-motor symptoms due to the degeneration of the pars compacta of the substantia nigra
(SNc) with dopaminergic denervation of the striatum. Although the diagnosis of PD is principally
based on a clinical assessment, great efforts have been expended over the past two decades to evaluate
reliable biomarkers for PD. Among these biomarkers, magnetic resonance imaging (MRI)-based
biomarkers may play a key role. Conventional MRI sequences are considered by many in the field
to have low sensitivity, while advanced pulse sequences and ultra-high-field MRI techniques have
brought many advantages, particularly regarding the study of brainstem and subcortical structures.
Nowadays, nigrosome imaging, neuromelanine-sensitive sequences, iron-sensitive sequences, and
advanced diffusion weighted imaging techniques afford new insights to the non-invasive study of
the SNc. The use of these imaging methods, alone or in combination, may also help to discriminate
PD patients from control patients, in addition to discriminating atypical parkinsonian syndromes
(PS). A total of 92 articles were identified from an extensive review of the literature on PubMed in
order to ascertain the-state-of-the-art of MRI techniques, as applied to the study of SNc in PD patients,
as well as their potential future applications as imaging biomarkers of disease. Whilst none of these
MRI-imaging biomarkers could be successfully validated for routine clinical practice, in achieving
high levels of accuracy and reproducibility in the diagnosis of PD, a multimodal MRI-PD protocol
may assist neuroradiologists and clinicians in the early and differential diagnosis of a wide spectrum
of neurodegenerative disorders.

Keywords: magnetic resonance imaging; neuromelanin; nigrosome-1; iron; biomarkers; radiomics;
neurodegenerative diseases; Parkinson’s disease; parkinsonian disorders

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease that is character-
ized by motor and non-motor symptoms. The disease is mostly sporadic, and it is caused by
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the interplay between genetic and environmental factors [1]. The neuropathology of PD is
characterized by neuronal degeneration in the pars compacta of the substantia nigra (SNc)
with dopaminergic denervation of the striatum. Subsequently, this neuronal loss is also
seen in other brain regions and non-dopaminergic neurons, with multisite involvement of
the central, peripheral, and autonomic nervous system [2]. The histological hallmark of PD
are Lewy bodies, which are cytoplasmic inclusions resulting from an abnormal deposition
of α-synuclein aggregates. The latter are not specific to PD, but they characterize other
Parkinsonisms, such as Lewy body dementia and multiple system atrophy. It is currently
unknown how Lewy bodies are related to the progression of PD, and current knowledge
suggests that neuronal degeneration occurs due to several processes, including neuroin-
flammation, oxidative stress abnormalities, mitochondrial dysfunction, and abnormalities
of protein quality control [3].

According to the gut-to-brain transmission model of PD pathology proposed by Braak
et al., changes in brainstem and subcortical structures are more evident in early disease
stages, while cortical structures are principally involved in advanced-stage PD [4]. Clinical
manifestations of PD primarily include bradykinesia plus at least one of resting tremor
and rigidity. Supportive criteria for a PD diagnosis are a beneficial response to dopamine
therapy, the presence of medication-induced dyskinesia, and (early) olfactory dysfunc-
tion [5]. Motor symptoms progressively worsen with age, leading to near total immobility
in advanced-stage PD. Although PD has been primarily identified as a movement disorder,
non-motor symptoms (such as hyposmia, autonomic dysfunction, mood and sleep disor-
ders, and cognitive impairment) are very common features of the disease, and they have
been associated with a poor quality of life [6]. Specifically, cognitive impairment—which
encompasses a spectrum varying from mild cognitive impairment to dementia [7,8]—has
been associated with poor outcomes and mortality [9].

The diagnosis of PD is to date based on clinical features, with motor symptoms
constituting the core criteria [1,5]. Over the past two decades, great efforts have been
invested in evaluating reliable biomarkers for PD; none of these parameters, however, have
been successfully validated for routine clinical practice [10]. Among these biomarkers,
magnetic resonance imaging (MRI)-based biomarkers have undoubtedly contributed to
the differential diagnosis between degenerative from secondary Parkinsonism [11].

Although the sensitivity of conventional MRI sequences (i.e., T2 or T1 weighted) has
been considered as poor, particularly in early PD, the advent of high- and ultra-high-field
MRI techniques has brought many advantages to the study of brainstem and subcorti-
cal structures [11]. The distinction between PD and atypical parkinsonian syndromes
(PS) (including multiple system atrophy (MSA), progressive supranuclear palsy (PSP),
corticobasal syndrome (CBS), and dementia with Lewy bodies (DLB)) is challenging to
establish, particularly in the early stages. However, diagnostic accuracy is important in
predicting a response to levodopa or anticholinergic therapy. In addition, whilst many
studies have described the MRI features of PS (especially regarding PD and MSA subtype
P), it is not easy to distinguish these diseases with routine MRI. Recently, improvements
in MRI technology have made possible the study of changes within the SNc, which is
particularly vulnerable to degeneration in PD [12]. The SNc, which is subdivided into
nigrosomes and the nigral matrix, plays an essential role in regulating movements, with
classic PD motor symptoms appearing when 30% or more of its dopaminergic neurons have
vanished [13,14]. Recent efforts have been focused on the development of MRI sequences
in order to enhance the characterization of SNc damage in PD. These efforts regard nigro-
some imaging, neuromelanin-sensitive sequences, iron-sensitive sequences, and advanced
diffusion imaging [11,13,15,16]. The use of these imaging methods, alone or in combination,
is emerging as an encouraging early diagnostic biomarker of PD [17]. These techniques
may help to discriminate PD patients from control patients or to discriminate PD patients
from atypical PS. Whilst these imaging methods are not in common use and they require
specific training to achieve high levels of accuracy and reproducibility [18], their inclusion
in a multimodal MRI-PD protocol may assist clinicians and neuroradiologists an arriving
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at a differential diagnosis. The purpose of this narrative review is to evaluate the state-
of-the-art of MRI techniques, as applied to the study of SN, and their potential future
applications regarding the diagnosis and treatment of PD.

2. Materials and Methods

Extensive research in English was performed in January 2021 on the literature con-
tained in PubMed (https://pubmed.ncbi.nlm.nih.gov, accessed on 10 January 2021), using
the following keywords and their combinations: Parkinsonisms, Parkinson’s disease, magnetic
resonance imaging, sustantia nigra, neuromelanin imaging, iron imaging, nigrosome imaging, and
diffusion weighted and/or diffusion tensor imaging. Preclinical and clinical studies from the
last six years (January 2015–December 2020) were meticulously reviewed, focusing on new
MRI sequences applied to PD. The publication date was restricted to the last six years to
facilitate detailed comprehension regarding future perspectives of MRI in the study of SN
in PD. Various relevant articles with this time range were included in order to maximize
the topic coverage of this review. Where available, full texts in English were included,
together with the most significant corresponding references. The exclusion criteria were
unavailability of full text; non-English publications; case reports; reviews; and publications
unrelated to PD, PS, or SN. Thereafter, the results were assessed according to the PRISMA
statement (Figure 1). Recent MRI applications in PD were described from the included
studies, and they were systematically organized and grouped according to a particular
field of study and perspectives.

Figure 1. PRISMA flow diagram of studies selection.

3. Results

Two-hundred and thirteen articles were identified from the PubMed literature search.
These were subsequently screened for relevance: 136 studies were excluded according to
the exclusion criteria, while 92 were included. The full text was available for all of the
92 included studies, which were included in the qualitative analysis. Considering the
different study techniques, we identified the following: 20 articles relating to neuromelanin,
23 regarding nigrosome-1 imaging, 22 discussing iron imaging, 16 relating to diffusion-
weighted imaging, and 11 articles referring to radiomics.
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4. Discussion

Various neuroimaging techniques (structural and functional) have been applied to
Parkinsonism over the past two decades, each providing specific information regarding
underlying brain disorders [11]. Specifically, MRI has been used as a tool with which to
improve diagnostic accuracy in characterizing patients with extrapyramidal symptoms.
Recent efforts have focused on the development of more precise and performing MRI
sequences in order to obtain an enhanced characterization of the SNc damage in Parkin-
sonism. These efforts include nigrosome imaging, neuromelanin-sensitive sequences,
iron-sensitive sequences, and advanced diffusion imaging [11,13,15,16]. The use of these
imaging methods, alone or in combination, is emerging as an encouraging early diagnostic
biomarker of PD. Recent and forthcoming applications of MRI have been summarized
from the available literature and grouped by field/s of application for this review.

4.1. Neuromelanin Imaging

Neuromelanin (NM) is a black pigment that is composed of melanin, proteins, lipids,
and metal ions, and it is found in the SNc (in the nigral matrix and the nigrosomes). NM
plays a protective role against the accumulation of toxic catecholamine derivatives and
oxidative stress [19]. NM normally accumulates during aging but is strongly reduced
in patients with PD as a result of the selective loss of dopaminergic neurons containing
NM. The latter has a paramagnetic T1 reduction effect on MRI due to the presence of
melanin-iron complexes [20]. With high-resolution turbo spin echo (TSE) T1W images
with a magnetization transfer (MT) pulse, it is possible to suppress brain tissue signals
due to the prolongation of the T1 relaxation time [21]. Hence, nuclei-containing NM can
be visualized as a separate hyperintense area relative to the surrounding hypointense
brain tissue. Although the use of TSE T1W images has been consistently applied to
visualizing NM, the gradient recalled echo (GRE) sequence with MT pulse has recently
been demonstrated to achieve the sharpest contrast and lowest variability when compared
with a T1W TSE-MT sequence [22].

NM-MRI is a validated technique with which to quantify the loss of dopaminergic neu-
rons in the SN of patients with PD. The loss of SN hyperintensity in the T1W-MT sequence
is associated with the loss of neuromelanin-containing neurons in PD and DLB, as con-
firmed in post-mortem studies [23]. Indeed, patients suffering from PD have significantly
reduced NM signal in the SN (Figure 2), which invariably decreases on follow-up [24–29].

 

Figure 2. NM-MRI sequence with an explicit MT preparation pulse, scanned with a 1.5T MR
scanner at the level of the SN in a PD patient with asymmetrical motor symptoms onset: the
loss of hyperintensity in the posterolateral aspect of the right SN (arrow) correlated well with the
clinical presentation.
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Measuring NM-sensitive images correlates with elevated diagnostic accuracy for PD:
the sensitivity and specificity of this technique to distinguish between PD and control
patients are 88% and 80%, respectively [30]. The NM signal changes commence in the
posterolateral motor areas of the SN, and then proceed to the medial areas [31]. Hence,
the evaluation of longitudinal changes in the NM signal in PD patients could be used as a
marker indicating disease progression. A reduction in NM signal has been reported to be
not specific for motor or non-motor PD subtypes [32]. On the other hand, a potential diag-
nostic value of NM-MRI in discriminating PD motor phenotypes has been proposed [33].
Indeed, patients with postural instability gait difficulty phenotype display increased severe
signal attenuation in the medial part of the SNc, in comparison with tremor-dominant PD
patients [33]. Furthermore, the use of NM-MRI-based imaging is capable of differentiating
between untreated essential tremor (ET) and de novo PD with a tremor-dominant phe-
notype [34]. Finally, a NM signal decrease has been observed in patients suffering from
idiopathic rapid eye movement sleep behavior disorder, which is considered a prodromal
phase of Parkinsonism and PD [35,36].

4.2. Nigrosome-1 Imaging

Nigrosomes are dopaminergic neurons within the SNc that are characterized by high
NM levels and a paucity of iron. They can be subdivided into five different regions
(nigrosome 1 to 5), the largest of which, nigrosome-1 (located in the dorsolateral part of
SNc [12]), has been shown to play a key role in the neuropathology of PD. Indeed, the
greatest loss of dopaminergic neurons in PD patients occurs in the nigrosome-1. It was
first detected in vivo by 7.0-Tesla (7T) MRI as a hyperintense, ovoid area on T2*-weighted
images, within the dorsolateral border of the hypointense SN pars compacta [37,38]. Similar
findings can be found with the more commonly used 3-Tesla (3T) MRI [39]. By using T2* or
susceptibility-weighted imaging (SWI), researchers have also termed this region dorsolateral
nigral hyperintensity or a swallow-tail sign (STS) (Figure 3).

  
(a) (b) 

Figure 3. Susceptibility-weighted imaging (SWI) scan performed with a 3T MR scanner in a normally aging brain of a 65-year-
old male who underwent a brain MRI examination for persistent headaches. A raw slice passing through the mesencephalon
(a) and the same slice with superimposed highlighted SNc (white surrounded black ROI), thereby demonstrating the normal
appearance of the nigrosome-1 (hyperintense area pointed by the white arrow) or swallow-tail sign (b).

Normal nigrosome-1 and the surrounding structure of the dorsolateral SN appear
as a swallow tail [40], and they can be visualized in 95% of healthy subjects [41,42]. Iron
deposits and microvessels have been reported as contributing to the hyposignal surround-
ing nigrosome-1 in the SWI of normal aged midbrains [43]. Nigrosome-1 in PD patients
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displays a significant loss of STS on T2* weighted images, probably due to a reduction in
NM within dopaminergic neurons, an increase in free iron (which induces local inhomo-
geneity in the magnetic field resulting in signal loss), or a loss of paramagnetic NM–iron
complexes [44,45]. As the disease advances, a loss of T2* hyperintensity in PD has been
demonstrated to progress from nigrosome-1 to nigrosome-4 [46]. The absence of STS may
assist in the differential diagnosis for PD if compared with controls and ET, ultimately
reaching high sensitivity and specificity [17,40,47,48] (Figure 4).

  

(a) (b) 

Figure 4. Susceptibility-weighted imaging (SWI) scan performed with a 3T MR. (a) Presence of regular swallow tail sign in
a healthy patient; (b) loss of swallow tail sign in a patient with Parkinson’s disease.

Moreover, the imaging of nigrosome-1 with 3T MR has been demonstrated to differen-
tiate drug-induced Parkinsonism from idiopathic PD with elevated accuracy, thereby being
of assistance in screening patients who required dopamine transporter imaging [49]. Fur-
thermore, a loss of STS has also been observed in patients suffering from idiopathic rapid
eye movement sleep behavior disorder and DLB [50,51]. Whilst the loss of nigrosome-1
on SWI sequences may assist as a potential imaging biomarker in the diagnosis of de-
generative parkinsonian syndromes, it cannot differentiate between idiopathic PD and
PS [52,53]. Nevertheless, it has been reported that anatomical changes of SN, detected via
the SWI sequence at 7T, may distinguish MSA and PSP from CBD [54], thereby confirming
the pathological heterogeneity of these diseases. Of note, nigrosome-1 has also been visu-
alized on 3D FLAIR images as an hyperintense structure within otherwise surrounding
hypointense dorsolateral SN. Its loss can be used to predict presynaptic dopaminergic
function and to diagnose PD with a high degree of accuracy [55].

Recently, it has been reported that the combined visual analysis of SN (by using
NM-MRI and nigrosome-1 imaging, displaying normal NM in SNc and nigrosome-1 loss)
has enabled the distinction of MSA-P from PD and healthy controls [56]. Moreover, it has
also been described that a stratification of the swallow tail sign, using a scale on SWI-map
imaging, may serve as a useful imaging biomarker regarding the differential diagnosis
of Parkinsonism [57]. However, the veracity of these results must be confirmed by larger
cohort studies.

4.3. Iron Imaging

Together with a degeneration of dopaminergic neurons, iron overload has been impli-
cated in the pathology and pathogenesis of PD and PS. Iron deposition initially occurs in

8



Brain Sci. 2021, 11, 769

SN; however, abnormal iron levels have also been detected in the basal ganglia, thalamus,
and cortex of PD patients [58].

With the introduction of MRI, the in vivo characterization of brain iron content has
become possible. The possibility of quantifying regional brain iron overload may provide
more knowledge regarding the correlation between iron accumulation and parkinsonian
symptoms. Indeed, extensive data have emphasized the importance of SN iron increase in
PD patients compared to controls [30,35,59]. From a technical perspective, the iron content
can be assessed by evaluating T2 and T2* relaxation rates, using either magnitude (R2*)
or phase (quantitative susceptibility mapping, QSM) imaging. Among these methods, R2
and R2* relaxometry (i.e.,: 1/T2*, proton transverse relaxation rate which reflects increased
tissue iron content) considers heterogeneities from local and adjacent tissue as being more
susceptible to influence from disturbances due to calcification, micro bleeds, and myeli-
nated fibers [11]. The R2* values in the SNc have been reported to be significantly higher in
de novo PD patients with a gradual increase, which is related to disease progression [60,61]
(Figure 5).

  
(a) (b) 

Figure 5. T2* map study (color scale) of two patients with PD in an evaluation of iron deposition within the SN (blue: less
iron deposition; green: more iron deposition). The patient in (a) has a more evident asymmetrical iron deposition when
compared to the patient in (b).

Since correlations between motor symptoms and high levels of R2* values within the
SNc have been reported in PD, and R2* changes rapidly with disease progression, these
methods can also be used in the prospective evaluation of PD patients [60,61]. Moreover, it
has been reported that PD patients with early gait freezing pattern will have higher iron
content, as evaluated by means of R2* relaxometry in the SNc, in comparison to those who
do not [62].

Furthermore, QSM provides a direct measure of the local heterogeneities of the mag-
netic field by using a deconvolution method, which assists in eliminating the susceptibilities
of surrounding structures [63]. It has been demonstrated that QSM is more sensitive than
R2* in identifying iron overload in PD [63–65], even in the prodromal stage of the dis-
ease [66]. Values from QSM correlate with disease condition and duration [64,65,67,68],
and they distinguish PD and PS [69]. Moreover, QSM can address iron variation within the
SN [70] and lateral asymmetry of iron deposition, which is related to a manifestation of
asymmetric signs and symptoms in PD [24]. When QSM is used in early- and advanced-
stage PD patients, it is of note that it has been demonstrated that iron deposition affected
SNc exclusively in the early stages of the disease, while in the late PD stage, iron deposition
involved other regions, concomitant with SNc [71]. This latter finding indicates that QSM
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is a tool with which to monitor iron deposition and disease progression in PD. Specifically,
changes in iron seem to be limited to the ventral aspect of SN [70], which has been reported
to degenerate early in the course of the disease [72]. According to the distribution of
the pathological involvement distinguishing the various forms of Parkinsonism, red and
subtalamic nuclei are involved in PSP, together with SN, while iron deposition in MSA is
significantly higher in the putamen [73]. Finally, all Parkinsonisms have been demonstrated
to display increased susceptibility in the subcortical structures, thereby reflecting distinct
topographical patterns of abnormal brain iron accumulation [74].

Both QSM and R2* may be effective tools in the differential diagnoses of degenera-
tive PS, a fact that permits the tracking of dynamic changes that are associated with the
pathological progression of these disorders. In addition, while QSM is more sensitive to
the iron content of SN, R2* can be said to reflect pathological features, such as α-synuclein,
in addition to iron deposits [75].

4.4. Advanced Diffusion Weighted Imaging Techniques

The loss of dopaminergic neurons in the SNc in the midbrain of patients with PD, as
well as related nigral changes, are useful in differentiating neurodegenerative Parkinsonism
from ET and other non-degenerative PS [64]. Routine conventional brain MRI, with an
assessment of T1, T2, FLAIR, and proton density weighted sequences, is usually normal
in early PD, while several studies have shown that advanced diffusion weighted imaging
(diffusion tensor imaging, DTI) can assist in the early diagnosis of the disease [76]. The SN
can be most clearly depicted when the diffusion gradient is applied in a left–right direction,
thereby providing sharp contrast between the SN and the surrounding white matter.
By depicting the white matter around SN as an area of high signal intensity, diffusion
weighted imaging (DWI) reveals SN as a crescent-shaped area of low signal intensity
between the tegmentum of the midbrain and the cerebral peduncle [77]. Several DTI
studies have described early within-SN changes of PD patients, as compared to controls,
and characterized by low fractional anisotropy (FA) values [78–81]. High resolution DTI in
the SN can be useful in the diagnosis of PD, distinguish early-stage disease from controls,
and has the potential to be a non-invasive early biomarker for PD diagnosis [76]. Moreover,
higher SN-DTI changes have been reported to correlate with increasing dopaminergic
deficits and declining α-synuclein and total tau protein concentrations in cerebrospinal
fluid [80]. Furthermore, a nigral diffusion measure has been proposed as a measure of
disease progression [81].

Whilst several authors have evaluated the application of DTI to studying SN in PD
in the last 10 years, the results of these studies are conflicting [78–83]. For example, in
their systematic review and meta-analysis, Hirata et al. estimated the mean change in
SN-FA induced by PD and related diagnostic accuracy, and they concluded that SN-FA
cannot be used as an isolated measure with which to diagnose PD since it displayed low
sensitivity and specificity [83]. These discordant results have been hypothesized to be due
to variable approaches used to demarcate the SN or unpredictable contamination of DTI
evaluations from extracellular water compound or free water (FW). Hence, a FW mapping
was developed, permitting the separation of the contribution of FW to DTI assessments
(FW-corrected DTI) [84]. Using this approach, FW levels were observed to have increased in
the posterior SN of PD patients, if compared to healthy controls, with a progressive increase
during the progression of the disease. Moreover, the FW predicted the future changes
in bradykinesia and cognitive status in a 1-year period, thereby providing a potential
non-invasive progression marker of SN [84–87].

In addition to early PD, the FW in the posterior part of the SN has been reported to
also have been increased in early MSA and PSP, as demonstrated by Arribarat et al. [88].
It has also been correlated with striatal dopaminergic denervation, thus reflecting motor
and cognitive deficits. Compared PD and control patients, Planetta et al. observed an FW
increase in the SN, in addition to the subthalamic nucleus, red nucleus, pedunculopontine
nuclei, cerebellum, and basal ganglia in patients with PSP and MSA [86]. Several studies
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have demonstrated changes in water diffusivity in the SN (measured as a reduction in
FA) in patients with MSA and a predominance of parkinsonian symptoms; this permits
the differentiation with PD even in its early stages, when a volumetric reduction or signal
change on conventional MRI are still absent [89].

There are other anatomical regions in PS (PSP, CBS, and MSA-C) that reveal microstruc-
tural anomalies, as detected by reduced FA and an increased MD. Studying changes in
SN is, therefore, not indicated regarding a differential diagnosis of atypical Parkinsonism.
For example, abnormal DTI in the cerebellum and MCP seems to be mainly involved in
MSA-C; the DTI of SCP is mostly vulnerable in PSP. Abnormal DTI in supratentorial white
matter regions appears to be mainly involved in CBS [90].

4.5. Radiomics, Artificial Intelligence, and Future Perspectives

Nowadays, an interest in NM-dedicated imaging and iron content quantification
by means of artificial intelligence tools has only increased. A radiomic approach can be
adopted to extract and analyze quantitative imaging features from medical images in
garnering information to lend support to clinical decision making. These features are
commonly correlated with patients’ clinical data by advanced computational methods,
including machine and deep learning algorithms; the latter are ever more frequently used
to aid in the early or differential diagnosis of PD [91–94].

Machine learning techniques are typically based on an analysis of training data
(i.e., features extracted from images) and the transformation of these features into class
labels. The aim of this is to develop a model that is capable of classification, prediction, and
the estimation of a situation from selected known data (e.g., images) [95]. Also known as
deep neural learning or deep neural network, deep learning is a subfield of machine learning,
the aim of which is to “imitate” the human brain in processing data and decision making.
Deep learning permits the differential interpretation of data by means of the use of different
layers in the network: each network defines specific features of the data in a hierarchical
system [95], and data representation is performed in conjunction with prediction (obtained
via classification or regression).

Various reports have described PD diagnoses by means of machine learning tech-
niques, such as a support vector machine algorithm, as applied to DTI, and a voxel-based
morphometry of the whole brain [96–98]. Recently, deep neural networks have shown great
promise when creating markers for PD prognosis and diagnosis by adopting convolutional
neural network (CNN) regarding NM-MRI acquisitions. This algorithm automatically
segments the SN region; computes class activation maps for patient classification; and,
therefore, acts as a computer-aided PD diagnostic framework, using the NM signal [92].
Using CNNs to create prognostic and diagnostic biomarkers of PD from NM-MRI, Shinde
et al. demonstrated the higher performance of this method when compared to a radiomics
classifier, discriminating PD from PS with an accuracy of 85.7%. They also demonstrated
that the left SNc plays a key role in this classification, as compared to the right SNc [92].

Another application of SN segmentation via CNN has been reported by Krupička et al. [99].
Artificial neural networks were also used to validate a dynamic, atlas-based segmentation
process of the SN and to quantify NM-rich brainstem structures in PD [100]. Moreover,
the application of texture analysis, by means of QSM, has been reported to successfully
distinguish PD from healthy control patients, with higher performance indices, compared
to R2* texture analysis [93]. This combination of radiomics and CNN features from QSM
could enhance the diagnostic accuracy of PD [94]. Finally, applications of artificial in-
telligence tools appear to promise much since they may support the identification of
radiological biomarkers in PD, and they may also reveal deeper understanding of the
pathophysiological alterations in SNc.

5. Conclusions

MRI-based biomarkers have undoubtedly contributed to the diagnosis of PD and a
differential diagnosis of PD and atypical PS over the past two decades. Improvements in
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MRI technology have made the study of SN microstructural changes and metal deposits
possible, with both being of major importance to PD patients. An increasing number of
MRI sequences and methods have been developed, resulting in more precise imaging
findings that characterize SNc damage in PD. These images comprise nigrosome imaging,
neuromelanin-sensitive sequences, iron-sensitive sequences, and DWI. The use of these
imaging methods, alone or in combination, is emerging as an encouraging early diagnostic
biomarker of PD. These techniques may also permit the discrimination of PD from control
patients or PD patients from atypical PS. However, the diagnosis of PD is still based on
clinical features, and these imaging methods are not yet in widespread use. Accordingly,
multi-center studies deploying large cohorts are required. Results from these studies
may result in the identification of new imaging biomarker of PD, thereby enabling the
neuroradiologist to support clinicians in the final diagnosis of the disease.

Finally, the application of artificial intelligence tools has only increased in assisting
the early or differential diagnosis of PD. A radiomic approach has also been increasingly
adopted to extract and analyze quantitative imaging features from medical images, which
are beyond those identifiable by an expert eye. The next step will be the inclusion of these
radiomic features into the clinical decision making workflow. Such a process may also
lead to extending our knowledge relating to the pathophysiological alterations of impaired
brain areas, nuclei, and networks.
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Abstract: Background: Regulatory T cells (Tregs) alterations have been implicated in the pathogenesis
of Multiple Sclerosis (MS). Recently, a crucial role of the X-Linked Forkhead Box P3 (FoxP3) for the
development and the stability of Tregs has emerged, and FOXP3 gene polymorphisms have been
associated with the susceptibility to autoimmune diseases. The expression of Foxp3 in Tregs is
regulated by the transcription factor GATA binding-protein 3 (GATA3) and vitamin D3. The aim of
this retrospective case-control study was to investigate the potential association between FOXP3 and
GATA3 genetic variants, Vitamin D3, and MS risk. Methods: We analyzed two polymorphisms in
the FOXP3 gene (rs3761547 and rs3761548) and a polymorphism in the GATA3 gene (rs3824662) in
106 MS patients and 113 healthy controls. Serum 25(OH)D3 was also measured in all participants.
Results: No statistically significant genotypic and allelic differences were found in the distribution of
FOXP3 rs3761547 and rs3761548, or GATA3 rs3824662 in the MS patients, compared with controls.
Patients that were homozygous for rs3761547 had lower 25(OH)D3 levels. Conclusions: Our findings
did not show any association among FOXP3 and GATA3 SNPs, vitamin D3, and MS susceptibility.

Keywords: multiple sclerosis; genetic; polymorphisms; FOXP3; GATA3; vitamin D

1. Introduction

Multiple Sclerosis (MS) is a chronic autoimmune inflammatory disease of the central
nervous system (CNS). Studies on Experimental Autoimmune Encephalomyelitis (EAE),
which represents the best animal model of MS, made a significant contribution to the
understanding of MS pathogenesis. It is now well documented that CD4 (+) and CD8
(+) T lymphocytes and their related cytokines, as well as B-lymphocytes, take part in the
development of MS. Among CD4 (+) T cells, it is possible to distinguish different cell
subsets according to their cytokine secretion pattern [1]. Specifically, Th1 and Th17 cells
produce pro-inflammatory cytokines, such as IFN-γ and IL-17, respectively, whereas Th2
and regulatory T cells (Tregs) produce anti-inflammatory cytokines, such as IL-10 [2,3].
Tregs have an essential role in controlling the immune system by several mechanisms,
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including regulation of antigen-presenting cells (APC) function, induction of tolerance,
cytolysis, and expression of inhibitory cytokines [4]. Overall, Tregs are fundamental in
maintaining immune self-tolerance and immune homeostasis, limiting excessive inflam-
mation. Alterations of Tregs, including numerical reduction and functional changes, have
been implied in the immune-mediated damage of myelin and axons, leading to neuronal
damage and neuroinflammation in MS [5]. Moreover, reduced migration of Tregs into
CNS of MS patients has been described [6]. Noteworthy, master-regulators of transcription
are essential for T lymphocytes function [1]. Among these, the X-Linked Forkhead Box
P3 (FoxP3) has a crucial role in Tregs development and stability, as shown by in vivo
and in vitro studies [7–9]. In particular, FOXP3-deficient Treg cells have been shown to
reduce expression of Treg cell signature genes, such as TGF-β, IL-10, and CTLA4, which
are critical for tolerance and immunosuppression, while gained the expression of cytokine
genes, such as IFN-γ, TNF-α, and IL-17, which stimulate the immune response [7]. Many
polymorphisms in the gene codifying for Foxp3 have been associated with reduced levels
of Foxp3 and impaired suppressive function of Treg cells, resulting in the development
of autoimmune diseases [10]. An association between single nucleotide polymorphisms
(SNPs) of the FOXP3 gene and autoimmune diseases, such as allergy, Graves’ disease, and
systemic lupus erythematosus, has been described [11–13].

Additionally, the sustained trek expression of Foxp3 is regulated by several factors, in-
cluding the transcription factor GATA binding-protein 3 (GATA3) and vitamin D3. In vivo
and in vitro studies showed that GATA3 expression has a fundamental role in maintain-
ing high-levels of Foxp3 in Tregs [14]. GATA3 has been reported to prevent excessive
polarization toward Th17 and inflammatory cytokine production of Treg cells. Indeed,
GATA-3-null Treg cells have been shown to fail to maintain peripheral homeostasis and sup-
pressive function, shifting toward Th17 cell phenotypes and expressing reduced amounts
of Foxp3 [15].

Vitamin D3 has a pivotal role in regulating the immune system [16–19]. An association
between reduced levels of vitamin D3 and increased risk of several autoimmune diseases,
including MS, has been documented. Several hypotheses have been proposed to explain
the potential role of vitamin D in the pathophysiology of MS. Among these, experimental
studies revealed that 1,25-dihydroxivitamin D3 (1,25(OH)2D3) regulates FOXP3 expression
in Tregs [20]. Thus, reduced vitamin D3 levels could be associated with reduced FOXP3
expression and, consequently, could increase the risk of MS.

The aim of this study was to investigate the association among SNPs in FOXP3 and
GATA3 genes, vitamin D3, and MS susceptibility. Specifically, we selected two SNPs in
FOXP3 gene, namely rs3761547 and rs3761548, and the rs3824662 in the GATA3 gene,
which could influence the FOXP3 and GATA3 expression, respectively. Thus, they could
predispose to the development of autoimmune diseases, such as MS.

2. Materials and Methods

2.1. Study Population

We performed a retrospective case-control study on a cohort consisting of 106 patients
with MS and 113 healthy controls. Cases were enrolled from June 2013 to December 2014
at the Department of Neurology, University Hospital of Palermo. Healthy controls were
blood donors, enrolled from April 2015 to July 2016, at the Unit of Transfusion Medicine
of Villa Sofia-Cervello Hospital in Palermo. The study was performed in accordance with
the Declaration of Helsinki, and the local medical ethics committee approved the protocol.
All subjects provided informed consent. An experienced neurologist made the diagnosis
of MS according to revised McDonald criteria [21]. The neurological status of patients
was assessed using Kurtzke’s Expanded Disability Status Scale (EDSS). The progression
of disability was assessed using the Multiple Sclerosis Severity Score (MSSS) [22]. The
annualized relapse rate (ARR) was calculated in the year before genotyping. The MS group
consisted of 27 men and 79 women, median (IQR) age 39 (34–48) years. Eighty-four percent
of patients were diagnosed with the relapsing-remitting form of the disease (RRMS), 15%
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with the secondary-progressive form (SPMS), and 1% with the primary progressive form
(PPMS). The overall median (IQR) of disease duration was 10.6 (2.4–20.2), EDSS score 2.3
(1.4–5.0), MSSS score 3.3 (1.5–5.5), and ARR scores 1 (1–2).

The control group consisted of 58 men and 55 women with a median (IQR) age of
40 years (28–49).

The study protocol was approved by the Ethics Committee of the University Hospital
of Palermo (nr 07/2016) and was performed in accordance with the current revision of
the Helsinki Declaration. Informed consent was obtained from all individual participants
included in the study.

2.2. Molecular Analysis

Whole blood samples from patients and controls were collected in EDTA tubes and
stored at 4 ◦C for subsequent DNA extraction. Genomic DNA was extracted from 200 µL
of whole blood using a commercial kit (Qiagen, Valencia, CA, USA), according to the
manufacturer’s instructions. The DNA quality was evaluated by electrophoresis in a 0.8%
agarose gel, quantified by using absorbance spectrophotometric analysis and stored at
−20 ◦C for subsequent analysis.

We selected two SNPs in the FOXP3 gene, namely rs3761548 and rs3761547, and a SNP
in the GATA3 gene, namely rs3824662, based on evidence in the literature [23,24]. Character-
istics of all selected SNPs are shown in Table 1. We used the following primers (VIC/FAM):
TGTCTGCAGGGCTTCAAGTTGACAA(T/C)TGCCCCTCTATCCAGGGGACTGGCT for
rs3761547; GGTGCTGAGGGGTAAACTGAGGCCT(T/G)CAGTTGGGGAGAGAGCC
AGAACCAG for rs3761548; AGGAAGGCGCCTTTGGCATGCACTG(A/C)AGCGTG
TTTGTGTTTAATCTCAGGG for rs3824662.

Table 1. Characteristics of FOXP3 and GATA3 single nucleotide polymorphisms (SNPs).

Gene Chromosome SNP Ancestral
Allele

Substitution
Allele

SNP
Location

Functional
Effect

Ref.

FOXP3 X

rs3761547 T C Intron Unknown -

rs3761548 G T Intron Reduced
expression [25]

GATA3 10 rs3824662 C A Intron Altered
expression [23]

All samples were genotyped using real-time allelic discrimination TaqMan assay
(Applied Biosystems). The genotyping was performed by a 7500 real-time PCR system. All
PCR reaction mixtures contained 1 µL DNA (≈25 ng), 5 µL TaqMan Genotyping Master
Mix, and 0.25 µL genotyping Assay mix containing primers and FAM- or VIC-labeled
probes and distilled water for a final volume of 20 µL. The real-time PCR conditions were
initially 60 ◦C for 30 s and then 95 ◦C for 10 min, and subsequently 40 cycles of amplification
(95 ◦C for 15 s and 60 ◦C for 1 min), and finally 60 ◦C for 30 s (Applied Biosystems).

2.3. Biochemical Analysis

Serum 25(OH)D3 levels were measured by high-performance liquid chromatography
(HPLC) using a Chromosystem reagent kit (Chromsystems Instruments & Chemicals
GmbH; Grafelfing, Munich, Germany).

According to the recommendation of the Institute of Medicine, vitamin D3 deficiency
was defined as serum 25(OH)D3 < 20 ng/mL, vitamin D3 insufficiency as serum 25(OH)D3
levels 20–30 ng/mL, and vitamin D3 sufficiency as serum 25(OH)D3 > 30 ng/mL.

2.4. Statistical Analysis

Statistical analysis was performed by SPSS version 17.0 (SPSS Inc., Chicago, IL, USA)
and R Language v.3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). Quan-
titative variables were expressed by the median and interquartile range (IQR) while cat-
egorical variables by absolute and relative frequencies. All genotypes were tested for
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Hardy–Weinberg equilibrium by using an exact test. Differences in age or vitamin D
levels between MS patients and controls were evaluated by both parametric t-test and
non-parametric Mann–Whitney test. The association between MS diagnosis (dependent
dichotomous variable) or vitamin D levels (continuous dependent variable) and predictors
was evaluated, respectively, by multivariate logistic regression and General Linear Model.
Association with chrX SNP was evaluated assuming (0, 2) dosage for males and adjusting
for sex.

3. Results

We enrolled 106 MS patients and 113 healthy controls. Table 2 shows the clinical
characteristics of the study population. The polymorphisms were in Hardy–Weinberg
equilibrium (p > 0.05). Genotype and allele frequencies of cases and controls are shown
in Tables 3 and 4. No significant statistical association was found by logistic regression
between FOXP3 rs3761547 and rs3761548 as well as GATA3 rs3824662 genotypes and MS
disease. Moreover, no association was found between FOXP3 rs3761548 and rs3761547 or
GATA3 rs3824662 genotypes on the age of disease onset (p ranging from 0.284 to 0.955),
diseases duration (p ranging from 0.259 to 0.547) EDSS (p ranging from 0.631 to 0.985),
MSSS (p ranging from 0.601 to 0.680) and ARR (p ranging from 0.203 to 0.900).

Table 2. Demographic and clinical characteristics of multiple sclerosis (MS) patients and controls.

MS (n = 106) Controls (n = 113) p-Value

Age (years) 39 (34–48) 40 (28–49) 0.703

Sex, n (male/female) 27/79 58/55 <0.001

25(OH)3, µg/L 20.0 (15.0–25.0) 39.0 (28.5–49.0) <0.001

Disease duration (years) 10.6 (2.4–20.2) -

Age of MS onset (years) 28 (22–32) -

MS-type (%) RR/SP/PP 84/15/1 -

EDSS 2.3 (1.4–5) -

MSSS 3.3 (1.5–5.5) -

ARR 1 (1–2) -
Data are shown as: median (interquartile range), RR, Relapsing Remitting; SP, Secodary Progressive; PP, Primary
Progressive; EDSS = Expanded Disability Status Scale; MSSS = Multiple Sclerosis Severity Score; ARR = annualized
relapse rate.

Table 3. Distribution of genotypic and allelic frequencies of the FOXP3 SNPs in MS patients and controls.

SNP Patients (n/%) Controls (n/%) p-Value

rs3761548 (FOXP3) Male (27) Female (79) Male (58) Female (55)
GG 12 (15) 11 (21)

0.997
TG 41 (52) 30 (54)
TT 26 (33) 14 (25)
G 15 (56) 26 (45)
T 12 (44) 32 (55)

rs3761547 (FOXP3) Male (27) Female (79) Male (58) Female (55)
TT 63 (80) 44 (80)

0.460
TC 14 (18) 9 (16)
CC 2 (2) 2 (4)
T 24 (88) 56 (97)
C 3 (12) 2 (3)
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Table 4. Distribution of genotypic and allelic frequencies of the GATA3 SNP in MS patients and controls.

SNP Patients (n/%) Controls (n/%) p-Value

rs3824662 (GATA3)
CC 61 (57) 64 (54)

0.945
CA 39(37) 43 (38)
AA 6 (6) 6 (8)
C 161 (76) 171 (75)
A 51 (24) 55 (25)

We found that serum 25(OH)D3 levels were significantly lower in MS patients than
in controls (20.0 (15.0–25.0)µg/L and 39.0 (28.5–49.0)µg/L, respectively; p < 0.001). In
particular, vitamin D3 insufficiency was prevalent in MS patients (59%); 26% had vitamin
D3 deficiency, and only 15% had optimal levels. Moreover, men in the whole sample
displayed significantly higher levels of vitamin D3 than women (median 33 (24–45) µg/L
vs. 25 (19–35) µg/L; p = 0.007). Nevertheless, vitamin D3 was not associated with age
(p = 0.683).

Multivariate analysis was performed using vitamin D3 levels as a dependent variable,
while age, sex, MS diagnosis, and studied polymorphisms (three different models) as
independent variables. The analysis showed that none of the three studied polymorphisms
were associated with vitamin D levels (p ranging from 0.270 to 0.894). Interestingly, the
only independent predictor that was found significantly associated with vitamin D3 levels
in all three models investigated was the presence of the MS, further supporting previous
literature results on the role of vitamin D in MS.

4. Discussion

MS is a multifactorial disease that occurs in genetically susceptible individuals after
exposure to environmental factors, which contribute to the loss of tolerance and activation
of T cells to myelin antigens [26,27].

Genetic studies uncovered several gene variants, which are putatively associated with
MS susceptibility, including those codifying molecules involved in vitamin D3
metabolism [28–33]. However, an essential role for Foxp3 has recently emerged. Foxp3 is a
transcription factor belonging to the forkhead/winged-helix transcription factor family,
and it is fundamental for maintaining the suppressive activity of Tregs [34,35]. Genetic
variants of FOXP3 have been associated with an impaired function and differentiation of
Treg cells, resulting in autoimmune dysfunction. Some Authors reported altered expression
of Foxp3 in patients with MS [36–38]. A transcriptional factor critical for Treg cell function
and Foxp3 expression is GATA3 [39], as revealed by in vivo studies [15]. Wang et al. [15]
showed that GATA-3-null Treg cells failed to maintain peripheral homeostasis and suppres-
sive function, gained Th17 cell phenotypes, and expressed reduced Foxp3 levels. Finally,
vitamin D3 has an important role in regulating the expression of FOXP3.

Given this evidence, we performed a case-control study to evaluate the possible in-
fluence of two SNPs in the promoter region of FOXP3 and an SNP of GATA3 on genetic
predisposition to MS. Moreover, we investigated the relationship between such polymor-
phisms and 25(OH)D3.

Among the selected FOXP3 SNPs, a functional effect has been reported only for the
rs3761548 [25]. In particular, the minor allele A has been associated with an impaired
interaction of the promoter region of FOXP3 with transcription factors, such as E47 and
C-Myb, which reduce FOXP3 transcription. Similarly, the rs3824662 GATA3 has been
associated with altered GATA3 expression [23].

In this study, we did not find any association among the selected SNPs, MS suscep-
tibility, and 25(OH)D3. Although the influence of FOXP3 SNPs on disease risk has been
established in several autoimmune diseases, such as systemic sclerosis [40] and asthma [41],
contrasting results have been reported in MS patients. Jafarzadeh et al. [42] and Eftekhar-
ian et al. [43] found an association between rs3761548 FOXP3 gene and MS in an Iranian
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population. Recently, Wawrusiewicz-Kurylonek et al. [24] investigated the association of
three SNPs of FOXP3, including the rs3761548 and the rs3761547, on MS risk in a Polish
population. The authors found a gender-specific relation between rs3761547 FOXP3 gene
polymorphism and MS susceptibility. In particular, such polymorphism was associated
with increased risk only in male patients. On the other hand, Gajdošechová et al. failed
to find any association between FOXP3 SNPs and MS risk in a Slovak population [44].
Similar results were found by Işik et al. [45]. Flauzino et al. found an association between
the rs3761548 FOXP3 and MS in females in a Brazilian population [46]. Additionally,
Zhang et al. [47] performed a meta-analysis on five studies investigating the correlation
between FOXP3 polymorphisms and MS risk. Authors showed that the rs3761548 could
be associated with MS susceptibility, especially in Asians. However, such meta-analysis
has several biases, including the low number of studies included. Additionally, four out
of five studies were performed on Asians. Thus, the results may do not apply to different
ethnic populations, such as Europeans. Indeed, it is well recognized that ethnicity affects
the genetic background, resulting in contrasting results among different populations. The
inconsistency of the results among the different studies on the association of FOXP3 SNPs
and MS could be due to several reasons, including the sample size, the genotyping methods
(restriction fragment length polymorphism, real-time PCR), and the selection of controls
(hospital-based controls, community-based controls, healthy blood donors) [48]. To the
best of our knowledge, this is the first study evaluating the role of FOXP3 polymorphisms
on MS risk in an Italian population and the first investigating the possible influence of
GATA3 polymorphism in MS.

Limitations of this study are small sample size, case-control design, the lack of match
between cases and controls, the lack of sample size estimation prior to starting the study,
and the lack of assessment of cytokines in order to characterize better the complex relation-
ship among FOXP3, chemical mediators and MS.

5. Conclusions

It is sound to investigate FOXP3, and GATA3 SNPs within the contest of immune-
mediated diseases as MS since functional alterations of these proteins could be involved in
the development of such diseases. FOXP3 and GATA3 exert immune suppressive activity;
however, some of their gene variants have been shown to impair immune-suppressive
activity, thus contributing to the development of autoimmune diseases. In this case-control
study, we evaluated the possible role of two SNPs of the FOXP3 gene, the rs3761547 and
rs3761548, and an SNP of the GATA3 gene, rs3824662, as a susceptibility risk factor for
MS. We did not find an association between the selected SNPs and MS risk. However, it
is possible that several factors, including the small sample size, could have influenced
our results. Therefore, we cannot draw final conclusions on the role of GATA3 and
FOXP3 polymorphisms on the MS risk. Accordingly, it is worth studying FOXP3 and
GATA3 SNPs in larger populations to understand better whether they could have a role in
MS susceptibility.

Author Contributions: C.S. and L.A. conceptualization, formal analysis, and writing—original
draft preparation; B.L.S., C.M.G., G.C., A.M.C., R.V.G. and G.B. data analysis and writing—review
and editing; G.S. and P.R. patients enrollment and data collection, writing—review and editing;
M.V. statistical analysis, writing—review and editing; M.C. conceptualization, writing—review and
editing, supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
Azienda Ospedaliera Universitaria Policlinico “Paolo Giaccone” of Palermo (protocol code n◦7/2016
and 18/07/2016).

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

22



Brain Sci. 2021, 11, 415

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

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

References

1. O’Connor, R.A.; Anderton, S.M. Inflammation-associated genes: Risks and benefits to Foxp3+ regulatory T-cell function.
Immunology 2015, 146, 194–205. [CrossRef]

2. Hedegaard, C.J.; Krakauer, M.; Bendtzen, K.; Lund, H.; Sellebjerg, F.; Nielsen, C.H. T helper cell type 1 (Th1), Th2 and
Th17responses to myelin basic protein and disease activity in multiplesclerosis. Immunology 2008, 125, 161–169. [CrossRef]
[PubMed]

3. Peelen, E.; Damoiseaux, J.; Smolders, J.; Knippenberg, S.; Menheere, P.; Tervaert, J.W.; Hupperts, R.; Thewissen, M. Th17 expansion
in MS patients iscounterbalanced by an expanded CD39+regulatory T cell population during remission but not during relapse. J.

Neuroimmunol. 2011, 240–241, 97–103. [CrossRef] [PubMed]
4. Kleinewietfeld, M.; Hafler, D.A. Regulatory T cells in autoimmune neuroinflammation. Immunol. Rev. 2014, 259, 231–244.

[CrossRef]
5. Grant, C.R.; Liberal, R.; Mieli-Vergani, G.; Vergani, D.; Longhi, M.S. Regulatory T-cells in autoimmune diseases: Challenges,

controversies and–yet–unanswered questions. Autoimmun. Rev. 2015, 14, 105–116. [CrossRef]
6. Schneider-Hohendorf, T.; Stenner, M.P.; Weidenfeller, C.; Zozulya, A.L.; Simon, O.J.; Schwab, N.; Wiendl, H. Regulatory T cells

exhibit enhanced migratory characteristics, a feature impaired in patients with multiple sclerosis. Eur. J. Immunol. 2010, 40,
3581–3590. [CrossRef] [PubMed]

7. Williams, L.M.; Rudensky, A.Y. Maintenance of the Foxp3-dependent developmental program in mature regulatory T cells
requires continued expression of Foxp3. Nat. Immunol. 2007, 8, 277–284. [CrossRef]

8. Lin, W.; Haribhai, D.; Relland, L.M.; Truong, N.; Carlson, M.R.; Williams, C.B.; Chatila, T.A. Regulatory T cell development in the
absence of functional Foxp3. Nat. Immunol. 2007, 8, 359–368. [CrossRef]

9. Wan, Y.Y.; Flavell, R.A. Regulatory T-cell functions are subverted and converted owing to attenuated Foxp3 expression. Nature

2007, 445, 766–770. [CrossRef]
10. Nie, J.; Li, Y.Y.; Zheng, S.G.; Tsun, A.; Li, B. FOXP3(+) Treg Cells and Gender Bias in Autoimmune Diseases. Front. Immunol. 2015,

6, 493. [CrossRef]
11. Owen, C.J.; Eden, J.A.; Jennings, C.E.; Wilson, V.; Cheetham, T.D.; Pearce, S.H. Genetic association studies of the FOXP3 gene

in Graves’ disease and autoimmune Addison’s disease in the United Kingdom population. J. Mol. Endocrinol. 2006, 37, 97–104.
[CrossRef]

12. Lin, Y.C.; Lee, J.H.; Wu, A.S.; Tsai, C.Y.; Yu, H.H.; Wang, L.C.; Yang, Y.H.; Chiang, B.L. Association of single-nucleotide
polymorphisms in FOXP3 gene with systemic lupus erythematosus susceptibility: A case-control study. Lupus 2011, 20, 137–143.
[CrossRef]

13. Ruan, Y.; Zhang, Y.; Zhang, L. Association between single-nucleotide polymorphisms of key genes in T regulatory cells signaling
pathways and the efficacy of allergic rhinitis immune therapy. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi 2016, 51, 34–42.
[CrossRef] [PubMed]

14. Wohlfert, E.A.; Grainger, J.R.; Bouladoux, N.; Konkel, J.E.; Oldenhove, G.; Ribeiro, C.H.; Hall, J.A.; Yagi, R.; Naik, S.; Bhairavab-
hotla, R.; et al. GATA3 controls Foxp3+ regulatory T cell fate during inflammation in mice. J. Clin. Investig. 2011, 121, 4503–4515.
[CrossRef] [PubMed]

15. Wang, Y.; Su, M.A.; Wan, Y.Y. An essential role of the transcription factor GATA-3 for the function of regulatory T cells. Immunity

2011, 35, 337–348. [CrossRef] [PubMed]
16. Bivona, G.; Agnello, L.; Bellia, C.; Iacolino, G.; Scazzone, C.; Lo Sasso, B.; Ciaccio, M. Non-Skeletal Activities of Vitamin D: From

Physiology to Brain Pathology. Medicina 2019, 55, 341. [CrossRef]
17. Bivona, G.; Agnello, L.; Ciaccio, M. The immunological implication of the new vitamin D metabolism. Cent. Eur. J. Immunol. 2018,

43, 331–334. [CrossRef]
18. Bivona, G.; Agnello, L.; Ciaccio, M. Vitamin D and Immunomodulation: Is It Time to Change the Reference Values? Ann. Clin.

Lab. Sci. 2017, 47, 508–510.
19. Bivona, G.; Lo Sasso, B.; Iacolino, G.; Gambino, C.M.; Scazzone, C.; Agnello, L.; Ciaccio, M. Standardized measurement of

circulating vitamin D [25(OH)D] and its putative role as a serum biomarker in Alzheimer’s disease and Parkinson’s disease. Clin.

Chim. Acta 2019, 497, 82–87. [CrossRef]
20. Kang, S.W.; Kim, S.H.; Lee, N.; Lee, W.W.; Hwang, K.A.; Shin, M.S.; Lee, S.H.; Kim, W.U.; Kang, I. 1,25-Dihyroxyvitamin D3

promotes FOXP3 expression via binding to vitamin D response elements in its conserved noncoding sequence region. J. Immunol.

2012, 188, 5276–5282. [CrossRef]
21. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.; Hutchinson, M.;

Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann. Neurol. 2011, 69, 292–302.
[CrossRef] [PubMed]

23



Brain Sci. 2021, 11, 415

22. Roxburgh, R.H.; Seaman, S.R.; Masterman, T.; Hensiek, A.E.; Sawcer, S.J.; Vukusic, S.; Achiti, I.; Confavreux, C.; Coustans, M.; le
Page, E.; et al. Multiple Sclerosis Severity Score: Using disability and disease duration to rate disease severity. Neurology 2005, 64,
1144–1151. [CrossRef]

23. Perez-Andreu, V.; Roberts, K.G.; Harvey, R.C.; Yang, W.; Cheng, C.; Pei, D.; Xu, H.; Gastier-Foster, J.E.S.; Lim, J.Y.; Chen, I.M.; et al.
Inherited GATA3 variants are associated with Ph-like childhood acute lymphoblastic leukemia and risk of relapse. Nat. Genet.

2013, 45, 1494–1498. [CrossRef] [PubMed]
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Abstract: Inherited neuromuscular disorders (INMD) are a heterogeneous group of rare diseases
that involve muscles, motor neurons, peripheral nerves or the neuromuscular junction. Several
different lab abnormalities have been linked to INMD: sometimes they are typical of the disorder,
but they usually appear to be less specific. Sometimes serum biomarkers can point out abnormalities
in presymtomatic or otherwise asymptomatic patients (e.g., carriers). More often a biomarker of
INMD is evaluated by multiple clinicians other than expert in NMD before the diagnosis, because of
the multisystemic involvement in INMD. The authors performed a literature search on biomarkers in
inherited neuromuscular disorders to provide a practical approach to the diagnosis and the correct
management of INMD. A considerable number of biomarkers have been reported that support the
diagnosis of INMD, but the role of an expert clinician is crucial. Hence, the complete knowledge
of such abnormalities can accelerate the diagnostic workup supporting the referral to specialists in
neuromuscular disorders.

Keywords: biomarkers; inherited neuromuscular disorders; rare diseases

1. Background and Aims

Inherited neuromuscular disorders (INMD) are rare diseases that involve muscles,
motor neurons, peripheral nerves or the neuromuscular junction [1].

Even if the most important role in the diagnosis of INMD is played by clinical and
subsequent examinations (e.g., neurophysiological, histo-morphological and genetic inves-
tigations), serum biomarkers may have a crucial role in the diagnosis and follow-up.

Indeed, it is a well-known fact that serum biomarkers have a crucial role in the diagno-
sis of many acquired neuromuscular conditions ranging from autoimmune, inflammatory
and paraneoplastic diseases affecting the muscle and peripheral nerve [2–4], but their role
appears to be less immediate and appreciated for INMD [1].

A particular mentioning for genetic investigations is worth in the diagnostic workup:
indeed genetics is in rapid evolution and has radically modified the approach to rare
diseases in recent years [1,5,6]. In particular, the recent availability of next generation
sequencing has deeply revolutioned the scenario of INMD, compared to only a few years
ago, when the diagnostic algorithms were based on the sequencing gene by gene (e.g.,
Sanger), based on clinical, neurophysiology, biochemical and morphological evaluations [1].
In this scenario, serum biomarkers retain an important role in both the diagnosis and
follow-up of INMD [7–10]. Many lab abnormalities commonly evaluated in routine blood
examinations have been reported “typical” of certain INMD [8,11,12], but their role is
sometimes underestimated in current clinical practice [13]. Moreover, lab samples are
usually cheap, easy-to-obtain and, in many circumstances, they are parts of other general
clinical procedures. Conversely, some biomarkers are very unspecific (e.g., serum creatine
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kinase (CKO), but associated conditions may point out the underlining condition (e.g.,
concomitant factors; the entity and/or the persistence of the abnormalities) [8,14] or rule
out other differential diagnoses [15]. Finally, in specific clinical conditions, some biomarkers
commonly used in clinical practice are indicative only if the sample is collected in a specific
condition [16].

Moreover, the correct use of biomarkers in INMD allows a specific time- and resource-
sparing algorithm. In fact, INMD patients, if promptly evaluated through biomarkers,
can reach the correct diagnosis earlier and receive consequently an adequate management
and therapy [17,18]. Occasionally, lab essays are abnormal despite the patient does not
display any clinical sign (e.g., carriers); in these cases, a serum abnormality encourages the
beginning of a diagnostic workup allowing a prompt genetic counselling [10,19].

Multiple organs are usually involved in INMD, so that patients are often evaluated by
multiple clinicians other than expert in NMD before the diagnosis [20,21].

In this paper, we present a review of serum biomarkers in INMD to provide a guide to
address the diagnosis and the correct management. INMD have been classified depending
on the main organ involved (i.e., spinal cord, peripheral nerve, muscle, etc.) and separately
analyzed as neuropathies (axonal and demyelinating), neuromuscular junction’s disorders,
myopathies (muscular dystrophies, Ion channel myopathies, metabolic myopathies) and
hereditary motor neurons diseases.

2. Muscular Dystrophies

Muscular dystrophies (MD) constitute a heterogeneous group of INMD with progres-
sive muscle weakness. Duchenne muscular dystrophy (DMD) is the most common and
most severe MD and it is characterized by a complete lack of dystrophin due to mutations
in the DMD gene [19]. Serum creatine kinase (CK) concentration as well as transminases
(Supplementary Materials: Table S1 and Diagram S1) are markedly increased in children
with DMD prior to the appearance of any clinical sign of disease; increased values are even
observed among newborns [22]. Of interest, the CK peak by age of two years is usually
from 10 to 20 times the upper normal limit, even if higher values have been reported [23];
serum CK progressively fall about 25% per year, eventually reaching the normal range in
most cases, as the skeleton muscle is replaced by fat and fibrosis. In patients with Becker
muscular dystrophy (BMD), CK concentration is usually elevated above five or more times
the normal limits [19]. Serum CK is usually modestly elevated in limb-girdle muscular
dystrophy (LGMD). However, it can be very high in sarcoglycanopathy, dysferlinopathy,
and caveolinopathy [24]. Of interest, in LGMD2L, a condition resulting from mutations
in ANO5, the gene for anoctamin 5, CK are usually elevated to around 1500 to 4500 U/L
(range 200–40,000 U/L) and tend to decrease over time [24]. Furthermore, in DMD patients
carbonic anhydrase 3 (CAH3), microtubule-associated-protein-4 and collagen type I-alpha 1
chain concentrations decline constantly over time; of interest, myosin light chain 3 (MLC3),
electron transfer flavoprotein A (ETFA), troponin T, malate dehydrogenase 2 (MDH2),
lactate dehydrogenase B and nestin plateaus in early teens; ETFA correlates with the score
of the 6-min-walking-test, whereas MDH2, MLC3, CAH3 and nestin correlate with respi-
ratory capacity [25]. In addition, high serum concentrations of a set of muscle-enriched
miRNAs, (miR-1, miR-133, miR-206, miR-208b, miR-208a and miR-499) were significantly
elevated in DMD patients compared to healthy subjects [7,18].

Serum matrix metalloproteinase-9 (MMP-9) and its inhibitor (TIMP-1) have been
proposed as markers of disease progression in DMD [26]. In DMD patients the decrease in
creatinine and an increase in creatine serum concentrations is likely due to the insufficient
creatine utilization by muscles. Similar profiles have been observed in other MD such as
BMD, LGMD2A and LGMD2B. Creatine/creatinine ratio is particularly elevated in the
older and more severely affected DMD patients, thus encouraging its use as a marker of dis-
ease progression. Reduced citrulline concentrations have been found in DMD patients [27].
There is a significant increase in fibronectin concentrations in DMD patients compared to
age-matched controls, while a similar abnormality is not observable in BMD [28].
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Patients with myotonic dystrophy type 1 and 2 (DM1 and 2) commonly present mod-
estly elevated serum CK (less than 500 U/L) [29]. Low concentrations of anti-Müllerian
hormone (AMH) demonstrates decreased ovarian reserve in women with DM1 [30]. Results
of a study in a cohort of DM patients [14] showed a persistent elevation of high sensitivity
cardiac troponin T (hs-cTnT) and CK; in contrast, high sensitivity cardiac troponin I (hs-
cTnI) values were persistently normal throughout the study. In addition, a relevant quote
of DM patients with cardiac conduction abnormalities and preserved systolic function
presented abnormal NT-proBNP concentration [14]. DM1 patients had insulin-resistance
and significantly higher triglycerides (TGs), glucose and Tumor Necrosis Factor A; con-
versely, they had significantly lower concentrations of total serum adiponectin with a
selective, pronounced decrease of its high molecular weight oligomers [31]. Finally, sleep
dysfunction, very common in DM1, may be mediated by a dysfunction of the hypothalamic
hypocretin because of hypocretin1 reduction in CSF [32].

Facioscapulohumeral muscular dystrophy (FSHD), the third most common type of
MD, is characterized by slowly progressive muscle weakness involving the facial, scapular,
upper arm, lower leg and hip girdle muscles, usually with asymmetric involvement. Serum
CK can be normal or modestly elevated in FSHD (usually less than five times the upper
normal limit) [33]. Finally, an elevation of serum muscles (MM) and myocardial band (MB)
isoforms of CK, as well as carbonic anhydrase III, and troponin I type 2 have a minor role
to assess the severity and progression of FSHD [8].

In Emery-Dreifuss muscular dystrophy (EDMD), a modest elevation of serum CK
concentration is typical, less than 1000 U/L; an increase up to 20 times the upper normal
limit sometimes occurs, but it may be seen often higher in the early stages of the disease [34].
The concentrations of circulating tenascin-C (TN-C) are elevated in autosomic dominant-
EDMD and X-linked-EDMD patients and in some X-linked-EDMD carriers, allowing an
identification of EDMD patients at risk of dilated cardiomyopathy [35]. Transforming
growth factor beta 2 (TGF b2) and interleukin 17 (IL-17) serum values are consistently
elevated in EDMD type 2 and LGMD1B patients [36].

GNE myopathy, where “GNE” is an abbreviation for the mutated gene (UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase) codifying the key enzyme of
sialic acid synthesis, is an adult-onset progressive myopathy, in which a mild serum
CK elevation is reported [37]. The ratio of the Thomsen–Friedenreich (T)-antigen to its
sialylated form, ST-antigen, detected by liquid chromatography—mass spectrometry and
liquid chromatography—tandem mass spectrometry (LC-MS/MS), is a robust blood-based
(serum or plasma) biomarker informative for diagnosis and possibly for response to therapy
for this rare condition [38].

3. Metabolic Myopathies

Metabolic myopathies are INMD in which the pathogenetic mechanism compromises
enzymes and proteins involved in intermediary metabolism of glucose and free fatty
acids [16]. In this review, we focused on glycogenoses, disorders of muscular lipids
metabolism and mitochondrial myopathies.

3.1. Glycogenoses

Muscle glycogenoses constitute a growing number of inborn errors of glycogen
metabolism. Deficiencies of virtually all enzymes, which intervene in the synthesis or
degradation of glycogen, may cause glycogen storage disease (GSD) because of aberrant
storage or utilization of glycogen [39].

In this group McArdle and Pompe disease are the most common conditions [40,41].
CK is chronically elevated in nearly all cases of McArdle disease; patients can often show
rabdomyolisis and hemoglobinuria after a short-intensity exercise, depicting a very typic
feature of this disorder [16]. Apart from CK, serum lactate after forearm exercise is another
simple tool that can be very useful to early recognize this disorder [42]. Patients with
the most common McArdle disease mutation (R49X) have no protein expressed because
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of nonsense-mediated mRNA decay; consequently, they have a secondary deficiency of
pyridoxine (vitamin B6), due to protein-to-protein interaction [16,43].

Other metabolic disorders such as Pompe disease (PD) present a less specific pattern
due to different biochemical pathway involved [44]. HyperCKemia is usually found in
PD, but the increment of CK is stably high and a muscular stretching impairment is often
observed mimicking a LGMD [41]; moreover, dried blood spot offers an important tool to
screen suspected patients for PD [45,46].

Further serum biomarkers have a less validated use in clinical practice: some authors
reported that platelet derived grow factor BB (PDGF-BB) and transforming growth factor
β1 (TGF-β1) concentrations are significantly lower in PD patients compared to the control
group and serum; conversely, platelet derived grow factor AA (PDGF-AA) and connective
tissue growth factor (CTGF) values are significantly higher compared to control samples.
Interestingly, PDGF-BB level differs among PD and MD and between symptomatic and
asymptomatic PD patients [47].

In addition, GSD can be associated with hemolysis/hemolytic anemia (e.g., GSD7,
phosphoglycerate kinase 1 deficiency, GSD12). Finally, many glycogenolytic and glycolytic
defects have been also linked to myogenic hyperuricemia, which can lead to gout [48].

3.2. Disorders of Muscular Lipids Metabolism

Disorders of muscular lipids metabolism may involve intramyocellular triglyceride
degradation, carnitine uptake, long-chain fatty acids mitochondrial transport, or fatty
acid β-oxidation [17]. In these conditions, blood testing for CK, lactate, and glucose is
usually normal between the episodes of rhabdomyolysis [17]. However, during an acute
bout of rhabdomyolysis, a significant increase of CK starts within a few hours, during
which hyperkalemia and hypoketotic hypoglycemia can also occur [17]. Moreover, in more
severe cases, an acute renal failure can occur with elevations of potassium, creatinine, and
urea [17]. The acylcarnitine profile, performed by liquid chromatography tandem mass
spectrometry, is the most sensitive and specific test for a fatty acid oxidation defects [16].

Carnitine deficiency (CD) is a potentially lethal but very treatable disorder due to a
defect in the carnitine organication transporter (OCTN2), resulting in impaired fatty acid
oxidation [49].

CD is clinically characterized by carnitine-responsive acute metabolic decompensation
early in life, or in late onset forms, with skeletal and cardiac myopathy or sudden death
from arrhythmia [50–52].

Hypoglycemia, with minimal or no ketones in urine, and hyperammonemia, with
variably elevated liver function tests are typical features of this disorder [53].

The deficiency of carnitine–palmitoyl-transferase-II (CPT-II, an enzyme involved in
the transport of fatty acids into the mitochondrial matrix) is clinically characterized by
recurrent myoglobinuric attacks triggered by exercise, fasting, fever, and infection, which
may be complicated by acute renal failure and respiratory failure [49].

Multiple acyl-CoA dehydrogenation deficiency (MADD) is a disorder of oxidative
metabolism with a broad range of clinical severity [49]; symptoms and age of onset are
highly variable and characterized by muscle involvement (myalgia and weakness recurrent
episodes of lethargy, vomiting, hypoglycemia, metabolic acidosis, and hepatomegaly) [54].

The diagnosis is suggested by the acyl-carnitine profile and urinary organic acids,
revealing low serum free carnitine but elevated acyl-carnitines [49].

Neutral lipid storage disease with myopathy (NLSD-M), increased CK concentrations,
cardiomyopathy, diabetes mellitus, hepatic steatosis, and hypertriglyceridemia. Leuko-
cytes show a characteristic accumulation in cytoplasm of triglycerides called “Jordan’s
anomaly” [49].
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3.3. Mitochondrial Myopathies

Mitochondrial myopathies (MM) are disorders with mitochondrial function impair-
ment, which usually present multisystem features and, sometimes specifical biomarkers
have been recognized [55].

Elevated serum basal lactate have a sensitivity of approximately 65% and specificity of
90% [56], the abnormal lactate value is more evident after aerobic exercise test, an important
tool in the clinical suspected of MM [55].

Serum CK is often normal in MM, but it might result elevated after rhabdomyolysis
and in a minority of patients [55]. CK concentrations continually higher than three times
the normal upper limit should arise a prompt consideration of a different diagnosis [16].

About 50% of patients with Mitochondrial encephalopathy with lactic acidosis and
stroke-like episodes (MELAS) can manifest with type 2 diabetes mellitus or impaired oral
glucose tolerance [16,57,58]. Plasma amino acid testing can reveal elevated alanine, espe-
cially after aerobic exercise. Urine organic acid analysis may reveal high 3-methylglutaconic
acid or the tricarboxylic acid intermediates (fumarate, malate, citrate) [16]. Increased CSF
proteins, lactic acidemia and hyperalaninemia are also common in mitochondrial neurogas-
trointestinal encephalopathy [59], an autosomal recessive condition due to mutations in the
gene specifying thymidine phosphorylase with progressive gastrointestinal symptoms and
muscle involvement [60]. The diagnosis is based on the detection of pathogenic mutation,
reduction of thymidine phosphorylase enzyme activity or elevated plasmatic thymidine
and deoxyuridine.

Cycle ergometry exercise testing in mitochondrial myopathies might demonstrate
a low the maximum oxygen consumption a high respiratory exchange ratio (indicative
of early lactate production), or both [16]. Moreover, the oxidative stress have a relevant
pathogenic role in MM; hence, oxidative stress markers, such as advanced oxidation protein
products have been successfully tested in MM [61].

4. Ion Channel Myopathies

Ion channel myopathies (ICM) include various rare INMD due to mutations in genes
encoding ion channels Main disorders of this group are periodic paralyses (PP) and non-
dystrophic myotonias (NDM) [62].

The diagnosis of such myopathies relies on the patient’s personal and familial medical
history and several laboratory findings, with genetic studies representing the diagnos-
tic mainstay.

As far as hypo- and hyperkaliemic periodic paralyses (PP) are concerned, serum diag-
nostic supportive criteria are constituted by K+ concentrations <3.5 and >4.5 mEq/L during
weakness attacks, respectively [63–73]. Raised CK may be present too [74,75]. Moreover,
thyroid function tests may be useful to distinguish HypoPP from thyrotoxic paralysis [76,77],
because of HypoPP is reported as a rare complication of hypertyroidisim [78].

CK elevation is common in myotonia congenita [75,79–87] and may be present in
paramyotonia congenita [88]. Inherited susceptibility to malignant hyperthermia syndrome
(MHS) occurs in patients exposed to anesthetic agents causing increased body tempera-
ture, muscle rigidity or spasms, rhabdomyolysis, tachycardia, and other life-threatening
symptoms [89]. Mutations in the ryanodine receptor RYR1, CACNA1S or STAC3 genes are
encountered in MHS, resulting in excessive cytoplasmic calcium accumulation in response
to both pharmacological and non-pharmacological triggers. As a result, patients experience
recurrent episodes of hyperCKemia and rhabdomyolysis [11,89,90]. RYR1-related central
core myopathy usually shows elevation of CK [91–94], and, in some cases, it can be also
normal [95], AST, ALT and γGT may be elevated or normal [93,96].

5. Congenital Myasthenic Syndromes

Congenital myasthenic syndromes (CMS) refer to a heterogenic group of inherited
neuromuscular transmission disorders (NTD) with exercise intolerance and muscular
weakness [97]. There are no relevant biomarkers for CMS and the diagnosis is usually
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achieved through neurophysiology [97]. Indeed, CK concentrations are usually normal
in CMS [97], but there are reported cases in which CK and aldolase concentrations can
be mildly elevated [98,99]. In these cases, elevated CK is due to a phenomenon called
endplate myopathy [99]. Circulating miRNAs [100] and plasmatic titin [101] have been
proposed as possible biomarkers for autoimmune Myasthenia Gravis, but their role has not
been explored yet in inherited CMS.

6. Motor Neurons Diseases

6.1. Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is characterized by motor neuron degeneration and
progressive muscle atrophy and weakness caused by mutation of the survival motor
neuron (SMN) genes. After neuronal degeneration or axonal injury specific cytoskeletal
proteins of the neurons, including neurofilaments (NF), are released in the extracellular
space, in Cerebrospinal fluid (CSF) and in the blood; about 80% of NF are phosphory-
lated (pNF) conferring more resistance in the serum. Several studies explored the role
of NF as a biomarker of disease severity and progression. There are three different NF
type distinguished by molecular weight: light (NF-L), medium and heavy (NF-H). High
concentrations of NF-H have been detected in blood of amyotrophic lateral sclerosis, SMA,
Alzheimer’s disease, Parkinson disease and multiple sclerosis [102–107].

Plasma phosphorylated neurofilament heavy chain (pNF-H) in infants with SMA are
about 10-fold higher than age-matched infants without SMA. Treatment with nusinersen
(the first approved treatment for SMA favoring expression of normal SMN protein) induce a
faster decline in pNF-H concentrations at two and ten months than sham controlled-treated
infants, followed by a relative stabilization [108]. These data suggest NF as a promising
biomarker for SMA severity and response to treatment.

Patients with SMA have been shown to have lower values of creatinine compared
to age-matched controls [109]. In the skeletal muscles is stored most creatine of the body,
and its metabolism is essential to maintain the muscle function; creatinine is a product
of muscle creatine metabolism. Chronic medical conditions associated with cachexia
(and muscle hypotrophy) could be associated with lower concentrations of creatinine.
A recent study [109] showed significant differences of creatinine concentrations depending
on the SMA subtype (with SMA 3 > SMA 2 > SMA 1 concentrations) and on clinical
severity; furthermore, a positive association of serum creatinine concentrations and the
number of SMN2 gene copies has been documented; a positive association of creatinine
concentrations was also related to denervation signs expressed by maximal compound
muscle action potential amplitude evoked by distal stimulation of ulnar nerve, and to the
motor unit number estimation. Considering that the muscle atrophy could be considered a
confounding factor for low creatinine concentrations, all the reported associations with the
severity of disease, still resulted statistically significant, after correction for lean mass [109].

6.2. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) causes upper and lower motor neuron degenera-
tion, with progressive paresis of arms, legs and bulbar muscles finally resulting in death
for respiratory failure.

Most ALS cases are sporadic and only about 10% are familiar as associated to various
specific gene mutations (e.g., SOD1, TDB-43, FUS, DPRs, etc.).

Even if an aspecific marker serum CK is reported in an high percentage of ALS pa-
tients [110], markers of inflammation [111,112] as well as creatinine [113] have a prognostic
role in ALS.

The most studied biomarker for SLA is the pNF-H which show increased concen-
trations both in CSF (sensitivity 71%, specificity 88%) [114] and in the blood (sensitivity
58%, specificity 89%) [115]. As showed in SMA and other neurodegenerative diseases, the
axonal injury induces the release of these cytoskeletal proteins in the extracellular space,
CSF and blood. However, this measure is not specific for familiar ALS respect to sporadic
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forms and it is not statistically different in Riluzole-treated vs. non-treated patients [115].
By the way, NF still represent a possible marker for upcoming therapies.

Testing the hypothesis of ALS as an autoimmune pathology, neuron glycolipids such
as sulfoglucuronosyl paragloboside (SGPG), target of various neuropathies, have been
explored in ALS and anti-SGPG were found in the sera of 13.3% ALS patients [116].

Other biological markers of ALS remain of uncertain significance in the pathobiology
of disease, but include transthyretin, complement C3 protein and fetuin-A [117–119].

7. Axonal Neuropathies

This group includes disorders in which polyneuropathy (sensory-motor deficit asso-
ciated with reduced jerks in the distribution of the main peripheral nerves) is the main
feature and disorders with nerve involvement as part of multisystemic disease.

7.1. Charcot–Marie–Tooth 2 (CMT2)

Charcot–Marie–Tooth (CMT) is an autosomal dominant inherited motor and sensory
neuropathy, characterized by peripheral nerve damage and classically described in CMT
Type 1 and 2 depending on the neurophysiological features [120]. CMT2 is genetically
heterogeneous and exists in several different subtypes (e.g., CMT2A, CMT2B, CMT2E,
etc.) [20]. CMT2 is an axonal form of the disease in which the loss of axons reduces muscle
innervations [120]. Neurofilament light chain (NfL) represent a possible biomarker of
axonal damage in CMT2 correlating with disease severity [121].

7.2. Multisystemic Diseases

The term “amyloidosis” gathers several diseases associated with deposits of amyloid
fibrils involving peripheral and autonomic nervous systems; among them about 10% is
represented by inherited forms (hereditary amyloidosis, HA) [122]. HA includes Hereditary
amyloidogenic transthyretin (hATTRv) [123], amyloidosis derived from a fibrinogen variant
(AFib), that is the most frequent HA in Northern Europe [124], variants of apolipoproteins
(AI, AII, C-II, CIII), gelsolin (AGel), and lysozyme (ALys) [125].

In a study on hATTR, serum retinol-binding protein 4 (RBP4) concentration was
lower in patients with hATTR V122I amyloidosis; also a lower concentration of B-type
natriuretic peptide (BNP) and transtiretin (TTR), as well as, a higher concentration of
Troponin I (TrI) and hematocrit have been reported [126]. Increased serum concentrations
of amino-terminal prohormone of brain natriuretic peptide (NT-proBNP) and Troponin
T (TrT) are the mainstay in patients with polineurophaty compared to TTRv carriers and
healthy subjects [127]. Of interest, serum neurofilament light chain (NfL) concentrations
correlated with Troponin T in all patient groups, but not with NT-proBNP. Furthermore,
higher cytokine concentrations (TNF-α, IL-1β, IL-8, IL-33, IFN-β, IL-10 and IL-12) have
been reported in hATTR patients. In ATTRv [128]. Many study described elevated NfL
also in early stage of hATTR, showing a correlation with the severity of polyneuropathy,
thus proposing NfL as a diagnostic and prognostic biomarker [10,129,130]. A further study
confirmed the importance of NfL as a biomarker for nerve damage showing a significant
decrease after therapy with Patisiran [131].

Ataxia with oculomotor apraxia is a group of recessive ataxias: ataxia-telangectasia
(AT), ataxia with oculomotor apraxia type 1 (AOA1) and type 2 (AOA2). All these condi-
tions share axonal neuropathy and elevated serum a.lpha-fetoprotein (AFP) [132]. AOA1
is an autosomal recessive disease due to mutations in the APTX gene, which encodes for
aprataxin. During the course of AOA1, decreased serum albumin and increased serum total
cholesterol can be seen [13,133]. In addition, hypoalbuminemia, hypercholesterolemia and
increased serum creatine kinase (CK) were reported in association with increased AFP [134].
However, according to another study hypoalbuminemia and hypercholesterolemia with
normal AFP are the hallmarks of AOA1 [135]. AOA2 is caused by mutations in the SETX
gene, encoding for a DNA/RNA helicase protein [136]. Elevation of AFP is present in 99%
of cases and is stable over the course of disease, but it usually do not correlate with disease
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severity [137]; elevated CK, mild hypoalbuminemia, or hypercholesterolemia can also be
present in AOA2 patients [138]. Ataxia-telengectasia (AT) is caused by mutation in the
ATM gene, that encodes a phosphatidylinositol-3 kinase protein (PI3K). Immunoglobulins
(Ig) lare usually reduced in AT and elevation of AFP is progressive [138]. Conversely, in
A-TLD, a rare form caused by mutations in the hMRE11 gene, patients have normal AFP
serum concentrations [132,139].

Spinocerebellar ataxias (SCA) are a heterogenous group of diseases with CAG-trinucleotide
expansions. Axonal polyneuropathy in SCA is one of the typical clinical features and
depends on neuronal loss for inactivation of repair pathways [140]. Peripheral axonal
neuropathy, tested by electrophysiology, is consistent among SCA1, 2, 3, 18, 25, 38, 43, 46
and specially SCA4 [5,141]. Neurofilament light polypeptide (NfL) is marker of neuronal
damage. Serum concentrations of NfL are increased in patients with SCA, but the results
have not already been validated [140,142].

Hereditary spastic paraplegias (HSP) are inherited neurodegenerative diseases, char-
acterized by lower limbs weakness and spasticity [143]. Axonal neuropathy is frequent
in SPG7, SPG11, and SPG15 and less commonly in SPG3A, SPG4, and SPG5 [143]. SPG5,
a rare form of HSP, is caused by recessive mutation in the CYP7B1 gene, encoding oxysterol-
7α-hydroxylase [144]. CYP7B1 substrates, including 27-hydroxycholesterol (27-OHC), have
been described cerebrospinal fluid (CSF) and in the sera of SPG5 patients; the latter were
correlated with severity and duration of the disease [145].

Interestingly, serum 25-OHC and 27-OHC, have been validated as diagnostic biomarkers
in SPG5 and it has been proved that atorvastatin can decrease serum 27-OHC by ∼30% [146].

Hepatic porphyrias (HP) are metabolic disorders of the heme metabolism; HP are
caused by accumulation of heme intermediates due to enzymatic alteration in the heme
biosynthesis pathway [147]. Acute intermittent porphyrias (AIP) is the most common
subtype of HP and presents an autosomal dominant inherited pathology characterized by
accumulation of porphyrin precursors, porphobilinogen (PBG) due to inherited deficiency
of porphobilinogen deaminase [148]. Variegate porphyria (VP) is caused by deficiency
of protoporphyrinogen oxidase (PPOX) that causes accumulation of δ -aminolevulinic
acid (ALA) [147,148]. Porphyric attacks can be characterized by peripheral neuropathy,
typically a motor neuropathy with symmetrical proximal muscle weakness [149]. Increased
urinary porphobilinogen (PBG) and δ-aminolaevulinic acid (ALA) concentrations are
usually detected during acute attacks, with normal interictal ranges; it has been reported
that raised concentrations persist for many years in AIP patients [150].

GM2 gangliosidosis comprises Tay-Sachs disease, Sandhoff disease and GM2 gan-
gliosidosis AB due to β-hexosaminidase A, β-hexosaminidase A+B and GM2 activator
deficiency respectively. Several serums (i.e., lactic dehydrogenase malic dehydrogenase,
fructose 1,6-diphosphate aldolase) and liquoral biomarkers (i.e., epithelial-derived neu-
trophil activating protein 78, monocyte chemotactic protein 1, macrophage inflammatory
protein-1 alpha, macrophage inflammatory protein-1 beta, tumor necrosis factor receptor 2)
were identified in gangliosidosis affected patients [151]. A recent study proposed serum
aspartate transaminase (AST) as new potentially biomarker for gangliosidosis [151].

X-linked adrenoleukodystrophy (XALD) is the most common peroxisomal disorder
due to mutations of the ABCD1 gene leading to very long-chain fatty acids (VLCFA) ac-
cumulation in blood and a variety of tissue [152]. In males with clinical suspicion, the
diagnosis of XALD is allowed by elevated serum or plasma concentrations of hexacosanoic
acid C26:0 and high ratio C24:0/C22:0 and C26:0/C22:0 [152]. An alternative and more
accurate biomarker to detect the elevated serum VLCFA is the use of 1-hexacosanosyl-2-
lyso-sn-3-glycero-phosphatidylcholine (26:0-lyso-PC) in DBS and it could be useful for
newborn screening and diagnosis in women [153]. A recent study suggests new opti-
mized cutoff values for both ratios C24:0/C22:0 and C26:0/C22:0, in combination with
standard lipid profile considered that low-density lipid concentrations strongly correlate to
all VLCFA [9].
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Fabry disease (FD) is an X-linked inborn error of glycosphingolipid catabolism due to
deficiency of α-galactosidase A (α-Gal A) leading accumulation of globotriaosylceramide
in body fluids and lysosomes of vascular endothelium [154]. The diagnostic algorithm in
FD is gender-specific indeed the measurement of blood α-Gal A activity is recommended
in males, and optionally in females. Globotriaosysphingosine for identification of atypical
FD variants and high- sensitive troponin T for identification of cardiac involvement are
also important diagnostic biomarkers [6].

8. Demyelinating Neuropathies

Among this group of disorders, we report demyelinating CMT and inborn errors of
metabolism.

8.1. Charcot–Marie–Tooth Spectrum Disorders

In the actual scenario there are no validated blood or liquoral biomarkers for CMT
spectrum disorders, although a recent observational study suggested potentially new
diagnostic and prognostic biomarkers in CMT1A patients [155]; indeed, the upregulation of
the protein and lipid catabolism products plasma concentrations (i.e., dipeptide glutaminyl-
serine, tryptophan, urobilinogen, polyamine acetylagmatine, sphingosine-1-phosphate, 6-
hydroxysphingosine, lysophosphatidylcholine, 11-hydroxyeicosatetraenoate glyceryl ester)
and downregulation of leucine plasma concentrations have been reported [155]. A more
recent cross-sectional study showed the higher concentration of plasma neurofilament
light chain in CMT patients correlating with disease severity [121]. In addition, it has
been documented that some CMT1A patients can display serum PMP22 antibody and CSF
protein content moderately elevated [156].

8.2. Inborn Errors of Metabolism

Inborn errors of metabolism (IEMs) are genetic disorders that cause disruption of
a metabolic pathway leading to the accumulation of a toxic substrate [157]. IEMs may
present as an apparently isolated peripheral neuropathy at any age or a polyneuropathy
may be the only part of the clinical picture.

Refsum disease is an inborn error of lipid metabolism due to low phytanoyl-CoA
hydroxylase activity leading to high phytanic acid plasma concentrations which represents
the pathognomonic biomarker [158]. A relapsing-remitting polyneuropathy is the main
feature with acute exacerbation in the setting of elevated phytanic acid blood concentrations
caused by high phytanic acid intake, weight loss or pregnancy with elevated CSF protein
concentration [159].

Tangier disease (TD) is an inherited lipid trafficking disorder characterized by severe
deficiency or absence of high-density lipoprotein (HDL) in the circulation resulting in
tissue accumulation of cholesteryl esters, particularly in the reticuloendothelial system
with hyperplastic yellow-orange tonsil and hepatosplenomegaly [160]. As the high clini-
cal suspicion, serum hypertriglyceridemia, very low HDL cholesterol and undetectable
apolipoprotein A1 are pathognomonic for TD [161].

Metachromatic leukodystrophy (MLD) is caused by deficiency of lysosomal arylsul-
fatase A with cerebroside deficiency and sulfatides accumulation in various tissues. The
diagnosis of MLD is confirmed by demonstrating deficient ASA activity in leukocytes and
increased urinary sulfatide concentrations [162]. Some authors documented elevations of
proinflammatory cytokines (e.g., IL8, IL-1Ra) and vascular endothelial growth factor in
both CSF and plasma of MLD patients [163].

Krabbe disease (KD), also known as globoid cell leukodystrophy, is a rare lysosomal
storage disorder caused by deficiency of galactocerebrosidase (GALC) leading to gener-
ation of psychosine, a cytotoxic agent that causes loss of oligodendrocytes and Schwann
cells [164]. Newborn screenings are available for Krabbe disease with measurement of
GALC enzymatic activity in DBS and measurement of psychosine in DBS as second-tier
test may help to differentiate infantile from late-onset KD variants, as well as from GALC
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variant and pseudodeficiency carriers [165]. Psychosine concentrations have also been eval-
uated as biomarker to predict the severity of disease considering patients with psychosine
greater concentrations at high risk to develop early-onset KD [166].

Zellweger spectrum disorders are caused by mutation in one of 13 different PEX genes
resulting in different clinical phenotypes [167]. The higher plasma concentrations of very
long-chain fatty acids (e.g., C26:0 lysophosphatidylcholine), polyunsaturated fatty acids,
bile acid intermediates (i.e., di- and trihydroxycholestanoic acid), phytanic acid, pristanic
acid, pipecolic acid and detectable urinary concentrations of bile acid intermediates or
detectable pipecolic, glycolic, and oxalic acid may support the diagnosis [168].

Niemann–Pick disease is an autosomal recessive lipid storage disorder that comprises
types A (NP-A) and B (NP-B) caused by deficiency of acid sphingomyelinase and type
C (NP-C) caused by protein NPC1 defect leading to intracellular sphingomyelin and free
cholesterol accumulation respectively. Reduced sphingomyelinase activity in circulating
leukocytes, elevated both triglycerides and serum LDL-cholesterol and reduced HDL-
cholesterol serum concentrations are the diagnostic hallmarks of the NP-B [169]. Cholesterol
oxidation products such as 3β,5α,6β-triol and 7-ketocholesterol (7-KC) might represent a
specific and sensitive blood-based biomarker for NP-C [170]. A further study identified
two secreted proteins (i.e., galectin-3, cathepsin D) with increased serum concentrations in
NPC1 patients correlating with disease severity [171]. Additionally, a recent study showed
significantly decreased values of HSP70 in individuals with NP-C [172]. The combination of
7-KC, lysosphingomyelin and bile acid-408 improves the accuracy of NP-C diagnosis [173].

Abetalipoproteinemia typically presents in infancy with failure to thrive and mal-
absorption of fat and fat-soluble vitamins leading to multiorgan and neuromuscular in-
volvement with cranial and peripheral nerve demyelination due to vitamin E deficiency.
Common serums findings are extremely low LDL-cholesterol, triglyceride and apoB con-
centrations [174].

Beta-Mannosidosis is a lysosomal storage disease due to an isolated deficiency of
the enzyme betas-mannosidase with various degrees of neurological deterioration. The
diagnosis is supported by reduced enzyme activity in plasma and leukocyte [175]. Liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) for urinary free oligosaccha-
rides is a useful diagnostic tool [176].

Type 1 hyperoxaluria (PH1) is a rare autosomal recessive disease due to mutation
in the alanine-glyoxalate aminotransferase gene leading to glyoxylate accumulation and its
conversion to oxalate with calcium oxalate crystals deposition in various tissues [177]. The
biochemical hallmarks of PH1 are hyperoxaluria with or without hyperglycolaturia; hence,
24 h urine collection measuring oxalate, creatinine and glycolate is recommended. Plasma
oxalate concentrations are also useful in patients with renal failure, whereas higher ones
are helpful to the diagnosis [12].

Tyrosinaemia type 1 (HT1) is a rare autosomal recessive disorder of amino acid
metabolism resulting from fumarylacetoacetase 1 deficiency. The diagnosis is supported
by increased plasma concentrations of tyrosine, methionine and phenylalanine, increased
concentrations of hepatic transaminases and plasma alfa- fetoprotein [178]. As hyperty-
rosinemia is caused by other conditions, the diagnosis is allowed by the identification of
the pathognomonic and more sensitive and specific biomarker succinylacetone on blood or
urine with different cut-off reported [179,180].

Methylmalonic aciduria and homocystinuria cblC type are the most frequent inborn
error of vitamin B12 metabolism. The biochemical hallmarks are elevated plasma and
urine concentrations of methylmalonic acid, cystathionine and homocysteine with hy-
pomethioninemia, whereas metabolic acidosis and hyperammonemia have been rarely
reported [181].

Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive inborn lipid storage
disorder due to enzyme sterol 27-hydroxylase deficiency resulting in impaired bile primary
acid synthesis, increased concentration of bile alcohols and increased accumulation of both
cholestanol and cholesterol in plasma and in various tissues, particularly in the nervous
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system [182]. High plasmatic concentrations of cholestanol in the presence of normal or
low plasma concentrations of cholesterol, decreased chenodeoxycholic acid and increased
concentration of bile alcohols are the laboratoristic hallmark of CTX [183].

9. Conclusions

Neuromuscular disorders can be very complex with the involvement of various organs
and systems. A number of biomarkers are to date available to support the diagnosis of
INMD, but the role of expert clinician is crucial. Some markers are commonly altered in
many conditions in similar way in different disorders, so that the physical examination
should be the first step to raise the clinical suspicion. The complete neuromuscular ex-
amination, followed by subsequent evaluations is the easiest way to obtain diagnoses to
date. On the other hand, some biomarkers are associated with specific disorders and their
recognition can be crucial for the diagnosis. Indeed, it is not unusual to see clinicians who
are not familiar with rare diseases facing with INMD, because of the very broad range
of serum and urinary alterations encountered in clinical practice. Hence, the complete
knowledge of such abnormalities can accelerate the diagnostic workup supporting the
referral to specialists in neuromuscular disorders.
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Abstract: Vitamin D and cognition is a popular association, which led to a remarkable body of
literature data in the past 50 years. The brain can synthesize, catabolize, and receive Vitamin D,
which has been proved to regulate many cellular processes in neurons and microglia. Vitamin D
helps synaptic plasticity and neurotransmission in dopaminergic neural circuits and exerts anti-
inflammatory and neuroprotective activities within the brain by reducing the synthesis of pro-
inflammatory cytokines and the oxidative stress load. Further, Vitamin D action in the brain has
been related to the clearance of amyloid plaques, which represent a feature of Alzheimer Disease
(AD), by the immune cell. Based on these considerations, many studies have investigated the role of
circulating Vitamin D levels in patients affected by a cognitive decline to assess Vitamin D’s eventual
role as a biomarker or a risk factor in AD. An association between low Vitamin D levels and the onset
and progression of AD has been reported, and some interventional studies to evaluate the role of
Vitamin D in preventing AD onset have been performed. However, many pitfalls affected the studies
available, including substantial discrepancies in the methods used and the lack of standardized data.
Despite many studies, it remains unclear whether Vitamin D can have a role in cognitive decline
and AD. This narrative review aims to answer two key questions: whether Vitamin D can be used
as a reliable tool for diagnosing, predicting prognosis and response to treatment in AD patients,
and whether it is a modifiable risk factor for preventing AD onset.

Keywords: Alzheimer’s Disease; Vitamin D; 25(OH)D levels; biomarker; Vitamin D deficiency

1. Introduction

If one searches for the keywords “Vitamin D” and “Cognition” in Pubmed.com,
one finds over 1000 articles that have been published with no break in continuity for the past
50 years. The idea of a possible link between Vitamin D metabolism and brain function has
been successfully proposed and then proved by a remarkable body of data. When assessing
the Vitamin D circulating levels in Mild Cognitive Impairment and Alzheimer Disease
(AD) patients, an association has yet been found. Nevertheless, the attempt to use Vitamin
D as a biomarker of cognitive decline systematically failed and, furthermore, Vitamin D
supplementation in these patients yielded controversial results. Many reasons can explain
this debacle. First, the studies assessing Vitamin D levels and its serum biomarker 25(OH)D
in AD patients have some limitations (different assay methods; heterogeneity of Vitamin
D cut-offs; discrepancies among the measures used to define the cognitive function),
which sharply limit the robustness of findings achieved. Second, discrepancies in the cut-
offs and methods used to measure 25(OH)D across the studies, due to the lack of 25(OH)D
measurement standardization, made the results difficult to interpret. Third, a specific
biomarker’s clinical usefulness is defined as its capability to influence clinicians to diagnose
the disease, predict prognosis, and guide treatment, which is nothing Vitamin D can do.
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Indeed, well-established diagnostic biomarkers for AD are currently available. Hence,
there is no need for a marker for diagnosis, and, on the other hand, effective treatment for
AD lacks so far. Therefore, it is unclear whether Vitamin D circulating levels can impact
AD patients’ outcome until a question is addressed: is AD onset preventable by reaching
the optimal Vitamin D levels? Based on the available literature data, this review aims to
explain why this question’s answer could be no.

Vitamin D is a steroid hormone that can be synthesized endogenously. Primarily
known to regulate calcium-phosphorus metabolism, it exerts several biological activities,
counting brain function and immune response regulation [1–3].

In humans, Vitamin D is produced in a multi-step process that involves the ultraviolet
B (UVB) rays irradiation of a cutaneous compound, the 7-dehydro-cholesterol (7-DHC).

Once UVB rays act on 7-DHC, the cholecalciferol is produced, needing two sequential
hydroxylation steps to form the active Vitamin D. First hydroxylation occurs in the liver,
by a 25 hydroxylase generating 25(OH)D, while the second mainly depends on a renal 1,25
hydroxylase, producing 1,25(OH)2D. 1,25 hydroxylase is present within various organs and
cells; thus, Vitamin D’s active form can be produced in several tissues, including the lung,
brain, prostate, placenta, and immune system cells. CYP2R1, CYP3A4, and CYP27A1 en-
zymes have 25-hydroxylase activities, while CYP27B1 is responsible for 1,25 hydroxylation.
Kidney CYP27B1 gives rise to a hormone involved in calcium-phosphorus metabolism.
Non-renal active Vitamin D is implicated in regulating some cellular processes, including
cell differentiation and proliferation. While CYP27B1 is regulated by the parathyroid
hormone (PTH), the fibroblast growth factor (FGF23) and 1,25(OH)2D, extra-renal CYP27B1
is regulated by interferon γ (IFN-γ) and tumour necrosis factor (TNF) [4,5].

Vitamin D binding protein (VDBP) conveys both 25(OH)D and 1,25(OH)2D from the
liver and kidney to other tissues, where active Vitamin D binds the nuclear Vitamin D
Receptor (VDR) [3,6–9], leading to the genomic and non-genomic actions (for more details
on Vitamin D genomic and non-genomic actions see reference 1).

CYP24A1 enzyme, displaying 24 hydroxylase activity, carries out Vitamin D catabolism.
Vitamin D status is typically evaluated by measuring serum 25(OH)D [9]. A consensus

on which 25(OH)D levels define Vitamin D sufficiency, deficiency, and insufficiency is
lacking, also due to the standardization dearth in the past decades [10]. Most of the studies
performed on Vitamin D’s role in various diseases report unstandardized data, and AD is
no exception. Thus, Vitamin D’s reliability as a serum biomarker in AD has been considered
a debatable issue, leading to controversial opinions across the scientific community [10].

2. Vitamin D and Alzheimer Disease

A growing interest in Vitamin D role in both brain development and function in
adulthood led several authors to investigate the 25(OH)D circulating levels in AD pa-
tients [11–26]. The brain displays the capability to produce and receive Vitamin D’s active
form, which is deemed to support neurotransmission, synaptic plasticity, and neuroprotec-
tion [1,2,10]. From a pathophysiologic point of view, the relation between Vitamin D and
AD onset and progression has been explained by impressive in vitro and in vivo studies.
Given that amyloid plaques, along with neurofibrillary tangles, represent features of AD,
it has been shown that 1,25(OH)2D can help the amyloid plaques phagocytosis and clear-
ance by the innate immune cells [1,2,27–31]. For instance, MCI and AD patient-derived
macrophages show enhanced capability to eliminate amyloid plaques after 1,25(OH)2D
treatment [30], and a Vitamin D-enriched diet can decrease the number of plaques in
AβPP-PS1 transgenic mice, an AD animal model [31]. Also, amyloid protein precursor
(APP) metabolism involves some transcription factors, counting SMAD and transform-
ing growth factor-beta (TGF-β), that, in turn, interact with VDR/ligand complex in the
nucleus [29,32,33]. Finally, it should be considered that Vitamin D has a role in reducing
cerebral microenvironment inflammation and oxidative stress, which are regarded as pos-
sible mechanisms underlying neurodegeneration and AD pathogenesis [1,10,29]. Table 1
summarises the characteristic of the studies considered.
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Table 1. Characteristics of studies included in the analysis of vitamin D deficiency and the risk developing Alzheimer Disease.

Author &
Publication Year

Ref. Study Type
No. Patients

(Total)
Follow-Up
Duration

Vitamin D
Deficiency

Cut-Off

Vitamin D
Assessment

Method

Use of
Procedure

NIST
Conclusion

Afzal, 2014,
Denmark [19] Prospective 10186 30 years 25 nmol/L ECLIA Not reported Lower vitamin D concentrations increase the

risk of developing AD

Aguilar-Navarro,
2019, Mexico [21] Cross-sectional 208 Not reported 20 ng/mL CMIA Not reported Vitamin D deficiency is associated with AD

Buell, 2010, France [16] Cross-sectional 318 Not reported 10 ng/mL RIA Not reported Vitamin D deficiency is associated with AD

Duchaine,
2020, Canada [11] Prospective 661 5.4 years 50 nmol/L CLIA Not reported No association between 25(OH)D and AD

Feart, 2017, France [17] Prospective 916 12 years 25 nmol/L CMIA Not reported Association between lower vitamin D
concentrations and increased risk of AD

Karakis, 2016, [25] Prospective 1663 9 years 12 ng/mL RIA Not reported No associations between vitamin D levels
and incident of AD

Lee, 2020, Korea [13] Prospective 2990 Not reported 10 nmol/L CMIA Not reported No direct correlation between VitD
deficiency and cognitive impairment

Licher, 2017,
Netherlands [15] Prospective 6220 13.3 years 25 nmol/L ECLIA Not reported Lower vitamin D concentrations increase the

risk of developing AD

Littlejohns,
2014, US [14] Prospective 1658 5.6 years 50 nmol/L LC-MS SRM certified

by NIST
Vitamin D deficiency increases the risk of

developing AD

Manzo, 2016, Italy [12] Cross-sectional 132 Not reported 10 ng/mL Not reported Not reported No association between vitamin D
deficiency and cognitive impairment

Olsson,
2017, Sweden [24] Prospective 1182 18 years 50 nmol/L HPLC-MS Not reported No association between baseline vitamin D

status and long-term risk of dementia

Shih, 2020, China [22] Cross-sectional 146 Not reported 20 ng/mL RIA Not reported
Reduced serum 25(OH)D levels are

associated with lower MMSE scores in
patients with mild AD

CLIA: Chemiluminescence-immunoassay; CMIA: ChemiluminescentMicroparticle immunoassay; ECLIA: electrochemiluminescent immunoassay; HPLC: High-performance liquid chromatography-mass
spectrometry; LC-MS: Liquid chromatography tandem mass spectrometry; MMSE: Mini-Mental State Examination; NIST: National Institute for Standard and Technology; RIA: Radioimmunoassay; SRM:standard
reference materials.
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2.1. Observational Studies on 25(OH)D Serum Levels in AD Patients

Based on these considerations, Littlejohns et al. [14] enrolled, in 2014, 1658 subjects,
of which 171 developed dementia (102 AD out of 171 all-cause dementia) over a 5.6-year
follow-up period. Findings revealed that subjects with 25(OH)D serum levels <25 nm/L
had a two-fold risk of AD onset compared to those with >50 nm/L. Authors defined
Vitamin D deficiency <50 nm/L, distinguishing between deficiency and severe deficiency
(25 to 50 nmol/L and <25 nm/L, respectively). The strength of the study was the use of
procedures and materials certified by NIST. Within the Rotterdam Study [15], Licher et al.
evaluated the role of Vitamin D levels as a risk factor for developing AD. Authors found
that subjects with vitamin D <25 nmol/L (defined as the deficiency) had an increased risk
of developing dementia, compared to those with ≥50 nmol/L (sufficiency), but this finding
did not achieve statistical significance. However, the longitudinal analyses (follow-up
period 13.3 years) revealed that the lower the baseline 25(OH)D levels, the higher the risk of
developing AD. The Licher’s study has various plus points, consisting of robust methods:
for instance, the first 5 year follow-up period was excluded from the analysis to avoid
reverse causation; a sensitivity analysis excluding patients with stroke was performed;
each analysis was adjusted for several confounders. Nonetheless, an electrochemilumines-
cence binding assay was used to measure Vitamin D, while liquid chromatography-tandem
mass spectrometry (LC/MS-MS) is recommended as the gold standard assay method; also,
the adoption of NIST-certified procedures and materials has been not reported.

Opposite results were obtained by Ulstein et al. [23], who reported no association
between vitamin D levels and AD development. To note that the Ulstein study sample
size was small (73 AD patients and 63 controls). Karakis et al. [25] analyzed 1663 non-
demented subjects for a 9-years follow-up period, documenting that no association exists
between 25(OH)D levels and incident AD. In this study, Vitamin D deficiency, insufficiency,
and sufficiency were defined as <12 ng/mL, 12 to <20 ng/mL, and 20 to <50 ng/mL,
respectively.

As it can be noted, a high heterogeneity among the cut-offs used to define Vitamin D
status exists, as it has been confirmed by Balion et al. [26], who documented an association
between 25(OH)D concentrations and the risk of developing AD in a meta-analysis of
35,000 subjects. However, the authors highlighted remarkable discrepancies among the
studies reviewed, undermining the findings obtained.

The interpretation of the studies mentioned above should take into account some con-
siderations. First, many drawbacks weaken the results of the studies performed, including
the differences among the assay methods used to measure Vitamin D, the heterogene-
ity among the cut-offs used to define Vitamin D deficiency and insufficiency, the lack of
internationally recognized procedures and materials, and the discrepancies among the
measures used to define the cognitive function.

2.2. Interventional Studies

To establish a role for Vitamin D in AD, a key question is whether AD onset is
preventable by increasing Vitamin D serum levels, since diagnostic biomarkers for AD are
available, and predicting prognosis and treatment response is difficult due to the lack of
effective therapies [34]. Randomized controlled trials (RCTs) are suitable tools to address
this question, but, unfortunately, they are few and achieved debatable conclusions [35–45].

Generally, it could be stated that Vitamin D supplementation failed to prevent AD
onset [35–38,42,43,45,46]. It is worth mentioning Rossom et al. on 4143 older women free
from dementia, receiving 400 IU or placebo, reporting a similar cognitive decline incidence
between the treatment and placebo groups. Authors proved that exogenous Vitamin D
has no impact on dementia development risk [37]. Although Jia et al. gained opposite
findings, it should be noted that the sample size of the Jia study was smaller (210 pa-
tients) and the follow-up period short (12 months vs. 7.8 years in Rossom’s study) [39].
Some authors reported that Vitamin D could improve cognitive function combined with
other compounds, like memantine [40] and medium-chain triglycerides plus L-leucine-rich
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amino acids [41], but also these studies had limited populations and follow-up duration.
Oppositely, the Cochrane Database of Systematic Reviews has recently published the
exciting findings of Rutjes et al., who performed a meta-analysis to assess the impact of
vitamins supplementation on cognition in healthy individuals. Authors found no evidence
of a significant influence of vitamin supplementation in the risk of cognitive decline, and,
importantly, revealed that many studies reporting an effect of Vitamin D in cognitive perfor-
mance had a low grade of certainty, that is a marked difference between the estimated effect
and the true one [45]. In 2020, Bischoff-Ferrari et al. carried out an RCT in 1900 subjects
within the DO-HEALTH RTC, evaluating the impact of Vitamin D supplement on the
Montreal Cognitive Assessment (MoCA) in a 3-year follow-up. Authors conclude that
Vitamin D has no impact on cognitive function improvement [42]. Although other authors
gained different results in the same year [44], here again, the study sample and follow-up
sharply differ between the two studies, having Bischoff-Ferrari’s RCT a larger population
and a longer follow-up.

When evaluating interventional studies, the impact of AD lengthy latency period
should be taken into account, which further hinders univocal interpretation of the potential
role for vitamin D in this disease. Indeed, during the course of AD, modifications of the
mechanisms underlying the progression occur, which increases intricacy in understanding
the pathophysiology and, in turn, of the candidate risk factors of the disease.

Taken together, RCTs suggest that Vitamin D supplementation does not influence
cognition, regardless of the dose of the administration [46].

3. Conclusions

There is no uncertainty that Vitamin D takes part in normal brain function, and low
Vitamin D levels can occur among demented patients. However, this finding’s clinical and
laboratory significance remains unclear, also due to several drawbacks of the available
studies, weakening their results and hampering concluding. Taken the evidence of past
and recent literature with the appropriate cautions, Vitamin D cannot be considered a
reliable biomarker of AD, since measuring the biomarker does not improve diagnosis and
prognosis in these patients. Also, no clear evidence on the role of low Vitamin D levels
as a risk factor for the disease exists since interventional studies on this topic are few and
findings are inconsistent. Preventing the onset of AD by modifying Vitamin D levels seems
too good to be true.
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Abstract: The involvement of β-amyloid (Aβ) in the pathogenesis of amyotrophic lateral sclerosis
(ALS) has been widely discussed and its role in the disease is still a matter of debate. Aβ accumulates
in the cortex and the anterior horn neurons of ALS patients and seems to affect their survival.
To clarify the role of cerebrospinal fluid (CSF) Aβ 1–42 and Aβ 42/40 ratios as a potential prognostic
biomarker for ALS, we performed a retrospective observational study on a cohort of ALS patients
who underwent a lumbar puncture at the time of the diagnosis. CSF Aβ 1–40 and Aβ 1–42 ratios
were detected by chemiluminescence immunoassay and their values were correlated with clinical
features. We found a significant correlation of the Aβ 42/40 ratio with age at onset and Mini
Mental State Examination (MMSE) scores. No significant correlation of Aβ 1–42 or Aβ 42/40 ratios
to the rate of progression of the disease were found. Furthermore, when we stratified patients
according to Aβ 1–42 concentration and the Aβ 42/40 ratio, we found that patients with a lower Aβ

42/40 ratio showed a shorter survival. Our results support the hypothesis that Aβ 1–42 could be
involved in some pathogenic mechanism of ALS and we suggest the Aβ 42/40 ratio as a potential
prognostic biomarker.

Keywords: ALS; biomarker; beta amyloid

1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most common degenerative motor neuron
disease, which results in progressive muscle weakness and causes death in a few years.
The pathogenesis of ALS is not fully understood and several pathological processes have
been proposed such as abnormal protein aggregation, mitochondrial dysfunction and
oxidative stress [1]. To date, the diagnosis of ALS is on clinical features and electrophysio-
logical parameters, indicating the degeneration of both upper and lower motor neurons [2].
Heterogeneity in terms of clinical presentation often makes an early and accurate diag-
nosis a real challenge for clinicians. For this reason, there has been a growing interest in
identifying candidate biomarkers for ALS, which can help make an early diagnosis and
predict disease progression. Among these, the role of a neurofilament (NF) phosphorylated
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heavy chain (pNF-H) and light chain (NF-L) as potential biomarkers for ALS is defining.
NFs have a non-specific and not fully clarified role in the pathogenesis of ALS. The ab-
normal accumulation of NF aggregates was observed in perycaria and proximal axons
of motoneurons both in ALS murine models and patients that seemed to be related to an
impairment of intracellular transport [3]. Recently, a few authors have shown that the
aggregation of NFs is related to their hyperphosphorylation state [4]. pNF-H and NF-L
are increased in the cerebrospinal fluid (CSF) of ALS patients in comparison with control
groups [5,6] and the higher levels are associated with a more rapidly evolving disease and
shorter survival [7]. The role of other candidate biomarkers (such as Tau proteins) is still
under investigation [8–10].

ALS shares common pathways with other neurodegenerative disorders. For example,
C9 or f72 repeat expansions and TAR DNA-binding protein (TARDBP) mutations have
been described in ALS and frontotemporal lobar degeneration (FTLD), modifying the idea
of ALS as a disease confined to the motor system to the extreme phenotypic expression
of a clinical/pathological continuum with FTLD [11–13]. Furthermore, the presence of
β-amyloid (Aβ) deposits at the cortical level, hippocampus and spinal cord motor neurons
have been described in ALS patients [14–16], suggesting the possibility of some overlapping
features between ALS and Alzheimer’s disease (AD).

AD is the most common cause of dementia, characterized by Aβ and Tau deposi-
tion, respectively, in senile plaques and neurofibrillary tangles as a result of a complex
mechanism known as the amyloid cascade [17]. The amyloid precursor protein (APP) is
processed by α-secretase into a soluble form α of the APP (sAPPα) and carbossi-terminal
fragment α (CTFα) and by β-secretase sAPPβ and CTFβ. Subsequently, CTFβ is cleaved
into Aβ 1–40 or Aβ 1–42 by γ-secretase and the imbalance of this process leads to an over-
expression of Aβ 1–42 that precipitates, forming the senile plaques. The consequence is the
hyperphosphorylation of the Tau protein and the formation of neurofibrillary tangles [18].
CSF Aβ 1–42 levels combined with total Tau (tTau) and phosphorylated Tau (pTau) are cur-
rently used as diagnostic biomarkers for AD with a high sensitivity and specificity [19–22],
ameliorating the diagnostic accuracy in the very early stages of the disease.

Due to the pathogenetic similarities among neurodegenerative diseases, possible
common pathways between AD and ALS have been investigated. Preclinical studies
demonstrated the interaction between superoxide dismutase (SOD) and Aβ and evidence
of the amyloid cascade has been reported [23] with an increase of sAPP in the CSF from
ALS patients [24] and the post-mortem evidence of the over-expression of APP and Aβ in
the hippocampi of ALS patients [17]. On the other hand, it is known that APP regulates
glial cell-derived neurotrophic factor (GDNF) expression, having a role on neuromuscular
junction formation and probably also in neuromuscular degenerative diseases [23].

Whether or not Aβ has a role in the pathogenesis of ALS is far from being clear but it
has been recently proposed that the CSF Aβ 1–42 protein concentration is higher in ALS
patients and that it is related to disease severity at the time of diagnosis [25].

Our aim is to evaluate the role of the CSF Aβ 1–42 and Aβ 1–40 concentration and the
Aβ 42/40 ratio as a potential predictor factor for progression and overall survival in ALS.

2. Patients and Methods

2.1. Patients

Ninety-three (93) ALS patients (M/F: 1.11) were enrolled from the ALS Clinical and
Research Center, Department of Biomedicine, Neuroscience and advanced Diagnostics
(Bi.N.D.), University of Palermo, Italy, from January 2001 to October 2020. All ALS patients
were diagnosed according to El-Escorial revised criteria [2] combined with the neurophysi-
ological ones [26]. The revised ALS Functional Rating Scale (ALSFRS-R) [27] was used to
score the severity of the symptoms of ALS patients; a higher score indicated normality and
a lower score defined a locked-in condition. ∆FS ((ALSFRS-R at onset–ALSFRS-R at time
of diagnosis)/diagnostic delay) was used to define the disease progression [28]. According
to the ∆FS, patients could be classified in three groups: slow progression (∆FS < 0.5), inter-
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mediate progression (∆FS ≥ 0.5 < 1) and rapid progression (∆FS ≥ 1) [28]. We considered
co-morbidities for each patient.

All patients underwent a cognitive/behavioral assessment and the administration of
neuropsychological tests such as the Frontal Systems Behavioral Scale (FrSBe), Mini Mental
State Examination (MMSE) and Edinburgh Cognitive and Behavioral ALS Screen (ECAS)
(S-TAB.1). Fewer than 30% showed some degree of behavioral/cognitive impairment
according to the Italian Validation of ECAS but none of them were demented. All patients
were tested for the most common ALS-related genes and no known mutations associated
with ALS were detected.

ALS patients underwent a lumbar puncture (LP) and a CSF analysis as routine proce-
dures of the diagnostic work-up. For the biomarker analysis, ALS patients were subdivided
into three subgroups according to the rate of progression based on ∆FS (i.e., slow: ALS-s;
intermediate: ALS-i; rapid: ALS-r). All demographic and clinical features of the selected
ALS patients are shown in Table 1. None of the patients enrolled assumed any specific
drug for ALS treatment at the time of the LP and all of them started riluzole immediately
after the diagnosis was made. None of them participated in clinical trials.

Table 1. Demographic and clinical characteristics of the total cohort and amyotrophic lateral sclerosis (ALS) patients
stratified based on their rate of progression: slow (ALS-s), intermediate (ALS-i) and rapid (ALS-r). Data are expressed as a
median with an interquartile range (IQR).

Variables
ALS tot
(n = 93)

ALS-s
(n = 19)

ALS-i
(n = 31)

ALS-r
(n = 35)

p

Age at onset (years) 67 (63–72) 63 (61–67) 67 (64–72) 70 (64–74) < 0.001 *
M/F 1.11 2.16 1 1.18 0.43 **

χ2 = 1.67 with 2 DF
Education (years) 5 (5–13) 13 (5–13) 8 (5–8) 5 (5–9) 0.283 *

Type of onset
familiar, %
sporadic, %

3.2%
96.6%

5.2%
94.8%

3.3%
96.7%

2.8%
97.2%

0.90 **
χ2 = 0.22 with 2 DF

Site of onset
Spinal, %
Bulbar, %

70.3%
29.7%

89.5%
10.5%

63.3%
36.7%

62.3%
37.2%

0.09 **
χ2 = 4.80 with 2 DF

Diagnostic delay
(months) 12 (9–20) 25 (18–37) 12 (10–24) 7 (4–9.5) < 0.001 *

Rate of progression
(∆FS) A 0.8 (0.5–1.3) – – – –

FVC a (%) 81 (55–93) 84 (59–98) 83 (60–92) 67 (46–93) 0.334 *
BMI b (kg/m2) 24.8 (21.5–27.1) 25 (21–28) 24 (22–27) 25.7 (46–83) 0.355 *

Survival (months) 30 (20–46) 57 (37–67) 35 (27–47) 17 (13–26) < 0.001 *
A

∆FS at diagnosis = (ALSFRS-R at onset–ALSFRS-R at diagnosis)/diagnostic delay (months). a Forced vital capacity. b Body mass index. *
Kruskal–Wallis one way analysis of variance on ranks. ** chi-squared test. Bold font indicates a statistical significance (p < 0.05).

All patients gave informed written consent. The study was approved by the local
Ethics Committee. All of the clinical and biological assessments were carried out in
accordance with the World Medical Association Declaration of Helsinki.

2.2. CSF Collection and Analytical Techniques

All CSF samples were collected in the morning hours and then sent to the Central
Hospital Laboratory for a routine analysis. For biomarker detection, the CSF samples were
centrifuged in case of blood contamination, aliquoted in polypropylene tubes and stored
at –80 ◦C within one hour until further analysis according to international guidelines [29].
The CSF routine chemical parameters are shown in Table 2.
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Table 2. Cerebrospinal parameters in ALS patients and in patients with slow (ALS-s), intermedi-
ate (ALS-i) and rapid (ALS-r) progression. Data are expressed as a median with an interquartile
range (IQR).

Parameters
ALS tot
(n = 93)

ALS-s
(n = 19)

ALS-i
(n = 31)

ALS-r
(n = 35)

p *

Proteins (mg/dL) 39 (28–51) 37 (19–52) 39 (32–62) 37 (26–48) 0.524
Glucose (mg/dL) 60 (55–66) 58 (55–63) 56 (51–66) 62 (57–72) 0.103

Cells
(lymphocytes) 0.8 (0.6–1.8) 0.8 (0.6–2.3) 1 (0.6–2.9) 0.8 (0.4–1.6) 0.371

Oligoclonal bands (y/n)** 17/76 4/15 4/27 7/28
* Kruskal–Wallis one way analysis of variance on ranks. ** y = yes, n = no

The CSF Aβ 1–42 and Aβ 1–40 were measured by a chemiluminescent immunoassay
CLEIA (Lumipulse G b-amyloid 1–40, Lumipulse G b-amyloid 1–42, Fujirebio Inc. Europe,
Gent, Belgium) on a fully automatic platform (Lumipulse G1200 analyzer, Fujirebio Inc.
Europe, Gent, Belgium). We used as reference cut-off for the Aβ 1–42 value and the Aβ

42/40 ratio < 650 pg/ML and < 0.055, respectively, as suggested by the manufacturer.

2.3. Statistical Analyses

All statistical analyses were performed using SIGMAPLOT 12.0 software package
(Systat Software Inc., San Jose, CA, USA).

A Shapiro–Wilk test was performed to test the normality of the data. We expressed
demographic, clinical and biochemical variables as a median with interquartile ranges
(IQR). We performed Kruskal–Wallis one way analysis of variance on ranks to compare
non-parametric data, a one way ANOVA to compare parametric data and a chi-squared
test to assess differences between the groups. We analyzed non-parametric data with
Spearman’s rank correlation coefficient and parametric data with Pearson’s correlation
coefficient, considering p values < 0.05 as significant.

A survival analysis was performed with the Kaplan–Meier method and survival
curves were compared with the log-rank test. Univariate and multivariate Cox regression
analyses were performed to predict risk factors for overall survival.

3. Results

A retrospective observational study was performed on 93 ALS patients to analyze the
role of Aβ 1–42, Aβ 1–40 and the Aβ 42/40 ratio as candidate biomarkers for ALS. As a few
studies have shown that the CSF Aβ levels are correlated with the rate of progression [21],
we stratified ALS patients into three subgroups: ALS-s (n = 19; M/F: 2.16), ALS-i (n = 31;
M/F: 1) and ALS-r (n = 35; M/F: 1.18).

In our study, the total cohort of ALS patients had a median age at onset of 67 years.
96.6% of ALS patients were sporadic with a spinal onset in 70.3% of the whole cohort. At the
time of diagnosis, ALS patients showed median values of a forced vital capacity (FVC)%
of 80.5 (IQR = 54.75–93.25), of a body mass index (BMI) of 24.8 kg/m2 (IQR = 21.5–27.12)
and of a ∆FS of 0.81 (IQR = 0.5–1.33). The Kruskal–Wallis one way ANOVA with the rate
of progression (∆FS) as a factor showed statistically significant differences in the age of
onset (lower in the ALS-s group, p < 0.001), diagnostic delay (longer in the ALS-s group,
p < 0.001) and survival (longer in the ALS-s group, p < 0.001); no statistically significant
differences were found for the M/F ratio, education, FVC% and BMI (Table 1). The CSF
biochemical profile was similar in the three subgroups (Table 2). The neuropsychological
assessments with FrSBe, MMSE and ECAS showed no cognitive/behavioral impairments
(Table S1).

Analyzing data with the Shapiro–Wilk test, we found that the CSF Aβ 42/40 values
were normally distributed while the Aβ 1–42 and Aβ 1–40 ones were not. As shown in
Figure 1, the median values of the CSF Aβ 1–42 concentration and the mean values of the
Aβ 42/40 ratio resulted above the reference cut-off (< 650 pg/mL and < 0.05, respectively).
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We found no significant differences among the three ALS subgroups (Aβ 1–42: p = 0.685;
Aβ 1–40: p = 0.340; Aβ 42/40 ratio: p = 0.426).

β β β
β

Δ
Δ

β
β β
β

β
β

β β
β β

β −

 

Figure 1. Cerebrospinal fluid (CSF) Aβ levels in ALS patients and in patients with slow (ALS-s), intermediate (ALS-i) and
rapid (ALS-r) progression. (A) Aβ 1–42; (B) Aβ 1–40, (C) Aβ 42/40 ratio. Solid dots in A–C represent known outliers.

Spearman’s correlation analyses for the CSF Aβ 1–42 and Aβ 1–40 levels showed
no significant correlations (Table 3) while the Pearson’s correlation analysis showed a
significant correlation of Aβ 42/40 ratio values with the age at onset (r2 = −0.274, p = 0.008)
and MMSE scores (r2 = 0.396, p = 0.019) (Table 4).

Table 3. Spearman’s correlation of the CSF Aβ 1–42 and Aβ 1–40 with demographic, clinical and
neuropsychological features of ALS patients.

Aβ 1–42 Aβ 1–40

Age at onset (years) r = −0.041, p = 0.695 r = 0.312, p = 0.208
Diagnostic delay (months) r = −0.140, p = 0.189 r = –0.163, p = 0.126
Rate of progression (∆FS) r = 0.008 p = 0.936 r = 0.103, p = 0.347

FVC (%) r = 0.141, p = 0.237 r = 0.116, p = 0.330
FrSBe r = 0.125, p = 0.370 r = 0.185, p = 0.196
MMSE r = −0.240, p = 0.146 r = −0.429, p = 0.007
ECAS r = 0.005, p = 0.979 r = −0.049, p = 0.304

Survival (months) r = 0.106, p = 0.933 r = −0.119, p = 0.350
Frontal Systems Behavioral Scale (FrSBe). Mini Mental State Examination (MMSE). Edinburgh Cognitive and
Behavioral ALS Screen (ECAS). Bold font indicates a statistical significance (p < 0.05).

Table 4. Pearson’s correlation of the CSF Aβ 42/40 ratio with demographic, clinical and neuropsy-
chological features of ALS patients.

Parameters r2 p

Age at onset (years) −0.274 0.008
Diagnostic delay (months) 0.038 0.719

∆FS −0.086 0.432
FVC(%) 0.198 0.095
FrSBe −0.076 0.695
MMSE 0.396 0.019
ECAS 0.054 0.792

Survival (months) 0.164 0.196
Bold font indicates a statistical significance (p < 0.05).
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To verify if the CSF Aβ proteins could affect the survival of ALS patients, we stratified
ALS patients according to the median values of Aβ 1–42, Aβ 1–40 and the Aβ 42/40 ratio,
obtaining three subgroups for each analyzed protein: L-1-Q (i.e., patients with values
lower than the first quartile), IQR (i.e., patients with values between the first and the third
quartiles) and U-3-Q (i.e., patients with values upper than the third quartile). Only for the
Aβ 42/40 ratio did the Kaplan–Meier analysis with a Holm–Sidak post-hoc test show that
L-1-Q patients had a significantly shorter survival (27 (IQR: 17–41) months) in comparison
with U-3-Q (39 (IQR: 26–60) months) (log-rank = 6.617; p = 0.037) (Figure 2).
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Figure 2. Kaplan–Meier survival curves of ALS patients stratified according to the median CSF
values of the Aβ 42/40 ratio: lower than the first quartile (L-1-Q), interquartile range (IQR) and
upper than the third quartile (U-3-Q).

Interestingly, patients in the L-1-Q showed a higher median age in comparison
with other subgroups (L-1-Q: 71 (66.5–75.25); IQR: 66.5 (63–71.75); U-3-Q: 65.5 (61–70.5);
p = 0.019).

Subsequently, we performed univariate and multivariate Cox regression analyses to
test the predictor role of different demographic and clinical features of ALS patients and
the CSF levels of Aβ 1–42, Aβ 1–40 and the Aβ 42/40 ratio. As shown in Table 5, at the
univariate regression analysis, the age at onset (p = 0.001), diagnostic delay (p = 0.001), ∆FS
at diagnosis (p < 0.001) and Aβ 42/40 ratio (p = 0.026) were significantly associated with
overall survival. We then considered variables that were positively related to survival at
the univariate analysis for the multivariate Cox regression analysis. As shown in Table 6,
the diagnostic delay (p =0.025), ∆FS at diagnosis (p = 0.032) and Aβ 42/40 ratio (p = 0.015)
were independent predictors of overall survival. Furthermore, the multivariate Cox regres-
sion analysis was performed to investigate the role of co-morbidities in overall survival
but no significant data were obtained (Table S2).
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Table 5. Univariate Cox regression analysis for the overall survival for ALS patients.

Parameters b ± SE p HR 95% CI

Gender (M vs. F) 0.073 0.251 0.772 1.075 0.658–1.757
Age at onset 0.062 0.019 0.001 1.064 1.024–1.105

Site of onset (spinal vs. bulbar) −0.443 0.271 0.102 0.642 0.378–1.092
Diagnostic delay −0.038 0.012 0.001 0.963 0.000–0.986

FVC% 0.006 0.006 0.308 0.994 0.982–1.006
∆FS at diagnosis 0.443 0.105 < 0.001 1.557 1.266–1.914

Aβ 1–42 0.000 0.000 0.862 1 0.999–1.001
Aβ 1–40 0.000 0.000 0.275 1 1–1

Aβ 42/40 ratio −18.137 8.164 0.026 1.33 × 10–8 0.000–0.118
b = regression coefficient; SE = standard error; HR = hazard ratio; CI = confidence interval. Bold font indicates a
statistical significance (p < 0.05).

Table 6. Multivariate Cox regression analysis for overall survival for ALS patients. Significative
variables believed to be significant at the univariate analysis were considered for multivariate analysis.

Parameters b ± SE p HR 95% CI

Age at onset 0.038 0.022 0.08 1.038 0.994–1.085
Diagnostic delay −0.032 0.014 0.025 0.968 0.000–0.996
∆FS at diagnosis 0.301 0.140 0.032 1.351 1.026–1.779
Aβ 42/40 ratio −20.662 8.504 0.015 1.6 × 10–9 0.000–0.018

b = regression coefficient; SE = standard error; HR = hazard ratio; CI = confidence interval. Bold font indicates a
statistical significance (p < 0.05).

4. Discussion

Our study was aimed at exploring the potential role of Aβ as a prognostic biomarker
in ALS. For this purpose, we designed a retrospective observational study that included 93
patients. The CSF Aβ 1–42 and Aβ 1–40 levels and the Aβ 42/40 ratio were determined
and correlated with demographic, clinical and neuropsychological features of ALS patients.

In recent years, CSF Aβ levels have been investigated to define their role as potential
diagnostic and prognostic biomarkers for ALS and many studies in this field have been
reported. However, the two largest studies about this topic found contrasting results.
On one hand, higher CSF Aβ 1–42 levels were associated with a poorer prognosis [25]
while, on the other hand, an interesting correlation of a higher concentration in patients
with better performance was found, reporting increased CSF levels compared with a control
group [26].

Even though the CSF Aβ and especially the Aβ 42/40 ratio represent a specific diagnos-
tic biomarker for AD, the idea of shared mechanisms among different neurodegenerative
disorders has led many authors to investigate the role of Aβ as a potential modulator of
their rate of progression and overall survival. The CSF Aβ 1–42 levels were correlated to
conversion from mild cognitive impairment to dementia and the progression of cognitive
deficits in AD [27] as well as with the progression of cognitive impairments in Parkinson’s
disease (PD) [28]. Indeed, lower CSF Aβ 1–42 levels are related to a progressive deposition
of Aβ in senile plaques at the cortical level [29]. An intracellular deposition of Aβ 1–42
was also detected in the anterior horn of motor neurons of patients affected by motor
neuron disease (MND) [13] while extracellular aggregates of Aβ 1–42 were detected in
the hippocampus of ALS and ALS-FTD patients [17]. Studies on murine models of ALS
(i.e., SOD1 G93A mice) correlated the overexpression of Aβ with an earlier onset of motor
symptoms [30]. Furthermore, few cases of co-morbidity between ALS and AD in a patient
showing an overlapping clinical picture have been reported [15,25].

In our study, ALS patients were subdivided into three subgroups (i.e., ALS-s, ALS-i
and ALS-r) to analyze the contribution of the CSF Aβ levels on the rate of progression. No
statistically significant differences were detected among three subgroups for the CSF Aβ

1–42, Aβ 1–40 and the Aβ 1–42/40 ratio. Indeed, no statistically significant correlation
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between the Aβ and clinical features including the rate of progression was found. We found
a significant correlation between the Aβ 42/40 ratio with the age at onset and MMSE scores.

When analyzing the contribution of the CSF Aβ 1–42, Aβ 1–40 and the Aβ 1–42/40
ratio on overall survival of ALS patients we found that patients with lower Aβ 42/40 ratio
values showed a shorter survival in comparison with those with higher values. This finding
was confirmed by univariate and multivariate Cox regression analyses, which showed
that the Aβ 42/40 ratio could act as an independent predictor for overall survival for ALS
patients. A decrease in the CSF Aβ 42/40 ratio values could be indicative of a decrease
of the CSF Aβ 1–42 levels because it might deposit in different districts of the central
nervous system (CNS) as previously described [29]. In ALS, the presence of intracellular
or extracellular aggregates of Aβ 1–42 is probably related to an accumulation of APP
following neuronal injury. This accumulation could be due to an impairment of axon-
plasmatic transport or enhanced biosynthesis of APP, representing an early neuroprotective
phase to contrast extracellular and intracellular stresses. As the neuronal injuries continue,
a shift toward a neurotoxic phase can occur. APP could be subjected to cleavage in Aβ by
alternative mechanisms: caspase 3 giving rise to intracellular aggregates, an accumulation
of which gives an increase in oxidative stress, while β-secretase contributes to extracellular
deposition [31]. All of these mechanisms may contribute to a decrease of the CSF Aβ

1–42. Studies on murine models of ALS correlated the production of Aβ by β-secretase
and consequently deposition as a key event that could improve motor functions and
survival [32]. For this purpose, those authors treated asymptomatic and symptomatic SOD-
1 G93A mice with a monoclonal antibody able to interfere with β-secretase activity, avoiding
the formation of intracellular or extracellular Aβ aggregates: treated asymptomatic ALS
mice showed a delay of the onset of symptoms, motor failure and death; however, the same
effects were not obtained in treated symptomatic ALS mice.

Another interesting result that we obtained was related to the evidence that ALS
patients with lower Aβ 42/40 ratio values presented a higher age at onset than those with
higher values. These data were enforced with the finding that there was a statistically
significant correlation of Aβ 42/40 ratio values with the age at onset. Considering that the
age at onset was considered a strong prognostic factor for ALS [33] and that in cognitively
normal subjects the concentration of the CSF AD biomarkers, including the Aβ 42/40 ratio,
is associated with age [34], the decrease of the Aβ 42/40 ratio in the CSF of ALS patients
might indicate that the triggering of the Aβ cascade could represent an early event that
leads to an asymptomatic form of dementia that fails to fully become symptomatic as
death occurs. Thus, the coexistence of an elevated age at onset and a low CSF Aβ 42/40
could represent a more severe prognostic condition that could influence survival time. The
evidence that ALS patients with a low CSF Aβ 42/40 ratio had a high median age at onset
make us speculate that the intracellular or extracellular deposition of Aβ would accelerate
the course of the disease, worsening their survival. Indeed, we cannot exclude that a few
patients in our population could have a preclinical condition of AD or the presence of
age-related amyloid deposition.

Our study had a few limitations. First, the sample size. We studied 96 patients but,
for our analyses, we stratified these into three groups resulting in quite small numbers.
Related to that is the difference of the age of onset among groups that could partially
reduce the significance of our results. Another limitation was the lack of a follow-up for the
cognitive formal evaluation. This could have been useful for a correlation with the clinical
progression but we found no correlation at the baseline and none of our patients developed
clinically significant dementia. Finally, the lack of a control population represented a
further limitation. Our goal was to assess the role of the CSF Aβ 1–42, Aβ 1–40 and the Aβ

42/40 ratio in the clinical progression of patients affected by ALS and a comparison with a
control group could have enriched our work but we did not consider this to be mandatory.
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5. Conclusion

In our study, we aimed to evaluate the potential role of Aβ in predicting the prognosis
in ALS patients. We found that Aβ 42/40 is an independent predictor for survival and
could be proposed as a potential prognostic biomarker as suggested by previous reports.
Further studies are needed to confirm our findings in a larger population but we consider
that we have added a piece to the understanding and management of the disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-342
5/11/3/302/s1, Table S1: Neuropsychologic assessment of ALS patients by FrSBe, MMSE and ECAS
at the time of diagnosis (baseline). Table S2: Multivariate Cox regression analysis for overall survival
for ALS patients considering their co-morbidities.
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Abstract: The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a neurotropic
virus with a high neuroinvasive potential. Indeed, more than one-third of patients develop neuro-
logical symptoms, including confusion, headache, and hypogeusia/ageusia. However, long-term
neurological consequences have received little interest compared to respiratory, cardiovascular, and
renal manifestations. Several mechanisms have been proposed to explain the potential SARS-CoV-2
neurological injury that could lead to the development of neurodegenerative diseases, including
Alzheimer’s Disease (AD). A mutualistic relationship between AD and COVID-19 seems to exist.
On the one hand, COVID-19 patients seem to be more prone to developing AD. On the other hand,
AD patients could be more susceptible to severe COVID-19. In this review, we sought to provide an
overview on the relationship between AD and COVID-19, focusing on the potential role of biomark-
ers, which could represent precious tool for early identification of COVID-19 patients at high risk of
developing AD.

Keywords: AD; biomarkers; SARS-CoV-2; neuroinflammation; neurodegenerative nisease; ner-
vous system

1. Introduction

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the pathogen
responsible for COVID-19 disease, which is characterized by a wide spectrum of symptoms,
from fever and cough to multiple organ dysfunctions [1]. Additionally, SARS-CoV-2
can induce, directly or indirectly, several complications involving different organs [2,3].
Nowadays, the clinical course of the infection is unpredictable and characterized by high
inter-individual variability. However, more than 80% of COVID-19 patients present ageusia
or anosmia, which occurs early during the infection and represent pathognomonic features
of the disease [4].

SARS-CoV-2, as well as all members of the human coronaviruses (CoVs) family, is an
opportunistic pathogen of the central nervous system (CNS) [5]. The neurological signs and
symptoms associated with SARS-CoV-2 infection, such as confusion, headache, hypogeu-
sia/ageusia, hyposmia/anosmia, dizziness, epilepsy, acute cerebrovascular disease [4], are
caused by the direct invasion of the virus into the CNS, and the subsequent interaction
between SARS-CoV-2 spike protein and the angiotensin-converting enzyme 2 (ACE2) [6–8].
Post-mortem studies revealed the presence of both SARS-CoV-2 antigen and RNA in the
brain tissue of COVID-19 patients [9].
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ACE-2 expression is a key determinant of viral tropism and COVID-19 pathogenesis.
In the brain, ACE-2 is expressed both on neurons and glial cells as well as on endothelial
and arterial smooth muscle cells. ACE-2 is also expressed on the temporal lobe and hip-
pocampus, which represent cerebral regions involved in the pathogenesis of Alzheimer’s
Disease (AD) [6].

It has been hypothesized that SARS-CoV-2 could cause damage in the CNS by direct
neurotoxicity or indirectly through the activation of the host immune response, which
could lead to demyelination, neurodegeneration and cellular senescence. Thus, it could
accelerate brain aging favoring the development of neurodegenerative diseases, including
dementia [10]. However, after the acute recovery phase, the long-term consequences of
SARS-CoV-2 infection on accelerated aging and age-related neurodegenerative disorders
are actually unknown. Noteworthily, SARS-CoV-2 could potentially induce a worsening
cognitive decline in AD patients.

On the other hand, dementia could represent an important risk factor for COVID-
19 severity and mortality, as shown by preliminary reports [11,12]. Thus, a mutualistic
relationship between SARS-CoV-2 infection and AD can be hypothesized. Figure 1 shows
the possible association between AD and SARS-CoV-2 infection by summarizing the
possible underlying mechanisms, which are described in the next paragraphs.

Alzheimer’s Disease 

The mutualistic relationship between  
Alzheimer’s disease and SARS-CoV-2 infection 

SARS-CoV-2 infection 

•  Increased expression of ACE2 within CNS; 
•  Oxidative stress; 
•  APOE ε4ε4 genotype 

•  Neuroinflammation; 
•  Oxidative stress within brain; 
•  Endothelial dysfunction; 
•  Loss of perycites; 
•  Ischemic white matter damage; 
•  Blood brain barrier damage; 
•  Cerebral hypoperfusion; 
•  Cerebral accumulation of Aβ.  

Neurodegeneration? 

Figure 1. The complex relationship between Alzheimer’s Disease and SARS-CoV-2 infection.
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In this review, we sought to provide an overview on the relationship between AD and
COVID-19, focusing on the potential role of biomarkers. This should represent a starting
point for further investigations.

2. COVID-19 in Alzheimer’s Disease

AD represents the most common form of dementia worldwide [13]. The term dementia
refers to a wide spectrum of disorders characterized by global, chronic and generally
irreversible cognitive deterioration, leading to the progressive alteration of several functions
such as memory, the ability to orient oneself, and alterations of the personality and behavior,
which compromise the autonomy of the subject in the daily life [13,14]. The incidence of
dementia is increasing in the general population. Indeed, the World Health Organization
and Alzheimer Disease International Report of 2016 defined it as a global public health
priority [15]. Patients with dementia are frail, dependent on caregivers for daily living
activities and need the support of several services resources, such as physical exercise and
physiotherapy [16]. Thus, the measures introduced by government authorities during
the current COVID-19 pandemic, including confinement and isolation, may exacerbate
the cognitive decline. Additionally, patients with AD and mild dementia may either
be unwilling or unable to follow recommendations from public health authorities such
as sanitize their hands, cover their mouth and nose when coughing, maintain physical
distance from others, in part due to the severity of their short-term memory loss and overall
cognitive impairment [17].

The brain of AD patients is characterized by amyloid plaque deposition and the
presence of neurofibrillary tangles, which induce neuronal damage and synapse loss as
well as oligodendroglia degeneration and myelin impairment [18].

Post-mortem studies showed that ACE-2 expression is increased in the brain of AD
patients in comparison to controls [19]. Additionally, genome-wide association studies
(GWAS) showed that the expression of ACE-2 gene is elevated in the brain tissue of AD
patients with increased levels in severe forms [20]. Thus, enhanced ACE-2 expression could
represent a risk factor for COVID-19 transmission in AD patients. It has been postulated a
direct link between AD and ACE-2 expression mediated by oxidative stress. Specifically,
aging leads to the imbalance in the redox state, characterized by the generation of excess
reactive oxygen species (ROS) or the dysfunction of the antioxidant system, leading to
oxidative stress [21]. AD patients show a significant extent of intracerebral oxidative
damage associated with the abnormal marked accumulation of Aβ and the deposition of
neurofibrillary tangles [21]. Interestingly, ACE2 inhibitors have recently been suggested as
potential treatment for neurodegenerative diseases, including AD [22].

Noteworthily, AD and COVID-19 share several risk factors and comorbidities, such as
age, gender, hypertension, diabetes and APOE ε4 expression. Such evidence could in part
explain the increased prevalence of SARS-CoV-2 infection in AD patients. However, further
studies are mandatory in order to clarify the pathophysiological mechanisms linking AD
and COVID-19.

3. Patients with COVID-19 Could Develop AD?

Overall, CoVs can enter the CNS via different routes, including retrograde axonal
transport via the olfactory and enteric neurons or infected lymphocytes, which cross the
disrupted blood-brain barrier (BBB) [23].

Aging is characterized by a gradual loss of the BBB integrity [24]. Thus, the elderly
could be more susceptible to neuroinvasion during SARS-CoV-2 infection.

SARS CoV-2 infects the olfactory neurons and, through the neuro-epithelium of the
olfactory mucosa, reaches the olfactory bulb in the hypothalamus [5,25]. The presence of
SARS CoV-2 in the olfactory bulb leads to the activation of non-neuronal cells, such as mast
cells, microglia, astrocytes, as well as to the tissue release of pro-inflammatory cytokines.
SARS-CoV-2 uses the phospholipids of the infected cells to build its own envelope. The
consequence is that the cells, in particular the innate immune cells, lose precursors for
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the synthesis of the autacoid local injury antagonist amides (ALIamides), which have
a pivotal role for controlling the excessive reactivity [26]. Consequently, the resulting
neuroinflammation could become uncontrollable, especially in the elderly, which have a
less efficient immune system response [27,28]. Neuroinflammation, associated with intense
oxidative stress, could induce neurodegeneration, potentially favoring the development
of neurodegenerative diseases, such as AD [25,29]. COVID-19 patients with advanced
age and comorbidities with an inflammatory basis, such as diabetes, atherosclerosis and
sub-clinical dementia, could be at increased risk of developing AD.

Several pathological mechanisms seem to be involved in the potential increased risk
of developing AD in COVID-19 patients.

A growing body of evidence suggested a role for neuroinflammation. Systemic
inflammation induces the activation of microglia and astrocytes, which in turn secrete
pro-inflammatory cytokines, including IL-1β, IL-6, IL-12, TNF-α. Such biomarkers could be
involved in the synaptic dysfunction, inducing neurodegeneration, which could potentially
lead to AD [30].

Hypoxic alterations and demyelinating lesions have been described in COVID-19
patients [31–33]. Neuroradiological studies showed alterations of functional brain integrity,
especially in the hippocampus, in recovered COVID-19 patients at 3-month follow-up. The
hippocampus is an area particularly vulnerable to respiratory viral infections, as shown in
experimental studies [34]. Hippocampal atrophy is associated with cognitive decline and
represents a common characteristic of AD patients [35,36]. Additionally, the altered BBB
could allow the infiltration of immune cells, which may contribute to cognitive decline and
dementia in COVID-19 patients. Moreover, endothelial dysfunction, which is a pathog-
nomonic characteristic of COVID-19, and loss of pericytes could impair the clearance of
cerebral metabolites, including Aβ peptides. The excess and accumulation of Aβ protein
in senile plaques, especially in the hippocampus, represent the main pathophysiological
mechanism underlying the AD. Some authors showed that severe COVID-19 presents is-
chemic white matter damage due to the reduced perfusion secondary to hypercoagulability
and disseminated intravascular coagulation (DIC), which are common features of severe
COVID-19. Neuroimaging and experimental studies showed that ischemic white matter
damage occurs at a very early stage of AD, accelerates the progression of the disease and
contributes to cognitive decline [37,38]. Moreover, cerebral hypoperfusion can increase the
phosphorylation rate of tau [39].

In severe COVID-19, the systemic inflammation characterized by the so-called “cy-
tokine storm” leads to the disruption of the blood–brain barrier and neural and glial cell
damage that could be involved in long-term sequelae. Systemic inflammation is recog-
nized as a pathophysiological mechanism underlying AD [40]. Also, pro-inflammatory
cytokines alter the capacity of the microglial cells to phagocyte b-amyloid, promoting the
accumulation of amyloid plaques [41]. The virus-induced systemic inflammatory storm,
associated with a massive release of mediators able to access the CNS due to the increased
permeability of the blood-brain barrier, could amplify neuroinflammation and contribute
to the neurodegeneration process [42].

Another interesting piece of evidence suggests that the potential increase of AD
risk in COVID-19 patients could be related to Aβ, which can act as an antimicrobial
peptide. Thus, it could be postulated that the SARS-CoV-2 neuroinvasion could promote
Aβ generation, as part of the immune response, and the b-amyloid cascade leading to
b-amyloid deposition [43]. However, this is only a hypothesis that must be proved.

McLoughlin et al. showed that COVID-19 hospitalized patients who developed delir-
ium during their hospitalization, after 1-month discharge had lower cognitive scores [44].
However, the difficulty in performing neuropsychological assessment leads to a poor
understanding of the neurological impact of SARS-CoV-2 infection. Overall, ARDS is
associated with a high prevalence of long-term cognitive impairment in critically ill pa-
tients [45]. Specifically, mechanical ventilation, which is a standard therapy to maintain
adequate gas exchange during ARDS, also in severe COVID-19 patients, could contribute
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to long-term cognitive impairment [46–49]. Experimental studies showed that short-term
mechanical ventilation triggers the neuropathology of AD by promoting cerebral accumu-
lation of the Aβ peptide, systemic and neurologic inflammation, and blood–brain barrier
dysfunction [50].

The long-term complications of COVID-19 would be expected in the next 10–15
years. Nowadays, it is not possible to assess them because the pandemic started last year.
However, in the future, it will be pivotal to evaluate the risk of long-term COVID-19
neurological sequelae, especially in the elderly and patients who developed severe forms.

The potential mechanisms involved in cognitive impairment in COVID-19 patients can
be summarized as follows: (i) direct SARS-CoV-2 infection in the CNS; (ii) systemic hyper
inflammatory response to SARS-CoV-2; (iii) cerebrovascular ischemia due to endothelial
dysfunction; (iv) severe coagulopathy; v) mechanical ventilation due to ARDS or severe
disease; (vi) peripheral organ dysfunction.

Table 1 summarizes the potential mechanisms linking SARS-CoV-2 infection and the
development of AD.

Table 1. Potential mechanisms involved in Alzheimer’s Disease (AD) risk in COVID-19 patients.

Pathway Mechanisms References

Aβ deposition
Aβ is an antimicrobial peptide produced in response
to neural infection as part of the innate immune
innate response

[18,21,43]

APOEε4

• APOEε4 represents a risk factor for both
COVID-19 and AD;

• APOEε4 enhance the disruption of BBB;
• APOEε4 has an important role in

neuroinflammation, which contributes to the
pathogenic mechanism underlying AD.

[51,52]

Neuroinflammation

• ACE-2 is expressed in the cells of the CNS;
• SARS-CoV-2 can infect cells within CNS;
• Pro-inflammatory cytokines can enter the CNS

by crossing the altered BBB;
• Inflammatory response within CNS can alter

cells within CNS leading to cognitive decline.

[25,27–29,42]

Microglia activation

• SARS-CoV-2 infection can induce microglial
activation leading to neuronal loss;

• Microglia activation promotes oxidative stress
within brain;

• Increased NO levels are neurotoxic and
promote AD development.

[30,41]

ACE-2: Angiotensin Converting Enzyme 2; AD: Alzheimer’s Disease; APOE: Apolipoprotein E; BBB: Blood Brain
Barrier; COVID-19: Coronavirus Disease 2019; CSN: Central Nervous System; NO: Nitric Oxide; SARS-CoV-2:
Severe Acute Respiratory Syndrome Coronavirus 2.

4. Biomarkers of Cognitive Decline in COVID-19 Patients

4.1. Neuronal Injury

Biomarkers of neurodegeneration in the cerebrospinal fluid (CSF), such as tau proteins,
neurofilament light chain protein (NfL), and glial fibrillary acidic protein (GFAp), are
increased in COVID-19 patients and associated both with neurological symptoms and
disease severity [53–57].

T-tau is a biomarker of neuronal death. Its levels are increased in several neurodegen-
erative diseases, including AD. Specifically, the biochemical diagnosis of AD relies on the
detection of a CSF biomarker profile characterized by the decrease of amyloid beta 1-42
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(Aβ 1-42), the ratio Aβ 1-42/1-40 and the increase of t-Tau and p-Tau levels [13]. Some
Authors found that COVID-19 patients have an increase of CSF t-Tau levels suggesting the
presence of neuronal damage. However, to date, levels of amyloid beta have never been
investigated in such patients.

Among intermediate filaments expressed in cerebral cells, GFAp and Neurofilmanents
have been evaluated in COVID-19 patients.

GFAP is highly expressed in astrocytes and represents a biomarker of astrocytic activa-
tion/injury [58]. AD is characterized by amyloid plaques surrounded by reactive astrocytes,
which show an increased expression of intermediate filaments, including GFAP [58]. To
date, only two studies evaluated the role of GFAp in COVID-19 patients [53,54]. The
authors showed that severe COVID-19 patients had higher plasma concentrations of GFAp
than controls.

Neurofilaments are cytoskeletal proteins of neurons, particularly abundant in axons.
Neurofilaments comprise three subunits: neurofilament light chain (NF-L), neurofilament
medium (NF-M) and neurofilament heavy (NF-H). Among these, NF-Ls are the most abundant.

Following axonal damage, NFs are released into CSF. Thus, they represent a biomarker
of axonal damage and neuronal death. CSF NFs levels are increased in several neurological
disorders, including AD [59]. Increased levels of serum and CSF NF-L have been found in
severe COVID-19 patients [53–57,60].

Only one study evaluated t-Tau in COVID-19 patients and reported increased levels
of t-Tau in severe cases.

To date, a few authors evaluated the CSF biochemical profile of COVID-19 patients
due to the difficulty of obtaining such biological fluid. However, preliminary literature
evidence raises awareness for potential long-term neurologic sequelae following COVID-
19. Although severe COVID-19 patients have CSF biochemical alterations indicative of
neuronal and axonal damage, it is not possible to draw definitive conclusions on the cogni-
tive impairment. Longitudinal studies are required to evaluate the potential neurological
sequelae and the risk of developing AD.

4.2. Genetic Variants

The most important known predisposing risk factor for AD is the polymorphism
APOE ε4, with the ε4ε4 (homozygous) genotype being associated with a 14-fold increase in
AD risk. Specifically, APOE ε4 is correlated with low cerebral blood flow and subcortical is-
chaemic white matter damage, as well as neuroinflammation in AD patients [51]. Kuo et al.
showed that individuals carrying APOE ε4 in homozygous had a higher prevalence of
SARS-CoV-2 infection. Additionally, APOE ε4ε4 allele was associated with an increased
risk of developing severe COVID-19, independently of dementia, and other comorbidities,
including cardiovascular disease, and type-2 diabetes [52]. Thus, APOE ε4 represents
a common risk factor for AD and SARS-CoV-2 infection. APOE ε4 could promote vul-
nerability to viral infection and neurodegeneration. Thus, it can be postulated that the
SARS-CoV-2 infection could be a promoting factor for neurodegeneration in individuals
with susceptible genetic variants [52].

However, the relationships between APOE ε4, COVID-19, and AD must be elucidated.

4.3. Inflammatory Biomarkers

Some inflammatory biomarkers, including IL-6, IL-1, and galectin-3 (Gal-3), have been
proposed as a link between COVID-19 and AD.

IL-6 represents one of the most studied cytokines in COVID-19. Circulating increased
levels of IL-6 are associated with a high risk of developing severe COVID-19 and mortality.
Accordingly, it represents a reliable prognostic biomarker in SARS-CoV-2 infection [61].
IL-6 is also a prognostic biomarker of AD. Indeed, its increased levels are associated with
the progression of the disease and worse cognitive performance [62]. Thus, IL-6 represents
a common biomarker for COVID-19 and AD.
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IL-6 exerts its biological effects by the interaction with IL-6R, which can be expressed
on the membrane of immune, epithelial and liver cells or it can be present in soluble form.
The latter represents an agonist of IL-6. The complex IL-6/IL-6R can activate intracellular
pathways involved in the immunoinflammatory response [62,63].

Alterations in IL-6 and IL-6R genes could be involved in the onset and progression of
several diseases, including infectious diseases, such as COVID-19, and neurodegenerative
diseases, such as AD [64–66]. The “Disease and Function analysis” performed by Strafella
et al. showed that IL-6 and IL-6R could be involved in neuroinflammation, synaptic
damage, microglia activation and cognitive impairment in AD pathogenesis [63].

Similar to IL-6, IL-1 represents a prognostic biomarker of SARS-CoV-2 infection,
with increased levels associated with worse prognosis [67,68]. IL-1 is a pro-inflammatory
cytokine produced by several cell types, including glia and neurons. IL-1 levels have
been found to increase in the brain of AD [69]. In vitro studies reported that IL-1 could
induce neuronal death by the direct effect on neurons or indirectly by glial production of
neurotoxic substances. Additionally, IL-1 is involved in the physiological regulation of
hippocampal plasticity and memory processes. Literature evidence showed that alterations
of IL-1 levels, both positively (increase) and negatively (decrease), are associated with
impaired memory functioning. Thus, the increased levels of IL-1 found in COVID-19
patients could enhance cognitive decline, leading to the development of AD [70].

Gal-3 is a carbohydrate-binding protein belonging to the family of lectins. It has
pleiotropic functions, with a key role in several physiological and pathological processes,
including inflammation and fibrosis [71–73]. Increased levels of Gal-3 have been found
in severe COVID-19 patients. It has been postulated that Gal-3 promotes COVID-19
progression by supporting the hyper-inflammation reaction and lung fibrosis, which is
associated with the acute phase of diffuse alveolar damage, edema, and hypoxia [74].
Increased levels of Gal-3 have also been described in the serum of AD patients [75]. Studies
on AD animal models showed that Gal-3 could be involved in the Aβ aggregation and
amyloid plaque formation [76]. Thus, it can be hypothesised that increased levels of Gal-3
in COVID-19 patients could also be involved in the damage leading to the development of
AD. However, further studies are mandatory to confirm such a hypothesis.

5. Conclusions

Nowadays, the question “Can SARS-CoV-2 infection increase the risk for development
of Alzheimer’s Disease?” actually remains unanswered. There is an urgent need for
prospective studies to address such question.

Neurological sequelae, including the cognitive impairment leading to AD, could
represent an important complication of COVID-19. Further detailed clinical, laboratory,
and neuropathological studies will help to elucidate the underlying pathophysiological
mechanisms of the COVID-19 neurological complications. A longitudinal follow-up of
COVID-19 patients, especially older adults and severe cases, is required to detect the
potential long-term neurological consequences of SARS-CoV-2 infection. In such scenario,
biomarkers represent reliable tools for early monitoring of COVID-19 patients and early
detection of those at high risk of developing neurological sequelae, such as AD. Currently,
there is still little literature evidence to draw definitive conclusions. However, an important
relationship between AD and COVID-19 seems to exist.
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Abstract: Alzheimer’s disease (AD) is a devastating neurodegenerative disorder with no cure and no
effective diagnostic criteria. The greatest challenge in effectively treating AD is identifying biomarkers
specific for each patient when neurodegenerative processes have not yet begun, an outcome that
would allow the design of a personalised therapeutic approach for each patient and the monitoring
of the therapeutic response during the treatment. We found that the excessive phosphorylation of the
amyloid precursor protein (APP) Tyr682 residue on the APP 682YENPTY687 motif precedes amyloid β

accumulation and leads to neuronal degeneration in AD neurons. We proved that Fyn tyrosine kinase
elicits APP phosphorylation on Tyr682 residue, and we reported increased levels of APP Tyr682 and
Fyn overactivation in AD neurons. Here, we want to contemplate the possibility of using fibroblasts
as tools to assess APP Tyr682 phosphorylation in AD patients, thus making the changes in APP Tyr682

phosphorylation levels a potential diagnostic strategy to detect early pathological alterations present
in the peripheral cells of AD patients’ AD brains.

Keywords: Alzheimer’s disease; amyloid precursor protein; Tyr682 residue; YENPTY motif; Fyn
tyrosine kinase; amyloid beta

1. Introduction

Alzheimer’s disease (AD) is a prominent neurodegenerative disease which takes a
major toll on the elderly and places an enormous burden on the healthcare system.

The amyloid precursor protein (APP) is one of most extensively studied molecules in
AD, and its cleavage, mediated by β-site APP-cleaving enzyme 1 (BACE1 or β-secretase)
and by γ-secretase, leads to the dysregulated production of Aβ peptides, which mostly
accumulate at central synapses [1].

Our group have previously underlined the crucial role of APP Tyr682 residue in the
processes responsible for the generation of Aβ peptides in human neurons [2,3]. APP Tyr682
residue is located in the highly conserved 682YENPTY687 motif, which binds specific adaptor
proteins depending on its phosphorylation/dephosphorylation state [4]. The APP interaction
with these proteins acts as the major regulator of APP fate [5–7]. In particular, increased APP
Tyr682 phosphorylation prevents the APP from binding to the Clathrin and AP2 endocytic
proteins [8,9], and affects APP endocytosis and trafficking inside neurons [8,9]. Consequently,
APP accumulates in the acidic neuronal compartments, such as late endosomes and lysosomes,
where it is preferentially cleaved to generate Aβ peptides [3]. Notably, we previously showed
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that high levels of phosphorylation of APP Tyr682 residue in neurons differentiated from neu-
ronal stem cells of AD patients [2,3,10] preceding Aβ accumulation, and promoting neuronal
degeneration. We therefore suggested that this high levels of APP Tyr682 phosphorylation
might be an early marker of neuronal degeneration [5,6]. Furthermore, we identified Fyn
tyrosine kinase (TK) in AD neurons as being responsible for the increased levels of APP Tyr682
phosphorylation, that in turn triggers biochemical events downstream, finally resulting in Aβ

production and neuronal death [2]. Consistently, the reduction in Fyn activity, using Fyn TK
inhibitors (TKI) or Fyn mRNA silencing, led to the decrease in APP Tyr682 phosphorylation
and Aβ release in AD neurons [2,3]. These findings opened up a promising perspective for
the use of APP Tyr682 residue as a biomarker to identify patients with high levels of APP
Tyr682 phosphorylation that may benefit from personalised treatments with Fyn TKI.

We found elevated APP Tyr phosphorylation levels and Fyn overactivation both in
skin fibroblasts and cortical tissues of minipigs carrying PSEN1 M146I mutation [3]. The
increased APP Tyr phosphorylation in fibroblasts of mutant minipigs was associated to the
same defects in APP trafficking that we also reported in neurons from AD patients carrying
the same PSEN1 M146L mutation [3]. Relevantly, both APP Tyr phosphorylation and
the defects in APP trafficking were rescued by Fyn TKI [2,3]. Of note, minipigs carrying
PSEN1 M146L mutation displayed Aβ plaques and tau tangles in brain [11]. This evidence
suggested the existence of possible common molecular pathways between fibroblasts and
AD neurons, and encouraged us to explore the possibility of using skin fibroblasts to assess
the levels of APP Tyr phosphorylation in AD patients. Indeed, the need to identify changes
in peripheral cells recapitulating genetic, epigenetic, or metabolic deficiencies recognised
in the brains of AD patients, and to develop standardised procedures to analyse changes in
these cellular populations, is crucial for biomarker discovery.

2. Materials and Methods

2.1. Human Fibroblasts

Human fibroblasts were purchased from the Coriell Institute (New Orleans, LA,
USA) and cultured following the guidelines reported on the manufacturer’s web site
(https://catalog.coriell.org/). All fibroblast cultures derived from an ante mortem skin
biopsy from the forearm, and had approximately the same biological age in culture (number
of passages of cell lines and cell divisions). Fibroblast cell cultures grew very slow, but they
all showed the same morphology and shape in culture. No differences were found in the
extent of neuronal survival or proliferation. In addition, Aβ40 and Aβ42 were undetectable
in media of fibroblast cultures, because the levels appeared below the sensitivity of a
commercially available ELISA kit (data not shown).

Patients were classified according to the criteria reported on the Coriell website and are
summarised in Table 1: AD, sporadic AD patients; fAD 1, patients carrying APP mutations or
APP duplication on chromosome 21 [12]; and PSEN1, patients carrying Ala246Glu (A246E)
PSEN1 mutation. As controls, based on age and sex of the donors, we included six samples
from unaffected spouse and four from donors with a familiar history of AD (fAD 1) or
one sibling (#AG06846) of a patient carrying the PSEN 1 mutation A246E (#AG06848). As
further controls of our experiments, we included three patients with a clinical diagnosis of
Parkinson’s disease (PD) (#442, #446, #527), and one of epilepsy (#159). In particular, donor
#527 (PD + AD) was initially diagnosed as PD because he exhibited difficulties in movements.
However, one year after diagnosis he developed problems with attention span and memory.
Autopsy confirmed AD. All clinically diagnosed AD and PD patients—according to clinical
or neuroimaging features—received histopathological confirmation at autopsy.

Some more information about patient clinical features and specific characteristics of
the fibroblast cultures are available on the Coriell online catalogue (https://catalog.coriell.
org/), using the source number (#) reported in Table 1.
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Table 1. Genotype, age, and sex of fibroblast donors. Individual clinical data (diagnostic criteria) and specific clinical features for the
majority of donors are available on the Coriell website.

Healthy

Genotype Age (years) Sex Source (#)

Unaffected spouse

48 F AG07865
49 F AG07871
60 F AG08379
66 F AG08517
73 M AG08509
64 M AG08125

fAD 1 Family members
69 F AG07936
47 F AG07928
42 M AG08658

Family member with #AG06848 75 F AG06846

Alzheimer’s Patients

fAD 1

41 F AG08110
38 F AG08563
75 M AG08245
41 M AG08064
43 M AG08523

PSEN 1 A246E
49 F AG06840
53 M AG07872
52 M AG06848 family member of AG06846

AD

61 F AG04400 sibling of AG04401and AG04402
53 F AG04401 sibling of AG04400 and AG04402
60 F AG06869
49 M AG06844

Apo E3/E4 87 F AG10788
Apo E4/E4 47 M AG04402 sibling of AG04400and AG04401

Other Dementias

Parkinson’s
57 M AG20446
53 M AG20442

Parkinson’s + AD 60 M AG08527

Epilepsy + AD 52 F AG04159

2.2. Immunoprecipitation and Western Blot Assays

Fibroblasts were kept in culture until cell confluence was reached. Lysates were firstly
processed for IP (pTyr) using mouse anti-p-Tyr magnetic beads, and subsequently analysed
by WB. For pTyr protein enrichment, we used Phospho-Tyrosine Mouse mAb Magnetic Bead
Conjugate (P-Tyr-100) (Cell Signaling, #8095). The samples were loaded on a 4–20% precast
gel. Western blot analysis was performed using anti APP, clone Y188 (abcam, ab32136), rabbit
anti-pan Fyn (Cell Signaling, BioNordika, Herlev, Denmark, #4023), rabbit anti-Src pTyr416
(Cell Signaling Technology, #2101), mouse anti-p-Tyr (Sigma-Aldrich, #9416) and monoclonal
anti-β-actin-peroxidase (Sigma-Aldrich, A3854, Søborg, Denmark) antibodies.

2.3. Statistical Analysis

Data are expressed as mean ± standard error of the means. All the experiments were
performed at least three times. The appropriate statistical test was selected using GraphPad
Prism software (version 9.0c) (GraphPad, San Diego, CA, USA); details are reported in the
legend for each figure.
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3. Results

In the study, we included fibroblasts from ante mortem skin biopsies of 14 AD patients,
six unaffected spouses, and four healthy donors with a familiar history of AD. In addition, four
patients with a diagnosis of dementia, three associated to Parkinson’s disease (PD) and one to
epilepsy were included. Post-mortem histopathology brain examinations were performed in
all patients with mild cognitive impairment or dementia diagnosis to confirm AD.

The levels of phosphorylation of APP Tyr were assessed using the same procedure
previously applied to neurons [2,3] and consisting of immunoprecipitating the total lysates
with mouse anti pTyr conjugated beads and analysing samples by Western blot (WB) using
anti APP antibody. Although this procedure is not selective for APP Tyr682 residue (APP
has indeed other two Tyr(s) whose changes in the phosphorylation can also easily be
detected by the same procedure), previous findings from our group proved that only APP
Tyr682 residue phosphorylation is crucial in initiating APP amyloidogenic processes in AD
neurons, whereas Tyr phosphorylation at different APP sites does not affect the extent
of Aβ production or accumulation [8,9]. The increase in APP Tyr phosphorylation was
analysed with respect to the basal APP expression levels in the total lysate of each sample
(Figures 1–4). In addition, the Fyn Tyr420 phosphorylation was also assessed as an indirect
measure of Fyn TK activity [13], and the results were normalised on Fyn basal expression
levels (Figures 1–4).

We found a significant increase in the level of APP Tyr phosphorylation in the majority
of fibroblasts from AD patients when compared to healthy donors, as well as patients
with other dementias (Figure 1). In particular, APP Tyr phosphorylation levels were
significantly increased in all AD patients when compared to healthy unaffected spouse
(Figure 2). When we analysed fibroblasts from four familiar AD-type 1 (fAD 1) patients,
we noted that the increase in the phosphorylation of APP Tyr residue was significantly
greater than that in either healthy donors with a familiar history of fAD 1 or sporadic
AD (Figure 3). Interestingly, the healthy donor #AG06846 did not show changes in APP
Tyr phosphorylation levels when compared to the family member carrying the PSEN1
A246E genotype (Figure 4). However, due to the very small sample size of the single panel,
the power of these statistical analyses appears to be very speculative. Of interest, Tyr
phosphorylation levels were increased in AD and PSEN1 A246E patients when compared
to patients affected by other neurodegenerative diseases (Figure 4).

In regard to the Fyn TK activity, fibroblasts in which APP Tyr phosphorylation lev-
els were increased also showed elevated Fyn Tyr420 phosphorylation levels (Figure 1).
However, Fyn Tyr420 residue was also phosphorylated in fibroblasts from PD patients
(Figure 4) as well as in some healthy donors (Figure 1). The findings that Fyn activation
is not restricted to AD patients appeared consistent with previous evidence, pointing to
the involvement of Fyn in a multitude of processes related either to cellular functions or
dysfunctions [13] and strengthening the importance to confine any potential treatments
with Fyn TKI to those patients in which APP Tyr682 phosphorylation levels are elevated.
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Figure 1. APP Tyr phosphorylation increases in fibroblasts from AD patients but not in patients with other forms of
dementia or in healthy controls. The left panel reports the optical density analysis of APP pTyr bands, expressed as the
mean optical density ratio between APP pTyr and APP basal levels from each sample in AD neurons (square) vs. healthy
(circle) controls and other dementias (triangle). *** p < 0.0001 and ** p < 0.001, one-way ANOVA followed by Tukey’s test.
The right panel reports the densitometric analysis of the bands expressed as the mean optical density (OD) ratio of pFyn
Tyr420 relative to basal Fyn levels. ** p < 0.001, one-way ANOVA followed by Tukey’s test.
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Figure 2. APP Tyr phosphorylation increases in fibroblasts from AD patients but not in healthy donors. Panel (A) reports
data from six unaffected spouses (circle) and five AD cases (square). Panel (B) shows the optical density analysis of APP
pTyr bands expressed as the mean optical density ratio between APP pTyr and APP basal levels from each sample in AD
neurons vs. healthy controls. * p < 0.05; paired t-test. Panel (C) reports the ratio of pFyn Tyr420 relative to basal Fyn levels.
* p < 0.05; unpaired t-test. Western blot (WB) APP and Fyn expression levels are reported in panels (D,E). β-actin values
were used as loading controls.
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Figure 3. APP Tyr phosphorylation increases in fibroblasts from familial AD type 1 (fAD 1) and AD patients but not in
healthy controls with a history of fAD 1. Panel (A) shows WB analyses of APP pTyr, Fyn pTyr420, APP and Fyn in healthy
donors (circle) patients with a diagnosis of fAD 1 (square) and AD (triangle). Panels (B–E) report the densitometric analyses
of the bands shown in panels (A). In particular, panel (B) reports the optical density analysis of APP pTyr bands expressed
as the mean optical density ratio between APP pTyr and APP basal levels from each sample. * p < 0.05; ** p < 0.005. Panel C

reports the ratio of pFyn to Tyr420 relative to basal Fyn levels. * p < 0.05, one-way ANOVA followed by Tukey’s test. APP
and Fyn expression levels, normalised on β-actin values, are reported in panels (D,E).
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Figure 4. APP Tyr phosphorylation increases in fibroblasts from AD patients or in patients carrying PSEN 1 mutation,
but not in patients with other forms of dementia or in healthy donors. Panel (A) shows WB analyses of APP pTyr, Fyn
pTyr420, basal APP and Fyn levels. Panel (A) in particular reports data from one healthy donor #846 with his sibling #848
who carried PSEN1 A246E mutation (indicated with a discontinued line); the PSEN1 A246E genotype was also present
in patients #872 and #401; patients #400, #401 and #402 were siblings, and are indicated by the discontinued line; patients
#159 had a diagnosis of epilepsy for their entire life, however post-mortem histologic analysis revealed an AD phenotype;
patients #442 and #446 were PD, whereas #527 was clinically diagnosed with PD, however after death brain histology
indicated an AD phenotype. Panel (B) reports the optical density analysis of APP pTyr bands expressed as the mean optical
density ratio between APP pTyr and APP basal levels from each sample in fAD 1 and AD fibroblasts vs. healthy controls
and other dementias. * p < 0.005; ** p < 0.001, one-way ANOVA followed by Tukey’s test. Panel (C) reports the ratio of
pFyn Tyr420 relative to basal Fyn levels. The graph represents the densitometric analysis of the bands expressed as the mean
optical density (OD). * p < 0.005, one-way ANOVA followed by Tukey’s test. APP and Fyn expression levels are reported in
panels (D,E). β actin values were used as loading controls.
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4. Discussion

Despite the increasing efforts to understand the pathophysiology of AD, there are
many unresolved questions regarding how to diagnose the disease early and the treatments
available to ameliorate the condition in affected patients. To date, no efficient therapy has
been found, and the majority of the pharmacologic approaches are only palliative because
none of them delay the pathology [14]. This lack of success is partly explained by the
complex aetiology of AD which makes this pathology heterogeneous and unpredictable.

We previously showed the potential role of APP Tyr682 phosphorylation as a biomarker
for APP dysregulation in trafficking and processing, and as a predictive factor for the increased
production of neurotoxic Aβ peptide and neurodegenerative processes [2,3,5–10,13,15]. In-
deed, the dysregulation of kinase activity has been associated with the progression of other
neurodegenerative diseases, and has been proposed as a potential biomarker for other major
proteinopathies besides AD, including PD [16–18] and Huntington’s disease [19,20].

Given the above scenario, in this study we explored the possibility of using peripheral
cells, such as skin fibroblasts, to assess changes in APP Tyr682 phosphorylation levels. We
found that APP Tyr682 phosphorylation increases in fibroblasts of AD patients. In addition,
hyperactivated Fyn and elevated APP Tyr phosphorylation levels were detectable in the
neurons from the same AD patients.

It is well established that Fyn can play a dual role in both the Aβ and tau pathologies
observed in AD [21], exacerbating Aβ neurotoxicity through cellular prion protein (PrPC)
and interacting directly with tau [22] by phosphorylating it at Tyr18 [23]. We previously
delineated a new possible mechanism in which Fyn initiated the amyloid cascade by
phosphorylating the APP Tyr682 residue, which would then induce the amyloidogenic
cleavage [2,13]. This cascade of events would amplify the neurotoxic effects of Aβ, tau hy-
perphosphorylation, neuronal tangles, and, consequently, neuronal damage. Consistently,
we found here that Fyn was activated in #379 and #125 healthy donors and in PD patients
(#446, #527), emphasising the involvement of Fyn in other processes besides AD [13]. This
observation further strengthens the importance to restrict any potential treatments with
Fyn TKI to those patients in which APP Tyr682 phosphorylation levels are elevated, thus
preventing off-target effects, and improving the outcome of the disease.

Indeed, the identification of Fyn as an actor in APP Tyr682 phosphorylation in AD
neurons opens the scenario to either test already commercially available Fyn TKIs or
develop more specific compounds that can potentially control Fyn hyperactivity in AD
patients and prevent Aβ42 production in patients in whom APP Tyr682 phosphorylation is
increased.

Overall, the observations reported here prospect the possibility that events related to
APP Tyr phosphorylation in fibroblasts may reflect Aβ related abnormalities in the brain,
and that, if correlated with changes in cognitive performance and with other biomarkers
including neuroimaging approaches or to the levels of Aβ and phosphorylated tau in
biofluids, may allow the identification of patients who could benefit from a personalised
pharmacologic approach, by using Fyn TKI. Indeed, these results underline the need to
extend this evidence to a larger number of samples/fibroblasts, as well as to develop a
procedure selective and quantitative for the detection of the levels of APP Tyr682 phospho-
rylation.

In conclusion, this study proposes to use changes in APP Tyr682 phosphorylation
levels in peripheric cells, such as fibroblasts, as a potential diagnostic approach to design
personalised therapy in patients in which APP Tyr682 phosphorylation is increased. Indeed,
further studies will be necessary to extend this analysis to a larger number of patients.
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Abstract: Background: High-quality intraoperative imaging is needed for optimal monitoring of
patients undergoing transcranial MR-guided Focused Ultrasound (tcMRgFUS) thalamotomy. In this
paper, we compare the intraoperative imaging obtained with dedicated FUS-Head coil and standard
body radiofrequency coil in tcMRgFUS thalamotomy using 1.5-T MR scanner. Methods: This prospec-
tive study included adult patients undergoing tcMRgFUS for treatment of essential tremor. Intraop-
erative T2-weighted FRFSE sequences were acquired after the last high-energy sonication using a
dedicated two-channel FUS-Head (2ch-FUS) coil and body radiofrequency (body-RF) coil. Postop-
erative follow-ups were performed at 48 h using an eight-channel phased-array (8ch-HEAD) coil.
Two readers independently assessed the signal-to-noise ratio (SNR) and evaluated the presence of
concentric lesional zones (zone I, II and III). Intraindividual differences in SNR and lesional findings
were compared using the Wilcoxon signed rank sum test and McNemar test. Results: Eight patients
underwent tcMRgFUS thalamotomy. Intraoperative T2-weighted FRFSE images acquired using the
2ch-FUS coil demonstrated significantly higher SNR (R1 median SNR: 10.54; R2: 9.52) compared
to the body-RF coil (R1: 2.96, p < 0.001; R2: 2.99, p < 0.001). The SNR was lower compared to the
48-h follow-up (p < 0.001 for both readers). Intraoperative zone I and zone II were more commonly
visualized using the 2ch-FUS coil (R1, p = 0.031 and p = 0.008, R2, p = 0.016, p = 0.008), without sig-
nificant differences with 48-h follow-up (p ≥ 0.063). The inter-reader agreement was almost perfect
for both SNR (ICC: 0.85) and lesional findings (k: 0.82–0.91). Conclusions: In the study population,
the dedicated 2ch-FUS coil significantly improved the SNR and visualization of lesional zones on
intraoperative imaging during tcMRgFUS performed with a 1.5-T MR scanner.

Keywords: focused ultrasound; MR-guided focused ultrasound; high-intensity focused ultrasound
ablation; magnetic resonance imaging; image quality; stereotaxic techniques; essential tremor

1. Introduction

Transcranial Magnetic Resonance Imaging-guided Focused Ultrasound (tcMRgFUS)
is an emerging incisionless stereotactic procedure based on the thermal ablation of a brain
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area using a high-intensity focused ultrasound (HI-FU) beam. Randomized-controlled
clinical trials and several prior studies have demonstrated the clinical efficacy of tcMRgFUS
thalamotomy for the treatment of essential tremor [1–3], idiopathic asymmetrical tremor-
dominant Parkinson’s disease [4,5], and neuropathic pain [6].

The treatment is conducted under constant Magnetic Resonance (MR) imaging moni-
toring. MR allows to acquire detailed anatomical images to calculate the optimal target
coordinates and MR thermometry for real-time thermal monitoring during sonications [7].
Anatomical intraoperative MR images may also depict the typical neuroradiological find-
ings of tcMRgFUS-placed lesions, which consist of three concentric lesional zones, as origi-
nally described by Wintermark et al. [8]. Optimal MR imaging quality is, therefore, of the
upmost importance for the HI-FU thermal ablation and lesion monitoring. TcMRgFUS
procedures have been initially performed using 3.0-T MR scanners, but this technology is
also rapidly expanding on 1.5-T MR [7]. On 3.0-T MR scanners, the anatomical images and
MR thermometry are typically acquired using standard body radiofrequency coil built in
the MR system because the 30-cm-diameter hemispherical FUS helmet, stereotactic frame,
and supporting equipment almost fill the whole scanner space and do not allow the place-
ment of specific head coil [9]. When the tcMRgFUS equipment is integrated into a 1.5-T
MR scanner, a dedicated coil is used to compensate the lower field strength. Initial studies
have reported significant improvement in signal-to-noise ratio (SNR) using dedicated
head coil on 1.5-T MR, but these evidences were only based on phantom evaluations [10].
Moreover, there are still very limited experiences on FUS thalamotomy performed with
1.5-T MR scanners [11–13]. Therefore, there is a significant gap in knowledge regarding the
added value of dedicated coil on the quality of intraoperative imaging acquired in patients
undergoing tcMRgFUS procedure with 1.5-T MR. We hypothesize that dedicated head coil
significantly increases the image quality and intraoperative lesions detection in patients
undergoing tcMRgFUS on 1.5-T MR, compared to the images acquired using the standard
body radiofrequency coil.

The purpose of our study was to conduct a prospective intraindividual comparison
between intraoperative sequences acquired using a dedicated head coil and a standard
body radiofrequency coil in order to assess the signal-to-noise ratio and intraoperative
visualization of neuroimaging findings in patients undergoing transcranial MR-guided
Focused Ultrasound thalamotomy using 1.5-T MR.

2. Materials and Methods

The institutional review board approved this study (“Comitato Etico Palermo 1”—seduta
del 11/04/2018 verbale n 04/2018). All subjects provided written informed consent before
enrolling for tcMRgFUS treatment in accordance with the Declaration of Helsinki.

2.1. Patients

This prospective study included all the adult patients undergoing tcMRgFUS using a
1.5-T MR for the treatment of the movement disorders between September and December
2019. Candidates for tcMRgFUS were selected after accurate screening visits including
extensive neurological evaluation and preprocedural CT and MR imaging for treatment
planning. A total of 10 patients were treated during the study time. Two patients were
excluded due to the onset of unbearable headache or nausea and vomiting during the treat-
ment sonications, which made the patient unsuitable for performing additional sequences
at the end of the procedure.

The following data were collected in the included patients: age, gender, diagnosis of
movement disorder, skull density ratio (SDR) [14], and skull area obtained from preoper-
ative evaluations. In addition, tcMRgFUS technical parameters were recorded from the
dedicated treatment workstation (ExAblate, INSIGHTEC Ltd., Tirat Carmel, Haifa, Israel)
after reviewing the procedures, including: total number of sonications, number of high-
energy sonications (i.e., sonications reaching an average temperature > 50 ◦C), maximum
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and average temperatures, effective delivered energy (measured in Joules), sonication
power (Watt), and duration (seconds) of each high-energy sonication.

2.2. Procedure Details

TcMRgFUS procedures were performed using a focused ultrasound (FUS) equipment
(ExAblate 4000; InSightec Ltd., Tirat Carmel, Haifa, Israel) integrated with a 1.5-T MR unit
(Signa HDxt; GE Medical Systems, Milwaukee, WI, USA). All treatments were performed
by a single primary operator (C.G. with 15 years of experience in neuroradiology) who had
the full control of the workstation, in collaboration with a dedicated transdisciplinary team.

Detailed descriptions of tcMRgFUS thalamotomy have been extensively described in
prior reports [7,15]. Briefly, before the procedure, the patient’s head was comparatively
shaved and immobilized to the FUS helmet using a stereotactic frame. A flexible silicone
membrane, which integrates the 2-channel FUS-Head (2ch-FUS) coil, was placed on the
patient’s head and the space between the head and the helmet was filled with cooled
degassed water in order to allow the HI-FU transmission. Once the patient was positioned
in the FUS table, 2D FRFSE T2-weighted sequences were acquired on coronal, sagittal,
and axial planes according to the anterior commissure–posterior commissure (AC-PC)
anatomical landmarks in order to calculate the optimal stereotactic coordinates. In our
study, the target was placed in the nucleus ventralis intermedius (Vim) in the contralateral
thalamus to the hand-dominant tremor side (25% of the AC-PC distance in front of PC,
2 mm above AC-PC line, and 11–12 mm lateral to the third ventricle wall).

The procedure began with the alignment stage (Stage I), which consisted of few low
energy sonications (with a maximum temperature between 40 ◦C and 45 ◦C), to confirm the
accuracy of thermal spot according to the frequency-encoding direction. During the verify
stage (Stage II), multiple intermediate-energy sonications (with a maximum temperature
of 50 ◦C which minimize the risk of a permanent lesion) were performed to evaluate
the optimal treatment target based on real-time clinical assessment of transient tremor
suppression or any type of adverse events. In case of poor tremor response, intraoperative
anatomical images were used to redefine the target coordinates to achieve the optimal
tremor suppression. The HI-FU ablation consisted of a few high-energy sonications,
reaching an average temperature ≥ 51 ◦C (Stage III: treatment low) for permanent lesion
and ≥55 ◦C (Stage IV: treatment high) for lesion consolidation. The number of high-energy
sonications varied according to the patient’s skull characteristics, tremor disappearance,
and neuroradiological findings on intraoperative imaging. Particularly, in our clinical
practice, further high-energy sonications were usually considered for lesion consolidation
in case of intraoperative imaging showing a FUS-placed lesion lacking of concentric lesional
zones (zone I and zone II, see below).

2.3. MRI Data Acquisition

Intraoperative imaging was performed using a dedicated two-channel FUS-Head coil
(INSIGHTEC Ltd., Tirat Carmel, Haifa, Israel). The coil is composed of two silicon-coated
rings embedded in the elastic membrane. The two rings of this coil are positioned to
either side of the patient’s head without additional mechanical constraints to the patient.
For the purpose of this study, intraoperative axial 2D fast recovery fast spin echo (FRFSE)
T2-weighed sequences were acquired immediately after the last high-energy sonication
using the dedicated 2ch-FUS coil in all patients. Then, a second axial FRFSE T2-weighed
sequence was scanned with the identical MR parameters and conditions, but it was acquired
using the standard body radiofrequency (body-RF) coil integrated in the MR scanner.
Both sequences were acquired with the same setup used during the procedure, and thus,
before emptying the helmet from the coupling degassed cooled water. The same sequence,
along with a specific MR brain protocol (axial 3D T1w BRAVO, sagittal 3D T2w FLAIR
with fat saturation, axial 3D SWAN, axial 2D T2w FRFSE, axial 2D EPI-DWI, axial 2D
T1 FSE; after i.v. contrast medium injection axial 3D T1w BRAVO and axial 2D T1 FSE),
was repeated at the 48-h follow-ups using an eight-channel phased-array head (8ch-HEAD)
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coil (GE’s standard product 8ch BRAIN HD coil). Acquisition parameters for the sequences
included in this study are reported in Table 1.

Table 1. MRI acquisition parameters used for axial fast recovery fast spin echo (FRFSE) T2-weighed
images acquired intraoperatively and at 48-h follow-up with 1.5-T MR scanner.

Axial FRFSE T2-Weighed Images

2ch-FUS Coil Body-RF Coil 8ch-HEAD Coil

Slice thickness (mm) 2.0 2.0 2.0
Slice gap 0 0 0

Number or slice 19 19 19
TR (ms) 4461 4461 4380
TE (ms) 103 103 108
Matrix 384 × 288 384 × 288 320 × 288
NEX 2 2 5

FOV (cm) 22 × 22 22 × 22 24 × 24
Acquisition time (min) 4:06 4:06 4:06

Abbreviations: TR: Repetition Time; TE: Echo Time; NEX: number of excitations; FOV: Field of View.

2.4. MRI Data Analysis

Two readers (R1 R.C. and R2 C.D., with 6 and 2 years of experience in neuroimaging)
independently analyzed the intraoperative and postoperative axial FRFSE T2-weighed
images in order to evaluate the SNR and presence of concentric lesional zones. All the
images were analyzed using a dedicated workstation equipped with Horos (Annapolis,
MD, USA) a free and open source code software program that is distributed free of charge
under the Lesser General Public License (LGPL) at Horosproject.org. The sequences were
anonymized and reviewed in random order.

The SNR was evaluated following the approach proposed by the National Electrical
Manufacturers Association (NEMA) [16]. A standard region of interest (ROI) with an
area of 50 mm2 was placed on the axial FRFSE T2-weighed images at the level of the
AP-PC plane (treatment plane) in each of the following locations, bilaterally (Figure 1):
(a) white matter of the frontal lobe; (b) head of the caudate nucleus; (c) lentiform nucleus;
(d) posterior aspect of the thalamus; and (e) white matter of the occipital lobe. ROIs were
placed carefully avoiding lateral ventricles white matter and FUS-placed lesions and related
imaging findings (i.e., vasogenic edema). Two additional ROIs were placed in the body
of the lateral ventricles. The signal was recorded as the mean pixel value within the ROI,
while the noise was defined as the variations (i.e., standard deviation) of pixel intensities.
The SNR was then calculated using the following equation: SNR = (

√
(2 × S))/σ; where S

is the mean signal in a ROI, and σ is the standard deviation from the same ROI.

Figure 1. Axial T2-weighted FRFSE images acquired intraoperatively using the dedicated two-
channel FUS-Head coil (left image); body radiofrequency coil (central image); and at 48-h using
the eight-channel phased-array head coil (right image) at the level of the anterior commissure-
posterior commissure plane, showing the placement of regions of interest for the evaluation of
signal-to-noise ratio.
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The readers also recorded the presence of the three concentric lesional zones in each
sequence, as described in prior studies [8,12]. Zone I was defined as central spot markedly
hypointense on T2-weighted images, and it represents the cavitating lesion. Zone II was
considered as moderate-to-markedly hyperintense area on T2-weighted images, concentri-
cally surrounding the zone I, and demarcated by a hypointense rim, which represents the
cytotoxic edema. Zone III consisted of a peripheral slightly hyperintense area, which repre-
sents the perilesional vasogenic edema surrounding the ablation lesion.

2.5. Statistical Analysis

Data were summarized as continuous variables and expressed as mean and stan-
dard deviation (SD) or median and interquartile range (IQR), and categorical variable,
expressed as numbers and percentages. The Shapiro–Wilk test was performed to assess
the normality distribution of continuous variables. Intraindividual differences in SNR
between sequences acquired with different coils were compared using the Wilcoxon signed
rank sum test. Differences in qualitative imaging analysis were assessed using the Mc-
Nemar Test. The intraclass correlation coefficient (ICC), with 95% confidence intervals
(95% CI), was calculated to assess the inter-reader agreement for continuous variables
(SNR), while the Cohen’s kappa (k) test, with 95% confidence intervals (95% CI), was used
for categorical variables. Agreement was categorized as poor (<0.00), slight (0.00–0.20),
fair (0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80), or almost perfect (0.81–1.00).
Statistical significance level was set at p < 0.05. Statistical analysis was conducted using
SPSS software (Version 20.0. Armonk, NY, USA: IBM Corp).

3. Results

3.1. Patients

The characteristics of the final population and tcMRgFUS sonications parameters
are summarized in Table 2. A total number of eight patients were protectively enrolled
for the purpose of this study, including seven men and one woman with a mean age of
74.1 ± 5.4 years (range 65–81 years). All patients underwent tcMRgFUS for the treat-
ment of essential tremor. All the TcMRgFUS thalamotomies were performed on the
left Vim, according to the hand-dominant tremor side. The mean SDR was 0.48 ± 0.04
(range 0.42–0.56). The number of high-energy sonications reaching an average temperature
greater than 50 ◦C ranged from two to five. The maximum temperatures in treatments
sonications ranged from 51 to 62, while the average temperature ranged from 49 to 57.

3.2. Signal-to-Noise Ratio

A total number of 288 ROIs (12 ROIs in each sequence) were placed by each reader in
order to assess the signal-to-noise ratio. The SNR on axial T2-weighted FRFSE acquired
after the last high-energy sonication using different coils and at 48 h are reported in Table 3.

Intraoperative axial T2-weighted FRFSE images acquired using the dedicated 2ch-FUS
coil demonstrated a significantly higher SNR (R1, median SNR: 10.54, IQR: 9.05, 12.61; R2,
median SNR: 9.52, IQR: 7.74, 11.36) compared to the images acquired with the body-RF
coil (R1, median SNR: 2.96, IQR: 2.77, 3.31, p < 0.001; R2, median SNR: 2.99, IQR: 2.83,
3.26, p < 0.001) (Figure 2). The dedicated 2ch-FUS coil allowed to increase the SNR on
intraoperative images by an average of 254 ± 74% and 211 ± 86% measured by R1 and R2,
respectively. However, when compared with the standard 8ch-HEAD coil, the dedicated
2ch-FUS coil achieved significantly lower SNR (p < 0.001 for both readers), with a loss of
SNR on intraoperative images of 31 ± 24% for R1 and 15 ± 46% for R2, compared to the
images acquired at 48-h follow-ups.

The inter-reader agreement for SNR measurements was almost perfect (ICC: 0.85,
95% CI: 0.78, 0.89).
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Table 2. Characteristics of the final treated population.

Characteristics Number

Patients 8

Sex
Males 7 (87.5%)

Females 1 (12.5%)

Age (years)
Mean ± SD (range) 74.1 ± 5.4 (65–81)

Thalamotomy side
Left Vim 8 (100%)

Right Vim 0 (0%)

SDR
Mean ± SD (range) 0.48 ± 0.04 (0.42–0.59)

Skull area
Mean ± SD (range) 343.6 ± 18.2 (323–371)

Treatment elements
Mean ± SD (range) 948 ± 48.1 (839–996)

Number of sonications
Mean ± SD (range) 11.7 ± 2.1 (9–15)

Number of High-energy sonications (Stage IV)
Mean ± SD (range) 4.0 ± 1.0 (2–5)

Energy (Joule)
Mean ± SD (range) 11,696.5 ± 6646.4 (4536–28,062)

Power (Watt)
Mean ± SD (range) 628.7 ± 97.6 (438–791)

Time (seconds)
Mean ± SD (range) 19.5 ± 8.5 (11–41)

Maximum temperatures (◦C)
Mean ± SD (range) 55.5 ± 2.7 (51–62)

Average temperatures (◦C)
Mean ± SD (range) 52.7 ± 2.3 (49–57)

Continuous variables are expressed as mean ± standard deviation (SD), categorical variables are
expressed as numbers and percentages. Abbreviation: SDR: skull-density ratio.

Table 3. Signal-to-nose ratio (SNR) differences between coils.

2ch-FUS
SNR

Body-RF
SNR

8ch-HEAD
SNR

p Value
2ch-FUS vs. body-RF

p Value
2ch-FUS vs. 8ch-HEAD

ICC
(95% CI)

Reader 1
10.54

(9.05, 12.61)
2.96

(2.77, 3.31)
16.24

(13.10, 19.95) <0.001 <0.001 0.85
(0.78, 0.89)

Reader 2
9.52

(7.74, 11.36)
2.99

(2.83, 3.26)
13.24

(10.67, 18.31) <0.001 <0.001

Variables are expressed as median and interquartile range (25th to 75th percentile). Variables were compared using the Wilcoxon
signed rank sum test. Inter-reader agreement was assessed using the intraclass correlation coefficient (ICC), with 95% confidence
intervals (95% CI). Statistically significant values (p < 0.05) are highlighted in bold. Abbreviations: 2ch-FUS: Two-channel FUS-Head
Coil; Body-RF: Body Radiofrequency Coil; 8ch-HEAD: Eight-channel phased-array head Coil; SNR: Signal-to-Noise Ratio; ICC: Intraclass
Correlation Coefficient.
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Figure 2. Plot box illustrates the distribution of signal-to-noise ratio in the images acquired using the
dedicated two-channel FUS-Head (2ch-FUS) coil, body radiofrequency (body-RF) coil and eight-channel
phased-array head (8ch-HEAD) coil by Reader 1 (white boxes) and Reader 2 (grey boxes).

3.3. Qualitative Imaging Findings

The visualization rate of concentric lesional zones at intraoperative and 48-h imaging
are reported in Table 4. On intraoperative axial 2D FRFSE T2-weighted images, zone I was
already visible in 75% of patients for R1 and 100% for R2 in the images acquired with the
dedicated 2ch-FUS coil, while it was never visualized when the images were acquired with
the body-RF coil (p = 0.031 and p = 0.008 for R1 and R2, respectively). Similarly, zone II
was always observed by both readers in the images acquired with the dedicated 2ch-FUS
coil, while it was recorded only in one (12.5%) case by R1 (p = 0.016) and in no case by
R2 (p = 0.008) on the subsequent acquisition performed with body-RF coil. There was no
difference in the visualization rate of zone III on intraoperative images acquired by both
coils (Table 4).

Table 4. Comparison of visualization of the three concentric zones on intraoperative images obtained with head and
body coils.

2ch-FUS Body-RF 8ch-HEAD
p Value

2ch-FUS vs Body-RF
p Value

2ch-FUS vs 8ch-HEAD
k Value (95% CI)

Zone I
Present 0.82

(0.59, 1.00)Reader 1 6 (75.0) 0 (0) 8 (100) 0.031 0.500
Reader 2 8 (100) 0 (0) 8 (100) 0.008 1.000

Zone II
Present 0.90

(0.71, 1.00)Reader 1 8 (100) 1 (12.5) 8 (100) 0.016 1.00
Reader 2 8 (100) 0 (0) 8 (100) 0.008 1.00

Zone III
Present 0.91

(0.75, 1.00)Reader 1 3 (37.5) 2 (25.0) 8 (100) 1.000 0.063
Reader 2 3 (37.5) 3 (37.5) 8 (100) 1.000 0.063

Categorical variables (Zone I, II, III) are expressed as numbers and percentages in parenthesis and they were compared using the McNemar
Test. Inter-reader agreement was assessed using the Cohen’s kappa (k) test with 95% confidence intervals (95% CI). Statistically significant
values (p < 0.05) are highlighted in bold. Abbreviations: 2ch-FUS: Two-channel FUS-Head Coil; Body-RF: Body Radiofrequency Coil;
8ch-HEAD: Eight-channel phased-array head Coil.
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At 48-h follow-up, the three concentric zones were visualized in all patients by the
two readers. There was no significant difference in the visualization of the three concentric
zones between the intraoperative imaging acquired with dedicated 2ch-FUS coil and the
48 h follow-up, although zone III was more commonly visible at 48 h (37.5% vs. 100%,
p = 0.063).

The inter-reader agreement was almost perfect for all three concentric zones (zone I,
k: 0.82; zone II, k: 0.90; zone III, k: 0.91). An example of T2-weighted FRFSE intraoperative
images acquired after the last sonication using both coils and at 48-h follow-up is reported
in Figure 3.

Figure 3. Seventy-eight-year-old woman with essential tremor. (A) Intraoperative axial 2D FRFSE T2-weighted sequence
acquired after the last high-energy sonication using the dedicated two-channel FUS-Head coil well demonstrates the
presence of zone I (hypointense) and zone II (hyperintense) in the left nucleus ventralis intermedius. (B) Intraoperative
axial 2D FRFSE T2-weighted sequence acquired using body radiofrequency coil does not visualize any lesional zones.
(C) Forty-eight-hour follow-up acquired with the eight-channel phased-array head coil demonstrates enlargement of zone
I and zone II and development of peripheral vasogenic edema (zone III). Both readers agreed on the presence of these
imaging findings.

4. Discussion and Future Directions

In this study, intraoperative tcMRgFUS anatomical MR sequences were prospectively
acquired after the last high-energy sonication using a dedicated 2ch-FUS coil and the
standard body-RF coil on a 1.5-T MR scanner. Our results demonstrate that the dedicated
2ch-FUS coil significantly increased the SNR (p < 0.001) compared to the identical images
acquired with the body-RF coil. Overall, the SNR increased by an average of 254 ± 74% for
R1 and 211 ± 86% for R2 on axial T2-weighed FRFSE sequence. To the best of our knowl-
edge, this is the first study evaluating the improvements of intraoperative neuroimaging
quality acquired in patients undergoing tcMRgFUS with 1.5-T MR for the treatment of
essential tremor. A recent technical note [10] reported that the 2ch-FUS coil allowed to
increase the SNR by 10 times using the 1.5-T MR. However, those results were based only
on measurements performed using a gel phantom [10]. Werner et al. [17] also described
a custom-built eight-channel phased head receive array coil integrated to 3.0-T scanner.
Their experience reports an increase of SNR by a factor of 3.5 times in intraoperative
imaging compared to the standard body coil [17]. However, this preliminary report did
not assess the intraoperative visualization of concentric lesional zones.

High quality imaging during tcMRgFUS is particularly challenging due to the presence
of FUS equipment composed of a 30-cm-diameter water-filled helmet which fills almost
the entire space within the MR scanner. As a consequence, the image quality with body-RF
coil results in being inferior to the current neuroradiological diagnostic standards in terms
of SNR and image artifacts, even when using 3.0-T scanners [9,17]. Despite the use of
dedicated 2ch-FUS coil, a similar trend was observed in our study using 1.5-T MR scanner.
The intraoperative SNR remained significantly lower compared to the images acquired at
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48-h using the 8ch-HEAD coil (p < 0.001). However, there was only a mean SNR decrease of
31 ± 24% for R1 and 15 ± 46% for R2. This lower SNR did not impede the visualization of
typical lesional zones on intraoperative imaging when using the 2ch-FUS coil and allowed
us to schedule the first MRI follow-up at 48-h post-treatment.

In our study, the intraoperative images acquired after the last high-energy sonication
using the 2ch-FUS coil allowed the optimal visualization of ablation zones (zone I and
zone II) in almost all patients (75% by R1 and 100% by R2). Despite the fact that body-RF
coil sequence was acquired after being scanned using the 2ch-FUS coil in all patients,
giving potential time for further lesion consolidation, zone I was not visualized in any
patient by R1 and R2 (p = 0.031 and p = 0.008, respectively), while zone II was scored
in only one case by R1 and in no patient by R2 (p = 0.016 and p = 0.008, respectively).
In prior studies, neuroimaging lesional findings were most commonly described in the MR
images acquired immediately after the procedure or at 24-h follow-ups [8]. Intraoperative
high-resolution images that accurately detect the lesional findings, without emptying the
water-filled FUS helmet or removing the stereotactic frame, may have a significant impact
for the treatments monitoring and early detection of any possible adverse events [12].
In our clinical experience, intraoperative axial FRFSE T2-weighed images are acquired
between the high-energy sonications according to the real-time clinical evaluation and
patients’ symptoms. Although the decision to stop the treatment is mainly based on the
clinical efficacy and tremor suppression, the intraoperative visualization of the lesion is fun-
damental to document the correct location of the ablation zone and adequate lesion volume
at the end of the treatment, without compromising the possibility of further sonications.

During follow-ups, the FUS-placed lesions typically enlarged in the first 48 h and
then started to gradually decrease after 1 week [8,18,19]. In our study, all three concentric
lesional zones were observed at 48 h in all the patients by both readers. As expected,
zone III, representing the vasogenic edema, was more frequently observed at 48 h compared
to intraoperative imaging (100% vs. 37.5%), although this difference did not reach the
statistically significant level (p = 0.063 for both R1 and R2).

Our results may have significant implications for the further expansion of tcMRgFUS
unique clinical and research applications. Optimization of high-quality intraoperative
imaging may be necessary for making the tcMRgFUS a feasible image-guided interven-
tion for the precise intracranial tumor ablation [20,21], target identification in psychiatric
disorders [22–25], and reversible controlled blood-brain barrier opening to enhance ther-
apeutic drugs delivery in specific brain regions [26–30], even using 1.5-T MR scanners.
In this context, precise intraoperative imaging may provide accurate real-time delineation
of pathological areas and direct visualization of the targeted spot, increasing the precise-
ness of the procedure and ensuring the preservation of nontarget tissues. All this will
be even more interesting if other impulse sequences and/or weighting to be used in the
intra-procedural phase will be implemented.

The most important limitation of our study is the small number of included patients.
Performing additional time-consuming sequences (each with a scanning time of about four
minutes) at the end of the procedure increases the total treatment time, which usually ranges
from 2 to 3 h. However, despite the small population, there were already unequivocal
differences in quantitative and qualitative analyses. Furthermore, our study did not
compare the SNR and lesions visualization with the image quality achieved with 3.0-T MR
unit using the standard body-RF coil. Further multicentric studies should be performed
to compare the image quality and intraoperative neuroimaging findings in treatment
performed with 1.5-T or 3.0-T MR scanners. Finally, we did not evaluate the correlations
among intraoperative imaging findings, sonications parameters, patients’ characteristics,
and clinical outcome at subsequent follow-ups, since other studies [9,31–33] have already
assessed these aspects in larger cohorts.
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5. Conclusions

In conclusion, the dedicated two-channel FUS-Head coil significantly increases the
SNR on intraoperative anatomical images when the tcMRgFUS treatment is performed
on 1.5-T MR scanner. We anticipate that the use of a dedicated coil with 3-T integrated
tcMRgFUS systems is desirable and would fill the gap with nowadays 1.5-T integrated
scanners. Anatomical high-resolution intraoperative images allow the accurate visual-
ization of concentrically lesional zones after the high-energy sonications and may have a
significant role in guiding the tcMRgFUS procedures. Considering that more and more
often it is possible to use imaging techniques for the identification of specific biomarkers or
therapeutic targets, in consideration of the increasing advances in the field of trans-cranial
focused ultrasound, high resolution intraoperative imaging could be the ideal companion
for increasingly tailored therapies.
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Abstract: Parkinson’s disease (PD), the second most common neurodegenerative disorder
after Alzheimer’s disease, is a clinically heterogeneous disorder, with obscure etiology and no
disease-modifying therapy to date. Currently, there is no available biomarker for PD endophenotypes
or disease progression. Accumulating evidence suggests that mutations in genes related to lysosomal
function or lysosomal storage disorders may affect the risk of PD development, such as GBA1 gene
mutations. In this context, recent studies have revealed the emerging role of arylsulfatase A (ASA),
a lysosomal hydrolase encoded by the ARSA gene causing metachromatic leukodystrophy (MLD) in
PD pathogenesis. In particular, altered ASA levels have been detected during disease progression,
and reduced enzymatic activity of ASA has been associated with an atypical PD clinical phenotype,
including early cognitive impairment and essential-like tremor. Clinical evidence further reveals
that specific ARSA gene variants may act as genetic modifiers in PD. Recent in vitro and in vivo
studies indicate that ASA may function as a molecular chaperone interacting with α-synuclein
(SNCA) in the cytoplasm, preventing its aggregation, secretion and cell-to-cell propagation. In this
review, we summarize the results of recent preclinical and clinical studies on the role of ASA in PD,
aiming to shed more light on the potential implication of ASA in PD pathogenesis and highlight its
biomarker potential.
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1. Introduction

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder, affecting
approximately 1–2% of the population above the age of 60 years [1]. Idiopathic PD represents the
most common cause of parkinsonism, which is a clinical syndrome encompassing a number of
nosologic entities sharing mainly three cardinal motor features: bradykinesia, resting tremor and
rigidity [2]. Less common parkinsonian disorders include other neurodegenerative diseases, such as
multiple system atrophy (MSA) and progressive supranuclear palsy (PSP), drug-induced and vascular
parkinsonism [2]. PD is a progressive disorder characterized by motor and non-motor symptoms,
including cognitive impairment, depression and autonomic dysfunction [1]. Currently, there is no
disease-modifying therapy against PD, and its treatment remains mainly symptomatic.

PD is not a single entity but rather a clinically heterogeneous disorder with diverse subtypes
including tremor-dominant, postural instability-gait difficulty and akinetic-rigid forms of PD, and there
is still no consensus for clinical PD sub-classification [3–5]. Most cases of PD are sporadic, while only
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5-10% are caused by known inherited mutations in specific genes, including SNCA, leucine-rich repeat
kinase 2 (LRRK2), Parkin (PARK2) and phosphatase and tensin homolog (PTEN)-induced putative kinase
1 (PINK1) [6]. Apart from LRRK2 mutation carriers, who are mostly indistinguishable from idiopathic
PD reflecting the majority of genetic PD cases, display atypical features [6]. In particular, PD patients
carrying SNCA mutations have an earlier age at disease onset, a faster motor deterioration, earlier
cognitive decline and prominent multimodal hallucinations (visual, olfactory, auditory) [7]. Parkin

mutation carriers display an earlier onset age of the disease, more frequently associated with dystonia
as an initial manifestation, with dementia being less common despite the long disease course [8].
Notably, the pathophysiological mechanisms underlying this clinical diversity are still unclear, and
there is still no available biomarker that can effectively distinguish between PD endophenotypes or
reflect disease progression [4,5].

The neuropathological hallmarks of PD include the degeneration of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) and the accumulation of Lewy bodies and Lewy neurites
mainly consisting of α-synuclein [9,10]. Although the etiology of PD remains obscure, mitochondrial
dysfunction, abnormal α-synuclein aggregation, excessive neuroinflammation, lysosomal impairment
and dysregulation of lipid metabolism contribute to its pathogenesis. Of note, α-synuclein is degraded
via both proteasomal and autophagic-lysosomal pathways, and it may itself impair lysosomal
activity [11]. Furthermore, lysosomal dysfunction has been shown to contribute to cell-to-cell spreading
of α-synuclein aggregates in the brain, a process highly implicated in PD progression [12].

The core of Lewy bodies contains large amount of lipids coated with high local concentrations of
non-fibrillar α-synuclein [13]. α-synuclein is able to interact with fatty acids and phospholipids [14],
and the imbalance of α-synuclein-lipid interaction has been proposed to affect its aggregation [15].
Genome wide association studies (GWAS) have revealed that several genetic loci associated with
PD risk are implicated in lipid metabolism, including GBA1, diacylglycerol kinase (DGKQ) and the
phospholipase PLA2G6 genes [16].

Among the causative genes of PD, SNCA, LRRK2, PARK2, PINK1 and ATP13A2 (PARK9), are highly
implicated in lysosomal function. In particular, α-synuclein aggregates have been demonstrated
to impair autophagic-lysosomal pathways, either via direct disruption of lysosomal components or
indirectly by suppressing lysosomal trafficking [17]. LRRK2 protein can modulate lysosomal vesicular
trafficking by phosphorylating Rab GTPases [17], while PARK2 and PINK1 mutations have been
associated with endo-lysosomal defects [18]. Moreover, the ATP13A2 gene encodes a lysosomal P-type
ATPase that is highly implicated in cation homeostasis, while ATP13A2 mutations have been associated
with mitochondrial and lysosomal dysfunction [19].

GWAS have revealed at least 24 genetic loci that may alter PD risk, and many of them, such as
SLC17A5, ASAH1 and CTSD have been implicated in the autophagy-lysosomal pathways [20–22].
Notably, heterozygous mutations in the GBA1 gene encoding glucocerebrosidase, whose homozygous
mutations cause Gaucher’s disease, constitute the most common genetic risk factor for idiopathic
PD [23,24]. The presence of GBA1 mutations has been also shown to affect the clinical phenotype
of PD with a more rapid disease progression and cognitive impairment [25]. In addition, mutations
in the NPC intracellular cholesterol transporter 1 (NPC1) gene, which cause the lysosomal disorder
Niemann-Pick type C, have been associated with PD [26]. A recent study demonstrated that the majority
of patients carry at least one potentially damaging variant in lysosomal storage disorder-related genes,
and approximately one fifth of them possess multiple alleles [22]. The ATP13A2 gene mutations,
involved in a rare form of juvenile-onset parkinsonism and dementia, have been associated with
the lysosomal storage disorder neuronal ceroid lipofuscinosis [27]. Hence, lysosomal impairment
is suggested to play a crucial role in PD development, either as a causative or a contributing factor,
with gene mutations causing other lysosomal storage disorders possibly affecting PD susceptibility.

Lysosomal storage disorders belong to the Mendelian-inherited metabolic diseases that are
characterized by defects in the activity of lysosomal enzymes and the abnormal accumulation of
undegraded substrates in the lysosomes of various tissues, including the heart, skin and brain [22,28].
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Neurological manifestations, such as mental retardation, epilepsy and parkinsonism have been
described in more than two-thirds of lysosomal storage disorders [28], including gangliosidosis,
Niemann-Pick disease and Fabry–Anderson disease [29]. Furthermore, higher levels of α-synuclein
oligomers have been detected in the plasma of patients with lysosomal storage disorders including
Gaucher’s disease, Niemann-Pick type C, Krabbe disease and Wolman disease compared to controls,
while this difference is absent in patients with Gaucher’s disease after enzyme replacement therapy [30].
These findings further strengthen the hypothesis that impairment of lysosomal enzymes may play a
significant role in the pathogenesis of PD.

Arylsulfatase A (ASA) is a lysosomal enzyme that mainly hydrolyzes sulfatide
(sulfogalactosylceramide), a glycolipid of myelin into galactosylceramide [31,32]. ASA is encoded
by the ARSA gene, which is located on the chromosome locus 22q13.33. Homozygosity for ARSA

mutations leads to severe ASA deficiency (<10%) that causes metachromatic leukodystrophy (MLD),
a lysosomal storage disease that is inherited in an autosomal recessive manner with a reported
frequency of 1:40000 [32,33]. MLD is characterized by abnormal accumulation of sulfatide primarily in
the central nervous system (CNS), resulting in demyelination accompanied by motor and cognitive
impairment [34,35].

Apart from sulfatide, ASA can also hydrolyze the sulfated glycolipids seminolipid and
lactosylceramide sulfate [36]. Seminolipid exists only in small amounts in rat and mouse brain,
whereas lactosylceramide sulfate was not detected in mammalian brain [36]. In addition to glial cells,
sulfatide was present in neurons of ARSA-deficient mice [36], and neuronal sulfatide accumulation was
associated with degeneration of Purkinje cells, axonal degeneration and cortical hyperexcitability [37].
Neuronal sulfatide storage is most prominent in the nuclei of medulla oblongata, pons and midbrain
of ARSA-deficient mice [38], implying the potential role of ASA in neuronal functions unrelated to
myelination. Notably, reduced levels of sulfatides by approximately 30% have been observed in
the superior frontal and cerebellar gray matter of incidental PD human cases (with no complains of
neurological deficits, although PD-related lesions were found in the neuropathological postmortem
study) [39], suggesting that dysregulation of sulfatide metabolism may be implicated in the pathogenesis
of PD.

ASA deficiency may be observed in healthy individuals (pseudodeficiency) displaying about
10–20% of normal enzymatic activity [33,34]. Partial ASA deficiency may result from homozygosity
for the pseudodeficient ARSA allele, heterozygosity for a disease-causing ARSA allele or compound
heterozygosity pseudodeficiency/deficiency. It still remains unclear whether partial ASA deficiency
is completely benign [40]. Moreover, complete or partial ASA deficiency has been associated with
parkinsonism and other movement disorders, including chorea, athetosis, dystonia, as well as several
neurological conditions [29,41,42]. These findings suggest that ASA may also play a role in PD pathology
and has led to an increasing number of preclinical and clinical studies investigating this relationship.

Although the potential implication of lysosomal ceramide metabolism disorders in PD
pathogenesis has been already discussed in the literature [33], there is no recent review focusing
specifically on the role of ASA in PD. Herein, we summarize recent emerging clinical and preclinical
evidence on the possible role of ASA in PD and its biomarker potential, aiming to shed more light on
the underlying mechanisms and their clinical impact.

2. Clinical Evidence on the Emerging Role of ASA in PD

2.1. ASA Levels and Activity as a Potential PD Biomarker

Reduced GBA activity has been detected in the cerebrospinal fluid of PD patients in comparison
to controls [43] and in the blood of PD patients with and without GBA1 mutations [44]. The activity of
β-galactosidase and β-hexosaminidase, two other lysosomal enzymes, has been detected elevated in
the CSF or blood of PD patients [43,45,46]. Therefore, it has been hypothesized that other lysosomal
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enzymes may be differentially expressed or display altered activity in PD patients in comparison to
controls, independently of the presence of ARSA gene mutations.

Indeed, enzymatic activity of ASA in blood leukocytes has been shown significantly lower in
patients with movement disorders, including essential tremor or parkinsonism, as compared to healthy
controls or neurological patients without any movement disorder [47]. In particular, patients with
atypical clinical features displayed reduced enzymatic ASA activity, while patients with typical essential
tremor or parkinsonism showed normal values of ASA activity [47]. Atypical manifestations included
pyramidal signs, orthostatic and continuous tremor (postural and resting tremor with bilateral onset
of the same large amplitude), focal dystonia and/or no treatment response to levodopa, primidone
or phenobarbitone [47]. Conventional neuroimaging of these patients with CT brain scans did not
reveal any significant structural abnormalities [47]. Notably, a positive family history for movement
disorders was mainly reported in the subgroup of patients with atypical symptoms [47], highlighting
the potential contribution of ARSA gene polymorphisms or other inheritable factors affecting ASA
activity in this clinical variability. A retrospective pedigree analysis of three of the patients with
parkinsonism, positive family history and partial ASA deficiency demonstrated that the affected
relatives displayed also partial ASA deficiency [40]. These patients exhibited atypical clinical features,
such as head tremor, early postural or kinetic tremor, orthostatic tremor, cognitive impairment, and mild
to moderate levodopa response [40]. Therefore, ASA deficiency may be possibly associated with an
atypical PD clinical phenotype, which may also reflect a different pathophysiological background.

Postural tremor was the initial symptom in almost all cases of the study described above, and the
only manifestation in a young patient [40]. It has been suggested that essential tremor may represent a
potential “risk factor” for PD development, although the underlying pathophysiological mechanism
remains unclear [48]. Given the results of the study reported above, it can be speculated that ASA
deficiency might partially underlie this observed clinical association in some cases.

Interestingly, early cognitive impairment has been associated with GBA1-related PD [23,24,49],
postural and action tremor has been reported in asymptomatic carriers of LRRK2 mutations [50],
and PD patients with SNCA mutations display early dementia [51]. These clinical observations suggest
that mixed tremor and early cognitive decline may characterize PD cases related to genes associated
with lysosomal function.

A recent study has demonstrated that plasma ASA levels were lower in PD patients with dementia
compared to controls, whereas PD patients without dementia displayed higher plasma levels [31].
Moreover, plasma ASA levels were positively correlated with the scores of global cognitive performance,
total Mini-Mental State Examination (MMSE) score and each cognitive domain separately, except for
visuospatial function [31]. In PD patients, the clinical Dementia Rating-Sum of Boxes (CDR-SOB)
scores were also negatively correlated with plasma ASA levels [31]. The different ASA levels between
PD patients and controls, as well as PD patients with and without dementia, further highlight the
contribution of ASA to PD pathogenesis and clinical endophenotypes.

Notably, a very recent study has demonstrated an interesting relationship between ASA plasma
levels and PD progression [52]. In particular, the early PD subgroup characterized by shorter disease
duration and lower UPDRS motor scores had higher ASA plasma levels, as compared to the late PD
subgroup and healthy controls, independent of age, gender and MMSE scores [52]. Plasma ASA levels
were graphically represented as an inverted U-shape in regard to the duration of the disease, reaching
a peak at approximately 2 years of disease duration [52]. In the early PD subgroup, plasma ASA
levels were also positively correlated with UPDRS motor scores and striatal dopamine depletion as
evaluated by DATscan [52]. Other demographic or clinical parameters, such as age at disease onset,
education years or MMSE scores, were not associated with plasma ASA levels [52]. These findings
partially agree with the results of the abovementioned study which showed that PD patients without
dementia displayed increased ASA levels, compared to PD with dementia or healthy controls [31].
Plasma ASA levels may increase at the early stages of PD in relation to nigrostriatal degeneration
possibly reflecting an initial compensatory mechanism in response to accumulation of aggregated
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α-synuclein in neurons [52]. In agreement with this evidence, the concentration of plasma lysosomal
enzymes differed in AD patients in regard to disease progression [53]. Hence, the plasma concentration
of ASA may not be constant but rather change dynamically throughout disease course, implying that it
could be used as a PD biomarker of disease severity and/or duration. However, larger longitudinal
studies with serial measurements of plasma ASA levels in PD patients are required to validate their
actual alterations during disease progression [52].

Apart from the brain, ASA is also expressed in the spinal cord, blood leukocytes and other
peripheral tissues, and can be secreted by the cells [54]. It has been demonstrated that some serum
exosomes may also contain lysosomal enzymes [55]. Nevertheless, the exact source of plasma ASA
in both healthy controls and PD patients, as well as the proportional contribution of each source to
plasma ASA concentration, remains to be elucidated [31]. Furthermore, it is largely unknown whether
plasma ASA levels or activity correlate with the respective ASA levels or activity in the brain of PD
patients and healthy controls.

It has been proposed that partial ASA deficiency alone or in combination with other yet unknown
endogenous or exogenous factors may lead to dysfunction of specific neuronal cell populations that are
particularly susceptible to metabolic alterations [56]. This hypothesis might at least partially explain
the diverse and atypical parkinsonian clinical phenotype of patients with ASA deficiency caused by
impairment of specific functional neuronal networks. Reduced GBA enzymatic activity has been
reported in the brain of PD patients carrying GBA1 mutations [57]. Decreased activity of GBA has
been found in the SN and frontal cortex of patients with PD and LBD compared to controls [58].
Different enzymatic activity of GBA has been demonstrated in the substantia nigra and cerebellum
of the brain of PD patients [57], highlighting that GBA activity is rather brain region-specific. Hence,
further post-mortem investigation of ASA activity in the different brain structures of PD patients may
explain the potentially ASA-related atypical parkinsonian clinical features.

Importantly, it has been demonstrated that GBA activity in healthy subjects decreases in an
age-dependent manner in the brain regions mostly affected by PD, and at the 7th to 8th decade of life,
GBA activity in the SN and putamen is reduced to the same extent as in patients with sporadic PD [59].
Therefore, GBA activity seems to be age-dependent even in the brain, and this hypothesis should be
also taken into account and investigated in future studies exploring the role of ASA in PD.

In summary, ASA deficiency may be at least partially responsible for some PD cases with
atypical symptoms, and represent a potential biomarker for clinical PD endophenotypes, mainly
including patients with early cognitive dysfunction and early postural or mixed tremor. In addition,
ASA activity may also aid in the differential diagnosis between PD and essential tremor, especially in
cases with atypical presentation. However, given the small sample size of the abovementioned studies,
further larger validation is needed to test these hypotheses.

2.2. ASA Localization in the Brain of PD Patients

Deposition of α-synuclein has been demonstrated in brain cells of patients with Gaucher’s
disease [60], andα-synuclein accumulation has been shown to be diffuse in the axons of neurons and glial
cells of the cerebral white matter and brainstem of MLD patients [61]. α-synuclein-immunoreactivity
colocalized with abnormal storage products including lipids in the brain of MLD patients, suggesting
that impaired lipid metabolism may affect α-synuclein deposition in these cases [61]. Additionally,
a granular pattern of α-synuclein appeared in the cytoplasm without fibrils in the aforementioned
study [61]. In vivo evidence has indicated that α-synuclein can interact with polyunsaturated fatty
acids resulting in the production of α-synuclein soluble oligomers, a process that precedes the formation
of aggregates associated with neurodegeneration [62]. Hence, it seems that in MLD, α-synuclein
accumulates in the cytosol without fibril formation, through potential binding to fatty acids.

α-synuclein was also found to accumulate in the neurons and glial cells of MLD cases, including
astrocytes and microglia [61] while it can act directly on microglia, initiating a neuroinflammatory
response and affecting neuronal survival [63]. In parallel, microglia are also involved in clearing
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of the extracellular α-synuclein aggregates by internalization and degradation, thus avoiding its
accumulation [63]. Given the importance of neuroinflammation in PD pathogenesis, the role of ASA in
neuron-to-microglia communication should be further explored.

Collectively, these findings suggest that α-synuclein accumulation may accompany MLD-related
neuropathology, strengthening the hypothesis that ASA might be possibly implicated in PD-related
α-synuclein deposition in the human brain.

In this context, post-mortem investigation of brain tissues derived from the anterior cingulate
cortex of PD patients and age-matched healthy controls has indicated that ASA was present in neuronal
and glial cells, as well as in cells of blood vessels in PD patients and controls [31]. Interestingly,
ASA had a puncta (particle-like) appearance, and it was localized throughout the cytoplasm of neurons,
surrounding or sometimes co-localized with Lewy bodies, particularly in cases with longer disease
duration [31]. However, no significant differences were detected in either the neuronal intensity of
ASA fluorescence signal or the number of ASA-stained neurons between PD patients and controls
in this study [31]. Although interesting, these findings only demonstrate that ASA and Lewy bodies
share a cytosolic localization, and therefore, more evidence is needed before suggesting that ASA may
contribute to α-synuclein-containing Lewy bodies in PD.

2.3. Possible Association between ARSA Gene Variants and PD

The potential role of ARSA gene mutations in PD has been illustrated in a recent study that
genetically analyzed a female patient of Japanese descent with adult-onset MLD and a positive family
history of PD with mild cognitive dysfunction and probable essential tremor [31]. In particular,
the MLD patient bears the compound heterozygous missense mutations, L300S (c.899T>C, rs199476389)
and C174Y (c.521G>A, rs199476381) in the ARSA gene, while a heterozygous L300S mutation was
found only in her family members with PD—her father and paternal uncle—but not in those without
PD [31]. These findings suggest that the heterozygous L300S mutation in ARSA gene may be a risk
factor for PD development, and that ARSA-related PD may be associated with early cognitive decline
and essential tremor. However, the L300S ARSA variant was not detected in a case-control study in the
Chinese population in either sporadic PD patients or healthy controls [64], implying that this variant
might be pathogenic but rarely detected in PD. Moreover, the L300S and C174Y ARSA variants were
not detected in more than 200,000 alleles in public databases, implying that these variants are very rare
and indicating the need for larger multicenter studies in patients with familial and sporadic PD [31].

The abovementioned study has also genetically analyzed ARSA variants in a cohort of 92 patients
with autosomal dominant familial PD and revealed a non-synonymous N352S variant (c.1055A>G,
rs2071421) in both homozygous and heterozygous state in 4 and 11 patients, respectively, while the
frequency of this variant was significantly higher in healthy controls within the Integrative Japanese
Genome Variation Database [31]. Further analysis in another cohort of 92 patients with sporadic PD
revealed that the frequency of the N352S variant was similar to that of the cohort of patients with
autosomal dominant familial PD [31]. It has been demonstrated that the L300S ARSA mutation results
in complete loss of ASA activity, while the N352S variant has no effect on ASA activity but rather leads
to the loss of the N-glycosylation site of the enzyme [65]. Although the sample size of this study is
relatively small, these results suggest that the N352S ARSA variant may represent a protective genetic
factor against PD development.

On the contrary, a very large GWAS among patients with PD or other α-synucleinopathies
(MSA, LBD and REM-sleep behavior disorder, RBD) and controls of European ancestry has found
no significant associations between the N352S ARSA variant and these diseases [66]. In accordance,
a large Japanese PD GWAS did not reveal any association between this genetic locus and PD [67].
The N352S ARSA variant is a frequent genetic polymorphism [66], and its potential association with
PD would have been identified with relative certainty on a genome-wide level [66]. In accordance,
a recent study of 407 sporadic PD patients and 471 healthy controls in the Chinese population did not
demonstrate any association between the N352S ARSA variant and PD development [64]. However,
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given the fact that its frequency is highly variable among European and East Asian populations [66],
a potential population-specific effect cannot be ruled out.

In conclusion, data supporting a possible genetic association between these ARSA variants and PD
are still rather weak. Hence, additional larger case-control studies among both familial and sporadic
PD cases and/or in other ethnic groups are required to determine whether N352S or additional ARSA

variants are related to PD pathogenesis.

3. Preclinical Evidence on the Potential Role of ASA in PD Pathogenesis

Glucocerebrosidase deficiency has been shown to lead to lysosomal impairment, thus promoting
the aggregation and propagation of α-synuclein [12]. Given the implication of ASA in lysosomal
sphingolipid metabolism [31], it has been speculated that ASA deficiency and subsequent sulfatide
accumulation may also contribute to α-synuclein aggregation and cell-to-cell propagation.

In this context, a very recent study has revealed that ASA might be able to inhibit α-synuclein
aggregation and propagation by acting as a non-lysosome-related molecular chaperone that could
interact with α-synuclein in the cytosol [31]. In particular, ARSA knockout in SH-SY5Y human
neuroblastoma cell lines, which resulted in almost complete loss of ASA enzymatic activity and
increased sulfatide levels, was associated with elevated intracellular and extracellular soluble and
insoluble fractions of α-synuclein aggregates, in comparison to the wild-type cells [31]. Notably,
cell-to-cell transfer of aggregated α-synuclein was also enhanced in ARSA knockout cells, implying
that ARSA deficiency may promote α-synuclein aggregates generation, secretion and propagation
in vitro [31]. ASA could also protect against α-synuclein fibrillation in a dose-dependent manner
in vitro, further strengthening this hypothesis. The enhanced ARSA depletion-induced α-synuclein
propagation was also confirmed in vivo, in Caenorhabditis elegans models [31]. These findings suggest
that ASA deficiency may promote α-synuclein aggregation and cell-to-cell transmission, potentially
contributing to PD pathogenesis and/or progression.

Further analyses aiming to identify the underlying molecular mechanisms demonstrated that
the effects of ASA on α-synuclein aggregation and propagation were independent of lysosomes or
its enzymatic activity, but they might be mediated by its function as a molecular chaperone [31].
More specifically, ASA was able to directly interact with α-synuclein in the cytosol of differentiated
SH-SY5Y cells where it displayed no enzymatic activity as well as in the brain of A53T mutant
α-synuclein transgenic and non-transgenic mice [31]. Interestingly, the protein encoded by the
pathogenic variant L300S ARSA interacted weakly with α-synuclein, while the protein encoded by
the protective variant N352S ARSA displayed a stronger binding affinity with α-synuclein in vitro,
compared to the wild-type ASA [31]. Furthermore, the protein encoded by the wild-type or N352S
ARSA variant significantly reduced α-synuclein aggregation and propagation, in comparison to the
L300S ARSA variant in vitro [31]. In α-synuclein transgenic fly lines, motor impairment as assessed by
the climbing activity was rescued by the expression of the wild-type or the protective N352S ARSA

variants, while L300S ARSA expression was not able to reverse the motor deficits of these insects [31].
It was also indicated that L300S ARSA expression was associated with increased mRNA but reduced
protein levels, implying a potential decreased translation rate [31].

Collectively, these results suggest that the wild-type and N352S ARSA variant may protect against
α-synuclein aggregation and spreading by acting as a molecular chaperone of α-synuclein, whereas
the L300S ARSA variant may exert opposing effects, thus enhancing α-synuclein aggregation and
transmission. These mechanisms may underlie the protective and pathogenic role of N352S and
L300S ARSA variants in the risk of PD development respectively, as indicated by the clinical evidence
described above.

4. Discussion and Future Perspectives

In most cases, PD is considered a multifactorial disorder, since a complex interplay between several
genetic and environmental factors may contribute to its development. Apart from the possibility of yet

103



Brain Sci. 2020, 10, 713

unknown genetic risk loci, epigenetic modifications may also account for familial forms of PD [22].
Potential interactions among rare or common alleles at various genetic loci may also be responsible for
PD development [22], affecting the rate of disease progression or the clinical phenotype. Therefore,
it is possible that specific ARSA gene variants may act in a “multi-hit” manner in combination with
other yet unknown genetic or environmental factors, resulting in lysosomal impairment, α-synuclein
aggregation and subsequent increased risk of PD (Figure 1).
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Figure 1. Implication of arylsulfatase A (ASA) in Parkinson’s disease (PD). In vitro and in vivo evidence
has demonstrated that ASA may act as a molecular chaperone interacting with α-synuclein (SNCA)
in the cytoplasm, thereby preventing its aggregation, secretion, and cell-to-cell propagation. Clinical
evidence supports the role of ASA blood levels and activity as a potential biomarker for PD pathology,
progression and PD phenotype. ARSA gene variants have been also shown to act as genetic modifiers
of PD development.

Currently, there is no available biomarker for determining PD progression or distinguishing
between different clinical endophenotypes. In this context, ASA levels and/or its enzymatic activity
represent a promising candidate towards this direction (Figure 1). However, larger studies, investigating
a combination of potential clinical, neuroimaging or other biochemical biomarkers may prove as a
more appropriate approach [68].

In regard to the molecular mechanisms underlying the effects of ASA in PD, there is limited
information up to date. ASA has been shown to act as a molecular chaperone of α-synuclein,
thus inhibiting its aggregation. Of note, neuronal loss does not always correlate with sulfatide storage,
as for instance Purkinje cells in the cerebellum degenerate in old ASA-deficient mice without any
evidence for lipid accumulation [69]. However, this may rather not be the single underlying mechanism,
given the multifaceted role of lipid metabolism in PD pathogenesis and the interaction of α-synuclein
with fatty acids [15]. Although sulfatide is primarily found in oligodendrocytes, low amounts have been
also detected in astrocytes and neurons [70]. It has been proposed that ApoE-containing lipoproteins
secreted by astrocytes might take up sulfatide and get endocytosed by neurons via LDL receptor or LDL
receptor-related proteins via an unknown mechanism [70]. This hypothesis could be further explored
in the case of ASA deficiency also in PD. Notably, the amphipathic N-terminal domain of α-synuclein
displays lipid binding properties and the missense mutations A53T and A30P of α-synuclein reside
in the N-terminal domain [71]. Hence, the potential effects of ASA on mutated-α-synuclein-lipid
interaction would further aid in the elucidation of its role in α-synuclein aggregation in PD.
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Ambroxol, a pharmacological chaperone that binds to glucocerebrosidase, has been associated
with motor improvement in animal models of PD [33,72]. A recent clinical trial has demonstrated that
oral administration of Ambroxol was safe, well-tolerated and led to motor improvement in PD patients
carrying or not GBA1 mutations [72], paving the way for development of future therapeutic strategies
based on lysosomic enzymes against PD. Another rational therapeutic approach is enzyme-replacement
therapy with recombinant ASA, although crossing of blood–brain barrier represents a significant
obstacle that would need to be overcome. In this context, a clinical trial has demonstrated that
intrathecal delivery of recombinant human arylsulfatase A in children with MLD is well-tolerated [73].
Gene therapy via adeno-associated viral vectors for delivery of engineered DNA into cells is another
promising treatment strategy that is currently under investigation for GBA1-related PD [74]. Finally,
small molecules acting as enzyme enhancers, capable to cross the blood-brain barrier may also prove
effective. Other small molecules targeting specific downstream pathways implicated in ASA function
represent another candidate therapeutic target [75]. The appropriate choice of patients that are more
likely to respond to a specific therapy is of paramount importance, since both carriers of ARSA variants
as well as patients with sporadic idiopathic PD may benefit from ASA-related treatment approaches.

5. Conclusions

Emerging preclinical and clinical evidence supports the role of ASA in PD pathogenesis (Figure 1).
ASA has been associated with an atypical PD clinical phenotype, including early cognitive impairment
and essential tremor, as well as disease progression. Specific ARSA variants may act as genetic modifiers
in PD, whereas there is also evidence that does not confirm this relationship. In vitro and in vivo
evidence has also revealed that ASA may act as a molecular chaperone interacting with α-synuclein in
the cytoplasm, thus preventing its aggregation, secretion and cell-to-cell propagation. Further larger,
longitudinal, case-control studies in different ethnic populations are required for the clarification of the
role of ASA in PD, given the advances on lysosome-targeted therapeutic strategies.
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Abstract: Amyotrophic lateral sclerosis (ALS) is a common neurodegenerative disease characterized
by progressive motor neuron degeneration. Although several studies on genes involved in ALS have
substantially expanded and improved our understanding of ALS pathogenesis, the exact molecular
mechanisms underlying this disease remain poorly understood. Glycogen synthase kinase 3 (GSK3) is
a multifunctional serine/threonine-protein kinase that plays a critical role in the regulation of various
cellular signaling pathways. Dysregulation of GSK3β activity in neuronal cells has been implicated in
the pathogenesis of neurodegenerative diseases. Previous research indicates that GSK3β inactivation
plays a neuroprotective role in ALS pathogenesis. GSK3β activity shows an increase in various
ALS models and patients. Furthermore, GSK3β inhibition can suppress the defective phenotypes
caused by SOD, TDP-43, and FUS expression in various models. This review focuses on the most
recent studies related to the therapeutic effect of GSK3β in ALS and provides an overview of how the
dysfunction of GSK3β activity contributes to ALS pathogenesis.

Keywords: amyotrophic lateral sclerosis; GSK3β; neurodegenerative disease

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by
progressive and selective degeneration of the upper and lower motor neurons in the brain and
spinal cord [1–3]. The majority of reported ALS cases are classified into two categories: sporadic
ALS (sALS) and familial ALS (fALS). Approximately 90% of patients suffer from sALS and do not
have a family history of the disease. The remaining 10% of patients suffer from fALS, which is
strongly associated with the presence of a family history and genetic cause of the disease [1]. Since the
initial discovery of copper–zinc superoxide dismutase (SOD1) as a causal gene for ALS, numerous genes
such as TAR DNA-binding protein 43 (TDP-43), fused in sarcoma (FUS), TATA-binding protein-associated

factor 15 (TAF15), and chromosome 9 open reading frame 72 (C9orf72), have been found to be associated
with fALS and sALS [4–10]. Various RNA/DNA-binding proteins share structural and functional
properties that contribute to the pathogenesis of ALS. Although several studies on ALS-causing genes
have substantially expanded and improved our understanding of ALS pathogenesis, the underlying
molecular mechanisms of the disease remain poorly understood. Recent studies have discovered
various genetic susceptibility factors, using several in vivo and in vitro models, that could explain the
underlying mechanisms involved in ALS pathogenesis. Understanding these mechanisms would be
immensely helpful for developing new drug targets for ALS treatment.
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Glycogen synthase kinase 3 (GSK3) is a cellular serine/threonine protein kinase that is involved
in glycogen metabolism. GSK3 is also a phosphorylating and an inactivating agent of glycogen
synthase [11,12]. GSK3 is encoded by two paralogous genes, GSK3α and GSK3β. GSK3β is the
more studied and better characterized GSK3 isoform because of its predominant expression in the
majority of cells and tissues. The specific function of GSK3α is less known. GSK3β is expressed
ubiquitously, but the only cells currently known to express GSK3α predominantly, compared to
GSK3β, are spermatozoa [13]. Conditional knockout of GSK3α in developing testicular germ cells
in mice results in male infertility [14]. Other studies reported a role for GSK3α in central nervous
system functioning and possible involvement in the development of psychiatric disorders [15]. GSK3β
participates in a variety of critical cellular processes, such as glycogen metabolism, gene transcription,
apoptosis, and microtubule stability [16]. Dysfunction of GSK3β is implicated in a variety of diseases,
including type 2 diabetes and cancer. Recent studies have also suggested a possible role of GSK3β in
neurodegenerative diseases, such as Parkinson’s disease (PD) and Alzheimer’s disease (AD) [16,17].
As it inhibits several common pathogenic pathways in neurodegenerative diseases, GSK3β could be
a potential target for the development of novel therapeutics for neurodegenerative diseases. Recent
studies suggest that GSK3β may have a definitive role in the pathogenesis of ALS. In this review,
we present the evidence from these GSK3β studies in ALS and summarize the data into two categories:
in vitro and in vivo models.

2. Role of GSK3β Signaling in Neurons

There are two types of GSK3 isoforms, GSK3α and GSK3β, which have an overall 85% sequence
identity and 95% homology in the kinase domains [18]. Moreover, it has been reported that both
GSK3 isoforms are highly expressed in the brain and spinal cord [19]. There are two splice variants of
GSK3β in rodents and humans, short-form (GSK3β1) and long-form (GSK3β2). GSK3β contains a
13 amino acid insert in the catalytic domain due to alternative splicing [19]. In contrast to ubiquitously
expressed human GSK3β1, GSK3β2 is specifically expressed in the developing nervous system [19];
human GSK3β2 is expressed only in neurons during the differentiation stage and not in glial cells,
whereas human GSK3β1 is expressed in glial cells [20]. Furthermore, recent studies suggest that
the upregulation of human GSK3β2 in PC12 cells induces nerve growth factor to differentiate into a
neuronal phenotype, playing a specific role in neuronal morphogenesis [20–22]. These findings suggest
that the GSK3β isoforms may have a significant role in the development of neurons in the nervous
system. Neuronal progenitor proliferation and differentiation are regulated by multiple extracellular
and intracellular signaling pathways that are closely associated with GSK3β [23–25]. Previous studies
revealed that GSK3 signaling is an essential mediator of homeostatic controls that regulate neural
progenitors during mammalian brain development. Inactivation of GSK3β in mouse neural progenitors
resulted in the hyperproliferation of neural progenitors. Moreover, the generation of both intermediate
neural progenitors and postmitotic neurons was markedly suppressed [24]. GSK3β regulates the
stability of various proteins through the ubiquitin–proteasome system [26,27]. GSK3β controls
progenitor proliferation or differentiation by regulating the levels of transcription regulators involved
in neurogenesis, such as β-catenin in Wnt signaling, Gli in Sonic Hedgehog (Shh) signaling, and c-Myc
in fibroblast growth factor signaling in the nervous system [24,28,29]. In addition, GSK3β is an essential
regulator of microtubule–cytoskeleton reorganization, neuronal polarity, and neuronal migration by
phosphorylating key microtubule-associated proteins [30–32], such as microtubule plus-end-tracking
proteins (+TIPs) [33], collapsing response mediator protein-2 (CRMP-2) [34], adenomatous polyposis
coli (APC) [35], cytoplasmic linker associated proteins (CLASPs) [36], microtubule-associated protein 1B
(MAP1B) [37], and tau [38]. APC and CLASP promote microtubule stability. However, phosphorylation
of APC and CLASPs by GSK3β induces decreased activity and leads to the destabilization of
microtubules in neurons [36,39]. Therefore, polarized deposition of polarity proteins underlies
asymmetric cell division, which is necessary for the neurogenic division of neural progenitors. Indeed,
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the polarized apical concentrations of markers, including APC, cadherin, and end-binding 1 (EB1)
were found to be significantly reduced in the cortex of GSK3β-deleted mice [24].

In addition, GSK3β is associated with the formation of neuronal morphology, including axonal
growth, dendritic branching, and the development of synapses [40]. Inhibition of GSK3β activity
impairs axon formation and disturbs polarity development by leading to the formation of multiple
axon-like processes in neurons [41,42]. Furthermore, the genetic activation of GSK3β activity results
in a shrunken form of dendrites, whereas inhibition of GSK3β activity promotes dendritic growth
in vivo [43].

GSK3β activity affects neuroplasticity and neurotransmission. Glutamatergic synapses are the
main excitatory synapses in the brain and consist of glutamate localized inside the presynaptic
vesicles and glutamate receptors on the postsynaptic membrane. GSK3β regulates the interaction
between two major forms of synaptic plasticity at glutamatergic synapses, in an N-methyl-D-aspartate
(NMDA)-dependent long-term potentiation (LTP) and a long-term depression (LTD) manner.
During LTP, the activation of NMDA receptors causes the inhibition of GSK3β activity through
the phosphatidylinositol 3-kinase (PI3-K)/Akt pathway. The inhibition of GSK3β is necessary
for the induction of LTP, the process underlying new memory formation, whereas the action of
protein phosphatase 1 (PP1) in LTD causes an increase in GSK3β activity, which is related to
the downsizing of synapses and decreased excitability of neurons. Thus, GSK3β is crucial for
the initiation of NMDA-induced LTD in neurons [44,45]. Furthermore, the inhibition of GSK3β-
mediated phosphorylation of gephyrin-Ser270, which is a scaffolding protein, induces GABAergic
synaptogenesis [43,46].

In another function, GSK3β plays a key role in regulating metabolic proteins, intermediary
metabolism, and mitochondrial function. AMP-activated protein kinase (AMPK) is a major factor that
regulates cellular energy homeostasis by inhibiting anabolic processes and activating catabolic ones [47].
GSK3β constitutively interacts with the AMPK complex through the β subunit and phosphorylates
the α subunit of AMPK. This phosphorylation enhances the accessibility of the activation loop of the
subunit to phosphatases, thereby inhibiting the AMPK kinase activity [48]. Furthermore, the PI3-K/Akt
pathway, which is a major anabolic signaling pathway, enhances GSK3β-dependent phosphorylation
of the α subunit. This suggests that GSK3β-dependent AMPK inhibition is critical for cells to enter
an anabolic state [48]. GSK3β is enriched in many neurons that critically depend on mitochondrial
function. GSK3β also acts as a negative regulator of mitochondrial energy metabolism by inhibiting
the activity of pyruvate dehydrogenase, which attenuates mitochondrial activity [49]. Mitochondrial
dynamics are important for the maintenance of mitochondrial homeostasis [50,51]. GSK3β regulates
mitochondrial dynamics via phosphorylation of dynamin-related protein 1 (Drp1), which regulates
mitochondrial fission [52]. Mitochondrial fusion or fission is regulated by the phosphorylation site of
Drp1, which is mediated by GSK3β [53]. GSK3β also regulates mitochondrial metabolism through
PGC-1α, a transcriptional coactivator and master regulator of mitochondrial function. GSK3β regulates
PGC-1α stability through phosphorylation, which can be recognized by the E3 ubiquitin ligase [54].
Several studies have shown that GSK3β regulates mitochondrial energy metabolism in the neurons and
glia [55]. Moreover, GSK3β inhibition increases mitochondrial respiration and membrane potential,
and alters NAD(P)H metabolism in the neurons. Moreover, GSK3β inhibition alters PGC-1α protein
stability, localization, and activity. These studies support the idea that GSK3β may be important in
neuronal metabolic integrity [55].

Thus, functional studies of GSK3β have shown that GSK3β plays key roles in many
fundamental processes in the neurons during neurodevelopment, including neuronal progenitor
homeostasis, neuronal migration, neuronal morphology, synaptic development, and neurotransmission.
Furthermore, it plays a crucial role in the energy metabolism of neurons (Figure 1).
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Figure 1. Role and regulation of glycogen synthase kinase 3 (GSK3) in the neuron. The Wnt and
phosphatidylinositol 3-kinase (PI3-K)/Akt signaling pathways induce the inhibition of GSK3 activity by
phosphorylating the serine 9 residue. This leads to subsequent regulation of its target proteins. GSK3
and its target proteins regulate a variety of biological processes, including neurodevelopment, neuronal
migration, neurotransmission, neuronal cell death, and energy metabolism in the neurons.

3. Role of GSK3β in Neurodegenerative Diseases

GSK3 is a serine/threonine-protein kinase involved in glycogen metabolism and is also a
phosphorylating and an inactivating agent of glycogen synthase [11,12]. It has two isoforms, GSK3α
and GSK3β. GSK3α is predominantly present in the nucleus, and GSK3β is present in the cytoplasm.
GSK3β plays an important role in the brain and participates in a variety of cellular processes, such as
glycogen metabolism, gene transcription, apoptosis, and microtubule stability [16]. GSK3β is classified
as a predominantly cytoplasmic enzyme but also localizes to three cellular compartments: the cytosol,
the nucleus, and mitochondria [56]. The enzymatic activity of GSK3β is regulated by phosphorylation
and depends on the phosphorylation of certain sites. This occurs through phosphorylation of the
tyrosine 216 residue (Tyr216) located in the kinase region and is inactivated via phosphorylation of the
amino-terminal serine 9 residue (Ser9) [16]. GSK3β is also involved in diverse cell signaling pathways.
GSK3β activity is inhibited by the Wnt signaling pathway and is also negatively regulated by the
PI3-K/Akt pathway (Figure 1). Additionally, activated GSK3β inhibits heat shock transcription factor-1
(HSF-1), affects the mitochondrial death pathway, and releases cytochrome c from the mitochondria.
Released cytochrome c activates caspase-3 and induces apoptosis [57]. Dysfunction of GSK3β has been
implicated in a variety of neurodegenerative diseases, such as PD and AD [16,17]. Many studies have
shown that GSK3β is activated by amyloid-beta (Aβ) in AD, which eventually induces neuronal cell
death and axonal transport defects by hyperphosphorylation of tau [58].

GSK3β also plays a critical role in the pathogenic mechanisms of PD and AD. α-synuclein is
the most important factor in the pathogenesis of PD. Studies have shown that α-synuclein can also
activate GSK3β. GSK3β inactivation decreases the protein level of α-synuclein, which in turn decreases
α-synuclein-induced cell death in a cellular model of PD. Furthermore, activated GSK3β mediates
the neurotoxic effects of tau hyperphosphorylation in AD [59]. Together, these findings suggest
that inactivation of the GSK3 pathway may be an important therapeutic strategy for the treatment
of PD and AD. In patients who have suffered a stroke, treatment with GSK3β inhibitors promotes
neurovascular remodeling and improves ischemia. Recent studies have shown that GSK3β is closely
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associated with neuronal diseases [60]. Although the role of GSK3β in the pathogenesis of ALS remains
poorly understood, recent evidence implicates GSK3β dysfunction in ALS models. Further studies are
needed to determine the exact molecular mechanisms through which GSK3β affects ALS pathogenesis.

4. Studies Exploring the Role of GSK3β in In Vivo Models of ALS

Recent studies have reported that GSK3β is involved in the pathogenesis of ALS. Hu et al. reported
that GSK3β expression and cytosolic levels of phospho-Y216 GSK3β increased in the spinal cord and
frontal and temporal cortices of ALS patients [61]. In addition, Yang et al. demonstrated that the
expression of GSK3β and phospho-Y216 GSK3β increased in patients with ALS compared to that in the
controls, and that GSK3β and phospho-GSK3β immunoreactive neurons were mainly located in the
frontal cortex and hippocampus of ALS patients [62]. These results show that GSK3β plays a critical
role in ALS pathogenesis. Further studies are needed to determine the molecular mechanism of GSK3β
in ALS pathogenesis. To investigate the molecular mechanism of GSK3β in ALS, many studies have
been conducted using animal models. A genetic mutation in SOD1 is one of the most common and
important causes of ALS, accounting for 23% of fALS causes and approximately 7% of sALS causes
worldwide [63]. A number of animal models of ALS are based on this gene.

PI3-K and its main downstream effector, Akt/protein kinase B, have been shown to play a central
role in neuronal survival against apoptosis [64–67]. Interestingly, in the spinal cord of a SOD1G93A

mouse model of ALS, PI3-K and Akt expression decreased in a time-dependent manner [68]. Akt can
inhibit GSK3β through the phosphorylation of GSK3β, indicating that altered GSK3β upstream signaling
in SOD1G93A mice may affect GSK3β activity (Figure 2). Semaphorin-3A (Sema3A), a member of the
class 3 semaphorins, regulates the guidance of axonal and dendritic growth in the nervous system [69].
GSK3β regulates anterograde and retrograde dynein-dependent axonal transport in Drosophila and
rats [70,71] and mediates Sema3A-induced axonal transport through the phosphorylation of Axin-1 [72].
It is also involved in Sema3A signaling through the motor neuron neuropilin-1 (NRP1) receptor to
trigger distal axonopathy and muscle denervation in SOD1G93A mice. Inhibition of Sema3A signaling via
anti-NRP1 antibody restored the life span and rotarod motor function, reduced neuromuscular junction
(NMJ) denervation, and attenuated ventral root pathology in the SOD1G93A mouse model of ALS [73].
Insulin-like growth factor 2 (IGF-2), an activator of the PI3-K/Akt pathway, was maintained in oculomotor
neurons in ALS and thus could play a role in oculomotor resistance in this disease. IGF-2 prolonged the
survival of SOD1G93A mice by preserving motor neurons and inducing nerve regeneration [74].

Recent studies have shown that chronic traumatic encephalopathy (CTE)-ALS is characterized by
the presence of all six tau isoforms in both soluble and insoluble tau isolates. Activated GSK3β, pThr175

tau, pThr231 tau, and oligomerized tau protein expression were observed in hippocampal neurons and
spinal motor neurons [75]. Other groups identified that genetic mutations in TDP-43 are associated
with sALS and fALS [76,77]. A TDP-43-associated Drosophila ALS model, created by overexpression of
wild-type human TDP-43 in Drosophila motor neurons, exhibited motor dysfunction and a dramatic
reduction in life span [78,79]. The leg of an adult Drosophila is a valuable new tool for studying adult
motor neuron phenotypes in vivo. Overexpression of TDP-43Q331K in Drosophila motor neurons caused
the progressive degeneration of adult motor axons and NMJs. Forward genetic studies have identified
three genes that suppress TDP-43 toxicity, including GSK3β/Shaggy. Loss of GSK3β/Shaggy suppresses
TDP-43Q331K-mediated axons and NMJ degeneration [80]. These results suggest that GSK3β plays a
pivotal role in axonal degeneration in ALS. They also indicate that GSK3β is both directly and indirectly
involved in the pathogenesis of ALS and could be a pharmacologically beneficial target for developing
novel ALS treatments. However, the therapeutic potential of GSK3β-targeted drugs in patients with
ALS remains uncertain, and further research is needed.

To identify the therapeutic potential of GSK3β-targeted drugs in ALS treatment, many studies
using in vivo models have been conducted. These studies have shown that GSK3β inhibitors can
attenuate ALS disease progression. Lithium was the first natural GSK3β inhibitor to be identified,
and it significantly increases the level of phosphorylated GSK3β serine 9, an inhibitory phosphorylation
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site [81–84]. Furthermore, lithium has been shown to have a neuroprotective role in neurodegenerative
diseases [85]. Lithium treatment inhibits the Fas-mediated apoptosis signaling pathway, restores
motor function defects, and inhibits disease progression in SOD1G93A mice [86]. Valproic acid (VPA)
is a well-known mood stabilizer, and its therapeutic effects in bipolar and affective disorders have
been well studied. It also indirectly inhibits GSK3β via the regulation of Akt [87]. VPA acts as
a neuroprotective agent for motor neurons, delays disease progression, and extends life span in
SOD1G93A mice [88]. Treatment with a combination of lithium and VPA exhibited greater and more
consistent rescue effects on motor dysfunction and disease progression in the SOD1G93A mouse model
through the upregulation of phosphorylated GSK3β serine 9 levels compared to treatment with
lithium or VPA alone [89]. Some studies have also shown that lithium treatment triggers autophagy
and exhibits beneficial effects in ALS. For example, lithium treatment effects were concomitant with
the activation of autophagy, increased the number of mitochondria in motor neurons of SOD1G93A

mice, and suppressed reactive astrogliosis [90]. However, the exact effect on autophagy activation by
lithium remains unclear and the underlying mechanism has yet to be elucidated. GSK3 inhibitor VIII
treatment markedly delayed the onset of symptoms, extended life span, and inhibited GSK3β activity
in SOD1G93A mice [91]. Furthermore, the inhibition of GSK3β activates HSF-1, which is associated with
cell survival, reduction of cytochrome c release, caspase-3 activation, poly (ADP-ribose) polymerase
(PARP) cleavage, and reduction of inflammation-related signals including cyclooxygenase-2 (COX-2)
and intercellular adhesion molecule-2 (ICAM-2). Taken together, these findings suggest that GSK3β
could be a potential target for developing treatments against ALS (Figure 2).
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Figure 2. Abnormal regulation of the GSK3 activity in amyotrophic lateral sclerosis (ALS). A number
of studies have found the inhibition of the PI3K/Akt and Wnt pathway in injured motor neurons of
ALS pathological condition. This leads to abnormal activation of the GSK3 signaling in ALS neurons.
The final outcome of disease phenotypes cause by GSK3 activation is further modulated by other
mechanisms, which are currently incompletely understood. Further studies are needed to examine
how ALS-causing genes such as SOD, TDP-43, and FUS increase GSK3 activity in neurons and how
GSK3 activation is involved in the cytoplasmic aggregate formation of toxic proteins.

5. Studies Exploring the Role of GSK3β in In Vitro Models of ALS

Even with the availability of several excellent in vivo models of motor neuron degeneration
for human ALS, in vitro models for the disease are still used in many studies, as they facilitate
rapid screening of candidates for treatment. Several studies have investigated the effect of ALS on
endoplasmic reticulum (ER)-mitochondrial signaling. Recent studies have shown that overexpression
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of TDP-43 or FUS leads to the activation of GSK3β, which regulates the endoplasmic reticulum
(ER)–mitochondria association (Figure 2). It also perturbs ER–mitochondria interactions and cellular
Ca2+ homeostasis in TDP-43- or FUS-overexpressed ALS models [92,93]. Other studies have shown
that ALS with cognitive impairment (ALSci) is associated with tau phosphorylation at Thr175, which
leads to the activation of GSK3β. This induces phosphorylation at tau Thr231 in HEK293T and Neuro2A
cells [94]. In addition, IGF-2 induces Akt phosphorylation, GSK3β phosphorylation, and β-catenin
levels while protecting ALS patient motor neurons [74]. Numerous studies have been conducted using
in vivo and in vitro models to establish the therapeutic effect of GSK3β in ALS. Yang et al. found that
kenpaullone had the ability to prolong the survival of motor neurons via the inhibition of GSK3β
through small-molecule survival screening, using both wild-type and SOD1G93A mouse embryonic
stem cells [95]. Furthermore, kenpaullone also greatly improved the survival of human motor neurons
derived from ALS-patient-induced pluripotent stem cells [95].

Vascular endothelial growth factor (VEGF) directly acts at the neuronal level as a potent
neuroprotective agent against hypoxia and excitotoxicity [96–99]. VEGF treatment activates the
PI3-K/Akt pathway and restores motor neuron cell death in SOD1G93A-transfected NSC34 cells [100].
VPA treatment also shows a protective effect in spinal motor neurons and protects them against
death from glutamate toxicity [88]. Epigallocatechin gallate (EGCG), a major constituent of green tea
polyphenols, is known to have protective effects against neurodegenerative diseases [101]. Multiple
studies have suggested that EGCG affects numerous cell signaling pathways, including PI3-K/Akt,
GSK3β, and caspase-3 [102]. EGCG treatment restores viability in oxidative-stress-induced cell death
SOD1G93A-mutant cells by activating PI3-K/Akt and inhibiting GSK3β [103]. Studies have also shown
that treatment with the GSK3β inhibitor 2-thio(3-iodobenzyl)-5-(1-pyridyl)-[1,3,4]-oxadiazole treatment
in SOD1G93A-transfected VSC4.1 motor neuron cells increased their viability by activating HSF-1 and
reducing cytochrome c release, caspase-3 activation, and PARP cleavage [104]. Taken together, these
findings highlight the importance of GSK3β activity and function in the prevention of ALS.

6. Inhibitors of GSK3β in ALS Clinical Trials

GSK3β inhibitors are divided into five types depending on the mechanism. First, there are
magnesium-competitive inhibitors that compete with magnesium, a cofactor of GSK3β, including
lithium and zinc. Lithium inhibits GSK3β directly by competing with magnesium ions, and indirectly
inhibits GSK3β by activating Akt [82,105]. The second are ATP-competitive inhibitors, such as
indirubin [106] and meridianins [107], which act competitively on adenosine triphosphate (ATP),
to prevent GSK3β from obtaining the phosphate it requires to phosphorylate target substrates. The third
type are substrate-competitive inhibitors such as thiazolidinone [108], which binds to GSK3β instead
of a substrate to prevent the phosphorylation of GSK3β target substrates. The disadvantage for
substrate-competitive inhibitors is that they cannot pass through the blood–brain barrier (BBB) due
to their high molecular weight. Fourth are modulators of GSK3β Ser9 phosphorylation that act by
inhibiting enzymes, such as Akt, PKC, and Rsk1, to inhibit GSK3β Ser9 phosphorylation. For example,
tamoxifen, an inhibitor of PKC, induces phosphorylation of GSK3β Ser9 to inhibit enzyme activity [109].
The final type are inhibitors that regulate protein binding in GSK3β, such as tamoxifen [110], which
combines with GSK3β to control enzyme activity.

Of the many developed GSK3 inhibitors, only a few have reached clinical trials targeting human
subjects and have been attempted in several neurodegenerative studies. For example, several clinical
trials have evaluated the therapeutic effect of lithium on AD [111–114]. However, conflicting results were
reported. Some studies reported no effects, whereas others reported mild therapeutic effects. Tideglusib,
also known as NP-12 and NP031112, is a potent, selective small-molecule non-ATP-competitive GSK3β
inhibitor. Preclinical studies have shown that tideglusib treatment results in reduced tau phosphorylation,
neuronal loss, and rescued spatial memory deficits in transgenic mice [115]. Furthermore, in a phase IIa
clinical trial in 30 patients with mild-moderate AD (NCT00948259), improvement in mini-mental status
examinations and cognitive function was observed with tideglusib treatment [116]. In a subsequent
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phase IIb clinical trial of 308 patients with mild to moderate AD (NCT01350362), tideglusib proved
safe in the trial, but development was discontinued to the lack of clinical benefits [117]. In the case of
ALS, the first clinical study using lithium in ALS was reported in 2008 [90]. Lithium treatment delayed
disease progression in ALS. This study included 44 patients. Remarkably, all patients treated with
lithium were alive at the end of the study, whereas in the group receiving riluzole only, 29% of the
subjects did not survive. These data indicate that patients with ALS, receiving lithium, progressed very
slowly in the disease [90]. To date, many preclinical studies are actively underway, and these findings
suggest that GSK3β can be a pharmacologically significant therapeutic target for the treatment of ALS.
However, there are limitations on the use of GSK3β inhibitors. Further studies are needed to determine
the precise role and molecular function of GSK3β in ALS pathogenesis.

7. Discussion

In the nervous system, GSK3 signaling plays critical roles in neurodevelopment and energy
metabolism (Figure 1). Dysregulation of the GSK3 signaling pathway has been reported to be involved
in most of the pathogenic mechanisms described for various neurodegenerative diseases, including
AD, PD, and ALS. GSK3 has been demonstrated to promote several pathological phenotypes, such as
Ab production and tau phosphorylation in AD. Growing evidence has been reported suggesting that
GSK3 inhibition is effective in PD, AD, and ALS models. However, despite several experimental
results, the contribution and physiological role of GSK3 in relation to disease pathology are still unclear.
The GSK3 signaling pathway is a complex process influenced not only by cellular type but also by
cellular conditions. In addition, GSK3 has been shown to be a kinase that is recruited to phosphorylate
numerous substrates, which participate in various cellular processes. Therefore, a critical challenge in
the field of neurodegenerative disease research is to understand how GSK3 participates in various
signaling pathways and cellular processes. Therefore, it will be necessary to identify its genetic/physical
partners or substrates and to understand their relative contribution to neuronal function, and as a
consequence, their contribution to the pathogenesis of neurodegenerative diseases.

Abnormal activation of the GSK3 signaling pathway may promote pathological processes in
various types of ALS models (Figure 2). In other words, suppressing high GSK3 activation may be
sufficient to be beneficial for neuronal function. This raises the possibility that GSK3 inhibition may
have an important effect on ALS pathogenesis. However, our knowledge of the exact biological and
molecular functions of GSK3 in the pathogenesis of ALS caused by several RNA/DNA-binding proteins
is still unclear, and further experiments are still necessary.

8. Conclusions

Data from several studies indicate that protein aggregation, proteasomal dysfunction, mitochondrial
defects, neuroinflammation, and oxidative stress are involved in ALS pathogenesis. Therefore,
understanding cellular signaling pathways, such as GSK3, which regulate neuronal dysfunctions linked
to ALS pathogenesis, is important for the development of new strategies for ALS treatment.

GSK3β activity is increased in multiple ALS models and patients and has been associated with
neuronal cell death in ALS. Furthermore, several studies have shown that GSK3β inhibition can rescue
defective phenotypes of ALS in various models (Table 1). Recent studies have also revealed that
RNA/DNA-binding proteins, such as TDP-43 and FUS, activate GSK3β, and that GSK3β inactivation
suppresses TDP-43-induced neuronal toxicity. However, the following questions still need to be
addressed in order to understand the exact neuroprotective mechanisms of GSK3β activity in the
pathogenesis of ALS:

(1) How do ALS-causing genes, such as SOD, TDP-43, and FUS, increase the GSK3β activity
in neurons?

(2) Which factors are critical for GSK3β activation in ALS?
(3) What is the effect of GSK3β inactivation on proteasomal dysfunction, neuronal toxicity,

and mitochondrial dysfunction in ALS?
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(4) Is GSK3β activation involved in the cytoplasmic aggregate formation of toxic proteins?

Table 1. In vitro and in vivo studies exploring the role of GSK3β in ALS.

Type of
Study

Model System Key Findings Reference

Ex Vivo
ALS patient sample

(spinal cord, frontal and
temporal cortices)

Increased GSK3β expression and cytosolic phospho-Y216 GSK3β
in ALS patient sample [61]

Ex Vivo
ALS patient sample

(frontal and temporal
cortices)

Increased GSK3β expression and cytosolic phospho-Y216 GSK3β
in ALS patient sample [62]

Ex Vivo
CTE-ALS patient sample
(hippocampus and spinal

cord)

Activated GSK3β, pThr175 tau, pThr231 tau, and oligomerized
tau protein expression [75]

In Vivo SOD1G93A transgenic
mouse

Increased GSK3β activity via decreasing the PI3-K/Akt
expression in an age-dependent manner [68]

In Vivo SOD1G93A transgenic
mouse

Inhibition of Sema3A/NRP1 signaling restored life span, motor
function, and NMJ denervation [73]

In Vivo SOD1G93A transgenic
mouse

IGF-2 prolonged survival by preserving motor neurons and
inducing nerve regeneration [74]

In Vivo TDP-43Q331K transgenic fly Loss of GSK3β/Shaggy suppressed TDP-43Q331K-mediated axon
and NMJ degeneration

[80]

In Vivo SOD1G93A transgenic
mouse

Treatment with lithium (a GSK3β inhibitor) improved neuron
survival, motor function, and mortality [86]

In Vivo SOD1G93A transgenic
mouse

Treatment with VPA (a GSK3β inhibitor) rescued motor neuronal
defects and delayed the disease progression [88]

In Vivo SOD1G93A transgenic
mouse

Treatment with a combination of lithium and VPA strongly
rescued the motor dysfunction and disease progression via

upregulation of phospho-S9 GSK3β
[89]

In Vivo SOD1G93A transgenic
mouse

GSK3β inhibitor VIII treatment prolonged the life span via
inhibition of GSK3β activity, preserved survival signals,

and attenuated death and inflammatory signals
[91]

In Vitro FUS/TDP43-transfected
HEK293, NSC34 cells

ALS associated FUS, TDP-43 activated GSK3β to disrupt the
VAPB–PTPIP51 interaction and ER–mitochondria associations [92,93]

In Vitro Tau-transfected HEK293T
and Neuro2A cells

ALSci is associated with tau phosphorylation at Thr175 and leads
to the activation of GSK3β, which induces phosphorylation at

tau Thr231.
[94]

In Vitro ALS-patients iPSC-derived
motor neuron

IGF-2 induced Akt phosphorylation, GSK3β phosphorylation,
and β-catenin levels while protecting ALS patient motor neurons [74]

In Vitro
SOD1G93A mESCs,

ALS-patients iPSC-derived
motor neuron

Kenpaullone treatment improved the survival of human motor
neurons via inhibition of GSK3β [95]

In Vitro SOD1G93A-transfected
NSC34 cells

GSK3β inhibitor: VEGF treatment activated PI3-K/Akt signaling
and restored neuron cell death in motor neurons [100]

In Vitro PDC-induced mouse
organotypic spinal cord

VPA (an inhibitor of GSK3β) treatment protected spinal motor
neurons against glutamate toxicity [88]

In Vitro SOD1G93A-transfected
VSC 4.1 cells

EGCG (an inhibitor of GSK3β) treatment restored viability in
oxidative stress-induced cell death via activation of PI3-K/Akt

signaling
[103]

In Vitro SOD1G93A-transfected
VSC 4.1 cells

2-thio(3-iodobenzyl)-5-(1-pyridyl)-[1,3,4]-oxadiazole (an
inhibitor of GSK3β) treatment restored viability via activation of

HSF-1 and reduction of cytochrome c release, caspase-3
activation, and PARP cleavage

[104]

CTE-ALS, chronic traumatic encephalopathy-amyotrophic lateral sclerosis; SOD1, superoxide dismutase 1; TDP-43,
TAR DNA binding protein-43; FUS, fused in sarcoma; NMJ, neuromuscular junction; VPA, valproic acid; ER,
endoplasmic reticulum; ALSci, amyotrophic lateral sclerosis cognitive inhibition; IGF-2, insulin-like growth factor-2;
VEGF, vascular endothelial growth factor; EGCG, epigallocatechin gallate; HSF-1, heat shock transcription factor-1;
PARP, poly (ADP-ribose) polymerase; VSC, ventral spinal cord.
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Addressing these questions will improve our understanding of ALS pathology and may provide
valuable information about potential targets that can be used in the development of novel therapeutic
drugs for treating ALS.
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Abstract: Glucose transporter (GLUT)3 up-regulation is an adaptive response activated to prevent
cellular damage when brain metabolic energy is reduced. Resveratrol is a natural polyphenol with
anti-oxidant and anti-inflammatory features that protects neurons against damage induced in cerebral
ischemia. Since transcription factors sensitive to oxidative stress and inflammation modulate GLUT3
expression, the purpose of this work was to assess the effect of resveratrol on GLUT3 expression levels
after ischemia. Male Wistar rats were subjected to 2 h of middle cerebral artery occlusion (MCAO)
followed by different times of reperfusion. Resveratrol (1.9 mg/kg; i. p.) was administered at the onset
of the restoration of the blood flow. Quantitative-PCR and Western blot showed that MCAO provoked
a substantial increase in GLUT3 expression in the ipsilateral side to the lesion of the cerebral cortex.
Immunofluorescence assays indicated that GLUT3 levels were upregulated in astrocytes. Additionally,
an important increase in GLUT3 occurred in other cellular types (e.g., damaged neurons, microglia, or
infiltrated macrophages). Immunodetection of the microtubule-associated protein 2 (MAP2) showed
that MCAO induced severe damage to the neuronal population. However, the administration of
resveratrol at the time of reperfusion resulted in injury reduction. Resveratrol also prevented the
MCAO-induced increase of GLUT3 expression. In conclusion, resveratrol protects neurons from
damage induced by ischemia and prevents GLUT3 upregulation in the damaged brain that might
depend on AMPK activation.

Keywords: GLUT3; cerebral ischemia; MCAO; resveratrol; astrocytes; AMPK

1. Introduction

Cerebral ischemia occurs when the blood flow in an important cerebral artery is interrupted,
depriving the tissue of oxygen and glucose. Consequently, the induction of an irreversible
cascade of events, such as excitotoxicity, oxidative stress, apoptosis, and inflammation, provokes
neuronal damage. Paradoxically, restoring blood flow (reperfusion) increases reactive oxygen species
(ROS) production [1,2]. Oxidative stress stimulates the generation of inflammatory mediators and
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inflammation that in turn generates ROS. Therefore, it is considered that the interactions between
oxidative stress and inflammatory pathways involve positive feedback mechanisms [3].

Accordingly, the use of antioxidants has been recommended as a protective therapy for stroke [4–6].
Resveratrol is a stilbene with neuroprotective properties proved in diverse experimental models of
neurological diseases including cerebral ischemia [5,7]. Resveratrol’s mechanism of protection is
principally associated with its antioxidant capacity, which prevents direct damage to biomolecules [8].
Furthermore, resveratrol directly interacts with proteins, triggering cell signaling pathways that activate
anti-oxidant, anti-apoptotic, and anti-inflammatory processes [9–11].

Interestingly, ROS increases inflammation by promoting certain stress-activated kinases that
stimulate transcription factors such as the nuclear factor kappa B (NF-κB) and the activator protein 1
(AP-1) to induce the expression of pro-inflammatory cytokines [3], as well as the expression of genes
involved in controlling the transport of glucose [12,13]. Since the adjustment in glucose transport has
been attributed to the neuronal metabolic demand during the post-ischemic period, it is important to
understand how the glucose transporters function is regulated [14].

The facilitative glucose transporters (GLUT) are key proteins involved in cellular metabolism
because they incorporate glucose to the cerebral parenchyma [15]. There are fourteen members of
the GLUT family encoded by the Slc2 genes, the expression of which is regulated during stress
conditions [16]. GLUT1 and GLUT3 are highly expressed in the brain and have an essential role in
cerebral glucose metabolism [17,18]. GLUT1 is principally expressed in astrocytes, while GLUT3 is
known as the neuronal transporter par excellence with a higher affinity for glucose compared to other
transporters in the brain [19,20].

Interestingly, GLUT3 expression is up-regulated in the immature and adult brain after global and
focal ischemia [14,21–23]. Although signaling that activates GLUTs synthesis is unknown, evidence
supports that astrocytes are involved in the response. In cultured astrocytes, the oxygen and glucose
deprivation (OGD) induces an increase in GLUT3 expression which is mediated by the NF-κB [24].
Conversely, glutamate-mediated excitotoxicity increases glucose transport through trafficking GLUT3
to the neuronal surface [25]. Remarkably, reactive astrocytes, neurons, and microglia secrete cytokines
that modify the metabolic phenotype of astrocytes [26–28]. In particular, pro-inflammatory cytokines
increase glucose consumption and decrease the astrocytic glycogen stores. Unlike astrocytes, neurons
are unresponsive to the metabolic effects of cytokines [28]. Therefore, it is probable that the inflammatory
process activates a signaling pathway in astrocytes to overcome the energetic challenge induced
by ischemia.

Since it has been described that resveratrol’s anti-oxidant and anti-inflammatory properties are
associated with protection in ischemia, we hypothesized that resveratrol treatment should not affect
GLUT3 up-regulation induced in astrocytes after cerebral ischemia. We confirmed that resveratrol has
a protective effect, and intriguingly, our results also indicated that resveratrol significantly diminishes
post-ischemic rise in GLUT3 expression at the mRNA and protein level. Treatment prevented GLUT3
up-regulation in astrocytes which might depend on AMPK activation. However, the tremendous rise
in GLUT3 expression induced by ischemia was observed in a different type of cell. Since a significant
loss of the microtubule-associated protein 2 (MAP2) level, which is considered as indicative of neuronal
death, was also observed, we were not able to evaluate the participation of neurons in the increase of
GLUT3 expression and consequently, the effect of resveratrol in its prevention. As the presented data
are based on a single time of evaluation (24 h of reperfusion), future studies are needed to analyze the
involvement of neurons and other types of cells from the very early period after ischemia onset.

2. Materials and Methods

2.1. Animals

The use of animals was carried out following the protocol No. 23/12 approved by the Institutional
Committee for the Care and Use of Animals of the National Institute of Neurology and Neurosurgery
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“Manuel Velasco Suárez”, under NOM-062-200 and the NIH for the Care and Use of Laboratory
Animals. Likewise, the protocol for the use of animals in biomedical research is compatible with
the Declaration of the Helsinki World Medical Association. All surgical procedures were performed
aseptically, avoiding their suffering as much as possible.

2.2. Resveratrol Treatment

An intravenous dose administration was chosen due to low resveratrol bioavailability to allow
a greater amount of resveratrol to reach the tissue in its active form at the onset of reperfusion.
This dose induces neuroprotection in a similar range than other studies do [7,29,30]. The maximum
soluble concentration of resveratrol in 100 µL of the vehicle was used: 1.9 mg resveratrol/kg (R5010,
Sigma-Aldrich, St. Louis, MO, USA) diluted in ethanol. Ethanol was prepared at 132 mg/kg of body
weight. Resveratrol was administered to animals at the onset of reperfusion by intravenous via (tail
vein). For cultures, resveratrol was dissolved in ethanol (0.01%) at a final concentration of 40 µM.
Cells were treated at the onset of recovery.

2.3. Model of Induction of Transitory Focal Cerebral Ischemia in the Rat

Occlusion of the middle cerebral artery (MCAO) described by Longa et al. [31] was used to induce
focal cerebral ischemia. Briefly, male Wistar rats (280–350 g) were anesthetized with 2.5% isoflurane
(PiSA, Guadalajara, JAL, Mexico), maintaining oxygen 2% and temperature at 37 ◦C. The surgery
consisted of obstructing the cerebral blood flow to the middle cerebral artery with an intraluminal
suture (nylon 3-0) introduced by the left internal carotid artery. After 2 h, animals were anesthetized
again and the suture was removed to restore the blood flow. Reperfusion was allowed for different
times according to the experiment from 1 to 24 h, and then, animals were sacrificed. The control
group underwent the same surgical procedure as the group with MCAO without the insertion of the
suture (sham). Physiological parameters were monitored throughout the procedure and animals were
maintained at 37 ◦C after surgery until were completely recovery from anesthesia.

2.4. Infarct Area Identification with 2,3,5-Triphenyl Tetrazolium (TTC)

The TTC staining was used to identify the cerebral region damaged by ischemia. Coronal slices of
2.5 mm thick were incubated in 2% TTC solution in PBS (30 min) at 37 ◦C in the darkness. Subsequently,
slices were incubated with 4% paraformaldehyde for 15 min before being photographed. The infarct
volume was calculated by measuring the volume of infarct in the slice with respect to the total volume
of the slice. Analysis of the images was performed with the ImageJ software 1.8.1 [32].

2.5. Ribonucleic Acid (RNA) Extraction

TRIzol® (ThermoFisher Scientific, Waltham, MA, USA) was used to obtain total RNA following
manufacturer instructions. One mL Trizol was added to tissue, and combined with 200µL of chloroform.
After 15 min, the mixture was centrifuged (12,000× g) for 15 min at 4 ◦C. Then, the superior phase was
mixed with 500 µL of isopropanol. After 10 min at room temperature, the solution was centrifuged
(12,000× g) for 10 min at 4 ◦C. Then, the pellet was washed with 75% ethanol and centrifuged (7500× g)
for 5 min. Lastly, the supernatant was discarded, and the pellet was allowed to desiccate at room
temperature. The transparent pill was resuspended in 50 µL of 0.1% diethylpyrocarbonate (DEPC)
treated sterile bidistilled water.

2.6. Complementary Deoxyribonucleic Acid (cDNA) Synthesis

Five µg of total RNA was used to synthesize the cDNA. The RNA was mixed with hexamers
(2.5 µM), reverse transcriptase enzyme buffer (M531A, Promega Corporation, Madison, WI, USA),
deoxyribonucleotide triphosphates (dNTPs) (500µM), RNAsin (20 U), and M-MLV reverse transcriptase
(200 U; M1708, Promega Corporation) and DEPC-water. The mixture was incubated 1 h at 37 ◦C and
5 min at 94 ◦C. Samples were stored at −20 ◦C until use.
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2.7. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

To evaluate the relative level of GLUT3 mRNA expression, the TaqMan®FAM probe
(Rn01492963_m1, Applied Biosystems, Foster, CA, USA) was employed. The TaqMan®VIC probe
(Rn01455646_m1, Applied Biosystem) was used to detect the TATA-binding protein and normalize
GLUT3 expression. A 7500 Real-Time PCR System (Applied Biosystems) was used to perform the
qPCR reactions using Universal PCR Master Mix (4304437, Applied Biosystem). Reactions in triplicate
were run under the following conditions: holding step, 95 ◦C for 10 min, followed by 40 cycles of 92 ◦C
for 15 s and 60 ◦C for 1 min. The threshold cycle (Ct) was calculated using SDS Software 1.3.1 [33].

2.8. Western Blot

To quantify the GLUT3 protein levels, samples were lysed in radioimmunoprecipitation assay
buffer (RIPA, 150 mM NaCl, 1% NP40, 1% sodium deoxycholate, 5 mM EDTA, 50 mM HEPES, pH 7.5)
supplemented with protease inhibitors (P8340, Sigma-Aldrich). Then, samples were centrifuged
(16,000× g) for 10 min. The supernatant was recovered, and the protein concentration was calculated
by the bicinchoninic acid determination kit (BCA1, Sigma-Aldrich). Electrophoresis was performed on
10% acrylamide gels at constant 110 V for 1 h. Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (162-0115, Millipore, Burlington, MA, USA) during 1 h at 100 V at 4 ◦C. After,
membranes were blocked 1 h with 5% low-fat milk in Tris-buffered saline-Tween (TBS-T) (10 mM Tris
Base, 200 mM NaCl, 0.1% Tween 20, pH 7.5). Then, membranes were incubated with antibody anti
GLUT3 (1:3000, sc-30107, Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4 ◦C, followed by
4 washes of TBS-T (5 mL/10 min) before being incubated with the antibody anti-rabbit IgG conjugated
with horseradish peroxidase (1:5000; 115-035-144, Jackson ImmunoResearch, West Grove, PA, USA) for
2 h at room temperature, followed by washes. Signal was detected by chemiluminescence (WBLUF0100,
Millipore) using the imaging system Fusion Solo S (Vilber Lourmat, Collégien, France). After that,
striping buffer (15 g glycine, 1 g sodium dodecyl sulfate (SDS), 10 mL Tween 20, pH 2.2) was added to
the PVDF membrane for 20 min, washed with TBS-T, and blocked again to incubated with α-tubulin
(1:3000; T9026, Sigma-Aldrich), the protein used to normalize protein concentration, followed by
the antibody anti-mouse IgG conjugated with horseradish peroxidase (1:10,000; 115-035-003, Jackson
ImmunoResearch).

2.9. Immunofluorescence

Rats were anesthetized intraperitoneally with 100 mg/kg of pentobarbital (PiSA), and then
perfused transcardially with 4% paraformaldehyde in phosphate buffered saline (PBS). The brains
were fixed in 4% paraformaldehyde (24 h), and successively placed in augmented concentrations of
sucrose (10%, 20%, and 30%) for three days at 4 ◦C. Coronal sections of 10 µm were obtained (freezing
microtome Sartorius-Werke, model 27, Gottingen, Germany) and stored at −20 ◦C in 30% ethylene
glycol and 20% glycerol in PBS, pH 7.4, until use. Coronal sections were permeabilized with 0.1%
Triton X-100 in PBS (30 min) and blocked with 10% goat serum in PBS (60 min). Then, antibodies
anti Microtubule-Associated Protein 2 (1:750; MAP-2, AB5392, Abcam, Cambridge, UK), anti-Glial
Fibrillary Acid Protein (1:750; GFAP, Z0334, Dako, Carpinteria, CA, USA), and anti GLUT3 (1:500;
sc-30107, Santa Cruz) were incubated in 1% bovine serum albumin in PBS overnight at 4 ◦C. Then,
sections were washed and incubated with Alexa Fluor® 594-conjugated anti-chicken IgG (703-585-155),
Alexa Fluor® 594-conjugated anti-rabbit IgG (711-585-152) or DyLight™ 488-conjugated anti-mouse
IgG (715-485-150) from Jackson ImmunoResearch Laboratories Inc or Alexa Fluor®488-conjugated
anti-rabbit IgG (1500-73; Abcam) as required. To identify nuclei, coronal sections were incubated
with 1 µg/mL 4′, 6-diamidino-2-phenylindole (DAPI) to detect nuclei (Sigma-Aldrich) (15 min) and
mounted with Mowiol (4.8% Mowiol 4.88, 0.1% p-phenylenediamine, 12% glycerol, 0.02% NaN3,
and 0.2 M Tris-HCl). The sections were obtained from Bregma 1.0 to −0.4 mm and images were
taken in the ipsilateral region of the cerebral cortex. Four images were acquired in each slice (n = 3)
using 20× dry objective lenses in an inverted microscope Olympus 1 × 71 (Olympus Corporation
of the Americas, Center Valley, PA, USA). Image J software 1.8.0 was used to perform the imaging
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analysis [32]. Colocalization analysis was performed as follows: 1) Channels were separated with
the channel split function; 2) Colocalization of the green (GLUT3) and red (GFAP or MAP2) channels
was analyzed using the function for colocalization thresholds. Colocalization was reported as “R”
total of MAP2 or GFAP/GLUT3 corresponding to Pearson’s correlation coefficient. The coefficient
ranges from −1 to 1, a result near +1 means perfect correlation, 0 indicates no correlation, and −1 for
perfect anti-correlation.

2.10. Primary Culture of Neurons and Astrocytes from the Cerebral Cortex

Embryos (E17–18) were removed from the yolk sac and placed in cold Hank’s Buffer Saline
Solution (0.14 mM NaCl, 5.33 mM KCl, 0.44 mM KH2PO4, 5.56 mM glucose, and 0.34 mM Na2HPO4).
The brain was removed and transferred to cold a DMEM™ culture medium (D1152-1L, Thermo
Scientific). Cerebral cortices were dissected and transferred to Neurobasal™ medium (21103049,
Thermo Scientific) supplemented with B27™ 1X (17504-044, Thermo Scientific) and GlutaMAX™ 1X
(35050-061, ThermoFisher Scientific). Then, tissue was enzymatically disintegrated with 3 mL of a
trypsin solution for 5 min at 37 ◦C, and the reaction was inhibited with 1 mL of fetal bovine serum
(FBS; S1810, BIOWEST, Nuaillé, France). The homogenous solution was passed through a 70-µm filter,
and seeded at a density of 25,000 cells/cm2. After three days, 50% of the culture medium was replaced
(it was not supplemented with cytosine arabinoside to allow the growth of astrocytes). Cells were
maintained at 37 ◦C, 21% O2, and 5% CO2. Experiments were carried out after 7 days in vitro (DIV).
The presence of neurons was established by immunofluorescence, using the specific neuronal tag,
the MAP-2 and astrocytes by the presence of the GFAP. Hoechst 3342 (Sigma Aldrich) was used to
detect nuclei.

To induce excitotoxicity, cultures were treated with L-glutamate (100 µM) and glycine (10 µM)
for 10 min. Cultures were divided into: CT, cells to which the culture medium was changed by
Krebs–Henseleit solution (KHB) solution followed by recovery; GLU, cells with induced excitotoxicity
followed by recovery; GLU + RSV, cells exposed to excitotoxicity plus resveratrol (40 µM).

2.11. Immunofluorescence in Cultures

Cells seeded on glass coverslips in 24-well plates were fixed with formaldehyde (0.5% in PBS,
10 min), permeabilized with cooled methanol (−70 ◦C, 1 min), washed with ice-cooled PBS (5 min),
and blocked with bovine serum albumin (5% in PBS, 1 h, at room temperature). Subsequently, cells
were incubated with Hoechst 33,342 (10 µg/mL) and the antibody anti-phospho-Thr 172-adenosine
monophosphate (AMP)-activated protein kinase (AMPK) α (2531, Cell Signaling Technology, Danvers,
MA, USA) at 4 ◦C, overnight. Additionally, the anti-MAP-2 antibody was used to identify neurons.
After incubation, cells were washed with ice-cooled PBS (3 times, 10 min) and then incubated with
the secondary antibodies Alexa Fluor® 594-conjugated anti-chicken IgG or DyLight™ 488-conjugated
anti-mouse IgG (2 h, at 37 ◦C). Followed by washes with ice-cooled PBS (3 times, 10 min). The coverslips
were mounted with Mowiol. Fluorescence was detected with an inverted microscope Olympus model
1 × 71 using a 20× dry objective.

2.12. Statistical Analysis

Statistical data were acquired from at least 3 independent experiments. Data were presented as
the mean ± standard deviation. The analysis of variance of one way (ANOVA) followed by Tukey was
performed using the GraphPad Prism 5 software (Inc. San Diego, CA, USA).

3. Results

3.1. Resveratrol Reduces the Damage Induced by the MCAO

We measured the infarct area induced by 2 h of MCAO with the TTC staining (Figure 1A,B) and
found that resveratrol has a protective effect as has previously demonstrated [29]. We also performed an
immunofluorescence assay to detect MAP2 expression because its loss reflects cytoskeletal breakdown
and represents a sensitive marker of ischemic damage [34]. We observed an evident reduction in the
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MAP2 signal in the MCAO + VH (vehicle) group, an alteration that represents a loss of axons integrity.
When animals were treated with resveratrol, integrity of the fibers was conserved (Figure 1C,D).
These results evidence that resveratrol avoided damage to the tissue and suggested the preservation of
neuronal viability.

Figure 1. Resveratrol protects the brain from damage induced by ischemia. Rats were subjected to
middle cerebral artery occlusion (MCAO) during 2 h followed by restoration of blood flow (reperfusion)
for 24 h. Control animals (CT) were subjected to simulated MCAO. At the onset of reperfusion,
rats received either vehicle, ethanol 50% (+VH) or resveratrol at 1.9 mg/kg, body weight (+RSV).
Immunofluorescence was used to detect microtubule-associated protein 2 (MAP2) protein expression in
neurons. 4′, 6-diamidino-2-phenylindole (DAPI) was used to detect nuclei. (A) Infarct area detected by
2,3,5-triphenyl tetrazolium (TTC) staining. (B) Quantification of the infarcted area. (C) Images show in
red the signal associated to MAP2 and blue the nuclei. NEG, Negative control without primary antibody.
(D) Quantification of MAP2 expression. Fluorescence was reported in % of the signal associated to
MAP2 in the region of interest (ROI). Values were expressed as mean ± standard deviation. ANOVA,
Tukey, * p < 0.05, *** p < 0.001.
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3.2. The GLUT3 mRNA Up-Regulation Induced by MCAO is Prevented by Resveratrol Treatment

There are works showing that GLUT3 mRNA level is modified in different experimental models
of ischemia [21]. We found that ischemia increased the level of expression of GLUT3 in the cerebral
cortex at the ipsilateral side to the lesion. The highest level of expression was detected very early
after reperfusion (2.5 ± 0.61-fold). Subsequently, GLUT3 mRNA returned to basal levels and was
maintained from 3 to 8 h of reperfusion (Figure 2A).

Figure 2. Resveratrol prevents the ischemia induced glucose transporter 3 (GLUT3) mRNA
up-regulation in the brain. Rats were subjected to middle cerebral artery occlusion (MCAO) during 2 h
followed by restoration of blood flow (reperfusion) for 24 h. Control animals (CT) were subjected to
simulated MCAO. At the onset of restoration of blood flow, animals received either vehicle, ethanol
50% (+VH) or resveratrol at 1.9 mg/kg, body weight (+RSV). Relative mRNA expression was measured
by quantitative PCR. (A) GLUT3 mRNA levels after MCAO and different times of reperfusion. (B) The
effect of resveratrol on GLUT3 mRNA levels induced after MCAO and 1 h reperfusion. Values of
expression were expressed as mean ± standard deviation. ANOVA, Tukey, * p < 0.05.

Because GLUT3 expression depends on transcription factors known to be regulated by resveratrol,
we assessed its effect on the up-regulated GLUT3 mRNA levels induced by the MCAO. Experiments
showed that resveratrol prevents the rise in the mRNA induced by 2 h of MCAO and 1 h of reperfusion
(Figure 2B).

3.3. Resveratrol Prevents the Increase in the GLUT3 Protein Levels Induced by Ischemia and Reperfusion

The up-regulation in the mRNA levels is normally accompanied by a subsequent increase in
protein concentration. Therefore, Western blot analysis was performed to corroborate that the effect of
resveratrol on the GLUT3 mRNA levels correlated with GLUT3 protein expression. We found that
2 h of ischemia followed by 24 h of reperfusion stimulated a significant increase in GLUT3 protein
level (3.4 ± 0.3-fold; Figure 3A,B). Consistent with the results found at the mRNA level, resveratrol
administered at the onset of reperfusion also prevented the increase in the level of GLUT3 protein
induced by the MCAO (Figure 3A,B).

3.4. GLUT3 Over Expression Induced after MCAO Does Not Overlap with MAP2 Signal

Immunofluorescence analysis was performed to assess whether MCAO and resveratrol alters
expression of GLUT3 in a specific cell type. First, we confirm that GLUT3 is a protein with a high
expression in neurons of the control brain while astrocytes are expressed at very low levels (Figure 4).
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Figure 3. Resveratrol prevents glucose transporter 3 (GLUT3) up-regulation induced in the brain after
ischemia. Rats were subjected to middle cerebral artery occlusion (MCAO) during 2 h followed by
restoration of blood flow (reperfusion) for 24 h. Control animals (CT) were subjected to simulated
MCAO. At the onset of restoration of blood flow, animals received either vehicle, ethanol 50%
(+VH) or resveratrol at 1.9 mg/kg, body weight (+RSV). (A) GLUT3 protein expression measured by
immunoblotting. (B) Quantification of the effect of resveratrol on GLUT3 protein after cerebral ischemia.
Values were expressed as mean ± standard deviation. ANOVA, Tukey, *** p < 0.001, **** p < 0.0001.

 

Figure 4. Glucose transporter 3 (GLUT3) expression in neurons and astrocytes in the control brain.
Brain coronal sections were obtained from control rats and analyzed by immunofluorescence. Images
were acquired on a Nikon Ti Eclipse inverted confocal microscope using a 20x objective lenses.
(A) Nuclei (blue), 4′, 6-diamidino-2-phenylindole (DAPI) was used to detect nuclei, (B) GLUT3 (green),
(C) Neuronal specific protein: the microtubule-associated protein 2 (MAP2, red), (D) Astrocyte specific
protein: glial fibrillary acid protein (GFAP, violet), (E) Low expression of GLUT3 in GFAP positive cells,
(F) High expression of GLUT3 in MAP2 positive cells, and (G) Merge of DAPI, GLUT3, MAP2 and
GFAP signal, showing predominant expression of GLUT3 in neurons.
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Then, we evaluated the effect of resveratrol in the MCAO groups. Because the rise induced by
ischemia in the GLUT3 expression was huge, the intensity of the signal obtained in the microscope
was downgraded in control groups to allow a proper quantification in Figure 5A,B (1.74 ± 0.69).
After the insult, the increment on GLUT3 expression was significant, reaching 9.8 ± 2.4. As previously
observed by Western blot, the increase induced by MCAO was prevented with resveratrol treatment
(Figure 5A,B).

Figure 5. Resveratrol prevents glucose transporter 3 (GLUT3) up-regulation induced in the brain after
ischemia. Rats were subjected to middle cerebral artery occlusion (MCAO) during 2 h followed by
restoration of blood flow (reperfusion) for 24 h. Control animals (CT) were subjected to simulated
MCAO. At the onset of restoration of blood flow, animals received either vehicle, ethanol 50% (+VH)
or resveratrol at 1.9 mg/kg, body weight (+RSV). (A) Immunofluorescence of GLUT3 (green) protein
expression. 4′, 6-diamidino-2-phenylindole (DAPI) was used to detect nuclei (blue). (B) Quantification
of GLUT3 expression. Fluorescence was reported in % of the signal associated with GLUT3 in the
region of interest (ROI). Values of ROI were expressed as mean ± standard deviation. ANOVA, Tukey,
** p < 0.01, *** p < 0.001.

After, the MAP2 level was detected to evaluate the abundance of GLUT3 in neurons.
When colocalization of both proteins was quantified, we found that the GLUT3/MAP2 ratio did
not increase after ischemia (Figure 6). However, MAP2 is a sensitive marker to damage, therefore the
colocalization could be underestimated.
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Figure 6. Glucose transporter 3 (GLUT3) expression is not increased in neurons after MCAO. Rats
were subjected to middle cerebral artery occlusion (MCAO) during 2 h followed by restoration of blood
flow (reperfusion) for 24 h. Control animals (CT) were subjected to simulated MCAO. At the onset of
restoration of blood flow, animals received either vehicle, ethanol 50% (+VH) or resveratrol at 1.9 mg/kg,
body weight (+RSV). Immunofluorescence was used to detect GLUT3 protein expression in neurons. 4′,
6-diamidino-2-phenylindole (DAPI) was used to detect nuclei. (A) Representative images show GLUT3
(green), microtubule-associated protein 2 (MAP2) (red), and nuclei (blue). NEG, Negative control
without primary antibody. (B) Quantification of the fluorescence for GLUT3 expression in cells positive
for the neuronal marker MAP2. Fluorescence was reported as R (Pearson’s correlation coefficient) of
the signal associated with the colocalization of MAP2 and GLUT3 proteins in the region of interest
(ROI). Values were expressed as mean ± standard deviation. ANOVA, Tukey, NS, not significant.

3.5. MCAO Induces GLUT3 Up-Regulation in Astrocytes

Given the essential role of astrocytes in the transference of substrates to neurons [35], we next
evaluated the expression of GLUT3 in cells positive to the astrocyte-specific mark GFAP. GFAP is
a cytoskeleton protein, the levels of expression of which have been associated with inflammatory
response to damage [36]. As previously showed, GLUT3 was up-regulated. Interestingly, GLUT3
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overlapping with GFAP was significantly increased with MCAO and resveratrol prevented both the
up-regulation and colocalization of GLUT3 with GFAP (Figure 7A,B).

 
Figure 7. Resveratrol prevents the ischemia induced increase in glucose transporter 3 (GLUT3)
expression. Rats were subjected to middle cerebral artery occlusion (MCAO) during 2 h followed by
restoration of blood flow (reperfusion) for 24 h. Control animals (CT) were subjected to simulated
MCAO. At the onset of restoration of blood flow, animals received either vehicle, ethanol 50% (+VH)
or resveratrol at 1.9 mg/kg, body weight (+RSV). Immunofluorescence was used to detect GLUT3
protein expression in astrocytes. 4′, 6-diamidino-2-phenylindole (DAPI) was used to detect nuclei.
(A) Representative images of GLUT3 (green), glial fibrillary acid protein (GFAP) (red), and nuclei (blue).
(B) Quantification of GLUT3 expression astrocytes. Fluorescence quantification of the astrocyte (cells
positive to GFAP) expressing GLUT3. Fluorescence was reported as R (Pearson’s correlation coefficient)
of the signal associated with the co-localization of GFAP and GLUT3 proteins in the region of interest
(ROI). Values were expressed as mean ± standard deviation. ANOVA, Tukey, * p < 0.05, *** p < 0.001.

3.6. Resveratrol Induces Phosphorylation of AMPK

It is known that AMPK directly activates SIRT [37]. SIRT1 inhibits the transcriptional activity of
p65-NF-κB, an important regulator of GLUT3 expression [24]. Therefore, we decided to evaluate the
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effect of resveratrol on the level of p-AMPK to identify a possible pathway of p65-NF-κB inactivation.
We used mixed cultures of neurons and astrocytes exposed to glutamate-induced excitotoxicity, a model
of ischemic stroke (Figure 8A). We observed that both excitotoxicity and resveratrol increased p-AMPK
signal (Figure 8B,D). The increase in p-AMPK was found in neurons and also in non-MAP2 positive
cells (i.e., astrocytes) (Figure 8C).

κ
κ

 

Figure 8. Resveratrol increases AMP-activated protein kinase (AMPK) phosphorylation. Primary mixed
cultures of neurons and astrocytes of 7–8 days in vitro were stimulated with 100 µM glutamate (GLU)
and 10 µM glycine to induce excitotoxicity and allowed to recover for 20 min. Cultures were divided into
CT, control; GLU, exposed to excitotoxicity, GLU + RSV, plus resveratrol [40 µM]. Immunofluorescence.
Cultures were stained with Hoechst 33,342 (blue) to identify nuclei, anti- microtubule-associated
protein 2 (MAP2) followed by Alexa Fluor® 594 (red) to identify neurons, and anti- glial fibrillary
acid protein (GFAP) or anti phospho AMPK(p-AMPK) followed by DyLight™ 488 (green) to identify
astrocytes or phosphorylate AMPK. (A) Detection of the cellular types in the culture. (B) Detection of
anti phospho AMPK (p-AMPK, green). (C) Co-localization of MAP2 and p-AMPK. (D) Quantification
of the fluorescence for p-AMPK expression. Fluorescence was quantified and reported as “fold” of the
intensity of the pixels in a region of interest (ROI). Values of ROI were expressed as mean ± standard
deviation. ANOVA, * p < 0.05; N.S., not significant.
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4. Discussion

The obstruction of blood flow during cerebral ischemia results in a critical depletion of cell energy.
Consequently, the rapid restoration of nutrient supply is essential to maintain neuronal functions.
Evidence suggests that cells integrating the neurovascular unit respond by up-regulating the expression
of glucose transporters [21]. This response has been associated with a reduction of brain lesions in
neurodegenerative diseases and traumatic brain injury [38,39].

In the present work, we observed that ischemia induced a substantial up-regulation of GLUT3 in
the rat brain subjected to MCAO. We found an increase in GLUT3 expression within GFAP positive cells.
Interestingly, in the healthy brain, GLUT3 gene expression is mainly limited to neurons [40,41]. Even so,
in glioma cells, GLUT3 is the predominant glucose transporter [42]. Likewise, increased expression of
GLUT3 occurs in astrocytes located in the center of chronic active lesions of multiple sclerosis disease,
whereas axons showed a reduced expression [39]. Also, after 5 min of transient forebrain ischemia,
a strong GLUT3 immunoreactivity is found in astrocytes in the hippocampus but not in differentiated
neuroblasts [43]. Moreover, the specificity protein (SP), the hypoxia inducible factor-1α, and NF-κB
modulate the expression of GLUT3 in astrocytes [24,42,44]. Therefore, the increase in GLUT3 synthesis
observed after cerebral ischemia proposes the participation of astrocytes in the rescue of neurons to
ensure sufficient nutrient transport under stress conditions and suggest the activation of the adaptative
response to modulate glucose level [36].

We also found that MCAO induces an increase in GLUT3 expression in cells not expressing GFAP.
Although neurons can detect glucose levels and adjust their transport, it is well known that fluctuating
glucose levels modify the mitochondrial activity, activate apoptosis, and induce pro-inflammatory
factors [45–47]. Therefore, the regulation of GLUT3 expression in neurons could represent a manner in
which resveratrol induces protection. We used MAP2 as a neuronal marker to identify co-localization
with GLUT3. However, MAP2 is a sensitive marker that begins to disappear as soon as 1 h after
MCAO onset [48]. Because we performed the quantification 24 h after ischemia, the MAP2 signal was
negligible and gave us little information. Therefore, the observed increased expression of GLUT3 could
have occurred in neurons in which MAP2 was no longer detected because of the injury. Additionally,
damage to the blood–brain barrier during ischemia could allow the infiltration of immune cells, which
express high GLUT3 levels, and also in activated microglia [49–54]. Therefore, it will be essential to
characterize the expression of GLUT3 in neurons at earlier times of reperfusion and in other types
of cells.

The protective effect of resveratrol has been tested in many experimental models, where ROS
provokes damage [52]. Previously, we demonstrated that resveratrol administered at the beginning of
reperfusion reduces tissue damage and the neurological deficit induced by MCAO [29]. Here, we found
that ischemia reduced the infarct area and the MAP2 level of expression, this effect represents an
alteration in the microtubule structure of the cytoskeleton and signifies a reduction in the number
of surviving neurons [34,48,53]. Importantly, the cytoskeleton alteration observed in neurons was
reduced with resveratrol treatment. This situation might be associated with the presence of neurons
that maintain viability and is in consensus to the resveratrol’s protective effect.

When we investigated the effect of resveratrol in the up-regulation of GLUT3 expression induced
by MCAO, we found that resveratrol significantly prevented it. Resveratrol modulates signaling
pathways that depend on the redox state of the cell. For instance, SP, a transcription factor sensitive to
oxidative stress has a relevant participation in GLUT3 mRNA synthesis [42,54]. The DNA binding
activity of SP is blocked by resveratrol treatment after MCAO [29]. Consequently, it is possible
that resveratrol blocks the SP binding to the promoter region of the GLUT3 gene, inhibiting its
overexpression after MCAO.

In the current study, we found that resveratrol induces the phosphorylation of AMPK in mixed
cultures of neurons and astrocytes subjected to excitotoxicity. It is relevant because glutamate
excitotoxicity, cytokines, and high glucose induce NF-κB activation, a transcription factor involved in
GLUT3 up-regulation in astrocytes [24,55,56]. Interestingly, resveratrol reverses high-glucose-induced
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inflammation by activating the AMPK/SIRT1/NF-κB pathway [55,57,58] and inhibits the transactivation
of p65-NF-κB [59]. Additionally, resveratrol induces AMPK activation at early times of reperfusion in
the in vivo model of MCAO, and compound C, an AMPK inhibitor prevents its protective effects [30].
Thus, it is also possible that resveratrol, through the activation of AMPK, down-regulates the GLUT3
expression induced after MCAO, which could occur in both neurons and astrocytes.

5. Conclusions

Resveratrol treatment resulted in a decrease in ischemic-induced damaged and also prevented
the increase in GLUT3 expression. Our results indicated that astrocytes were partially responsible for
the over-expression of GLUT3 after 2 h of MCAO and 24 h of reperfusion, and neurons could be also
implicated at earlier times. It is known that GLUT3 up-regulation has a protective role against cerebral
damage. However, we cannot exclude the possibility that the effect of resveratrol could be associated
with an endogenous response that prevents glucose-induced toxicity in neurons and activates a
compensatory mechanism in astrocytes. Nonetheless, our current study is initial, and additional
research is required to better understand of the process.
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