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Abstract: Hydrophilic metabolites are closely involved in multiple primary metabolic pathways
and, consequently, play an essential role in the onset and progression of multifactorial human dis-
orders, such as Alzheimer’s disease. This review article provides a comprehensive revision of the
literature published on the use of mass spectrometry-based metabolomics platforms for approach-
ing the central metabolome in Alzheimer’s disease research, including direct mass spectrometry,
gas chromatography-mass spectrometry, hydrophilic interaction liquid chromatography-mass spec-
trometry, and capillary electrophoresis-mass spectrometry. Overall, mounting evidence points to
profound disturbances that affect a multitude of central metabolic pathways, such as the energy-
related metabolism, the urea cycle, the homeostasis of amino acids, fatty acids and nucleotides,
neurotransmission, and others.

Keywords: central metabolites; Alzheimer’s disease; mass spectrometry; central metabolic pathways

1. Alzheimer’s Disease and Metabolomics: The Challenge of Hydrophilic Metabolites

Alzheimer’s disease (AD) is nowadays a major health problem due to the dramatic
population aging worldwide. As this neurodegenerative disorder presents great variability
of complex clinical symptoms and a long pre-symptomatic period, the underlying etiologi-
cal factors remain a tangled meshwork to be unraveled. In this respect, mounting evidence
points to a multifactorial and systemic crosstalk of heterogeneous pathological mechanisms,
encompassing the well-known proteopathies associated with the deposition of β-amyloid
plaques and the hyper-phosphorylation of tau protein, but also other cellular perturba-
tions related to oxidative stress and inflammation, energy-related disturbances, altered
neurotransmission, and metal homeostasis, among others [1–3]. Considering this multi-
faceted nature, numerous authors have extensively explored the potential of metabolomics
for holistically elucidating the characteristic molecular alterations behind the onset and
progression of AD [4,5]. In this vein, nuclear magnetic resonance (NMR) and reversed-
phase liquid chromatography coupled to mass spectrometry (RPLC-MS) are currently
the gold standard techniques in metabolomics, and most of the literature published on
AD research is based on their application to brain, cerebrospinal fluid (CSF), blood, and

Biomedicines 2021, 9, 298. https://doi.org/10.3390/biomedicines9030298 https://www.mdpi.com/journal/biomedicines
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other biological matrices. However, it is recognized that the low sensitivity and low spec-
tral resolution of NMR considerably reduce its coverage, thus impeding comprehensive
metabolomics analysis [6]. On the other hand, although great efforts have been made to
develop large-scale RPLC-MS metabolomics approaches [7], this analytical platform is
usually limited to the determination of low and medium polarity metabolites, such as
lipids (i.e., lipidomics) [8], aromatic amino acids and their microbiota derivatives [9], some
nutrients and food-related metabolites (i.e., nutrimetabolomics) [10,11], and a few other
metabolite classes. Accordingly, the efficient profiling of hydrophilic metabolites is still a
methodological challenge. Hydrophilic metabolites comprise multiple chemical classes,
including sugars, most amino acids and derivatives, biogenic amines, organic acids, and
many others, which are in turn involved in a multitude of central metabolic pathways, such
as the energy-related metabolism (e.g., glycolysis, tricarboxylic (TCA) cycle), the urea cycle,
the one-carbon metabolism, and others. Therefore, orthogonal analytical tools are crucial
to approach this essential piece of the human metabolome puzzle, namely direct mass spec-
trometry (DMS), gas chromatography-mass spectrometry (GC-MS), hydrophilic interaction
liquid chromatography-mass spectrometry (HILIC-MS), and capillary electrophoresis-mass
spectrometry (CE-MS).

DMS fingerprinting, based on the direct introduction of the sample extracts into the mass
spectrometer, shows great utility for high-throughput and comprehensive metabolomics
analysis thanks to the lack of a chromatographic or electrophoretic separation prior to MS de-
tection, which inherently bias the method coverage [12]. However, this screening tool suffers
from considerable ion suppression and the impossibility of resolving isomeric metabo-
lites, which make the use of complementary approaches mandatory. Among MS-based
hyphenated methods, GC-MS has been widely employed in metabolomics because of its
reproducibility, chromatographic resolution, sensitivity, and selectivity [13]. This technique
usually requires the application of a derivatization process before the analysis for increasing
the volatility and thermal stability of metabolites, thus enabling the profiling of numerous low
molecular weight central metabolites, such as amino acids, sugars, organic and fatty acids,
amines, and many other primary metabolites. To avoid this derivatization step, which may
represent an important source of variability and bias, the use of HILIC-MS is significantly
increasing over the last years to analyze hydrophilic metabolites [14]. Complementarily, the
coupling CE-MS provides orthogonal separation performance to LC and GC approaches
for the analysis of highly polar and ionic metabolites [15]. Nonetheless, HILIC and CE
present serious reproducibility-related limitations (e.g., drifts in retention/migration times
along sequence runs) and reduced sensitivity compared with the most robust RPLC-MS and
GC-MS platforms, which consequently hinder their application in large-scale metabolomics.
Although much less employed in metabolomics, other RPLC-based alternatives for approach-
ing polar metabolites include the use of ion-pair agents or derivatization to reduce the
polarity of hydrophilic metabolites. However, ion pairing may provoke ion suppression
during MS analysis, contamination of the MS ion source, and column instability, whereas
common derivatization protocols (e.g., dansylation) are time-consuming and considerably
reduce the method coverage toward specific metabolites classes that are sensitive to the
derivatizing reagent. As a complementary approach, the use of imaging mass spectrometry is
gaining great importance for in situ metabolomics analysis to map the molecular mechanisms
underlying neurodegenerative disorders [16]. These techniques can complement traditional
MS platforms relying on the investigation of postmortem and peripheral biofluid samples,
thus facilitating the association between metabolomics and histological data. However, the
application of these tools in AD research is still scarce and mainly limited to the lipidome [16].
Therefore, considering the inherent limitations of each one of all the platforms usually em-
ployed in metabolomics, more and more authors have emphasized the benefit of combining
complementary techniques to obtain comprehensive metabolomics coverage [17].

The next sections of this review article provide an overview of the literature pub-
lished over the last years aimed to explore the AD-characteristic disturbances in central
metabolites and associated metabolic pathways through the application of the MS-based
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metabolomics platforms that are described above, as summarized in Table 1. The literature
search was conducted in three online databases (Scopus, Web of Science, PubMed), using
the search terms “Alzheimer”, “metabolomics”, “mass spectrometry”, “gas chromatogra-
phy”, “hydrophilic interaction liquid chromatography”, ”capillary electrophoresis”, and
“direct infusion”. Studies not focused on the hydrophilic metabolome were discarded.

Table 1. Summary of hydrophilic-oriented metabolomics studies on Alzheimer’s disease.

Study Population Analytical Platform Biological Sample Key Results (Altered Pathways) Ref.

AD (N = 22)/healthy controls (N = 18) DMS serum

Energy metabolism (glucose, carnitine,
creatine), fatty acid metabolism (free

fatty acids, eicosanoids),
neurotransmission (dopamine),

phospholipid homeostasis

[18]

AD (N = 22)/healthy controls (N = 18) DMS serum Phospholipid homeostasis [19]

AD (N = 22)/healthy controls (N = 18) DMS serum

Nitrogen metabolism (guanidine,
arginine, putrescine), fatty acid

metabolism (eicosanoids),
neurotransmission (kynurenine),

phospholipid homeostasis

[20]

AD (N = 19)/healthy controls (N = 17) DMS + RPLC-MS serum Phospholipid homeostasis [21]

AD (N = 30)/healthy controls (N = 30) DMS (APPI) serum

Energy metabolism (creatine, malic
acid), fatty acid metabolism (free fatty

acids, fatty acid amides),
neurotransmission (dopamine,

serotonin, picolinic acid),
phospholipid and sphingolipid

homeostasis

[22]

APP × PS1 (N = 30)/WT (N = 30) DMS (ESI+APPI) serum

Energy metabolism (glucose, carnitine,
creatine), fatty acid metabolism (free

fatty acids, eicosanoids), nitrogen
metabolism (urea), amino acid
metabolism, lipid homeostasis

[23]

APP × PS1 (N = 10)/WT (N = 10) DMS urine Unidentified discriminant signals [24]

APP × PS1 (N = 30)/WT (N =30) DMS
hippocampus,

cortex, cerebellum,
olfactory bulb

Energy metabolism (pyruvic acid),
fatty acid metabolism (free fatty acids,

acyl-carnitines, eicosanoids),
nucleotide metabolism, nitrogen

metabolism (urea,
N-acetylspermidine), amino acid
metabolism, neurotransmission

(dopamine), phospholipid
homeostasis

[25]

APP × PS1 (N = 30)/WT (N = 30) DMS liver, kidney, spleen,
thymus

Energy metabolism (glycolysis, TCA,
creatine), fatty acid metabolism (free

fatty acids, acyl-carnitines,
eicosanoids), nucleotide metabolism,

nitrogen metabolism (urea,
polyamines), amino acid metabolism,

lipid homeostasis

[26]

APP × PS1 × IL4-KO (N = 7)/APP ×
PS1 (N = 7)/WT (N = 7) DMS serum

Fatty acid metabolism (eicosanoids),
nitrogen metabolism (urea, citrulline),

amino acid metabolism,
neurotransmission (dopamine,

histamine)

[27]

CRND8 (N = 6)/WT (N = 6) DMS hippocampus
Energy metabolism (glucose), fatty

acid metabolism (eicosanoids,
β-oxidation)

[28]

CRND8 (N = 6)/WT (N = 6) DMS cerebellum
Fatty acid metabolism (eicosanoids),
amino acid metabolism, nucleotide

metabolism (purines)
[29]

AD (N = 9)/healthy controls (N = 9) GC-MS

hippocampus,
entorhinal cortex,
middle-temporal

gyrus, sensory
cortex, motor cortex,

cingulate gyrus,
cerebellum

Energy metabolism (glycolysis,
pentose phosphate, TCA), nucleotide

metabolism, nitrogen metabolism
(urea), amino acid metabolism

[30]

SAMP8 (N = 5, 2 months; N = 6, 7
months; N = 7, 12 months) GC-MS hippocampus

Energy metabolism (TCA, lactic acid),
nitrogen metabolism (urea), amino
acid metabolism, lipid homeostasis

[31]

APP × PS1 (N = 12)/WT (N = 11) GC-MS hippocampus
Energy metabolism (ketone bodies),

amino acid metabolism, sphingolipid
homeostasis

[32]

TASTPM (N = 16)/WT (N = 5) GC-MS whole brain, plasma
Energy metabolism (glycolysis,
pentose phosphate), amino acid
metabolism, steroid homeostasis

[33]
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Table 1. Cont.

Study Population Analytical Platform Biological Sample Key Results (Altered Pathways) Ref.

AD (N = 23)/healthy controls (N = 21) GC-MS serum

Energy metabolism (glucose, TCA,
lactic acid), fatty acid metabolism (free

fatty acids), nucleotide metabolism,
nitrogen metabolism (urea, ornithine),

amino acid metabolism

[34]

AD (N = 24)/MCI (N = 16)/PD (N =
22)/healthy controls (N = 8) GC-MS exhaled breath Phenol (PD) [35]

APPTg2576 (N = 15)/CRND8 (N = 9)/
APPV717I (N = 10)/WT (N = 17 + 9 +

12)
GC-MS urine Urinary odorants [36]

AD (N = 47)/MCI (N = 143)/healthy
controls (N = 46) GC-MS + RPLC-MS serum

Baseline: lipid homeostasis
(phospholipids, sphingolipids, sterols)

Progression: energy metabolism
(2,4-dihydroxybutanoic acid)

[37]

AD (N = 57)/MCI (N = 58)/healthy
controls (N = 57) GC-MS + RPLC-MS plasma

Fatty acid metabolism (free fatty
acids), energy metabolism (glycolysis,
TCA), one-carbon metabolism, amino

acid metabolism, nucleotide
metabolism

[38]

DS-AD (N = 78)/DS-control (N = 68) GC-MS + RPLC-MS plasma Energy metabolism (anaerobic
respiration) [39]

APPTg2576 (N = 3)/PS1 (N = 3)/APP ×
PS1 (N = 6)/WT (N = 6)

GC-MS + RPLC-MS hippocampus
Energy metabolism (glycolysis, TCA),

nucleotide metabolism, amino acid
metabolism, neurotransmission

[40]

AD (N = 79)/healthy controls (N = 51) GC-MS + RPLC-MS CSF
Neurotransmission (dopamine,
noradrenaline, MHPG), cortisol,

uridine
[41]

AD (N = 40)/healthy controls (N = 38) GC-MS + RPLC-MS CSF Two unidentified discriminant signals [42]

APP × PS1 (N = 30)/WT (N = 30) GC-MS + RPLC-MS serum

Energy metabolism (glycolysis, TCA),
fatty acid metabolism (free fatty acids,

fatty acid amides, acyl-carnitines,
eicosanoids), nitrogen metabolism

(urea, citrulline), nucleotide
metabolism, amino acid metabolism,

neurotransmission (serotonin),
homeostasis of cholesterol,

phospholipids and sphingolipids

[43]

APP × PS1 (N = 30)/WT (N = 30) GC-MS + RPLC-MS
hippocampus,

cortex, striatum,
cerebellum,

olfactory bulb

Energy metabolism (glycolysis, TCA),
nitrogen metabolism (urea), amino

acid metabolism, neurotransmission
(dopamine), phospholipid and

sphingolipid homeostasis

[44]

APP × PS1 (N = 30)/WT (N = 30) GC-MS + RPLC-MS liver, kidney

Energy metabolism (glycolysis, TCA),
fatty acid metabolism (free fatty acids,
acyl-carnitines), nitrogen metabolism

(urea, spermidine), amino acid
metabolism, homeostasis of

cholesterol, phospholipids and
sphingolipids

[45]

APP × PS1 (N = 30)/WT (N = 30) GC-MS + RPLC-MS spleen, thymus

Energy metabolism (glycolysis, TCA),
fatty acid metabolism (free fatty acids,
acyl-carnitines), nitrogen metabolism

(urea, putrescine), nucleotide
metabolism, amino acid metabolism,

homeostasis of cholesterol,
phospholipids and sphingolipids

[46]

AD (N = 15)/healthy controls (N = 15) HILIC-MS neocortex 76 unidentified discriminant signals [47]
AD (N =20)/healthy controls (N = 20) HILIC-MS plasma 54 unidentified discriminant signals [48]

MCI_AD (N = 19)/MCI (N =
16)/healthy controls (N = 37) HILIC-MS plasma Polyamine metabolism, L-arginine

metabolism [49]

CRND8 (N = 18/12, 12/18
weeks)/WT (N = 12/12, 12/18 weeks) HILIC-MS urine

Aromatic amino acid metabolism,
nucleotide metabolism, ascorbate

metabolism
[50]

AD (N = 15)/MCI (N = 15)/healthy
controls (N = 15) HILIC-MS + RPLC-MS plasma, CSF

Energy metabolism (glycolysis, TCA),
fatty acid metabolism, amino acid

metabolism, neurotransmission, lipid
homeostasis

[51]

AD (N = 21)/MCI_AD (N =
12)/MCI_stable (N = 21)/healthy

controls (N = 21)
HILIC-MS + RPLC-MS CSF Nucleotide metabolism, amino acid

metabolism, neurotransmission [52]

AD (N = 9)/healthy controls (N = 9) HILIC-MS + RPLC-MS superior temporal
cortex

Amino acid metabolism,
neurotransmission [53]

AD (N = 21)/healthy controls (N = 19) HILIC-MS + RPLC-MS frontal cortex

Amino acid metabolism, purine
metabolism, pantothenate and CoA

biosynthesis, phospholipid
homeostasis

[54]

AD (N = 30)/MCI (N = 30)/healthy
controls (N = 30) HILIC-MS + RPLC-MS plasma Sphingolipid metabolism [55]
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Table 1. Cont.

Study Population Analytical Platform Biological Sample Key Results (Altered Pathways) Ref.

AD (N = 23)/MCI_AD (N =
9)/MCI_stable (N = 22)/SCI (N = 19) CE-MS CSF Amino acid metabolism, fatty acid

metabolism, one-carbon metabolism [56]

AD (N = 42)/MCI (N = 14)/healthy
controls (N = 37) CE-MS serum Amino acid metabolism, fatty acid

metabolism, one-carbon metabolism [57]

AD (N = 17)/asymptomatic AD (N =
13)/healthy controls (N = 13) CE-MS

inferior temporal
gyrus, middle
frontal gyrus,
cerebellum

Nitrogen metabolism (urea,
polyamines), one-carbon metabolism,

neurotransmission
[58]

AD (N = 3)/FTLD (N = 4)/LBD (N =
3)/healthy controls (N = 9) CE-MS serum, saliva Energy metabolism, amino acid

metabolism [59]

AD (N = 81)/iNPH (N = 57) CE-MS CSF Energy metabolism, amino acid
metabolism [60]

AD (N = 15)/healthy controls (N = 15) RPLC-MS (ion pairing) CSF Neurotransmission, nucleotide
metabolism, antioxidant defense [61]

AD (N= 40)/MCI (N = 36)/healthy
controls (N = 38) RPLC-MS (ion pairing) CSF Neurotransmission, nucleotide

metabolism, antioxidant defense [62]

MCI (N = 20)/healthy controls (N =
20)

RPLC-MS
(derivatization) saliva Taurine [63]

CRND8 (N = 12)/WT (N = 12) RPLC-MS
(derivatization) urine Taurine, amino acid metabolism [64]

AD_younger (N = 4)/AD_older (N =
4)/healthy controls (N = 3)

RPLC-MS
(derivatization) frontal lobe L-phenylalanine, L-lactate [65]

AD (N = 17)/healthy controls (N = 17)
RPLC-MS (improved

retention for polar
metabolites)

CSF 53 unidentified discriminant signals [66]

AD I-II (N = 7)/AD III-IV (N = 4)/AD
V-VI (N = 5)/healthy controls (N = 4)

RPLC-MS (improved
retention for polar

metabolites)
entorhinal cortex Nucleotide metabolism [67]

2. Alzheimer’s Disease and DMS-Based Metabolomics

DMS analysis has been repeatedly applied in various AD metabolomics studies as a
first-pass screening tool for simultaneously measuring a wide range of metabolite classes,
including hydrophilic metabolites and lipids, in a high-throughput manner [68]. Two-
step extraction of serum samples from AD patients and subsequent DMS fingerprinting
revealed significant perturbations in the circulating levels of energy-related metabolites
(e.g., glucose, fatty acids, and carnitine involved in β-oxidation) and neurotransmitters
(e.g., dopamine) [18]. Additionally, it also found an abnormal phospholipid homeostasis
reflected in reduced levels of species containing polyunsaturated fatty acids, increased
levels of phospholipids composed of saturated fatty acids, and increased content of break-
down products (e.g., choline). Interestingly, this was then corroborated in other DMS-based
works focused on the serum AD-related lipidome [19,20] and phospholipidome [21]. Al-
though the electrospray (ESI) source is the most common ionization technique employed in
DMS analysis, the atmospheric pressure photoionization (APPI) source has demonstrated
complementary performance and metabolomics coverage [22]. In this work, the authors
reported an accumulation of diacylglycerols, free fatty acids, and ceramides in AD serum,
which is in line with the upregulated degradation of membrane lipids that was hypothe-
sized in previous DMS studies, as well as other disturbances related to the monoaminergic
neurotransmission and the urea cycle. These DMS-based high-throughput metabolomics
platforms have also been employed to investigate the AD-like pathology in the APP × PS1
transgenic mouse model by considering multiple biological matrices, namely serum [23],
urine [24], brain [25], and other peripheral organs [26]. The analysis of serum samples
evidenced comparable metabolic disturbances to those reported in human studies, thus
corroborating the utility of this transgenic line to model AD [23]. A similar strategy was
applied to investigate the effect of interleukin-4 depletion (i.e., IL4-KO) on AD pathology
by using APP × PS1×IL4-KO mice [27]. The results showed reduced serum content of
various amino acids and metabolites implicated in the urea cycle, and the accumulation
of eicosanoids in the IL4-KO model, which supported the close link between AD and
inflammatory processes. Metabolomics fingerprinting of brain tissue enabled the in situ
and region-specific investigation of the neuropathological processes underlying this neu-
rodegenerative disorder [25]. Hippocampus and cortex were characterized by profound

5



Biomedicines 2021, 9, 298

alterations in the levels of numerous lipids (e.g., phospholipids, fatty acids, acyl-carnitines,
steroids) and hydrophilic metabolites (e.g., amino acids and derivatives), whereas other
brain areas such as the cerebellum and olfactory bulbs were less affected. Complementar-
ily, other peripheral organs, including the liver, kidneys, spleen, and thymus, were also
studied to evaluate the systemic manifestations of the molecular mechanisms behind the
AD pathology [26]. In this line, Lin et al. applied DMS metabolomics to characterize the
metabolic perturbations in hippocampus [28] and cerebellum [29] of the CRND8 transgenic
mouse. Interestingly, the most important findings were related to an altered metabolism of
arachidonic acid and eicosanoids, amino acids, nucleotides, and other metabolite classes,
which were in great agreement with the studies performed on the APP × PS1 model.

3. Alzheimer’s Disease and GC-MS Based Metabolomics

Metabolomics based on GC-MS has been successfully applied to various biological
samples for investigating the impact of AD on primary metabolic pathways. Widespread
disturbances related to the glucose metabolism, the urea cycle, and amino acid homeostasis
were detected in seven brain regions from AD patients (hippocampus, entorhinal cortex,
middle-temporal gyrus, cingulate gyrus, sensory cortex, motor cortex, cerebellum), includ-
ing some regions traditionally considered not to be affected [30]. Similar alterations were
observed in the hippocampus of the SAMP8 mouse along a 10-month follow-up, compris-
ing energy-related metabolites, amino acids, lipids, and some others [31]. In this regard,
Han et al. have demonstrated that these hippocampal metabolic perturbations may be
sharpened by chronic unpredictable mild stress in APP × PS1 mice, particularly in relation
to the metabolism of amino acids, ketone bodies, and sphingolipids [32]. Furthermore,
comparative analysis of brain and plasma from TASTPM mice revealed the occurrence of
similar disturbances in both biological matrices, thus reinforcing the utility of peripheral
blood to mirror the neuropathological changes underlying AD [33]. In another study, these
systemic manifestations on the AD-related metabolome were reflected in altered levels of
23 metabolites in serum from AD patients, indicating impaired neurotransmission, energy
metabolism (e.g., TCA cycle), urea cycle, and some others [34]. Finally, other samples ana-
lyzed by GC-MS in AD metabolomics research included exhaled breath [35] and urine [36],
with the aim of investigating the involvement of volatile compounds and odorants in
its etiology.

The combination of GC-MS with RPLC-MS is nowadays one of the most common
strategies to achieve comprehensive metabolomics analysis. This multiplatform was ap-
plied to serum samples from a prospective study among AD, mild cognitive impairment
(MCI), and healthy subjects, uncovering profound lipidomics changes in AD patients at
baseline and increased 2,4-dihydroxybutanoic acid along disease progression [37]. Wang
et al. found that plasma metabolites measured through GC+RPLC-MS might serve to
differentiate AD and amnesic MCI patients from control subjects [38]. The metabolic
signatures associated with AD and MCI shared many metabolites participating in the
metabolism of fatty acids, amino acids, nucleic acids, and one-carbon metabolism, thus
suggesting the occurrence of common pathogenic mechanisms in both dementia disorders.
In a more recent study, plasma metabolomics revealed that AD among the Down syndrome
population is characterized by a shift in energy metabolism toward the upregulation of the
anaerobic respiration [39]. In this line, it has been reported that mitochondrial stress and
altered energy metabolism are major hippocampal disturbances occurring in three trans-
genic models of AD [40]. Metabolomics analysis of CSF has also been proposed to identify
potential biomarkers for an improved diagnostic performance of AD. Czech et al. described
that the combination of cortisol, cysteine, and uridine levels together with other amino
acids yields predictive models with sensitivity and specificity above 80% [41]. Another
study detected two CSF metabolic features with higher discrimination performance than
that provided by traditional amyloid and tau biomarkers, but further confirmatory studies
are needed [42]. To complement the DMS screening analyses that have been described in
the previous section of this review article [18–27], González-Domínguez et al. conducted
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a comprehensive metabolomics characterization of the APP × PS1 model by applying
combined GC-MS and RPLC-MS analysis to serum samples [43], various brain regions [44],
metabolically active organs (i.e., liver, kidney) [45], and organs involved in the immune
function (i.e., spleen, thymus) [46]. These studies validated most of the findings unveiled by
DMS-based metabolomics fingerprinting with regard to the altered homeostasis of lipids
(e.g., phospholipids, sphingolipids, cholesterol, fatty acids and acyl-carnitines), amino
acids, nucleic acids, energy-related metabolism, and many others, both at the central and
the systemic levels.

4. Alzheimer’s Disease and HILIC-MS-Based Metabolomics

Although its use is not as widespread as other metabolomics platforms such as RPLC-
MS and GC-MS, various published works have explored the potential of HILIC-MS to
investigate the AD-related polar metabolome. Two preliminary studies demonstrated
that the statistical modeling of HILIC-MS metabolomics data may provide satisfactory
subject classification by using both brain [47] and plasma [48] samples, but the metabolites
responsible for this discrimination were not identified. In another prospective study, the
analysis of plasma samples from MCI patients, MCI patients who developed AD upon
the follow-up and healthy controls revealed disturbances in 22 metabolic pathways, some
of them traditionally associated with the pathogenesis of AD (e.g., metabolism of choles-
terol, glucose, and amino acids), but also in relation to the polyamine and the L-arginine
metabolism [49]. Recently, urinary metabolomics also highlighted the pivotal involvement
of aromatic amino acids in the CRND8 mouse model, encompassing alterations in the
tryptophan metabolism (e.g., upregulation of the serotonin pathway, downregulation of the
kynurenine pathway), deficient aromatic L-amino acid decarboxylase activity (e.g., accumu-
lation of N-acetylvanilalanine and 3-methoxytyrosine), and changes in microbiota-related
and glycine conjugation processes [50].

Orthogonal RPLC and HILIC separations have also been used in combination to maxi-
mize the metabolomics coverage, as previously described for the RPLC+GC multiplatform.
Trushina et al. accomplished a comprehensive investigation of the metabolic mechanisms
behind the onset of AD and MCI by analyzing plasma and CSF samples, which revealed
alterations in multiple pathways associated with energy metabolism, mitochondrial func-
tion, neurotransmission, amino acid and lipid metabolism, and many others [51]. A similar
analytical approach was employed to predict the progression of AD along four diagnostic
groups, namely healthy control subjects, stable MCI patients, MCI subjects who developed
AD after a 2-year follow-up, and AD patients, which indicated significant alterations in
the CSF levels of some amino acids and taurine-related metabolites [52]. Comparable
findings have been obtained from brain metabolomics profiling, thus suggesting that mod-
ulating the metabolism of amino acids could be a possible therapeutic approach against
AD [53]. Additionally, in the brain, Paglia et al. found profound cortical perturbations in
the metabolism of glycerophospholipids and six central metabolic pathways, of which a
significant impairment of the mitochondrial aspartate metabolism was noteworthy [54].
Conversely, other authors were surprisingly not able to differentiate AD patients and
healthy controls by using combined RPLC+HILIC-MS plasma metabolomics, but a clear
discrimination was achieved between MCI and control subjects [55].

5. Alzheimer’s Disease and CE-MS Based Metabolomics

The application of CE-MS based metabolomics in AD research has only been reported
in five studies published up to date. Ibáñez et al. identified a panel of CSF polar metabolites
that was able to differentiate among subjects with different cognitive status, including
patients with subjective cognitive impairment (SCI), MCI patients that remained stable
within 2 years, MCI patients that progressed to AD after this follow-up period, and AD
patients [56]. In another cohort, the analysis of serum samples evidenced similar alterations
in metabolites related to oxidative stress, deficiencies in energy metabolism, and vascular
risk factors [57]. Furthermore, the authors also found increased serum levels of proline
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betaine in AD patients, which is a marker of citrus consumption that has been recently
validated in a prospective study on cognitive decline [69]. In this line, the analysis of
brain tissue demonstrated that AD pathogenesis could be associated with dysregulated
transmethylation and polyamine metabolism, abnormalities in neurotransmission, and
impaired urea cycle and glutathione synthesis [58]. The two other studies published on CE-
based metabolomics focused on the comparison of various neurodegenerative disorders.
Tsuruoka et al. identified six serum metabolites and two saliva metabolites that were
significantly altered in dementia patients (AD, frontotemporal lobe dementia, and Lewy
body disease), whereas 45 metabolites detected in serum could differentiate at least one
pair of these dementia groups [59]. More recently, the same methodology was employed
to discriminate between AD and idiopathic normal pressure hydrocephalus patients by
analyzing CSF [60].

6. Alzheimer’s Disease and Other RPLC-MS Based Platforms to Explore Central Metabolites

As previously described, there are different strategies to reduce the polarity of hy-
drophilic metabolites for enabling their analysis by means of RPLC-MS. For instance,
Kaddurah-Daouk et al. published various metabolomics studies based on ion pairing and
subsequent electrochemical array detection for studying the involvement of redox-active
CSF metabolites on AD and MCI [61,62]. Alternatively, dansylation has also been em-
ployed as a derivatization procedure for enhancing the resolving power of RPLC for the
analysis of AD-related central metabolites in saliva [63] and urine [64] samples. In this
regard, Takayama et al. developed an alternative approach for chiral metabolomics by
using optically active derivatization reagents, which enabled determining chiral amines
and carboxyls in brain samples as biomarker candidates for AD diagnosis [65]. To conclude,
it should also be noted that various manufacturers have developed novel RPLC stationary
phases with an improved retention of hydrophilic compounds, which have been success-
fully employed for analyzing cationic metabolites in CSF [66] and purine metabolites in
brain [67] of AD patients.

7. Overview on the Involvement of Central Metabolic Pathways in Alzheimer’s Disease

As shown in Table 1, hydrophilic-oriented MS-based metabolomics has demonstrated
significant alterations in the levels of numerous polar metabolites in various biological
matrices (e.g., serum/plasma, CSF, brain) and, consequently, the involvement of central
metabolic pathways in the pathogenesis of AD (Figure 1). One of the most consistent
findings across the metabolomics studies that have been reviewed here is the impairment
of the energy-related metabolism. Altered glucose levels have been repeatedly reported
in both the central nervous system and the peripheral system, suggesting an abnormal
metabolic rate of carbohydrates, which are the main energy source in the brain. In turn,
this was normally accompanied by perturbations in other metabolites participating in
the glycolysis, the pentose phosphate pathway, ketogenesis and gluconeogenesis, the
tricarboxylic (TCA) cycle, β-oxidation of fatty acids, and others (Table 1), thus evidencing
profound disturbances affecting the entire energy metabolic system. Amino acids are
involved in multiple central metabolic pathways, many of which have also been associated
to the onset and progression of AD. It is noteworthy that failures in the homeostasis
of aromatic amino acids and the synthesis of neurotransmitters (e.g., dopamine from
tyrosine, serotonin from tryptophan) have been consistently reported in the literature.
In this respect, growing evidence supports a role of branched chain amino acids in AD
pathogenesis because these can compete with aromatic amino acids for entry into the
brain but also due to their crucial involvement in the modulation of insulin resistance and
energy metabolism. Moreover, various amino acids (e.g., arginine, glutamate/glutamine
system) are closely linked to the nitrogen metabolism through the urea cycle and the
polyamine system, which may also play a major role in brain health (e.g., hyperammonemia-
induced neurotoxicity). Oxidative stress is another pivotal hallmark of AD with great
impact on the metabolome, inducing the reduction of cerebral and circulating levels of
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numerous antioxidant metabolites (e.g., glutathione) and the accumulation of by-products
derived from the oxidative damage to nucleic acids, proteins, and lipids. In this vein,
various authors have reported important deregulations in the metabolism of purines
and pyrimidines, which could be allocated not only to oxidative/nitrosative damage to
nucleic acids but also to energy metabolism failures and impaired cellular signaling. In the
crosstalk of many of the metabolic processes described above, including the homeostasis of
amino acids, the synthesis of purines and redox defense, the one-carbon metabolism is also
considered an essential piece of the AD pathology puzzle, in which hyperhomocysteinemia
is one of the most important risk factors for cognitive decline and dementia. Altogether,
the application of complementary metabolomics platforms for characterizing the polar
metabolome stands out as a powerful strategy to decipher the molecular events behind the
multifactorial pathogenesis and progression of AD.

Figure 1. Overview of the central metabolic pathways altered in Alzheimer’s disease.

8. Conclusions

Hydrophilic metabolites play an essential role in the central and primary pathways of
the human metabolism (e.g., metabolism of carbohydrates, amino acids, and fatty acids).
To approach this pivotal portion of the human metabolome, the coupling of mass spectrom-
etry with gas chromatography (GC-MS), hydrophilic interaction liquid chromatography
(HILIC-MS), and capillary electrophoresis (CE-MS) are currently the analytical techniques
most commonly employed, together with direct mass spectrometry (DMS) analysis for
comprehensive and high-throughput metabolomics. DMS can be regarded as a first-pass
screening tool for rapid and simple metabolomics fingerprinting, but it usually requires
being complemented with other hyphenated MS approaches to overcome its inherent
analytical limitations (e.g., the impossibility of resolving isomeric metabolites, ion sup-
pression) in order to get a deeper insight into the polar metabolome. In this respect, the
coupling GC-MS is the most commonly used platform for profiling low molecular weight
hydrophilic metabolites because of its sensitivity and reproducibility, despite the need for
a derivatization step prior to analysis. As an alternative, HILIC and CE provide orthogonal
separation performance for polar and ionic metabolites, but significant technical develop-
ments are still needed for increasing their robustness and high-throughput capacity. The
application of these metabolomics platforms has demonstrated the great impact of the
onset and progression of AD on central metabolites and associated metabolic pathways,
encompassing disturbances in the energy-related metabolism (e.g., glycolysis, TCA cycle),
nitrogen metabolism (e.g., urea cycle, polyamine metabolism), fatty acid metabolism (e.g.,
β-oxidation, eicosanoids), neurotransmission (e.g., serotonergic, dopaminergic), home-

9



Biomedicines 2021, 9, 298

ostasis of amino acids and nucleotides, and some others. These findings are of utmost
importance for comprehensively understanding the pathogenesis of this neurodegenerative
disorder with the aim of developing possible therapeutic and preventive approaches and
for discovering potential diagnostic targets. However, it should be noted that unsatisfac-
tory validation studies have been repeatedly reported in AD metabolomics [70–72]. These
inconsistencies can in part arise from analytical issues related to the lack of proper stan-
dardization in metabolomics research but also to the enormous intra- and inter-individual
variability of the human metabolome. Therefore, many authors have emphasized in recent
years the great potential of metabolomics to comprehensively investigate biological path-
ways and the etiopathology of diseases but also the extreme difficulty of using metabolites
as robust biomarkers for diagnosis/prognosis in the clinical practice [73].
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Abstract: Despite extensive research, there is no convincing evidence of a reliable diagnostic
biomarker for schizophrenia beyond clinical observation. Disorders of glutamatergic neurotrans-
mission associated with N-methyl-D-aspartate (NMDA) receptor insufficiency, neuroinflammation,
and redox dysregulation are the principal common mechanism linking changes in the periphery
with the brain, ultimately contributing to the emergence of negative symptoms of schizophrenia
that underlie differential diagnosis. The aim of the study was to evaluate the influence of these
systems via peripheral and cerebral biochemical indices in relation to the patient’s clinical condition.
Using neuroimaging diagnostics, we were able to define endophenotypes of schizophrenia based on
objective laboratory data that form the basis of a personalized approach to diagnosis and treatment.
The two distinguished endophenotypes differed in terms of the quality of life, specific schizophrenia
symptoms, and glutamatergic neurotransmission metabolites in the anterior cingulate gyrus. Our
results, as well as further studies of the excitatory or inhibitory balance of microcircuits, relating the
redox systems on the periphery with the distant regions of the brain might allow for predicting poten-
tial biomarkers of neuropsychiatric diseases, including schizophrenia. To the best of our knowledge,
our study is the first to identify an objective molecular biomarker of schizophrenia outcome.

Keywords: schizophrenia; endophenotypes; magnetic resonance spectroscopy; glutamatergic metabo-
lites; anterior cingulate gyrus

1. Introduction

Schizophrenia is a severe mental disorder, the diagnosis of which is currently based
solely on clinical criteria [1]. There is a lack of laboratory biomarkers related to the etiopatho-
genesis of this disease. A biomarker is ‘an objectively measured trait that reflects a normal
biological or pathological process, or response to a pharmacological intervention’ [2]. Thus,
it is a disease-specific indicator of the presence or intensity of a biological process directly
related to the patient’s clinical symptoms or the effects of a certain disorder [3].

Despite scientific progress in understanding the pathophysiological basis of schizophre-
nia, many potential emerging predictors do not meet the biomarker criteria. However,
due to rapidly developing neuroimaging techniques, there is growing hope that those
techniques might provide biomarkers in the future, which would correlate with the clinical
outcome of the disease and predict the patients’ endophenotypes [4].
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Due to the complexity of the clinical picture of schizophrenia, the concept of en-
dophenotypes is increasingly used in research on this disorder. An endophenotype is a
quantitative measure based on neurobiological data that is created on the basis of laboratory
measurements, which is not an estimate from clinical examination [5,6]. The clinical picture
of schizophrenia might include classic subtypes [7] as well as a division, depending on the
dominant component of negative and positive symptoms [8]. In addition, according to the
latest International Classification of Diseases 11th classification, there is a division based on
the stage of the illness (first episode/multiple episodes/solid course) and the severity of
symptoms (currently symptomatic/partial remission/full remission) [8]. The boundaries
between schizophrenia and schizoaffective and affective disorder with psychotic symptoms
are also blurred. Schizophrenia might also manifest in a form with an expressed obsessive-
compulsive component, obsessive-compulsive symptoms might be an initial stage in the
development of schizophrenia, or both disorders could be comorbid [9]. The literature on
the subject also includes descriptions of personality traits of schizotypes that predispose
one to the development of schizophrenia or with a clinical picture similar to schizophrenia
(schizotypal personality) [10]. As reported in the literature on the subject, this definition, as
well as the progress made in research on the human genome and neuroimaging techniques
in psychiatry, shows the polygenic nature of schizophrenia with its various causative
factors, i.e., genetic, immunological, biochemical, and environmental [7–15].

Understanding the classic definition of endophenotypes and the Research Domains
Criteria announced by the National Institute of Mental Health [16,17] allows us to assume
that the matter concerning the boundaries of division is still open. As they emphasize,
however, there are no data supporting this theory (only theoretical statements) [18,19],
hence, the theory itself is purely an empirical question that should be solved by statistical
methods designed to explain an existing scientific problem.

The starting point of the presented work was the hidden structure of endophenotypes
underlying the classical understanding of this term. This gives an opportunity to build
a model based on empirical laboratory data from neuroimaging and a number of other
laboratory variables that connect the concept of pathology of schizophrenia with subtypes,
thus outlining a new perspective on the classical understanding of its diagnosis.

Different studies suggest that several key brain regions involved in the pathophysi-
ology of schizophrenia, such as the frontal cortex, dorsal anterior cingulate cortex (ACC),
putamen, and temporal pole, share metabolic abnormalities or altered perfusion in patients
with schizophrenia [20].

The progression of the disease also seems to be an important issue in this context.
On the one hand, it is associated with the period of untreated psychosis, as we showed
in our previous studies [21]. On the other hand, it might be related to the functioning of
the ACC itself, which is seen especially in patients taking antipsychotic drugs who show
greater ACC activation with associated better performance. It is, however, unclear whether
this is directly caused by the influence of drugs, or by a reduction of symptoms [22]. At-
rophy of the cerebral cortex, mainly related to the limited functional connectivity of the
ACC, correlates with the most unpleasant predictors of disability in schizophrenia that
do not respond to the classic form of treatment, i.e., negative symptoms. It also correlates
with cognitive symptoms of schizophrenia but has no relation with the severity of pos-
itive symptoms [23,24]. Studies determining the concentration of metabolites proposed
ACC as a potential source of biomarkers related to the risk of psychosis in early adoles-
cence [25]. These data provide evidence of association between glutamatergic transmission
metabolites and symptomatology, which might predict the development of psychosis in
the future [26]. Thus, assessment of brain metabolites might thus play an important role as
an early biomarker of schizophrenia risk, especially among young relatives of people with
schizophrenia [27].

Therefore, the use of tools such as proton magnetic resonance spectroscopy (1H-MRS)
might likely facilitate the identification of early predictors of schizophrenia, especially
in the stage of juvenile psychosis, when the brain develops specific features related to
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changes in metabolite concentration, in particular reflecting changes in glutamatergic
transmission [24].

Glutamate (also known as glutamic acid) is synthesized from glutamine by glutami-
nase in the central nervous system, and belongs to one of the main excitatory neurotrans-
mitters changing neuronal activity and synaptic functions in the brain [28]. However,
excessive glutamate release from presynaptic axon terminals can also cause neuronal death
and permanent brain damage in a process known as excitotoxicity [29]. This phenomenon
is associated with the pathogenesis of many debilitating human neurological diseases, such
as stroke, amyotrophic lateral sclerosis, and epilepsy [30].

The concentration of glutamatergic metabolites determines higher or lower inhibitory
connectivity in ACC and in the anterior part of the insula, shows a negative correlation
with the inhibitory effect on excitatory neurons in ACC, and a negative correlation with
the severity of social withdrawal in people with first-episode psychosis, as compared to
healthy subjects [31]. Glutamate acts mainly postsynaptically by combining with ionotropic
receptors (non-NMDA and NMDA), which leads, inter alia, to the depolarization of the
cell membrane, and removal of Mg2+ ions with simultaneous penetration of Ca2+. This
consequently contributes to the decarboxylation of glutamic acid and formation of a
neurotransmitter with an inhibitory effect, i.e., γ-aminobutyric acid (GABA) (Figure 1).
The imbalance between glutamate and brain GABA levels might be a marker of transition
to psychosis in high-risk individuals [32]. The knowledge of GABA and glutamate levels
at different stages of life of people at risk of developing psychosis might allow better
assessment of the neurochemical phenomena underlying mental disorders [33].

The glutamatergic theory of psychosis (related to glutamatergic transmission metabo-
lites), induced by ketamine or other NMDA receptor antagonists, allowed for the distinc-
tion between the classic psychosis of schizophrenia in a number of studies. It is mainly
associated with positive symptoms, and the form of this disease is associated with addi-
tional negative and cognitive symptoms [34,35], which were not taken into account in the
treatment of the commonly understood form of the disease [36], described in the early
1980s [37].

The mechanism of the observed changes might be concentrated on the increased
ratio of glutamine to glutamate that is associated with an increased flow of excitatory
neurotransmitters, and thus with glutamatergic hyperactivity or defective neural-glial
coupling [38]. Abnormalities in glutamatergic neurotransmission are associated in this
case with the function of glial cells in the prefrontal cortex (PFC) [39], abnormal volume
of the brain ventricles [40], and abnormalities in the level of synaptic proteins [41]. These
discoveries became the starting point of the latest pharmacological strategies based on
NMDA antagonist models, to restore cognitive functions and reduce negative symptoms
in schizophrenia [42]. However, cortical-limbic hyperactivity is induced by the adminis-
tration of NMDA receptor antagonists, initiating the behavioral disturbances observed
in schizophrenia, which is explained by the loss of glutamatergic function with exces-
sive dopaminergic activity. Imbalance of the glutaminergic and dopaminergic systems in
different regions of the brain might result in anti-kinetic effects or the development of psy-
chosis [43]. The precise determination of the glutamatergic function related to Glu and Gln
levels seems to be a limitation of the reported contradictory theories, due to signal-to-noise
overlap and limitations of spectral resolution in magnetic resonance spectroscopy (MRS),
therefore, in many works, the amounts of Glu–Gln are shown together as Glx [44]. For
this reason, there might be misinterpretations of the observed changes, e.g., some studies
report a decrease in the Glx levels during acute episodes of psychosis, while in others, the
observed relationships are quite different. The physiological significance of the Glx results
remains unclear, and MRS techniques distinguishing between the levels of Glu and Gln in
different regions of the human brain could provide a solution to the existing problem and
an important advance in the diagnosis of these debilitating diseases.
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Figure 1. Potential mechanism explaining the occurrence of negative symptoms, and the developing
resistance to classical neuroleptics due to the glutamatergic hypothesis and the NMDA receptor
hypofunction. In addition to the glutamate projection pathway in the cortical brain stem, which is
associated with the primary GLU neuron, the GABA interneuron, and the secondary GLU neuron,
additional synapses in the midbrain with another GABA interneuron that targets neuronal DA
projections that return to the frontal cortex, are involved in the projection of negative symptoms
in schizophrenia. During normal psychiatric functioning, this circuit is balanced and sufficient DA
reaches the frontal cortex without negative symptoms. However, when the pathway is modified with
the formation of an additional GABA interneuron (originally: GLU-GABA-GLU-D; after modification:
GLU-GABA-GLU-GABA-DA), this change might be associated with the appearance of negative
symptoms. In the case of generating positive symptoms, glutamate from the primary GLU neuron
reaches hypofunctional NMDA receptors located on the primary GABA interneuron, whose tone
disappears in the absence of GLU stimulation and the secondary GLU neuron becomes hyperactive
again. In contrast to the mechanism associated with the generation of positive symptoms, the main
issue concerns the secondary GLU neuron, which hits another GABA interneuron, which, through a
higher than normal GLU signal, releases much higher concentrations of GABA. This results in the
inhibition of the final pathway of DA neurons derived from the midbrain and their lower release.
This mesocortical DA pathway is now active and does not provide adequate amounts of DA in the
frontal cortex, which causes hypofrontality and negative symptoms.

According to some of the research, glutamatergic-mediated excitotoxicity might be
one of the mechanisms underlying resistance to classical neuroleptics seen in drug-resistant
schizophrenia. The mentioned excitotoxicity associated with increased glutamatergic trans-
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mission metabolites levels would explain the weakened differentiation of oligodendrocytes
with a higher sensitivity of the latter to inflammation and oxidative stress [45].

The most obvious evidence that oxidative stress might have an influence on the
development of schizophrenia is prenatal exposure to hunger, which results in altered hip-
pocampal morphology and impaired memory in the offspring, i.e., abnormalities consistent
with the pathophysiology of schizophrenia [46].

Oxidative stress can be both a cause, an effect, and an attempt to combat pathological
processes in the body [47]. The latter turned out to be particularly important in the context
of parameters that form the so-called microcircuits, i.e., total cholesterol, triglycerides (TG),
low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL),
cortisol, and sodium ions, which play a significant role in the initiation of inflammation
and assessment of cardiovascular risk in schizophrenics [48–50].

The role of oxidative stress related to oxidant–antioxidant imbalance in the pathophys-
iology of schizophrenia is emphasized by studies assessing the level of these indicators in
the blood and peripheral tissues with clear differences between people with schizophrenia
and healthy controls [51,52]. Nevertheless, it is unclear how biochemical changes in the
periphery are related to neurochemical changes in the brain. There are few studies that
point out a positive correlation between glutathione (which is the main intracellular non-
enzymatic antioxidant) in plasma, with the levels of glutathione-dependent metabolites
associated with glutamatergic transmission in the brains of schizophrenics, as compared
to healthy controls [53]. The levels of these metabolites positively correlate with the
neuropsychological assessment in patients with schizophrenia.

It could be assumed that oxidative stress and inflammation of the nervous system
are the culmination of changes in the periphery [54,55], which, due to the increased
permeability of the blood–brain barrier, might lead to increased infiltration of peripheral
material into the brain, thus constituting a potential pathogenetic factor of the disease.
Presumably, it is pro-inflammatory cytokines that modulate mood behavior and cognition
by reducing the level of monoamines in the brain, or promoting glutamate excitotoxicity
and, thus, affect the neuronal plasticity of the brain [56].

The potential mechanisms of the development of schizophrenia presented in the
literature for us are now the starting points in the construction of a statistical model
based on objective laboratory data, linking peripheral and cerebral biochemical indicators
related to common inflammatory mechanisms in schizophrenia. Such a model might
facilitate the prediction of the severity of schizophrenia symptoms and the assessment of
the development of early psychosis.

In addition to assessing the usefulness of selected biomarkers in determining the
importance of clinical endophenotypes, the aim of the research was to create a new per-
spective on the use of laboratory parameters in the diagnosis of different clinical types of
schizophrenia. This could form the basis for a personalized approach to the diagnosis of
the disease, based on a reliable etiopathogenetic factor.

2. Materials and Methods

2.1. Study Participants

The research was approved by the Bioethics Committee of the Jagiellonian University
(consent number: 1072.6120.152.2019 of 27 June 2019). The study included patients who
gave informed written consent and additional consent was obtained in the case of legal
guardians of participants under 18 years of age.

The study included patients with acute psychotic decompensation (n = 40; 18 women
and 22 men; mean age 22.68 ± 7.39 years), admitted to the In-Patient Unit for Adults and
In-Patient Unit for Adolescents at the Psychiatry Department of the University Hospital in
Krakow. Recruitment for the study lasted from January 2018 to December 2019. For 70% of
patients, it was the first psychotic episode. In the remaining cases, it was the subsequent
psychotic decompensation resulting in hospitalization. All patients met the diagnostic
criteria for schizophrenia (F20) according to the International Statistical Classification
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of Diseases and Health Problems, 10th edition (ICD-10) [7]. For relapsing patients, the
diagnosis was confirmed during the initial assessment by the consensus of two psychiatrists
with extensive experience in psychiatric assessment. For the first time, psychotic patients
experiencing acute multiform psychotic disorders (F23) due to the ICD-10 diagnosis of
schizophrenia was confirmed in a 3-month follow up. The severity of various psychotic
symptoms was assessed using the Positive and Negative Syndrome Scale (PANSS) [57].

Exclusion criteria from the study were—inability to express informed consent, intellec-
tual disability, hospitalization without consent or due to presence of severe cardiovascular
diseases, abuse of psychoactive substances or tobacco smoking within three months prior
to admission, affective symptoms, history of other disorders of the central nervous system,
past head injuries with loss of consciousness, alcohol addiction, hyperactivity, or psychomo-
tor agitation, which make it difficult to perform Magnetic Resonance Imaging (MRI).

Demographic and clinical data were collected from each patient, including duration
of untreated psychosis (DUP), the course of the first episode, the number and length of
hospitalizations, treatment, and its intervals.

During the first week of hospitalization, after medical stability was achieved, routine
blood tests and questionnaire assessment were performed. MRI and MRS imaging exam-
inations were performed during the first two weeks of hospitalization in patients who
showed no changes in the outpatient status and were not undergoing pharmacotherapy,
8 h before each brain imaging.

In the constructed model of a number of variables (clinical, neuronal, biochemical,
psychosocial), the potential dependencies of the brain activity indicators, peripheral pa-
rameters, and the clinical condition of patients were assessed.

2.2. Routinely Performed Laboratory Tests

After the subjects were qualified for the study, blood samples were collected during
admission (1st day of the examination) using the Sarstedt closed system [58]. The patients
fasted overnight and the collection was performed in the early morning hours. Samples
showing bilirubinemia, hemolysis, lipemia, and turbidity were rejected.

Routine laboratory blood tests were performed on the day of sample collection
and included a complete blood count (5-diff) and a manual smear, biochemical mark-
ers (ionogram—sodium [mmol/L], potassium [mmol/L], chlorides [mmol/L]; metabolic
markers—glucose [mmol/L], lipidogram—cholesterol [mmol/L], HDL [mmol/L], LDL
[mmol/L], triglycerides [mmol/L]; renal markers—creatinine [μmol/L], estimated Glom-
erular Filtration Rate test eGFR according to MORD [mL/min/1.73 m2]; inflammatory
markers—C-Reactive Protein CRP [mg/L], cortisol [μg/dL], complement C3 [mg/dL], com-
plement C4 [mg/dL]; thyroid markers—Thyroxine T4, Triiodothyronine T3, and Thyroid-
Stimulating Hormone TSH), using the Sysmex XN-2000 automated analyzer (Kobe, Japan)
for blood counts as well as the Cobas 6000 and Cobas 8000 biochemical analyzers (Roche
Diagnostics, Mannheim, Germany) for the biochemical and hormonal parameters. Selec-
tion of the above-mentioned parameters is part of the obligatory routine management of
patients admitted to the Psychiatry Department.

The excess of serum samples collected on the 1st day of the study was divided into
aliquots and stored at –80 ◦C, and then used to evaluate the parameters of the oxidant–
antioxidant balance (i.e., total antioxidant potential expressed as FRAP (ferric reducing
ability of plasma))—paraoxonase 1 (PON-1, lipid peroxidation marker) and malondialde-
hyde (MDA).

2.3. Parameters of the Oxidant-Antioxidant Balance
2.3.1. Rationale for the Assessment of the Efficiency of the Antioxidant System Expressed
as FRAP in Schizophrenia

Activation of immune-inflammatory pathways is associated with oxidative stress and
damage to lipids, nucleic acids, and proteins. Increased production of reactive oxygen
species and weakening of the defense system associated with the action of antioxidants
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is the cause of oxidative stress (OxS) [59]. In turn, high antioxidant activity expressed as
FRAP is associated with tardive dyskinesia, negative symptoms, neurological symptoms,
dysfunction, and disturbances of total cholesterol metabolism in patients with schizophre-
nia [60,61].

2.3.2. The Total Antioxidant Power Expressed as FRAP

The total antioxidant potential expressed as FRAP was determined by the spectropho-
tometric method of Benzie and Strain [62]. The spectrophotometric measurement provides
information about the antioxidant capacity of plasma to counteract the effects of free
oxygen radicals.

The reaction was performed in a 96-well microtiter plate on which 15 μL of the
standard solution/test solution (serum) were placed, with water as the blank sample.
Three hundred microliter of the working substrate solution (2,4,6-Tris(2-pyridyl)-s-triazine,
TPTZ 0.01 mol/L, 0.02 mol/L FeCl3·6H2O, 0.3 mol/L pH = 3.6) was added into each well,
the contents were mixed, and the plate was incubated at 37 ◦C for 10 min. The absorbance
for each tested sample was determined at the wavelength λmax = 593 nm. A standard
curve was drawn (FeSO4·7H2O, 0.1–1, mmol/L) and a simple regression equation was
determined from which the concentrations of the test samples were calculated; the results
are expressed in mmol/mL.

2.3.3. Rationale for the Assessment the Activity of Paraoxonase-1 (PON-1)

Human serum paraoxonase (PON-1) is an enzyme synthesized by the liver, which
shows both paraoxonase and arylesterase activity to prevent peroxidation of low-density
lipoproteins, i.e., LDL. PON-1 is involved in the transport of high-density lipoproteins [63].
The activity of PON-1 is altered in diseases where oxidative or nitrosative stress develops.
Reduced PON-1 activity seems to be a key component of the oxidative and nitrosative
processes that accompany schizophrenia [64].

The activity of paroxonase-1 (PON-1) in the plasma was determined according
to the method described by Eckerson et al. [65], with the authors’ own modification.
The absorbance of the resulting p-nitrophenol was recorded spectrophotometrically at
λmax = 405 nm at 25 ◦C, using a FLUOstar Omega microplate reader (BMG Labtech, Orten-
berg, Germany). Plasma samples were mixed with a buffer containing 1.2 mM paraoxone
in 50 mM glycine buffer, containing 1 mM CaCl2, pH = 10.5. Subsequently, samples were
incubated for 15 min at 37 ◦C. In the next step, 20 μL of diluted plasma was measured,
200 μL of 1.2 mM paraoxone was added, and the absorbance value was monitored at
405 nm, every 15 s for 4 min, after prior gentle mixing.

The results were expressed in international units (U/L): PON-1 = OD/min × 11.4 = U/L.

2.3.4. Rationale for the Assessment of the Lipid Peroxidation Product—MDA
(Malondialdehyde)

Malondialdehyde (MDA) is one of the key indicators of oxidative stress and the end-
product of lipid peroxidation. As a result of these processes, cell membranes are damaged
and the amount of peroxygen polyunsaturated fatty acids in the brain is increased, which
becomes a further easy target for an attack of reactive oxygen species (ROS), constituting
one of the primary etiological mechanisms of schizophrenia [66,67].

The concentration of MDA was measured by the fluorimetric method described by
Aust [68,69], in conjunction with the Gutteridge modification [70].

A working solution was prepared by dissolving the stock reagent, 2-Thiobarbituric
acid, TBA/Trichloroacetic acid, TCA/Hydrochloric acid, HCl in water (on the assay day),
thereby obtaining 3.5 mL TBA/TCA/HCl + 10.5 mL H2O + 0.21 mL BHT. The standard
used was 1,1,3,3-tetramethoxypropane, which hydrolyzes in an acidic environment in a
stoichiometric ratio to MDA. Hydrolysis was carried out in 0.05 mol/L hydrochloric acid
at room temperature for 10 min, then standard solutions of 1,1,3,3-tetramethoxypropane
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were prepared in the range of 0.015–3.5 μmol/L. The working solution was prepared fresh
daily from a solution containing TBA/TCA/HCl, by dissolution in water in a ratio of 1:3.

Test serum, blank, or reference samples were mixed with the working solution in the
ratio—125 μL of the sample and 1000 μL of the working solution. The contents of the
tubes were mixed for 10 s using a micro-shaker, and then heated in a boiling water bath for
15 min. The tubes were then immediately chilled on ice for 10 min, and 3 mL of butanol
was added to each tube. The reaction mixtures were shaken for 30 s. After centrifugation
for 10 min at 4000× g at room temperature, 250 μL of the organic layer were carefully
transferred to the wells of a black 96-well plate. Fluorimetric measurements were made
at an excitation wavelength (Ex) of 536 nm and an emission wavelength (Em) of 549 nm.
The readings of the results were performed using the FLUOstar Omega spectrophotometer
(BMG Labtech, Germany), after 10 min.

The clinical significance of the determination of the oxidant–antioxidant indicators
selected by us was related to the evaluation of the action of antioxidant systems with
the inflammatory theory of schizophrenia [71,72]. This links the role of immunological
factors with the oxidant–antioxidant balance and the action of glutamatergic systems in
the brain, departing from a theory focused solely on dopamine and emphasizing the role
of inflammation and related mechanisms of action of new drugs [73,74].

Among the inflammatory parameters we selected, those that were routinely assessed,
i.e., CRP, HDL, LDL, fibrinogen, and others are described above. In the case of redox
parameters, the following were selected—paroxonase-1, which is similarly responsible
for some anti-inflammatory and antioxidant properties, especially in the context of e.g.,
HDL [75]. The total antioxidant capacity of the plasma expressed as FRAP was selected as
a clinical indicator of oxidative stress [76]. The choice of malondialdehyde was dictated by
the assessment of the intensity of the lipid peroxidation process, as an indicator of oxidative
stress [77].

2.4. Clinical Evaluation

Clinical evaluation of patients was based on a detailed psychiatric assessment. Demo-
graphic data were also collected. The psychiatric assessment included a clinical interview,
the review of systems by a psychiatrist, neuro-cognitive tests, and a thorough analysis
of the patient’s medical records and history. The severity of psychotic symptoms was
assessed using the PANSS scale (Positive and Negative Syndrome Scale—PANSS posi-
tive, negative, general psychopathology, and PANSS total scores), which included the
assessment of positive symptoms (e.g., delusions, hallucinations, excessive agitation, suspi-
ciousness, hostility), negative symptoms (e.g., emotional withdrawal, poor communication,
stereotypical thinking disorders, lack of spontaneity, and fluency in conversation), and
general psychopathology [57]. The latter is an important addition to the assessment of basic
positive and negative symptoms, providing information on the severity of schizophrenia,
which constitutes a benchmark during the care of a psychotic patient.

2.5. Neuroimaging

MRI and MRS was performed using the 1,5T (General Electric Healthcare, Milwaukee,
WI, USA) magnetic field induction MR system, with an 8-channel headcoil (receive only)
in the supine position. The study was conducted with the use of a standard MR brain
examination protocol, which included the following sequences: T2-weighted, FLAIR,
Diffusion weighted imaging (DWI), and T1-weighted. Assessment of brain morphology
was performed in order to exclude pathological or congenital lesions. Additional analysis
of diffusion in the ACC region was performed using the Functool image analysis software
(GE Healthcare; Chicago, IL, USA). For each subject, apparent diffusion coefficient maps
were calculated. Region of interest (ROI) was placed in ACC, adjusted to the anatomical
size of the ACC area, and it was approximately 2 cm2. The value of the diffusion signal
and ADC coefficient was automatically calculated from each ROI, given as mean value and
standard deviation. DWI sequence was performed in axial plane (slice thickness 5.0 mm,

22



Biomedicines 2021, 9, 372

spacing 1.5 mm, TR 8000 ms, TE 98 ms, FOV24 cm, and matrix 128 × 128). The diffusion
weighted imaging for b = 0, 1500, s/mm2 was oriented in three directions.

Magnetic resonance spectroscopy (MRS) was performed using the single-voxel tech-
nique (SVS). The MRS spectra were acquired using the point-resolved spectroscopy se-
quence (PRESS Point- Resolved Spectroscopy Sequence). PRESS sequence utilizes one
900 and two 1800 radiofrequency pulses. For water suppression, the CHESS sequence
(CHEmical shift Selective Imaging Sequence) was used with a frequency-selective 900 pulse
to selectively excite the water signal, followed by a dephasing gradient. To obtain good
quality spectra, automatic shimming was used. The magnetic resonance spectroscopy
(MRS) acquisition parameters were—35 ms TE, 64 averages were acquired. In this study,
the MRS signal was collected from the anterior cingulate cortex (ACC), parallel and superior
to the dorsal anterior surface of the corpus callosum, and centered on the interhemispheric
fissure. The volume of interest (VOI) was approximately 8 cm3. The size of VOI was
adjusted to the anatomical size of the area the spectrum was collected from. The duration
of the sequence was 2 min and 12 s.

During the spectroscopic examination, frequency adjustment of the transmitter and
receiver was performed, as well as general correction of the magnetic field (schimming).
Automatic schimming was routinely used during the prepscan. Schimming corrects the
non-uniformity of the magnetic field. In the case of spectroscopy, the heterogeneity of the
magnetic field is the widening of the peaks in the spectrum, the decrease in their amplitude
and the signal-to-noise ratio, that hinders the attenuation of the water signal. Lack of this
homogeneity leads to different Larmor precession values for protons coming from the
same molecule. This causes the broadening of successive peaks in the spectrum, which
is of particular importance for distinguishing between two closely adjacent peaks. The
shim coils are responsible for maintaining the best homogeneity of the magnetic field.
Homogeneity was measured through the width of the water peak at half its height. This is
called half width FWHM (= full width at half maximum—a measure of the magnetic field
homogeneity). The value FWHM and SNR (signal-to-noise ratio) were used to exclude
the MR spectra of poor quality. The PRESS sequence was performed only when the
FWHM was about 3. If the FWHM value was above 3, correction of the VOI alignment
for spectroscopy was performed, and re-schimming was carried out. In exceptional cases,
manual schimming was performed.

The spectroscopic analysis was performed with the SAGE 7.0 software (Plano, TX, USA).
Analysis was performed in the following steps—(1) zero filling (always to a power

of 2), (2) Fourier transformation, (3) baseline correction (4) automatic phase correction, and
(5) curve fitting, performed on the basis of a Gaussian shape to calculate the peak area.

In the analysis of the spectrum, the highest peaks at the 2.1 and 2.45 ppm locations were
chosen as glutamatergic transmission metabolites—GLU (2.1 ppm) and GLN (2.45 ppm)—
glutamate and glutamine.

Taking into account the parameters of the PRESS sequence, the prepscan used, and the
subsequent steps of the spectrum analysis in SAGE, these peaks were marked separately.

2.6. Statistical Analysis

The statistical analysis was performed with the use of the IBM SPSS Statistics 25 pack-
age. Statistical, unsupervised (without a priori available knowledge) data analysis was
used to determine the endophenotypes. An algorithm was used that divided the data into
groups (clusters) so that each group was as homogeneous as possible, and at the same time
the clusters were as different as possible. The results of division into clusters are presented
in the form of charts (Figure 2). The following indicators were used independently for
unsupervised k-means cluster analysis:

1. Brain metabolites, i.e.,—lipids (lip 0.9–1.0 ppm), lactates (lac 1.33 ppm), alanine (ala
1.48 mm), N-acetyl-aspartate (NAA 2.02 ppm), glutamate (glu 2.1 and 3.7 ppm),
γ-aminobutyric acid (GABA 2.3 ppm), glutamine (gln 2.45 and 3.7 ppm), creatine
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(Cr 3.02 and 3.9 ppm), choline (Cho 3.22 ppm), glucose (glc 3.43 and 3.8 ppm), myo-
inositol (mI 3.56 ppm), and glutathione (GSH 3.7 ppm), as well as the ratios of these
metabolites in the frontal lobes—right, left, and ACC.

2. Biochemical parameters routinely determined as part of outpatient diagnostics, i.e.,:
complete blood count (5-diff) and a manual smear, biochemical markers (ionogram—
sodium [mmol/L], potassium [mmol/L], and chlorides [mmol/L]; metabolic mark-
ers—glucose [mmol/L], lipidogram—cholesterol [mmol/L], HDL [mmol/L], LDL
[mmol/L], triglycerides [mmol/L]; renal markers—creatinine [μmol/L], eGFR ac-
cording to MORD [mL/min/1.73 m2]: inflammatory markers—CRP [mg/L], cortisol
[μg/dL], complement C3 [mg/dL], complement C4 [mg/dL]; thyroid markers—T4,
T3, TSH);

3. Biochemical parameters reflecting the formation and action of reactive oxygen species
and the related excess of oxidative stress, which is a response to the breakdown of
the elements of antioxidant defense, i.e., MDA, FRAP, and PON-1. Their selection
was dictated by the redox balance and inflammation of the nervous system in altered
glutamatergic transmission, associated with disease symptoms [54]. Changes in the
peripheral redox microcircuits presented in the study, due to the increased perme-
ability of BBB, might lead to increased infiltration of peripheral material into the
brain, and consequently might be a potential pathogenetic factor of the disease [51].
The brain’s susceptibility to stress, which leads to the overproduction of reactive
forms of oxide, nitrogen, and sulfur, in conditions of impaired antioxidant defense,
consequently causes damage to macromolecules, including extensive peroxidation of
proteins, lipids, or nucleic acids, increased permeability of the blood–brain barrier
and causes inflammation of the nervous system. Only when taken together, this can
provide a reliable assessment of the centrally occurring changes in brain metabolism
and morphology observed in mental disorders of a multifactorial nature [78].

Figure 2. Separated clusters of subjects based on the GLU 2.1 (ACC) level, i.e., differing to the greatest possible extent in
terms of the quality of life.
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The k-means cluster analysis allowed to distinguish 2 clusters of patients, based on
the parameter GLU 2.1 in ACC. Using the Mann–Whitney U test, it was verified whether
there were statistically significant differences between the selected clusters. The analysis
of the Spearman correlation allowed to assess whether there is a statistically significant
relationship between the analyzed variables. A p-value below 0.05 was considered to be
statistically significant.

3. Results

3.1. Endophenotypes

About 700 cluster analyzes were carried out. From our data it was observed that
patients with schizophrenia could be differentiated on the basis of presence of GLU 2.1 in
ACC. In this way, two clusters (endophenotypes) were obtained, using the k-means cluster
analysis—the main branches of the tree in Figure 2 marked with red and blue colors. These
were characterized by the highest differences in terms of clinical parameters. The groups
contained 41.9% and 58.1% subjects, respectively. The clusters separated in this way were
equal, χ2 (1) = 0.81; p = 0.37.

Glutamate was also the only biochemical parameter that showed a statistically sig-
nificant relationship with the clinical assessment of schizophrenics, i.e., the PANSS total
scores, PANSS positive, and PANSS negative scale.

Based on the separated equal clusters, a comparison was made in terms of clinical
evaluation indicators related to symptomatic diagnosis currently used in the diagnosis of
schizophrenia (according to the PANSS positive, negative, general psychopathology, and
PANSS total scores from the PANSS classification).

Descriptive statistics for GLU 2.1 (ACC) in the clusters of patients are presented in
Table 1. Patients from cluster 1 achieved a significantly higher mean GLU 2.1 (ACC),
compared to the second group of participants in the study.

Table 1. Descriptive statistics for GLU 2.1 (ACC) in the selected clusters of patients with schizophrenia.

Cluster
Number

GLU 2.1 (ACC)
(Mean ± SD)

I 7,132,000 ± 1,167,008.62
II 3,574,438.89 ± 141,242.09

Statistical result U = 0; p < 0.001

3.2. Relationship of the Endophenotypes with the Clinical State of Patients with Schizophrenia

Patients from the second cluster, i.e., with a reduced level of GLU 2.1 (ACC), had
significantly higher scores on the N, G, and T scales, as compared to the first cluster. In the
case of the P scale, the score was also higher, but the difference was not significant (Table 2,
Figure 3).

Table 2. Descriptive statistics on the quality of life of the two separate clusters of patients.

Cluster
Number

P Scale
(Mean ± SD)

N Scale
(Mean ± SD)

G Scale
(Mean ± SD)

T Scale
(Mean ± SD)

I 25.85 ± 6.44 23.08 ± 6.03 50.35 ± 9.22 97.77 ± 19.46
II 28.94 ± 6.22 27.44 ± 4.71 57.22 ± 8.97 112.28 ± 19.15

Statistical result U = 85.5
p = 0.21

U = 64
p = 0.03

U = 69
p = 0.049

U = 67.5
p = 0.046

Additionally, a receiver operating characteristic (ROC) curve was prepared. The T
scale allows us to significantly predict the belonging to the second group of people suffering
from schizophrenia, i.e., with a reduced level of GLU 2.1 (ACC); AUC = 0.71 (Figure 4).
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3.3. Relationship of the Endophenotypes with Routinely Determined Parameters

There was a difference in the level of neutrophils in the separate clusters. In research
conducted by Bryll et al., it turned out that the biochemical parameters that showed
the most numerous and strong correlations with the quality of life of the respondents
were neutrophils and lymphocytes [21]. Both clusters obtained in our study differed in a
significant way in terms of both analyzed variables (Table 3).

Figure 3. Scoring of the scales concerning the quality of life in selected clusters of patients.

Figure 4. Predicting the membership of the second cluster on the basis of the T-scale scores. An ROC
curve can be considered as the average value of the sensitivity for a test over all possible values of
specificity or vice versa. A more general interpretation is that given the test results, the probability
that for a randomly selected pair of patients with and without the disease/condition, the patient
with the disease/condition has a result indicating greater suspicion. The area under the ROC (AUC)
curve is bounded by the blue line and red baseline. The value of the AUC index is in the interval
(0.1) delimited by two marked color lines. AUC, a high area under curve value limited by a blue line;
ROC, a Receiver Operating Characteristic curve that includes all the possible decision thresholds
from a diagnostic test result.
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Patients from the second cluster, i.e., with a decreased GLU 2.1 (ACC) level, had a
significantly higher percentage of neutrophils, as well as a lower percentage of lymphocytes,
as compared to those from the first cluster. In our earlier studies, it turned out that the
higher the percentage of neutrophils, the higher the scores of the individual scales [21]. A
negative correlation was observed for the percentage of lymphocytes, which is presented
in Table 4.

Table 3. The level of neutrophils and lymphocytes in the selected clusters of patients with schizophrenia.

Cluster
Number

Neutrophils [%]
(Mean ± SD)

Lymphocytes [%]
(Mean ± SD)

I 48.34 ± 7.67 38.95 ± 6.66
II 59.14 ± 8.78 29.35 ± 7.39

Statistical result U = 44.5
p = 0.003

U = 45
p = 0.003

Table 4. Relationship between the percentage of neutrophils and lymphocytes in the studied group
of people and their scores for individual scales.

Variable P Scale N Scale G Scale T Scale

Neutrophils [%] 0.46
p < 0.001

0.47
p < 0.001

0.48
p < 0.001

0.55
p < 0.001

Lymphocytes [%] −0.4
p < 0.001

−0.45
p < 0.001

−0.46
p < 0.001

0.51
p < 0.001

The relationships of GLU 2.1 (ACC) with the percentage of neutrophils (r = –0.49) and
lymphocytes (r = 0.46) were statistically significant (p = 0.006 and p = 0.01, respectively). The
presence of two stronger relationships GLU 2.1 (ACC) with the percentage of neutrophils
and lymphocytes was observed: (1) neutrophil level, r = −0.49; p = 0.006; The higher the
neutrophil count, the lower the GLU 2.1 (ACC) score; (2) lymphocyte level, r = 0.46; p = 0.01;
The higher the lymphocyte count, the higher the GLU 2.1 (ACC) score.

3.4. Relationship of the Endophenotypes with Biochemical Parameters and Diffusion in the
Anterior Cingulate Area

No other significant differences were observed between the biochemical parameters
and diffusion in the anterior cingulate area in the clusters. The only significant difference
was present in the level of GLU 2.1 (ACC) (Table 5).

In summary, two clusters of patients with schizophrenia were distinguished, based on
the level of glutamatergic transmission metabolite in the anterior cingulate cortex (GLU 2.1
(ACC)), which differed in terms of symptoms, and also strongly differed in the percentage
of neutrophils and lymphocytes (which, in turn, correlated with the quality of life).

No additional variables significantly differed between the two endophenotypes among
those analyzed, i.e., parameters of oxidative stress (FRAP, MDA, and PON-1), diffusion
(DWI), or biochemical indices.

Table 5. Descriptive statistics concerning the selected clusters of patients for biochemical parameters and diffusion in the
anterior cingulate area.

Cluster
Number

GLU 2.1
(ACC)

(Mean ± SD)

FRAP
(Mean ± SD)

MDA
(Mean ± SD)

DWI, Frontal Lobes (AVG) ADC, Right
Frontal Lobe

(DEV)
(Mean ± SD)

PON-1
(Mean ± SD)Left

(Mean ± SD)
Right

(Mean ± SD)

I 7,132,000 ±
1,167,008.62 0.36 ± 0.22 0.7 ± 0.16 333.69 ± 27.53 325.13 ± 33.09 0.00073 ± 0.0001 102.69 ± 3.79

II 3,574,438.89 ±
141,242.09 0.4 ± 0.23 0.78 ± 0.14 342.07 ± 41.02 343.07 ± 37.1 0.00069 ± 0.00064 101.08 ± 5.35

Statistical
result

U = 0
p < 0.001

U = 105
p = 0.63

U = 114
p = 0.92

U = 85
p = 0.21

U = 99
p = 0.49

U = 94
p = 0.36

U = 101
p = 0.52

PON-1: Paraoxonase-1; MDA: malondialdehyde; FRAP: ferric reducing ability of plasma; DWI: diffusion-weighted imaging; AVG: average;
ADC—apparent diffusion coefficient; and DEV: standard deviation.
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4. Discussion

4.1. Endophenotypes

The medical world’s attention to the importance of subtypes in schizophrenia is not a
new topic. It was Bleuler who independently pointed out the importance of the so-called
‘latent schizophrenia’, which emphasized not only the classic manifestation of the disease
but also the different clinical pictures, from personality disturbances to affective psychosis.
Interestingly, researchers believed that the symptoms of ‘latent schizophrenia’ interact with
the underlying disease or the classic phenotype of schizophrenia, in which the concept
of a latent trait is the basis of both glaring psychosis and other disorders described in the
introduction. Bleuler, in his clinical observations, drew attention to the understanding
of the definition of schizophrenia as a set of various disorders, defining them with the
common term ‘group of schizophrenia’ [79].

The efforts of the last decade represent a breakthrough in the discovery of biomarkers
that enhance symptomatic diagnosis and facilitate the prognosis of disease progression.
Advances in the field of neuroimaging (NMR, PET, SPECT, fMRI, and MRS) and genetic
techniques, opened the door to the characterization of clinical endophenotypes, which
enriches the diagnosis and might constitute the basis for personalized medicine, related to
the construction of appropriate statistical models to facilitate the diagnosis and treatment
of neuropsychiatric diseases, including schizophrenia [46].

As a result of our research, two clusters of patients with an initial diagnosis of
schizophrenia were defined in an unsupervised manner, based on the glutamatergic trans-
mission metabolites level—Type I was characterized by a higher level of GLU 2.1, and Type
II by its reduced level.

From the clinical point of view, due to the similar severity of positive symptoms
but greater negative symptoms in the second endophenotype as compared to the first
endophenotype, the second endophenotype might include patients with a less favorable
course of schizophrenia, with more severe functional deterioration and requiring more
intensive treatment. The obtained results might also suggest different risk factors for the
development of schizophrenia in patients from both groups.

The glutamatergic hypothesis is one of the mechanisms explaining the observed re-
sults. One theory is that the insufficiency of the N-methyl-D-aspartate (NMDA) receptor
leads to excessive release of glutamate in the frontal cortex, which might affect the release
of dopamine and other neurotransmitters [80,81], which, in turn, leads to the expression
of positive symptoms characteristic of schizophrenia [82]. It could also be explained by a
higher density of D2 receptors in the striatum or an increased release of dopamine [83,84].
The results from the literature regarding the increased Gln/Glu ratio, explained by the
abnormalities in the neuro-glial coupling, confirmed our results concerning the increased
level of Glu in the endophenotype I [41]. These changes were more clearly marked in bipo-
lar disorder, while in patients with acute psychotic episode, they only showed a tendency
to be abnormal. These abnormalities appeared in both areas of the brain, suggesting that
the lesions spread throughout the entire cortex. According to the hypothesis presented
by Ongür et al., neuro-glial coupling abnormalities result in changes in the Gln/Glu ra-
tio during acute episodes in the prefrontal cortex (ACC) and the parieto-occipital cortex
(POC). Therefore, according to our previous results and reports of other authors, gluta-
matergic disorders might be associated with the period of illness or, sometimes, untreated
psychosis [85,86].

The theories of glutamatergic transmission in schizophrenia suggest that the loss
of NMDA receptors, especially in GABAergic interneurons, leads to disturbances in the
excitatory–inhibitory balance and abnormalities of neuro-glial coupling in the prefrontal
cortex. Oxidative stress is one of the initiating factors of schizophrenia, however, an-
tioxidant systems or glutathione precursors (needed for the synthesis of glutamate and
glutamine) might prevent changes in the synaptic transmission in pyramidal cells that result
from the developmental NMDAR blockade and mitochondrial dysfunction with further
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generation of mitochondrial superoxides [87]. N-acetylcysteine (NAC) alleviates changes
caused by the administration of ketamine, which confirms the participation of antioxidant
systems in the changes generated by free radicals, with altered synaptic function [88].
Ketamine causes changes in the NMDAR function in prefrontal cortex interneurons, due to
the increased generation of mitochondrial superoxides, mitigated by competition for the
binding sites on NMDAR with NAC, which is considered to be a strong antioxidant [89,90].
Moreover, NAC administered at the last stage of maturation was also able to restore nor-
mal mitochondrial function and inhibition in pyramidal cells. This confirmed the role of
peripherally located oxidant–antioxidant microcircuits on central macrosystems, and thus
the self-control ability in preventing or restoring central changes. Moreover, this proves
the validity of future schizophrenia treatment strategies targeting NMDA receptors and
glutamatergic transmission.

The causes of the pathological sequelae arise from increases and dysregulation of
mitochondrial ROS production and bioenergetic failure, which moves them from the
periphery to the central nervous system. The mechanism of observed changes is con-
nected with Nicotinamide Adenine Dinucleotide (NAD+) depletion, which raises ROS
production on adenosine 5′-triphosphate (ATP) and NADPH generation and consistently
decreases antioxidants and the glutamate signaling cascade in the anterior cingulate cortex
is influenced [61].

Mitochondria, as the main source of energy production in the form of ATP and free
radicals, play a key role in this regulation. The close relationship between the appearance
of negative symptoms in schizophrenia and mitochondrial dysfunction, suggests that
mitochondrial defects are crucial for disease development [91]. Disturbed glutamatergic
transmission causes a reduction in GABA release and subsequent disinhibition of pyra-
midal cells with excessive release of glutamate [92] is visible in the group of patients with
endophenotype I.

Another mechanism explaining glutamate excitotoxicity in patients with endophe-
notype I might be a mechanism related to resistance to classic neuroleptics, which is in
some way related to NMDA receptor failure, and results in a weakening of NMDA sig-
naling, consequently leading to inhibition of stimulation due to insufficient activation of
GABAergic neurons. As a result, weak negative feedback from GABAergic interneurons
to pyramidal neurons increases glutamatergic neurotransmission, which then leads to
glutamate excitotoxicity and develops resistance to drugs that act primarily on positive
(not negative) symptoms (Figures 1 and 5).

Disorders of glutamatergic neurotransmission might relate to another aspect of the
pathophysiology of schizophrenia associated with the NMDA-R and its insufficiency,
especially in the prefrontal cortex. NMDA-R mediates many neurobiological processes,
including glutamatergic stimulation, brain structure development, and the induction of
synaptic neuroplasticity. It was found that the NMDA-R deficiency in GABAergic neurons
in the early postpartum period results in the development of schizophrenia. This type
of receptor dysfunction is influenced by environmental factors. These include perinatal
hypoxia or oxidative stress as important elements of NMDA-R deficiency in interneurons,
which could be observed in the pilot studies conducted by our team [21].

Increased glutamatergic transmission levels in the ACC, as compared to healthy
controls and patients responding to treatment were associated with the clinical endophe-
notypes identified in this study—endophenotype I in patients with schizophrenia who
showed higher levels of glutamate (7,132,000.00 ± 1,167,008.62), in comparison to endophe-
notype II (3,574,438.89 ± 141,242.09) with a significantly reduced level of glutamate com-
pared to endophenotype I. Results presented by the above-mentioned group of researchers
suggest a relationship between the increased levels of glutamatergic neurometabolites and
treatment-resistant schizophrenia (our results—7,132,000 ± 1,167,008.62 for n = 13 vs. the
results of Demjaha et al. 8.87 ± 2.44, for n = 8 patients with schizophrenia in remission;
or 10.32 ± 1.41 for n = 6 patients with treatment-resistant schizophrenia) [93]. In addition,
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the authors indicate the neurobiological foundations of resistance to treatment, suggesting
their relationship with the action of glutamine in the ACC area [94].

 

Figure 5. (A) On the MR spectrum, the yellow line is at the level of glutamatergic neurotransmission metabolites Glu, Gln
(2.1–2.5 ppm) peak in endophenotype I, and the yellow line is at the level of Glu, Gln (2.1–2.5 ppm) peak in endophenotype
II. (B) T2 weighted axial image, with the location of VOI in the ACC region.

In the work of Iwata et al., a similarly increased level of glutamate and glutamine
in the ACC is explained by treatment-resistant schizophrenia. Consistent with the above-
mentioned studies that showed higher levels of glutamine in ACC in patients with
treatment-resistant schizophrenia, this study suggests that higher levels of ACC glutamater-
gic metabolites might be one of the common biological features of antipsychotic resistance
in schizophrenic patients [95].

The phase of illness is not without significance, as the first episode of psychosis
(FEP) and chronic schizophrenia constitute high-risk groups for which increased levels of
glutamate and glutamine are found in the anterior and medial frontal cortex. Thus, higher
levels of these metabolites occur in patients with more severe functional impairment, due
to changes over time. The results of Dempster et al. showed no significant differences
in the measurements of glutamatergic transmission metabolites in the ACC between
patients who previously did not use drugs or used minimal treatment (FEP patients) and
the control group [96]. This was consistent with our preliminary research, which was
closer to explaining the importance of the glutamatergic theory in the pathophysiology of
schizophrenia [21].

The levels of glutamate, glutamine, and other metabolites in the ACC showed an
accelerated age-dependent decline [97]. Therefore, older people showed more pronounced
decreases than the young. This additionally supported the clinical endophenotypes estab-
lished in this study and their use in the group of younger people, who did not yet develop a
visible difference from the healthy subjects [21] but showed likely changes before entering
the psychotic phase, which could be considered to be a susceptibility to the disease [93,98].

The cluster II with a reduced glutamatergic transmission metabolites concentration
selected in this study was explained in the works of Lutkenhoff et al. as a factor characteriz-
ing the obtained clinical endophenotype of patients with schizophrenia. This indicated the
essential role of the reduced glutamate level in the quality of life in patients with schizophre-
nia [99]. This translated into clearly significant relationships between the decreased level of
glutamate and negative, cognitive, and general symptoms obtained in this endophenotype,
and a significantly smaller relationship with positive symptoms. This, in turn, confirmed
the dopamine hypothesis of schizophrenia in eliminating the positive symptoms of the
disease by classic neuroleptics, which left the negative symptoms unaffected.

The analysis of the relationships between the developed endophenotypes and the
routinely measured parameters showed that neutrophils were most strongly associated
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with glutamate, while lymphocytes showed the opposite relationship. This confirmed the
inflammatory hypothesis, which is often mentioned in the pathogenesis of schizophrenia.
The positive relationship obtained in this study between cluster II (reduced glutamate level)
and the level of neutrophils, as well as the negative relationship with lymphocytes, were
confirmed in the study by Özdin and Böke [100]. The researchers observed that the ratio
of neutrophils to lymphocytes (NLR) in patients during the exacerbation of the disease
(the equivalent of our group with psychotic decompensation) was significantly higher, as
compared to the control group. These studies confirmed the involvement of immunologi-
cal and inflammatory mechanisms (outside the central one), emphasizing the role of the
neutrophil–lymphocyte relationship with schizophrenia [101]. An additional explanation
for the reduction of neutrophils in cluster I (increased glutamatergic transmission metabo-
lites level) might be the response to the treatment of resistant schizophrenia, which could
be interpreted as one of the side effects of polypharmacy. This would suggest additional
phenotypic features of this endophenotype, such as greater exposure to neutropenia in the
setting of polypharmacy and greater susceptibility to the effects of drug interactions [102].

In the group of patients with schizophrenia with a lower concentration of gluta-
matergic transmission metabolites (endophenotype II), we observed more severe clinical
symptoms in all analyzed scales (P, N, G, T), and only the negative symptoms showed
statistical significance. This might be associated with neurodegeneration or the conse-
quences of chronic treatment usually linked with neutropenia [86,103]. However, this did
not apply to our results characterizing patients with endophenotype II, for which a higher
percentage of neutrophils than in the case of endophenotype I was observed. This rather
indicated a substantial contribution of the inflammatory theory [71,72], which linked the
role of immunological factors with the oxidant–antioxidant balance and the functioning of
glutamatergic systems in the brain of schizophrenic patients [104].

Additional support for our results, emphasizing the role of the inflammatory theory
related to altered glutamatergic transmission, was the lack of a relationship between local
changes in the level of brain metabolites with the influence of previously used antipsychotic
treatment, in a group of chronically schizophrenic patients [105].

An additional explanation for the reduced glutamatergic level observed in isolated
subtype II and its statistically significant relationship with the symptoms (higher N, G,
and T scores, compared to cluster I with elevated glutamatergic metabolites concentration)
and the percentage of neutrophils, might be related to the release of inflammatory factors
(such as chemokines, interleukins like MIP-2γ, or CXCL14). Their presence in the post-
synaptic space reduced the expression of the glutamate-1 transporter on astrocytes and
increased the sensitivity of neurons to glutamate excitotoxicity [106]. In addition, incorrect
expression of glutamatergic transporters caused the accumulation of toxic concentrations
of glutamatergic transmission metabolites and other free radical reaction products from the
released neutrophils, which might also lead to inhibition of free diffusion (decrease in ADC,
right frontal lobe, DEV) observed in the study in cluster II, as compared to cluster I. The
degree of limitation of tissue diffusion was inversely proportional to cell density and cell
membrane integrity. The higher the cell density, the number of intact cell membranes and,
for example, the content of proteins/organelles (related to the infiltration of neutrophils),
the more limited the free diffusion of water molecules, which could be seen in the study as
an observed trend (without statistical significance). Consequently, changes in glutamatergic
neurotransmission through reduced activity or expression of the glutamate transporter
(GLT) might contribute to many observed neurological symptoms and the intensification
of clinical symptoms. These results suggest that neutrophil-released inflammatory factors
mediate the pathogenesis of CNS disorders associated with neutrophil infiltration into the
brain and decreased GLT-1 activity. Overexpression of the toxic factors released by the
infiltrating neutrophils, i.e., MIP-2γ, reduced the level of glutamate transporting proteins,
i.e., GLT-1, resulting in glutamate excitotoxicity to neurons and astrocytes that removed
excessive glutamate (observed increase in glutamate levels in cluster I).
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4.2. Limitations

One of the limitations of the study was the use of a static model associated with a
single measurement of the amount of metabolites (including glutamatergic transmission)
in the 1H-MRS study, without the assessment of functional brain activation, allowing the
assessment of changes in acquisition over time (1H-fMRS) [107]. This would give a more
accurate assessment of the glutamatergic neurotransmission than the standard magnetic
resonance spectroscopy [108].

The limitation of the methods used was conducting research related to MRS magnetic
resonance spectroscopy on schizophrenia, at a relatively low-field strength of 1.5 T. A
higher-field strength would provide a better signal-to-noise ratio (SNR) and thus a better
spectral resolution, which in turn would allow for more precise quantification peaks of
the studied metabolites of glutamatergic transmission. Field strengths, especially ≤3 T,
have limited possibilities to quantify the overlapping glutamate and glutamine signals
separately, which often makes their interpretation difficult. Multicenter cohort studies
using high-field (7 T) MRS are planned, which would allow for improved detection of clear
glutamate and glutamine signals in a group of patients at risk of developing schizophrenia
and diseases from the differential diagnosis.

Additionally, the planned future research would determine the early response to
the antipsychotic drugs, which seemed to determine the subsequent symptoms and
functional outcomes of psychosis. Glutamate as an objective differential marker of pa-
tients with schizophrenia is a promising therapeutic target, especially for patients clas-
sified as endophenotype I, who are likely to show an insufficient response to classical
treatment regimens.

We did not include the drugs used in the treatment of acute phase of schizophrenia
in the analyses. These could affect both the glutamatergic activity of the brain and other
investigated parameters, such as inflammatory markers, lipid profile, or blood morphology.
There were several reasons for resigning from these analyses. The study was performed in
the initial period of treatment of acute psychosis, accompanied by significant modifications
of pharmacotherapy. Data on prior treatment were unreliable, due to the possibility of
skipping prescription doses by patients, due to the increase in psychotic symptoms causing
hospitalization. The study group was too small to analyze the effect of individual drugs or
their groups. Difficulties with the use of drug equivalents in data mining were related to
the use of both first- and second-generation drugs in the studied group that did not share
pharmacokinetics, relations between dosage and effect, and affinity for various receptors,
as well as the pro-inflammatory/anti-inflammatory effects [109].

The conducted study suggests that negative symptoms play an important role in
young patients with an initial diagnosis of schizophrenia, especially in cluster II with low
glutamatergic transmission metabolite levels in the MRS. The limitation of the obtained
observations was the small sample size, however, due to the fact that our research pro-
vided strong evidence for linking the glutamatergic theory and a documented relationship
with symptomatic diagnosis and inflammation (neutrophils/lymphocytes), we decided to
present the results as the effect of research constituting a premise for further work on the
endophenotypes identified in this research.

5. Conclusions

The multifactorial nature of schizophrenia and the lack of understanding of the role of
biological factors in the etiopathogenesis of this disease, constitute the main limitation of
the existence of an ideal biomarker. Thus, the introduction of new therapeutic approaches
related to this disease is challenging.

Currently, there are no approved markers of risk stratification based on the multi-
modal bias of non-classical variants of schizophrenia and the proportion of rarer clinical
endophenotypes with greater or lesser effect. We propose that the use of the glutamatergic
marker(s) related to the functioning of the NMDA receptor in the anterior cingulate cortex
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could be used for diagnostic purposes in determining disease endophenotypes, which
might lead to new diagnostic and therapeutic approaches and could provide more effective
care for patients.

Personalized assessment based on the developed clinical endophenotypes of the
disease seems to be highly justified in the stratification of young patients with schizophrenia.
This should also be the main point of therapeutic activities related to the reduction of the
severity of the axial symptoms of the disease. Negative symptoms of schizophrenia are
often overlooked and difficult to treat, therefore, they are often accompanied by worse
cognitive functioning or an increased risk of suicidal behavior. Glutamatergic transmission
metabolites dysfunctions at the level of the anterior cingulate cortex appear first and
spread to the prefrontal cortex [109], especially among adolescent patients with psychotic
disorders, which is confirmed in the obtained endophenotypes (cluster II, which is most
strongly associated with negative symptoms of the disease). Studies on a larger cohort
might contribute to confirming the role of glutamatergic transmission in endophenotypes
determination and might constitute an important premise for further research, especially
among young people with an initial diagnosis of schizophrenia and negative symptoms.

Our study showed clear differences in the changes in the Glu level that objectively
differentiate patients with schizophrenia (without a priori available knowledge), which is
reflected in the different research hypotheses presented in the literature on the subject.

Further presentation of the results based on the influence of disease duration and
phases (stable phase, decompensation, exacerbation, and symptomatic remission) on the
level of Gln/Glu transmission seems justified.
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Abstract: Alzheimer’s disease (AD) is by far the most common cause of dementia associated with ag-
ing. Early and accurate diagnosis of AD and ability to track progression of the disease is increasingly
important as potential disease-modifying therapies move through clinical trials. With the advent
of biomedical techniques, such as computerized tomography (CT), electroencephalography (EEG),
magnetoencephalography (MEG), positron emission tomography (PET), magnetic resonance imaging
(MRI), and functional magnetic resonance imaging (fMRI), large amounts of data from Alzheimer’s
patients have been acquired and processed from which AD-related information or “signals” can
be assessed for AD diagnosis. It remains unknown how best to mine complex information from
these brain signals to aid in early diagnosis of AD. An increasingly popular technique for processing
brain signals is independent component analysis or blind source separation (ICA/BSS) that separates
blindly observed signals into original signals that are as independent as possible. This overview
focuses on ICA/BSS-based applications to AD brain signal processing.

Keywords: Alzheimer’s disease; blind signal separation; brain signal processing; fMRI; independent
component analysis; MRI

1. Introduction

Alzheimer’s disease (AD), which was first recognized by Alois Alzheimer in 1906,
is the most common cause of dementia in older adults [1,2]. According to the 2008
Alzheimer’s Disease Facts and Figures [3], recently released by the Alzheimer’s Asso-
ciation, an estimated 5.8 million people in the United States presently have AD, with
projections indicating growth to as many as 13.8 million by mid-century. Understanding
all behavioral, anatomical, and physiological aspects of this disease is vitally important to
populations worldwide. Improving the accuracy of diagnosis of AD at its early stage is
critical to finding a successful treatment.

AD has a presymptomatic phase, likely lasting years, during which neuronal degen-
eration is occurring but clinical symptoms have not yet appeared. Critical to the early
treatment of AD is the ability to discriminate between older individuals who will and
will not ultimately develop the disease during this preclinical stage. Early treatment is
beneficial to prevent or at least slow down the onset of the clinical manifestations of dis-
ease [4]. Moreover, to aid in the development of these treatments, specifically drugs for the
treatment of AD at its early stage, early diagnostic tools and techniques to monitor disease
progression in the presymptomatic phases of the disease are needed.

With the advent of biomedical engineering techniques, more and more brain signals
have been acquired and processed for AD diagnosis. These brain signals come from
electroencephalography (EEG) [5], magnetoencephalography (MEG) [6], computerized
tomography (CT) [7], single photon emission computed tomography (SPECT) [8], positron
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emission tomography (PET) [9], magnetic resonance imaging (MRI) [10], and functional
magnetic resonance imaging (fMRI) [11].

Correspondingly, a number of signal processing approaches have been proposed to
process these brain signals for diagnosing patients with AD. These include: wavelet trans-
formation (WT) [12], principal component analysis (PCA) [13], independent component
analysis (ICA) [14], also known as blind source separation (BSS), parallel factor analysis
(PARAFAC) [15], and so on. In this review, we will focus on applications of ICA/BSS/in
processing of brain signals for potential AD diagnosis.

2. Alzheimer’s Disease

Since the end of the 19th and the beginning of the 20th century, it has been recognized
that two classic silver-positive lesions occur in the Alzheimer’s brain: the intraneuronal
neurofibrillary tangles and extracellular deposits of amyloid called senile plaques [16].
Plaques are made primarily of the amyloid β peptide, Aβ-40, and Aβ-42, derived from
the amyloid precursor protein [17]. Neurofibrillary tangles, by contrast, are stained by β-
pleated sheet histological reagents but are made of a different proteinaceous substance.
These intracellular lesions are composed primarily of the microtubular-associated protein,
tau, which changes from its normal neuronal localization in axons to occupy and dominate
the somatic and dendritic compartments of a subpopulation of the large projection neurons
in neocortex and limbic systems [18]. Gomez-Isla et al. introduced the concept of a third
type of lesion, focusing on the neuritic changes that occur in dendrites and axons that
are not (necessarily) silver-positive, but which reflect changes in morphology, trajectories,
and post-synaptic structures that may also contribute to the breakdown of neural system
function.

Clinical features of AD include a decline in memory and other cognitive functions.
AD is the most common form of dementia, with prominent symptoms of memory loss,
language difficulties (aphasia, anomia), and deficits in visual spatial skills (agnosia) and
motor spatial skills (apraxia) [1]. General complaints of visual problems (difficulty reading,
blurry vision, vague complaints of poor visual acuity) may be the presenting symptoms
in AD, but patients may lack objective signs on ophthalmological examination [19–21].
Most research suggests that visual dysfunction is caused by neuropathology of the visual
association cortices [22], rather than by changes in the retina, optic nerve or retino-calcarine
pathways [23,24].

3. Biomedical Techniques for Detecting Alzheimer’s Brain Signals

With advances in biomedical techniques, it is possible to obtain Alzheimer’s brain
signals to diagnose AD at an early stage. In this section, we will briefly introduce these
biomedical techniques.

EEG [5] is a test used to detect abnormalities related to the electrical activity of the
brain. Small metal discs with thin wires (electrodes) are placed on the scalp that sends
signals to a computer for their recording. Normal electrical activity in the brain makes a
recognizable pattern. Through an EEG, doctors can look for abnormal patterns that indicate
seizures and other problems. EEG has good temporal resolution but relatively poor spatial
resolution [25]. Since Hans Berger in 1931 first observed pathological EEG sequences in
a historically verified AD patient, a large number of studies about the EEG of AD have
been presented [26–29]. The primary EEG markers of AD include decreased alpha and beta
activities, slower dominant-posterior rhythms, increased diffuse-slow activity, as well as a
decrease in coherence [5].

MEG [30] is a complex reference-free non-invasive function brain imaging technique
with millisecond temporal resolution that detects neuromagnetic signals produced by
neuronal activity in the cortex of the brain. Compared to EEG, MEG is less distorted by
the resistive properties of the skull, skin, and cerebral fluid, which act as a low pass filter.
Several studies have been performed on AD and mild cognitive impairment (MCI) using
MEG [31–43].

40



Biomedicines 2021, 9, 386

PET [9] and SPECT are two molecular imaging techniques that provide pictures of
the brain that reflect the distribution of radioactive-labeled drugs (radioligands or tracers)
injected into the body. Then, sensors that surround the injected body part detect the
positrons emitted from the tracer in opposite directions, localizing the tracer. The most
common tracer used is a glucose analogue, fluorodeoxyglucose (FDG), which measures
regional cerebral glucose metabolism, a sign of neuronal activity. PET has been explored
to determine its ability to differentiate between a diagnosis of AD and fronto-temporal
dementia (FTD) [9,44–48]. SPECT also has been used to investigate functional alteration of
the brain in patients with AD [46,49]. PET measurements of cerebral glucose metabolism
also have been found to have superior accuracy compared to SPECT measurements of
cerebral perfusion in differentiating AD from vascular dementia, regardless of dementia
severity [50]. Klunk et al. presented the first human study of a novel amyloid-PET tracer,
termed Pittsburgh Compound-B (PIB), in patients with diagnosed mild AD and controls
and suggested that PIB can provide quantitative information on amyloid deposits [51] and
detect cerebrovascular β-amyloid for identifying the extent of cerebral amyloid angiopathy
(CAA) [52] in living subjects. More recent PET tracers have been found to be more effective
than PIB for AD diagnosis, however [48].

CT and MRI are two biomedical imaging techniques that search for atrophy in the
brain structure in vivo. With the use of CT, atrophy of medial temporal regions where AD
pathology is seen early in the disease has been observed [7]. MRI techniques sensitive to
changes in cerebral blood flow and blood oxygenation were developed by high-speed echo
planar imaging. They allow one to obtain completely non-invasive tomographic maps of
human brain activity through the use of visual and motor stimulus paradigms [53,54]. MRI
has more recently surpassed CT in AD studies due to its greater accuracy, manipulability,
and precision [55]. Moreover, compared to PET, MRI has the advantage of not using
radioactively-labeled compounds and being non-invasive and safe for repeat studies. For
AD diagnosis, MRI can act as a sensitive tool, detecting structural brain abnormalities,
consistently revealing atrophy of hippocampus [56], entorhinal [10], and temporal–parietal
cortices [57].

As discussed by Pekar [54], fMRI provides the opportunity to study brain function
non-invasively. Since the early 1990s, it has been a powerful tool used in both research
and clinical arenas [53]. The most popular form of fMRI uses blood-oxygenation-level-
dependent (BOLD) contrast, that is based on the differing magnetic properties of oxy-
genated (diamagnetic) and deoxygenated (paramagnetic) blood. When brain neurons are
activated, a localized change in blood flow and oxygenation results that causes a shift in
the magnetic resonance (MR) decay parameter T2*. These blood flow and oxygenation
(vascular or hemodynamic) changes are temporally delayed relative to the neural firing,
a confounding factor known as hemodynamic lag. Although fMRI does not share the
temporal resolution of EEG or MEG, it does have a spatial resolution of millimeters, and
the experiments suggest that it may detect activations at the level of the cortical layers [58].

The detection of changes in neural activity using BOLD-fMRI [53,59] generally in-
volves the identification of voxel signals that correlate with an imposed experimental
paradigm [60].

4. Theory and Model of ICA/BSS

The essential problem of blind source separation is the isolation of original signals from
their resulting mixture that is gathered from an array of sensors, without any information
about the original signals or how they are mixed. BSS can be applied to a variety of fields,
including audio processing, and is not unique to neuroimaging [61,62].

A fairly general BSS problem can be formulated as:

y(k) = Wx(k) (1)
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where x(k) = [x1(k), x2(k), . . . , xm(k)]T is the observed sensor signals, W is the unmixing ma-
trix, y(k) = [y1(k), y2(k), . . . , yn(k)]T is the ouput signal, and k is a discrete time. BSS assumes
that x(k) is the output signal from an unknown and inverse multiple-input/multiple-output
(MIMO) mixing and filtering system, x(k) = As(k) (A is the mixing matrix), in which the
inputs are the source signals s(k) = [s1(k), s2(k), . . . , sn(k)]T. It should be noted that n will be
less than m if the system is not inversed.

The objective of BSS is to estimate the original source signals s(k). To separate the
source signals s(k), a number of approaches have been developed such as ICA and its
extensions, sparse component analysis (SCA), sparse principal component analysis (SPCA),
non-negative matrix factorization (NMF), parallel factor analysis (PARAFAC), and so on.

PCA [63], one of well-known unsupervised analysis methods, projects the data into a
new space spanned by the principal components. Each successive principal component is
selected to be orthonormal to the previous ones and to capture the maximum variance that
is not already present in the previous components.

ICA [64,65], as a specific embodiment of BSS, has been further developed in the last
few decades. ICA, [66–68] as a generalization of PCA, separates the observed signals into
statistically independent components using higher-order statistics whereas PCA obtains
uncorrelated components using only second-order statistics. ICA is different from BSS;
The basic goal of ICA is to solve the BSS problem by expressing a set of random variables
(observations) as linear combinations of statistically independent component variables
(source signals), whereas the objective of BSS is to estimate the original source signals, even
if they are not all statistically independent. A more thorough description of ICA has been
written by Comon (Comon, 1994 #58).

The technique of ICA was first used in 1982 for analyzing a problem pertaining to
neurophysiology [69]. In the middle of the 1990s, after the term ICA was first coined
by Comon [70], ICA received wide attention and growing interest when many efficient
approaches were put forward, such as the Informax principle by Bell and Sejnowski [64],
natural gradient-based infomax by Amri [71], and the fixed-point (FastICA) algorithm by
Hyvärinen [72,73].

ICA [64,65] is becoming increasingly popular as a tool for analyzing biomedical
data [14,74–76]. In the next section, we will introduce the basic model of ICA/BSS of fMRI
and its variants for different purposes of application.

5. ICA/BSS Model for fMRI

Due to the spatial and temporal natures of fMRI data, the use of ICA can generally
be grouped into two groups, namely, spatial ICA (sICA) and temporal ICA (tICA). These
techniques are discussed in general terms, and the studies do not pertain to AD (or another
specific neurological disorder) unless otherwise stated.

5.1. Spatial and Temporal ICA Models of fMRI

Makeig et al. [14] have first applied spatial instantaneous mixing ICA to the analysis of
EEG data and event-related potential (ERP) data using the original Infomax algorithm [64].
Independently, Vigario et al. [77,78] have developed a method for artifact identification
and noise removal from EEG and MEG through a FastICA algorithm [72].

Since then, ICA has become increasingly popular for analyzing biomedical
data [14,74,75,79], especially for analysis of biomedical imaging, such as fMRI data [80]. A
typical model for applying ICA to fMRI data, was introduced in a study [81] and provided
a framework for understanding ICA as it applies to fMRI data and for introducing the
various processing stages in ICA of fMRI data.

As an example, in the ICA processing of fMRI time series data by Calhoun et al, data
was generated from a set of statistically independent (magnetic) hemodynamic source
locations in the brain. These sources have weights that specify the contribution of each
source plied by each source’s hemodynamic time course [80,81]. The first stage of the
data generation takes place within the brain, in which the sources are mixed. The second
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stage of data generation involves the fMRI scanner. The sources are sampled, and each
represents a function of scan-specific MR parameters such as flip angle, slice thickness,
pulse sequence, and field-of-view.

Data preprocessing consists of a number of possible preprocessing stages, including
slice phase correction, motion correction, spatial normalization, and smoothing. After
preprocessing, it is common to perform data reduction such as dimensionality-reductions
using PCA or some other approach. The resultant estimated source, along with the unmix-
ing matrix, can then be thresholded and presented as fMRI activation images and fMRI
time courses, respectively [80,81].

Conventional ICA embodies the assumption that data can be decomposed into under-
lying sources that are independent over space (spatial) [79] or time (temporal) [14,82] and
that the probability density functions (pdf) of these sources are highly kurtotic (distribution
has heavy-tails) and symmetric [79,82,83]. Different assumptions can be made between
sICA and tICA [82]; sICA seeks a set of mutually independent component (IC) source
images and a corresponding (dual) set of unconstrained time courses [79]. By contrast,
tICA seeks a set of IC source time courses and a corresponding (dual) set of unconstrained
images [14]. In concrete fMRI data, sICA finds independent images and a corresponding set
of dual unconstrained time courses and embodies the assumption that each image in X is
composed of a linear combination of spatially and statistically independent images. Unlike
sICA, tICA finds independent time courses and a corresponding set of dual unconstrained
images and embodies the assumption that each eigensequence in X is a linear combination
of temporally and statistically independent sequence S [83].

In addition, spatiotemporal ICA (stICA) [83] embodies the assumption that each eigen-
image in A is a linear combination of spatially independent images, and each eigensequence
in S is a linear combination of temporally independent sequences.

5.2. Variants of ICA Models for fMRI Data

Moreover, researchers have proposed many variants of ICA/BSS based on differently
statistical characteristics [83,84] in fMRI data or on different purposes of analyzing fMRI
data [15,85,86]. The variants include probabilistic ICA, skew-ICA, group ICA, tensor ICA,
and cortex-based ICA.

Probabilistic ICA. To address the issues of what is attributable to the “real effects”
of interest and what simply is due to observational noise, Beckmann et al. examined the
probabilistic ICA (PICA) model [84,87] for fMRI data. PICA allows for a nonsquare mixing
process and assumes that the data are confounded by additive Gaussian noise.

Skew-ICA. Stone et al. [83] combined spatiotemporal ICA and skew-ICA, to form
skew-stICA to analyze synthetic data and data from an event-related, left-right visual
hemifield fMRI experiment. Results [83] obtained with skew-stICA are superior to those
of PCA, sICA, tICA, stICA, and skew-sICA. Here, skew-ICA is based on the assumption
that images have skewed pdfs [88], an assumption consistent with spatially localized
regions of activity. By contrast, conventional ICA is based on the physiologically unrealistic
assumption that images have symmetric pdfs.

The skew-pdf can be described as:

p(y; a, b) ∝ exp
(

a − b
2

y − a + b
2

√
y2 + 1

)
(2)

where the constants a and b define the skewness of the distribution.
Group ICA. ICA has been successfully utilized to analyze single-subject fMRI data

sets and extended to group ICA for multi-subject analysis [15,85,86,89]. Group analysis of
fMRI is important to study specific clinical and experimental conditions within or between
groups of subjects [90].

Calhoun et al. [85] proposed a group ICA model that was a novel approach for drawing
group inferences using ICA of fMRI data. The group ICA analysis revealed task-related
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components in the left and right visual cortex, a transiently task-related component in
bilateral occipital/parietal cortex, and a non-task-related component in bilateral visual
association cortex. The group ICA approach had been implemented in the Group ICA
for fMRI data (GIFT) [91], in which PCA is used to whiten the data by performing an
orthogonal transformation and to reduce the number of principal component present in
the mixture.

Svensen et al. [86] used the extended ICA of fMRI data from single subjects to simul-
taneous analysis of data from a group of subjects. The results demonstrated that group
ICA can extract nontrivial task-related components without any a priori information about
the fMRI experiment and identify components common to the whole group in analysis of
group data.

Tensor ICA. Beckmann et al. extended the single-session probabilistic ICA [84] to
a higher dimension, called tensor PICA, to analyze multisubject or multisession fMRI
data. The tensor PICA [15] is derived from parallel factor analysis (PARAFAC) [92] and
has three-way, including temporal, spatial, and subject-dependent, variations. Real fMRI
activation data was decomposed by the approach to extract plausible activation maps,
time courses, and session/subject modes that give simple and useful representations of
multisubject or multisession fMRI data.

Cortex-based ICA. Cortex-based ICA (cbICA) assumes that cortical data are different
from non-cortical data and processes a subset of the data determined by a priori infor-
mation [93]. Formisano et al. used the mesh of the white matter/gray matter boundary,
automatically reconstructed from high-spatial-resolution anatomical MR images, to limit
the sICA decomposition of a coregistered functional time series to those voxels that are
within a specified region with respect to the cortical sheet.

Comparisons between cbICA and other methods showed that cortical surface maps
and component time courses blindly obtained with cbICA reliably reflect task-related
spatiotemporal activation patterns and that the cbICA improves the fitting of the ICA model
in the gray matter voxels, the separation of cortical components, and the estimation of
their time courses, particularly in the case of fMRI data sets with a complex spatiotemporal
statistical structure.

6. ICA/BSS Applications to Brain Signal Processing for AD Diagnosis

In this section, we will present some problems associated with ICA/BSS applications to
brain signal processing for AD diagnosis, such as why ICA/BSS is successful when applied
to the diagnosis of AD, what are useful components and noises, how many components
should be extracted, and which algorithms of ICA/BSS are most suitable. Applications of
ICA to the development of machine learning models will also be discussed.

6.1. Why Apply ICA to Diagnosis of AD

The simplest and most robust technique for analyzing MRI brain scans is region-of-
interest (ROI) analysis [94]. ROI [95,96] analysis of the brain structure is considered the
gold standard against which new techniques are compared, but it has some drawbacks
such as operator-dependency, being labor-consuming and time-intensive, and requiring a
priori choice of regions to be investigated.

To overcome these shortcomings, another automated method of measuring brain
atrophy has been developed [97–100]. The method of voxel-based morphometry (VBM)
objectively maps gray matter loss on a voxel-by-voxel basis after anatomical standard-
ization analogous to that used in functional neuroimaging. The advantage of VBM over
analyses based on ROI analysis is that VBM produces an unbiased result from exploration
of the whole brain. Testa et al. reported higher accuracy of discriminating AD and controls
than ROI-based analysis [101]. One of these popular statistical tools based on the voxel
is statistical parametric mapping (SPM) that refers to the construction and assessment of
spatially extended statistical processes used to test hypotheses about functional imaging
data (http://www.fil.ion.ucl.ac.uk/spm/, accessed on 29 March 2021). Statistical para-
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metric mapping (SPM) [102], a univariate hypothesis-driven method, provides simple and
computationally efficient approaches to produce maps of task-related activations with esti-
mates of their levels of significance based on a statistical parameter of each voxel. However,
it results in a loss of sensitivity if the fMRI experiment induces co-activation of spatially
disparate areas with slightly different temporal behaviors.

Unlike univariate methods, multivariate data-driven techniques enable an exploratory
analysis of fMRI datasets and may potentially separate meaningful activation by computing
suitable statistical models independent of nay reference paradigm [103]. Furthermore,
multivariate nature exploits the relationship between voxels and may possibly provide
useful information about co-activation in spatially different areas of the brain. In general,
multivariate analysis might have increased sensitivity compared to univariate analysis
even when the disease-related changes in cerebral blood flow (CBF) originate in clearly
circumscribed foci and spread spatially during the disease course. Multivariate analysis
can detect these subtle, but robust changes, although univariate analysis might experience
overly stringent false-positive corrections that tend to ‘correct away’ the true effects (as
evidenced by the results of our voxel-wise analysis).

Habeck et al. reported that multivariate analysis might be more sensitive than uni-
variate analysis for the early diagnosis of AD [44]. The multivariate techniques do not
necessarily rely on underlying “networks” of pathology. Asllani et al. used multivariate
approaches to evaluate correlation/covariance of CBF measurement across brain regions
rather than proceeding on a region-by-region (or voxel-by-voxel) basis [104].

Among the multivariate data-driven techniques, ICA/BSS has been shown to provide
a powerful method for the exploratory analysis of fMRI data [79,105–107]. ICA does
not require the specification of temporal signal profiles or anatomical ROIs to generate
meaningful spatiotemporal patterns of brain activity [108].

The multivariate statistical nature of ICA allows one to transform three-dimensional
fMRI data sets into brain activity patterns starting from the spatial or temporal covariance
of the measured signals and reveals multiple spatiotemporal ‘modes’ of signal variabil-
ity [11]. This transformation is achieved by imposing the general, yet neurophysiologically
plausible, constraint of removing the statistical dependence of the output modes [105].
To meet this constraint, the value distribution of the fMRI signals in space or time is to
be considered: two variants called sICA and tICA. The former refers to the statistical
distribution of signals across the sampled hemodynamic locations, while the latter refers to
the statistical distribution of source signals across the sampled time-points [82].

6.2. Comparison of ICA/BSS Algorithms

As there are a variety of ICA algorithms, it is also important to compare their perfor-
mance to better understand their strengths and limitations [108].

Correa et al. [91] had compared performances of five algorithms included in the
toolbox GIFT: Informax [64], FastICA [67], Joint Approximate Diagonalization of Eigen
Matrices (JADE) [109], Simultaneous Blind Extraction using Cumulants SIMBEC [110], and
Algorithm for Multiple Unknown Signal Extraction (AMUSE) [4]. Based on their results
of fMRI data, Informax emerged as a reliable choice for the task, followed by JADE as a
close second. FastICA performed reliably for most cases as well whereas the performance
of SMIBEC and AMUSE did not prove to be robust. SIMBEC may prove to be useful to
identify sub-Gaussian sources. The performance of AMUSE is highly dependent on the
differentiability of the spectra of the sources.

6.3. Spatial, Temporal, and Spatiotemporal ICA

ICA is a technique that attempts to separate data into maximally independent groups,
achieving maximal independence in space or time to yield three varieties of ICA meaningful
for fMRI applications: spatial ICA (sICA), temporal ICA (tICA), and spatiotemporal ICA.

Since the first application of ICA for fMRI analysis [105], it has been controversial
to choose spatial or temporal independency. McKeown et al. argued on the sparsely
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distributed nature of the spatial pattern with sICA. The applications of temporal ICA
to fMRI data have appeared [74,82]; however, spatial ICA has by far dominated the
functional imaging literature to date. The most important reasons for this are that the
spatial dimension is much larger than that of the temporal dimension in fMRI data [82].

Stone et al. proposed a method that attempts to maximize both spatial and temporal
independence [83]. Seifritz et al. presented an interesting combination of sICA and
tICA [111] and used an initial sICA to reduce the spatial dimensionality of the data by
locating a ROI in which they then performed tICA to study in more detail the structure of
the nontrivial temporal response in the human auditory cortex.

6.4. How Many Components Are There?

Before applying ICA/BSS to fMRI, characteristics of the independent components
must be determined.

In general, fMRI data may be composed of signals of interest and signals not of interest
(noises). Signals of interest include task-related, function-related, and transiently task-
related signals [80]. Signals not of interest include physiology-related (breathing and heart
rate), motion-related (mouth movement in the naming task), and scanner-related (scanner
drift and system noise, susceptibility, and radio frequency artifacts) signals. In addition,
there are several types of noise in an fMRI experiment, such as object variability, thermal
noise, patient movement, brain movement, and so on. In the ICA model, these noises are
often not explicitly modeled, but rather manifested as separate components [105,112].

Another problem is determining the number of components. Beckmann et al. and
Calhoun et al. used different methods to estimate the number of components in fMRI
data [87,113]. McKeown et al. [105] applied ICA to fMRI data and calculated the contribu-
tion of each component to fMRI data for extracting consistently task-related, transiently
task-related, slowly varying, quasiperiodic, movement-related, and residual noise com-
ponents. McKeown et al. also applied a combined PCA/ICA approach to estimate the
number of spatially independent components contained in fMRI data [79]. Calhoun et al.
used standard information theoretic methods for estimating the number of components
from the aggregate data set [113]. The number of sources can be estimated using Akaike’s
information criterion or the minimum description length criterion [114,115].

6.5. Application of ICA/BSS to AD Diagnosis

Many applications of ICA/BSS to brain signal processing exist, such as removal
artifact from EEG [14] and MEG [77,78], analysis of evoked magnetic fields [14,116,117],
fMRI data [90], and in clinical research, for example the diagnosis of AD [118]. In this
section, we will focus on application of ICA/BSS to the diagnosis of AD.

Chapman et al. [119] used PCA to identify and measure the ERP components. Their
scores to relevant and irrelevant stimuli were used in discriminant analyses to develop
functions that successfully classified individuals as belonging to an early-stage AD group
or a like-aged control group, with probabilities of an individual belonging to each group.
Additionally, 92% of the subjects were correctly classified into either the AD group or the
control group with a sensitivity of 1.0. Besthorn et al. [120] used PCA as a postprocessing
tool for compressing linear and nonlinear EEG features over channels. They obtained 95.9%
correct classification using age as a moderator variable in the study.

A number of EEG studies [4,121] on AD and MCI have reported several typical
findings such as a slowing and diffusing of the posterior dominant alpha activity, an
unclear alpha attenuation after eye-opening, as well as an increase of delta and theta,
and a decrease of beta and gamma activities [5]. For more details, see a review of signal
processing techniques applied for revealing pathological changes in EEG associated with
AD [5]. Cichocki et al. investigated the application of ICA/BSS methods as preprocessing
tools with possible application for AD diagnosis. They propose an approach of filtering
EEG data based on ICA/BSS that can significantly improve the sensitivity and specificity
of EEG-based diagnosis of AD at the early stage [4]. The team employed a non-ICA based
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method of BSS: the algorithm for multiple unknown signals extraction (AMUSE [122]),
on data from MCI patients who progressed to AD and age matched controls, achieving a
classification rate of 80% for MCI based on linear discriminant analysis (LDA) [4].

Vialatte et al. explored the group differences between Mild AD patients and control
subjects, finding that precleaning data with ICA using the improved weight-adjusted
second-order blind identification (IWASOBI) algorithm amplified the differences between
the groups [123]. Melissant et al. used ICA to reduce artifacts of EEG data to improve
classification results for patients in an initial stage [121]. They made a conclusion that
a more robust detection of AD-related EEG patterns may be obtained by employing
ICA as ICA-based preprocessing of EEG data can improve classification results for AD
patients in an initial stage. Jervis et al. applied ICA and cluster analysis to EEG P300 data
obtained from healthy and AD subjects [27] showed that the latencies of the back-projected
independent components (BICs) of the P300 differed between healthy participants and AD
patients. They proposed that the latencies of the BIC associated with the P3b component
may be a suitable biomarker for AD.

Escudero et al. [124] analyzed MEG background activity recordings acquired with a
148-channel whole-head magnetometer from 21 AD patients and 21 control subjects using
the algorithm for multiple unknown signals extraction (AMUSE [4]) to blindly decompose
artifact-free epochs of 20s. Their preliminary results showed that the proposed procedure
based on BSS and selection of significant components may improve the classification of
AD patients using straightforward features from MEG recordings. Fernandez et al. [125]
applied PCA to the mean frequency from the MEG signals of 22 patients with AD, 22 pa-
tients with MCI, and 21 healthy controls. Results demonstrated the mean frequency score
seem to be adequate and sensitive to detect differences between normal aging, cognitive
deterioration, and AD.

Higdon et al. [9] applied PCA to FDG-PET for the diagnosis of AD from fronto-
temporal dementia and reported slightly better results with images preprocessed with
principal least squares analysis than with PCA when using a classifier based on linear
discriminant analysis Habeck et al. [44] examined the efficacy of multivariate and univari-
ate analytic methods for the diagnosis of early AD. Using the extended PCA-approach to
the FDG-PET data from two clinical populations, they analyzed the spatially correlated
metabolism as a function of AD status and reported that the multivariate marker’s diagnos-
tic performance in the replication samples was superior to that of the univariate marker’s.
Kerrouche et al. first applied a novel voxel-based multivariate technique, such as PCA,
to a large FDG-PET data set to investigate whether it is possible to distinguish vascular
dementia from AD. They used PCA to remove PCs significantly correlated to age. Their
results show the potential of voxel-based multivariate methods to highlight independent
functional networks in dementing disease. By maximizing the separation between groups,
this method extracted a metabolic pattern that efficiently differentiated vascular dementia
and AD [126].

Chen et al. proposed a simple and automated method for the measurement of changes
in brain volume from an individual’s sequential MRIs using an iterative PCA (IPCA) [127].
The IPCA considered the voxel intensity pairs from coregistered MRIs and identified those
pairs a sufficiently large distance away from the iteratively determined PCA major axis.
Their results demonstrated IPCA’s ability to characterize whole-brain atrophy rates in
patients with AD [127,128].

Su et al. [12] presented the Hybrid wavelet-ICA to investigate the use of ICA dynamic
PET data both in the image domain and in the wavelet domain, where the data had been
transformed using Battle-Lemarie wavelets, as in the article [129].

Greicius et al. adapted ICA to derive the default-mode network [130,131] in a more
data-driven fashion (i.e., without requiring a priori specification of a seed region). Exam-
ination of the default-mode network in these groups revealed three critical findings: a
significant coactivation of the hippocampus in the default-mode network, the network is
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abnormal in the mildest stages of AD compared to healthy aging, and network activity
holds potential as a non-invasive biomarker of incipient AD [131].

By using resting-state fMRI and combining correlation and ICA, Tang [132] explored
a new method for resting-state functional connectivity [133,134] that was finally applied to
seek the abnormality of the brain functional network under the pathophysiology of AD.

Celone et al. [118] used ICA to investigate memory-related fMRI activity in 52 in-
dividuals across the continuum of normal aging, MCI, and mild AD. Memory function
is likely subserved by multiple distributed neural networks that are disrupted by the
pathophysiological processes of AD. ICA revealed specific memory-related networks that
activated or deactivated during an associative memory paradigm. Across all subjects,
hippocampal activation and parietal deactivation demonstrated a strong reciprocal relation-
ship. Less impaired MCI subjects showed paradoxical hyperactivation in the hippocampus
compared with controls, whereas more impaired MCI subjects demonstrated significant
hypoactivation, similar to the levels observed in the mild AD subjects.

Sorg et al. combined ICA and ROI-based correlation methods to investigate resting-
state networks (RSNs) in patients with MCI [90]. They analyzed fMRI and structural MRI
data from healthy elderly and patients with amnestic MCI, a syndrome of high risk for
developing AD and concluded that, in individuals at risk for AD, a specific subset of RSNs
is altered.

Rombouts et al. applied tensor PICA [15] to study fMRI signal during face encoding
in 18 AD, 28 MCI patients, and 41 healthy elderly controls [135]. The tensor PICA showed
activation in regions associated with motor, visual, and cognitive processing, and deactiva-
tion in the default mode network. They concluded that the tensor PICA is a promising tool
to identify and detect differences in (de)activated brain networks in elderly controls and
dementia patients.

6.6. ICA as a Component of Machine Learning Models

Computer aided diagnosis (CAD) is poised to be a considerable tool for identifying
cases of Alzheimer’s disease and a host of other diseases. CAD typically involves the
application of a machine learning (ML) model onto features derived from neuroimaging,
biomarkers, and others. ML can be used in tandem with expert review; in cases of MRI
and other image analysis, for example, a ML model can ascertain details and features
that are difficult for a human to identify by eye. Support vector machines, as well as
other model types such as decision trees and neural networks have been developed to
diagnose Alzheimer’s disease based on MRI, PET, and other imaging methods with high
accuracy [136–141]. Models have also been effective when trained on EEG feature data as
well [142–146].

ICA, which can be used for signal separation and feature extraction, can be imple-
mented as a component of a machine learning-based diagnostic system. ICA can be
employed to initially extract and transform features of a dataset, which can then be fed into
a machine learning model. Such systems have been shown to be more effective that direct
ML in problems such as facial recognition [147] and classification based on microarray
data [148].

Such methods can be similarly applied to applications of brain health and imaging.
Artificial neural networks and support vector machines (SVMs) working with data prepro-
cessed with ICA have been found to detect artifacts in EEGs with an accuracy/alignments
between 89.13% and 95.20% compared to expert rating [149]. The non-ICA based algorithm
AMUSE was used y Vialatte et al., to process data for input for sparse-bump modeling,
which was fed into a neural network geared towards the classification of MCI cases (that
later progressed to AD), achieving a 93% classifier rate [150], an improvement from the
aforementioned LDA with an 80% implemented by the team [4]. Data suggests that per-
haps ICA based methods are superior to some standard BSS methods for artifact removal.
Cassani et al. tested statistical artifact rejection (SAR), blind source separation based on
second order blind identification and canonical correlation analysis (BSS–SOBI–CCA), and
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wavelet-enhanced independent component analysis; the removal of artifacts by experts
was also assessed as a standard. The resulting features were used to train an SVM based
classifier. The ICA-model performed comparably to the standard in discriminating normal
and mild AD, and slightly better than the standard in discriminating mild and moderate
AD. BSS was generally inferior to ICA and SAR, possibly due to the removal of discrim-
inatory data [151]. Other specific analyses of brain development and health have been
examined with similar combined-methods [152–156].

With regard to Alzheimer’s disease, CAD systems incorporating ICA-processed into
a machine learning model have been developed with some success. Khedher et al. de-
veloped a SVM based CAD system trained with MRI data from the Alzheimer’s disease
neuroimaging initiative (ADNI) that was able to distinguish between cognitively normal
individuals and those with MCI or AD that notably featured graphical representations of
the input features that makes the basis of the system’s decision making more clear. The
system had 79% accuracy distinguishing MCI from NC, 89% accuracy distinguishing AD
from normal controls (NC), and 85% accuracy distinguishing MCI from AD cases [157].

Yang et al. applied similar methods to data from open access MRI datasets such
as the ADNI; features processed and extracted with FastICA [158] were applied to a
SVM classifier. Applying the system to grey-matter only images achieved an accuracy of
approximately 89% when distinguishing between NC and AD subjects, and 81% between
NC and MCI subjects at a 90–10 training/testing split; whole-brain image performance was
notably lower [159]. A later 2017 model by Yang et al., using two stage component number
estimation and ICA combined with clinical features used as inputs for a SVM, achieved an
accuracy of 97.7% and 87.8% in distinguishing AD and MCI from NC, respectively [160].

Qiao et al., developed a three-level hierarchical partner matching ICA method; func-
tional MRI data was first processed with spatial ICA and group-mapping of IC groups,
followed by partner matching group-map clusters and cluster-map generation, then part-
ner mapping of cluster-maps. Tracing the optimal clusters derived from the cluster-maps
backwards indicates the most stable ICs. Inputs were fed into a directed acyclic graph
neural network incorporating convolutional layers; an accuracy of 95.59% was achieved in
leave-one-out cross validation [161].

Basheera et al. used MRI grey matter images segmented with hybrid enhanced
independent component analysis applied to a convolutional neural network. Training was
done with ADNI image data and, on a sample of 21 independent MRI slices, the output of
the network was compared to the decision of a physician, and an accuracy of 90.47% was
achieved [162].

Other imaging methods beyond MRI have been used as well. Illán et al. conducted a
comparison of SVM based CAD systems based on voxels-as-features, principal component
analysis, and ICA processing on SPECT images. Models based on samples with NC and
AD patients either grouped (method 1) or split into 3 subgroups based on disease sever-
ity/characteristics (method 2) were tested. Accuracies of PCA and ICA were similar for
both method 1 (88.61% and 89.87%, respectively) and method 2 (88.61% and 91.14%, respec-
tively) and both were greater than the VAF baseline (72.15% and 74.68% for method 1 and
method 2, respectively) [136]. Toussaint et al. utilized spatial ICA of fluoro-deoxygenase
(FDG) PET images, combined with other clinical features such as cognitive test scores.
Good accuracies were noted in leave-one-out cross validation distinguishing NC from
preclinical AD, but lower when attempting to distinguish between stable and converting
MCI [163].

7. Conclusions

AD is a progressive neurodegenerative disorder and the most common cause of
dementia associated with aging. The diagnosis of AD remains largely based upon clinical
assessment, and is often made at relatively late stages of the pathophysiological process. As
disease-modifying therapies are likely to be most efficacious at much earlier stages of the
disease, it is important to develop markers for early disease detection in individuals who
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are at risk for AD. Fortunately, some biomedical techniques such as EEG, CT, PET, MRI, and
fMRI, can non-invasively acquire brain signals to aid in a more objective assessment of AD
pathology, even when AD is at an early stage. As mentioned above, we have introduced
the applications of these biomedical techniques as potential AD diagnostic tools.

The brain signals sampled from individuals using these biomedical techniques are
the mixture of many signals of interest or non-interest; collectively, AD-related signals
or noises serve different purposes for analysis. A key challenge is to acquire useful AD-
related signals and to discover biomarkers from the sampled brain signals. To address this
challenge, many novel signal processing techniques have been developed. In this paper,
we focused on reviewing applications of ICA/BSS approaches to the diagnosis of AD.

ICA/BSS is one of the data-driven, multivariate, and unsupervised methods without
any a priori information. The quite fruitful applications of ICA/BSS to brain signals have
shown that such technique is very useful and powerful. Its ability to represent the high-
dimensional data, especially MRI or fMRI data, enables it to be a powerful tool for clinical
AD neuroimaging biomarker discovery.
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Abstract: Lipid metabolism is clearly associated to Parkinson’s disease (PD). Although lipid home-
ostasis has been widely studied in multiple animal and cellular models, as well as in blood de-
rived from PD individuals, the cerebrospinal fluid (CSF) lipidomic profile in PD remains largely
unexplored. In this study, we characterized the post-mortem CSF lipidomic imbalance between
neurologically intact controls (n = 10) and PD subjects (n = 20). The combination of dual extraction
with ultra-performance liquid chromatography-electrospray ionization quadrupole-time-of-flight
mass spectrometry (UPLC-ESI-qToF-MS/MS) allowed for the monitoring of 257 lipid species across
all samples. Complementary multivariate and univariate data analysis identified that glycerolipids
(mono-, di-, and triacylglycerides), saturated and mono/polyunsaturated fatty acids, primary fatty
amides, glycerophospholipids (phosphatidylcholines, phosphatidylethanolamines), sphingolipids
(ceramides, sphingomyelins), N-acylethanolamines and sterol lipids (cholesteryl esters, steroids)
were significantly increased in the CSF of PD compared to the control group. Interestingly, CSF
lipid dyshomeostasis differed depending on neuropathological staging and disease duration. These
results, despite the limitation of being obtained in a small population, suggest extensive CSF lipid
remodeling in PD, shedding new light on the deployment of CSF lipidomics as a promising tool
to identify potential lipid markers as well as discriminatory lipid species between PD and other
atypical parkinsonisms.

Keywords: lipids; cerebrospinal fluid; Parkinson’s disease; mass-spectrometry; lipidomics

1. Introduction

Due to the lipid heterogeneity, it has been estimated that the human lipidome may
be composed by 100,000 different lipid species [1,2]. Lipids play multiple roles in brain
function, affecting the elasticity and structural organization of synaptic membranes and
modulating protein activity involved in cellular signaling dynamics [3–5]. In the context
of PD, a genetic risk has been characterized between lipid/lipoproteins traits and the
disease [6]. Mutations in lipid-producing enzymes, such as GBA, associated with familial
PD and SNPs in multiple PD related-genes involved in lipid homeostasis [7–11] (SREBF1,
ASAH1, SMPD1, PLA2G6, amongst others) have been linked to PD. Moreover, lipids not
only influence in the aggregation potential of alpha-synuclein in vitro and in vivo [12],
but they are also present in high concentration as components of crowded membranes,
vesicle structures and dysmorphic organelles present in Lewy bodies (LB) [13]. All these
data evidence that lipid metabolism should be tightly regulated to counteract the appear-
ance and progression of PD. Systematic studies of cases with LB pathology have prompted
a staging classification of PD based on the putative progression with time of LB pathology
in the brain from the medulla oblongata and olfactory bulb to the neocortex.
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Lipidomics is emerging as a powerful approach that complements protein and gene-
centric workflows in the biomarker search to evaluate the neurodegenerative risk or the
neurodegenerative progression [14]. Although the scientific community is on a continuous
learning curve to obtain a comprehensive portrait of the human brain lipidome [15],
the deployment of different variants of chromatographic separations coupled to mass-
spectrometry is considered the gold standard approach to study lipid profiles in a high-
throughput manner. However, multiple efforts are needed to solve and standardize the
associated analytical challenges [16]. Several lipidomic platforms have recently been
used to characterize the lipid composition of biofluids in neurological disorders such as
amyotrophic lateral sclerosis, multiple sclerosis and Alzheimer’s disease (AD) [17–21]. In
this study, we applied a discovery workflow to determine the global lipidomic changes at
the CSF level between PD and controls using ultra-performance liquid chromatography-
electrospray ionization time-of-flight mass spectrometry (UPLC-ESI-ToF-MS), monitoring
more than 250 lipid species and detecting a new metabolic signature associated with the
disease that should be further validated in extensive sample cohorts in terms of biomarker
sensitivity and specificity.

2. Materials and Methods

2.1. Materials

Internal standard (IS) compounds, nonadecanoid acid, dehydrocholic acid and trypto-
phan-(indole-d5), were purchased from Sigma-Aldrich-Merck KGaA (Darmstadt, Ger-
many). 1-tridecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (13:0 Lyso PC), N-hexanoyl-
D-erythro-sphingosylphosphorylcholine SM (d18:1/6:0), 1,2-diheptadecanoyl-sn-glycero-3-
phosphoethanolamine (17:0 PE), 1,2-dinonadecanoyl-sn-glycero-3-phosphocholine (19:0
PC) and N-heptadecanoyl-D-erythro-sphingosine Ceramide (d18:1/17:0) were purchased
from Avanti Polar Lipids (Merck KGaA, Darmstadt, Germany). Tritridecanoylglycerol
(13:0 TG), Triheptadecanoylglycerol (17:0 TG) and Cholesteryl Laurate ChoE (12:0) were
purchased from Larodan Fine Chemicals (Solna, Sweden). All chemicals and solvents
(acetonitrile, methanol, water, isopropanol, formic acid, ammonium formate) were of ana-
lytical, HPLC or HPLC-MS grade. See Appendix A for IS working solution preparations
(Tables A1 and A2).

2.2. Metabolite Extraction from CSF

Control (n = 10; mean age: 77.7 years; 4F/6M) and PD (n = 20; mean age: 79.9 years;
7F/13M) post-mortem CSF samples were obtained from the Parkinson’s UK Brain Bank
funded by Parkinson’s UK, a charity registered in England and Wales (258197) and in
Scotland (SC037554) (Table 1). During the post-mortem brain removal (PMI < 24 h.), the
CSF was obtained as follows. The tentorium cerebelli was cut close to its attachment
to the skull base (on the petrous bone). CSF was obtained anteriorly to the brainstem.
After a centrifugation step (3 min at 10,000 rpm), CSF aliquots were frozen at −80 ◦C.
Metabolite extraction was performed as previously described [22]. Briefly, 150 μL of
CSF was spiked with 600 μL and 570 μL of ice-cold IS working solution for lipidomics
platforms 1 and 2, respectively. Once spiked with the extraction solvents, samples were
mixed with 570 μL of ice-cold CHCl3, vortexed for 20 min at RT and incubated for 1
h at 4 ◦C. Then, a centrifugation step was carried out (18,000× g, 15 min, 4 ◦C) and
650 μL of supernatant were collected for each platform. Lipidomics platform 1:650 μL
of supernatant were dried at 40 ◦C in a vacuum concentrator and reconstituted in 50 μL
methanol with agitation for 20 min at RT. After centrifugation (18,000× g for 5 min at
4 ◦C) to precipitate any particles, supernatants were transferred to a plate for UPLC®-MS
analysis. Lipidomics platform 2:650 μL supernatant were mixed with 50 μL of H2O and
vortexed for a few seconds. After centrifugation (18,000× g for 5 min at 4 ◦C), 400 μL of
the lower organic phase were dried at 40 ◦C in a vacuum concentrator. Dried samples
were reconstituted in 50 μL of acetonitrile:isopropanol 1:1 and shaken vigorously at RT for
10 min. A centrifugation step (18,000× g for 5 min at 4 ◦C) was performed to precipitate
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any particles, and supernatants were transferred to a plate for ultra-performance liquid
chromatography UPLC®-MS analysis.

Table 1. Chromatographic and mass-spectrometric workflows used in this study.

Platform 1 Platform 2

Column type UPLC BEH C18, 1.0 × 100 mm, 1.7 μm UPLC BEH C18, 2.1 × 100 mm, 1.7 μm

Flow rate 0.140 mL/min 0.400 mL/min

Solvent A 0.05% Formic Acid in water Water:Acetronitrile (2:3) + 10 mM Ammonium
Formate

Solvent B 0.05% Formic Acid in acetonitrile Acetonitrile:Isopropanol (1:9) + 10 mM
Ammonium Formate

(%B), time 0%, 0 min 40%, 0 min

(%B), time 50%, 2 min 100%, 10 min

(%B), time 100%, 13 min 40%, 15 min

(%B), time 0%, 18 min 40%, 17 min

Column temperature 40 ◦C 60 ◦C

Injection volume 2 μL 3 μL

Autosampler temperature 10 ◦C 10 ◦C

Source temperature 120 ◦C 120 ◦C

Nebulisation N2 flow 600 L/hour 1000 L/hour

Nebulisation N2 temperature 350 ◦C 500 ◦C

Cone N2 flow 30 L/hour 30 L/hour

Ionization ESI −ve ESI +ve

Capillary voltage 2.8 kV 3.2 kV

Cone voltage 50 V 30 V

Type of data Centroid Centroid

Scan time 0.2 s 0.2 s

Acquisition range 50–1000 Da 50–1200 Da

Analysis of fatty acyls, bile acids, steroids and lysoglycerophospholipids was carried out with lipidomic platform 1, and analysis of
glycerolipids, cholesterol esters, sphingolipids and glycerophospholipids was performed with lipidomic platform 2. Abbreviation: ESI,
Electrospray ionization.

2.3. Chromatography and Mass-Spectrometry

Lipidomic profiling was carried out by OWL Metabolomics S.L. (Derio, Spain). Briefly,
chromatographic separation and mass spectrometric detection conditions employed for
each UHPLC-ToF-MS-based platform are indicated in Table 1. An Acquity-LCT Premier XE
system and an Acquity-Xevo G2QTOF (Waters Corp., Milford, MA) were used as platform
1 and 2, respectively.

2.4. Data Processing and Normalization

TargetLynx application manager for MassLynx 4.1 software (Waters Corp. Milford,
MA, USA) was used for data processing. A set of parameters associated to metabolites
included in the analysis (Rt m/z, mass-to-charge ratio pairs, retention time) were incorpo-
rated into the program. Using a mass tolerance window of 0.05 Da and after peak detection
and noise reduction (at LC and MS levels), only true metabolite related features were
processed by the software. For each sample injection, a list of chromatographic peak areas
was generated. Data normalization was performed following the procedure described
by Barr et al. [23], where the ion intensity corresponding to each peak present in each
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CSF sample was normalized in respect to the sum of peak intensities in each CSF sample.
There were no significant differences (t-test = 0.1031) between the total intensities used for
normalization of the sample groups compared in the study.

2.5. Data Analysis

Once normalized, the dimensionality of the complex data set was reduced to enable
easy visualization of any metabolic clustering of the different groups of samples. This was
achieved by multivariate data analysis, including the non-supervised principal components
analysis (PCA) and/or supervised orthogonal partial least-squares to latent structures
(OPLS) approaches. Univariate statistical analyses were also performed, calculating group
percentage changes and unpaired Student’s t-test p-value (or Welch’s t-test where unequal
variances were found) for the comparison between both experimental groups. To help in
the interpretation of lipid changes in a biologically meaningful context, OWLStatApp was
used (http://rstudio.owlmetabolomics.com:8031/OwlStatApp).

3. Results

During a neurodegenerative process, different types of molecules could be released
and finally diffused into the CSF circuit, being considered as potential cerebrospinal
fluid (CSF) biomarkers. Because cell membrane breakdown is a characteristic feature
of a neurodegenerative process in brain syndromes, the deep characterization of CSF
metabolomic profiles could reveal specific lipid molecules released by damaged neuronal or
glial cell populations, establishing novel molecular panels to help us in the characterization
of neurodegenerative diseases. In the current study, we have focused our attention on the
metabolic profile of CSF lipids in PD.

3.1. Categorization of the Detected CSF Lipidome

Due to the wide concentration range of lipids and their extensive chemical diversity [1],
it is not possible to analyze the full lipidomic profile in a single experiment. Therefore,
lipid extraction was carried out by fractionating the post-mortem CSF samples into groups
of species with similar physicochemical properties, using appropriate solutions of organic
solvents (methanol, chloroform/methanol) and then analyzing the different extracts in
specific analytical platforms [23]. In our case, two UHPLC-MS based platforms were used
(Figure 1) to maximize the analysis of CSF lipidomic profiles derived from neurologically
intact controls and PD subjects (Table 2), performing an optimal profiling of: (i) fatty acyls,
bile acids, steroids and lysoglycerophospholipids; and (ii) glycerolipids, glycerophospho-
lipids, sterol lipids and sphingolipids. Using this dual workflow, a total of 257 metabolic
features were detected in all human CSF samples, including 6 bile acids, 10 fatty amides,
3 acylcarnitines, 65 glycerolipids, 111 glycerophospholipids, 22 non-esterified fatty acids,
33 sphingolipids and 7 sterols (Table S1).
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Figure 1. Lipidomic workflow applied in our pilot study.

Table 2. CSF samples included in the lipidomic study.

SAMPLE.ID Age Sex Onset Duration NPD

PD354 88 F 77 11 LBDE
PD423 66 F 53 13 LBDE
PD436 90 M 82 8 LBDE
PD520 80 M 56 24 LBDE
PD530 85 M 77 8 LBDE
PD357 71 M 37 34 LBDN
PD450 66 M 47 19 LBDN
PD495 88 F 78 10 LBDN
PD501 89 F 82 7 LBDN
PD537 84 M 74 9 LBDN
PD550 83 F 77 7 LBDN
PD562 79 M 72 7 LBDN
PD636 84 M 65 20 LBDN
PD295 83 M 67 16 LBDL
PD340 67 M 53 14 LBDL
PD356 86 F 75 9 LBDL
PD541 72 M 66 6 LBDL
PD546 84 F 71 13 LBDL
PD579 76 M 55 21 LBDL
PD591 77 M 68 9 LBDL

C022 65 M aging-related changes
C023 78 F aging-related changes
C030 77 M aging-related changes
C008 93 F aging-related changes
C015 82 M possible ischaemia
C026 78 F minimal leukostasis
C032 88 M aging-related changes
C054 66 M mild aging-related changes
C064 63 F microvascular pathology
C076 87 M aging-related changes

PD: Parkinson’s disease; C: controls. Duration (years). NPD: neuropathological diagnosis; LBDL: Lewy body dis-
ease limbic stage; LBDE: Lewy body disease early-neocortical stage; LBDN: Lewy body disease neocortical stage.

3.2. CSF Lipidomic Profiling in Parkinson’s Disease

The 257 detected lipid features were analyzed across all CSF samples. Once normal-
ized, the dimensionality of the complex dataset was reduced to enable easy visualisation of
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any metabolic clustering of the PD and control CSFs. The quality of the global experiment
was assessed (see Appendix A).

3.2.1. Multivariate Analysis

A supervised OPLS model was also calculated in order to achieve the maximum
separation between both experimental groups. Figure 2 (left panel) shows the score scatter
plot of this model, in which a clear clustering of CSF samples according to the presence
or absence of PD was observed. Similar to what was found for the loadings scatter
plot displayed in Figure A4 (Appendix A), metabolites responsible for the differences
observed were mainly glycerolipids (MAG, DAG, TAG), fatty acids (SFA, MUFA), FAA,
glycerophospholipids (PC, PE) and sphingolipids (Cer, SM), which were increased in
the PD group (Figure 2, right panel). However, this model had a low predictive ability
(Q2X = 0.150), indicating it would be necessary to extend this pilot study to include
additional sample cohorts.

 
Figure 2. Score scatter plot (left panel) and loadings scatter plot (right panel) of the OPLS-DA model of CSF samples after
square root transformation of the data. Model diagnostics (A = 9; R2X = 0.860; Q2X = 0.150).

3.2.2. Univariate Analysis

Univariate data analysis was also performed, calculating group percentage changes
and unpaired Student’s t-test p-value (or Welch’s t test where unequal variances were
found) for the PD vs. control comparison. As mentioned in Appendix A, a Shapiro–Wilk
test revealed that the majority of the CSF metabolites measured from PD were not following
a normal distribution. Then, in addition to the untransformed data analysis, a square root
(sqrt) transformation of the data was also applied. Raw intensity data, average group
intensities, fold changes and an unpaired Student’s t-test of each individual metabolite and
of each metabolic class for both untransformed and sqrt transformed data are included in
Table S1. In order to correlate the alteration in specific lipid classes with Lewy body disease
(LBD) staging, we classified the PD group according to the neuropathological staging:
Lewy body disease (LBD) limbic stage (LBDL), LBD early-neocortical stage (LBDE) and
LBD neocortical stage (LBDN) (Table 2). Moreover, to deepen our understanding of the
lipid-dependent effects on PD duration, an additional analysis was performed, evaluating
the correlation between the CSF lipidomic dysregulation and the disease duration in our
sample cohort. To obtained balanced subgroups, we divided our PD cohort using a cutoff
point of 10 years, generating two groups: (i) <10 years (9 subjects) and (ii) ≥10 years
(11 subjects). The raw data per metabolic class was calculated as the sum of the normalized
areas of all the metabolites with the same chemical characteristics. In order to help in the
visualization of the results, a heatmap was generated. The heatmap in Figure 3 displays
the log2 (fold-change) of the 257 metabolites included in all comparative analyses together
with the unpaired Student’s t-test obtained using the square root (Sqrt) transformation of
the data.
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According to disease duration, the deregulated lipid classes were highly similar be-
tween both groups, except for the phosphatidylcholines and sphingomyelins profiles that
were most significantly deregulated in PD subjects with a disease duration of ≥10 years
(Tables S2 and S3). According to the neuropathological classification and CSF lipidomic
profiles (Tables S2 and S3), primary fatty amides (FAA), cholesteryl esters (ChoE) and
sphingomyelins (SM) were most significantly increased in LBDL. A similar phosphatidyl-
choline profile was significantly elevated in CSF from LBDL and LBDE. However, the CSF
lipid profile was reversed in LBDN, where a significant increment was mostly observed at
the level of polyunsaturated fatty acids (PUFA) and triacylglycerols (TAG) (Figure 3).

A volcano plot was generated highlighting the most significant metabolites considered
individually for the PD vs. control comparison (Figure 4).

 

Figure 3. Heatmap representing differential individual metabolic features obtained from the global PD and control
comparison and based on disease duration and neuropathological staging. Log transformed ion abundance ratios are
depicted, as represented by the scale. Darker green and red colors indicate the change intensity of the metabolite levels,
respectively. Grey lines correspond to significant fold-changes of individual metabolites; darker grey colors have been used
to highlight higher significances (p < 0.05, p < 0.01 or p < 0.001). It is relevant to highlight that metabolites have been ordered
in the heatmap according to their carbon number and unsaturation degree of their acyl chains. Heatmap color codes for
log2 (fold change) and unpaired Student’s t-test p-values are indicated at the bottom of the heatmap. Metabolite order is
supplied in the “Heatmap datasheet” in Tables S1–S3.
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Figure 4. Volcano plot [−log10(p-value) vs. log2(fold-change)] for the PD vs. control subjects comparison. This volcano plot
highlights the significance p-value < 0.01 for glycerolipids and, more specifically, triacylglycerols (TAG).

Lipid classes were also calculated as the sum of the normalized areas of all the lipid
metabolites with the same chemical characteristics (Table S1). Interestingly, all lipid classes
significantly altered in PD subjects were increased. Changes in some of the most relevant
metabolite classes are depicted in the boxplots shown in Figure 5.
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Figure 5. Boxplots of glycerolipids (monoacylglycerols (MAG), diacylglycerols (DAG), triacylglycerols (TAG)), phos-
phatidylcholines (PC) and sphingolipids (ceramides (Cer), sphingomyelins (SM)) (left). Boxplots of non-esterified fatty
acids (NEFA) (saturated fatty acids (SFA), monounsaturated fatty acids (MUFA)), primary fatty amides (FAA) and sterol
lipids (cholesteryl esters (ChoE), steroids (ST)) (right). significances (*; p < 0.05 and **; p < 0.01).

In order to help in the interpretation of the potential origin of the lipidomic changes
in a biologically meaningful context, pathway analysis was performed, mapping the dereg-
ulated lipid species as well as the lipid metabolic enzymes involved in lipid biosynthetic
routes (Figure 6).
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Figure 6. Pathway localization of deregulated lipid species detected in post-mortem CSF in PD. (A) Biosynthetic pathway
of n-3 and n-6 fatty acids, (B) de novo lipogenesis and (C) lipid biosynthesis. Delta-6 desaturase (Δ6D), Delta-5 desaturase
(Δ5D), elongase (ELOVL), beta-oxidation (β-ox), cyclooxygenase-2 (COX-2), phospholipases (PL). Fatty acid synthase (FAS),
long-chain elongase (LCE), stearoyl-CoA desaturase (SCD), Glycerol 3-phosphate (G3P), phosphatidic acids (PA), phos-
phatidylinositols (PI), lysophosphatidylinositols (LPI), acyl carnitines (AC), unesterified cholesterol (UC), cholesterol sulfate
(CS), cholesteryl esters (CE), steroids (ST), phodphatidylserines (PS), phosphatidylglycerols (PG), lysophosphatidylglycerols
(LPG), cardiolipins (CL), S-adenosylmethionine (SAMe). Red arrows indicate significant increments in CSF lipid levels
(p < 0.05). Grey arrows indicate non-significant increments in CSF lipid levels (p > 0.05). Orange areas represent routes
carried out at the mitochondrial level.
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4. Discussion

Brain lipids act as the major source of energy, provide insulation to cells and struc-
tural integrity to membranes and can be rapidly converted to signaling molecules or to
inflammatory intermediates [24]. Thus, changes in lipid metabolism and its reflection on
CSF lipid content might have a significant impact on brain function, contributing to PD
pathogenesis [11,25]. Although the exact role of lipids in PD is not totally understood,
the effects and/or levels of a subset of the lipidome have been partially characterized in
plasma as well as in animal/cellular PD models [26]. However, brain levels of lipids may
not correlate with plasma levels, so additional CSF measurements are needed to address
the gap in knowledge about the potential pathological or compensatory composition of the
brain lipidome in PD. In our case, all the lipid species which were found to be significantly
increased in parkinsonian post-mortem CSF were: (i) several non-esterified fatty acids
(NEFA), including the complete profile of saturated fatty acids (SFA), some monounsat-
urated fatty acids (MUFA) and a few polyunsaturated fatty acids (PUFA); (ii) various
primary fatty amides (FAA) and N-acyl ethanolamines (NAE); (iii) almost the complete
profile of glycerolipids, including monoacylglycerols (MAG), diacylglycerols (DAG) and
triacylglycerols (TAG), (iv) several cholesteryl esters (ChoE) and steroids (ST), (v) almost
the complete profile of phosphatidylcholines (PC) and (vi) the majority of ceramides (Cer)
and sphingomyelins (SM). Moreover, our study demonstrated that CSF lipid homeostasis
is differentially disrupted depending on neuropathological staging and disease duration.
Several reasons may explain the over-representation of the characterized CSF lipidome
in PD subjects. Lipid dyshomeostasis may be due to extensive synaptic dysfunction, se-
vere lipid raft rearrangements and neuronal death, accompanied by membrane instability
and tangled breakdown, contributing to an increment in lipid products in the CSF from
PD subjects. Moreover, blood-brain-barrier (BBB) dysfunction is present in PD [27]. The
opening of the BBB and the concomitant serum molecular infiltration inside the brain may
trigger a multifactorial metabolic imbalance, leading to synaptic and neuronal dysfunction
and adverse neuroinflammatory changes. One of these events may be the increment in
lipid exchanges between CSF and the blood. However, bearing in mind that our workflow
has allowed us to exclusively monitor around 250 lipid species, we cannot exclude the
possibility that multiple lipid species not detected in this study may be underrepresented
in parkinsonian CSFs. In fact, levels of some bile acids and multiple glycerophospholipids
present a non-significant tendency to be lower in PD in respect to the control group (Ta-
ble S1). Additional studies applying complementary lipidomic strategies in additional
patient cohorts will facilitate the global interpretation about the lipid dyshomeostasis across
biofluids in PD.

It has been speculated that SFA could exacerbate PD pathology [28]. Moreover,
higher SFA levels are present in frontal cortical lipid rafts from PD subjects in respect to
controls [29]. Using Drosophila mutant models, it has been shown that alpha-synuclein
aggregation is facilitated by phospholipids with shorter acyl chains [30]. Interestingly,
saturated phospholipids have been reported to improve alpha-synuclein aggregation
and PD-like symptoms [31,32]. Although different CSF MUFA levels have been detected
between several PD phenotypes, MUFA levels remain unchanged in the temporal cortex
from PD subjects [33,34]. PUFA levels in the anterior cingulate cortex are increased in
PD, although their CSF levels depend on the disease etiology [34,35]. At the molecular
level, PUFA and alpha-synuclein are involved in the synaptic vesicle cycle [36]. Moreover,
it has been evidenced that PUFA increase alpha synuclein oligomerization through the
interaction with the N-terminal region [37,38]. With respect to glycerolipids, the exact
function of MAG is unknown. While DAG is a secondary lipid messenger that plays a role
in the synaptic vesicle cycle [39,40], TAG is directly involved in energy storage [41]. In the
context of PD, plasma DAG and TAG tend to be diminished in PD, and higher serum TAG
have been linked to a reduced risk of PD [42–44]. Alpha-synuclein overexpression has been
directly related with intracellular TAG deposition [45,46].
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In spite of CSF alterations in several cholesteryl esters (ChoE) and steroids (ST), little
is known about the impact of sterols in PD pathogenesis. In general, sterols are known to
play a role in immunity, membrane fluidity and serve as signaling mediators [47,48]. In PD,
the cholesterol esterifying activity is reduced in fibroblasts and specific ChoE are reduced
in the visual cortex [49,50]. Based on data obtained using several PD-related biological
systems, it is not evident whether modulation of specific ChoE metabolic events may have
a protective or pathological impact [51,52]. Phosphatidylcholine (PC), the most abundant
glycerophospholipid in membranes, is involved in the control of inflammation, neuronal
differentiation and cholesterol homeostasis [53–55]. Our data identified an increment in
almost the complete profile of PCs at the level of CSF derived from PD subjects. However,
decreased levels in multiple PCs have been observed in plasma, the frontal cortex and
substantia nigra from PD patients [42,56,57]. This tendency has been also observed in sub-
stantia nigra and brain tissue derived from a mouse model of PD and from MPTP-treated
goldfish, respectively [58,59]. Moreover, specific alpha-synuclein isoforms differentially
interact with PC membranes [60–63].

Chronic neuroinflammation is a landmark of PD [64]. Sphingolipids, significantly
increased in our study, have been recently proposed as potential diagnostic and thera-
peutic targets in PD, due to their direct involvement in neuroinflammation [65]. They are
particularly relevant in immune-cell trafficking, cytokine signaling, production of pro-
inflammatory eicosanoids and the regulation of cellular mechanisms involved in multiple
inflammatory processes [66,67]. Specifically, an elevation in ceramide concentration can
trigger neuronal apoptosis as well as astrocyte activation, playing a pro-inflammatory
role [68,69]. However, the acyl chain length and the cell-type determine the functionality of
ceramides as being long-chain ceramide mediators of pro-inflammatory phenotypes in mi-
croglial cells, whereas short-chain ones trigger anti-inflammatory mechanisms [65]. It has
been proposed that different variations in ceramide (Cer) levels across brain areas may be
linked to alpha-synuclein accumulation [26]. However, controversial data exist about the
Cer plasma levels in PD patients [42,70,71]. In general, an increment in Cer levels is com-
monly observed in different studies performed in PD animal and cellular models [72–75].
However, the consequences associated with Cer increments are not fully understood, being
potentially detrimental or beneficial for different PD-related mechanisms. It is important
to note that CSF ceramides are also increased in other neurodegenerative diseases, such
as AD and ALS, indicating that lipid imbalance may be partially common across neuro-
logical disorders [18,76]. Sphingomyelin (SM), a major myelin component, is considered a
source of bioactive lipidic molecules which play a role in inflammation, autophagy and cell
death [77–80]. According to our data obtained in CSF, SM accumulation has also been ob-
served in: (i) LB aggregates [81], (ii) the primary visual cortex from PD subjects as well as in
substantia nigra from males with PD [49,57] and (iii) PD patients with sphingomyelinase-1
mutations (risk factor) [82,83]. Although multiple factors suggest a potential role of SM
accumulation in PD-associated neurodegeneration, more experimental evidence is needed
to further elucidate the concise function of SM, not only in alpha-synuclein aggregation,
but also in inflammatory balance.

In addition to the CSF Cer increment detected in PD, an increment in specific N-
acylethanolamines and primary fatty amides (FAA) were also observed. N-acylethanolamines
play an important role in various processes, from anti-inflammatory activities [84,85] to
neuroprotective actions in PD models [86,87]. Specific FAA are sleep-inducing factors that
may also affect memory processes, depress locomotor activity and are anti-inflammatory,
anxiolytic and neuroprotective [88–91]. Interestingly, increased plasma FAA is associated
with CSF beta-amyloids and clinical features [92]. The increment we observed in CSF FAA
in PD was probably due to a dysfunctional synthesis-degradation efflux or transport. The
major degradative step for FAA is the fatty acid amide hydrolase (FAAH) that degrades
FAA to fatty acids and ammonia and also hydrolases the endocannabinoids. Pharmaco-
logical inhibition of FAAH leads to the inhibition of dopamine neuron death and reduces
the immunoreactivity of microglial cells [93]. However, the precise role of FAA in alpha-
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synucleinopathies remains to be elucidated. Other lipid species with a pro-inflammatory
role, such as platelet activating factors (PAFs) [94] or specific glycosphingolipids related
to IL-1beta/IL-18 production, auto-antibody production and recruitment of peripheral
immune cells within the CNS [95], were detected in our study, suggesting that additional
workflows are needed to elucidate the full picture of inflammation-related CSF lipidome
involved in PD.

It is important to note that our data obtained at the level of CSF partially corroborate
previous associations between PD and the levels of fatty acyls, glycerolipids, glycerophos-
pholipids, sphingolipids and sterols. Moreover, our pilot study established novel links
between primary fatty amides (FAA) and N-acyl ethanolamines (NAE) with PD. How-
ever, although our untargeted lipidomic work has uncovered many intricacies in the CSF
lipidomic homeostasis in the context of PD, there are potential limitations of our study
that warrant discussion. First, due to the technological approach used, we failed to accu-
rately monitor many lipid species present at low levels that might also participate in PD
pathophysiology. Second, and based on the current knowledge, it is unclear whether the
CSF lipid imbalance observed reflected pathological or compensatory mechanisms. Third,
our study did not consider the effect of variables such as sex, age, PD etiology and/or
mutational profiles.

Comparing our data with previously published works using early clinical PD biofluid
samples, alteration of glycerophospholipid and sphingolipid metabolism was also observed at
the plasma level [96]. However, the specific phosphatidylcholine, phosphatidylethanolamine
and sphingomyelin profiles clearly differed with respect to our postmortem CSF data.
Moreover, several studies have also indicated that sphingolipids (ceramides and sphin-
gomyelins) are elevated in CSF derived from AD patients in respect to cognitively normal
individuals [76,97]. Wood PL et al. [98] performed a lipidomic analysis in post-mortem
CSF derived from AD subjects. In contrast, the differential lipidomic profile obtained was
clearly different with respect to the lipid alterations we observed in post-mortem CSF from
PD. Based on these data and taking into account the biomarker field, large cohorts of paired
antemortem CSF and plasma samples should be used, not only from PD patients, but also
from other synucleinopathies and tauopathies to obtain robust lipid-based conclusions in
terms of biomarker specificity and sensitivity.

5. Conclusions

A CSF lipidomic approach performed in PD and control subjects (n = 30) detected
257 metabolic features by ultra-high performance liquid chromatography-mass spectrome-
try (UHPLC-MS). A supervised OPLS model showed a clear separation between control
and PD subjects, indicating that the lipids responsible for this separation were mainly
glycerolipids (MAG, DAG, TAG), fatty acids (SFA, MUFA), primary fatty amides, glyc-
erophospholipids (PC, PE) and sphingolipids (Cer, SM), which were increased in the PD
group. Univariate data analysis also revealed a general increase in the CSF lipid metabolic
profile in PD. Overall, these results suggest that: (i) multiple CSF lipid species tend to
be increased in PD compared to control subjects and (ii) the dyshomeostasis observed
in the parkinsonian CSF lipid profile varies depending on the disease duration and the
neuropathological staging.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9050491/s1, Table S1: “Raw data per metabolite_1” and “Raw data per chemical
class_1” contain raw intensity data per metabolites and per metabolite class of the untransformed
data, respectively. “Raw data per metabolite_2” and “Raw data per chemical class_2” contain raw
intensity data per metabolites and per metabolite class of the data after square root transformation of
the data. These sheets also include: (i) “Individual notation”, referring to the confirmed identification
of the metabolites. Overlapping of two or more metabolites or non-confirmed identification is
indicated in “Individual composition (or probable ID)”, (ii) Average group intensities and standard
errors, (iii) Shapiro test: used for testing the normality of data (Shapiro test (p) row is marked in red if
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the sample came from a normally distributed population), (iv) Fold-changes and unpaired Student’s
t-test p-values (or Welch´s t test where unequal variances were found) for the comparison PD vs.
control and (v) “Heatmap” which contains the metabolites´ identification code, log2(fold-changes)
and unpaired Student’s t-test p-values illustrated in the heatmap. Table S2: “Raw data per metabolite”
and “Raw data per chemical class” contain raw intensity data per metabolites and per metabolite
class of the untransformed data, considering the neuropathological stage and the disease duration.
Table S3: “Raw data per metabolite” and “Raw data per chemical class” contain raw intensity data
per metabolites and per metabolite class after square root transformation of the data, considering the
neuropathological stage and the disease duration.
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Appendix A

Table A1. Internal Standard (IS) Solutions Platform 1.

IS
IS Stock Solution

(μg/mL)
IS Stock Solution

IS Intermediate
Solution in

CHCl3:MeOH (2:1)
(μg/mL)

IS Working
Solution in MeOH

(μg/mL)

13:0 Lyso PC 10,000 CHCl3 10 0.1

Dehydrocholic acid 5000 CHCl3:MeOH (1:1) 30 0.3

Nonadecanoic acid 10,000 CHCl3 500 5.0

Tryptophan-(indole-
d5)

5000 0.05% Formic acid in
water 200 2.0

Table A2. Internal Standard Solutions Platform 2.

IS IS Stock Solution (μg/mL) IS Stock Solution
Working IS Solution

CHCl3:MeOH (2:1) (μg/mL)

SM (d18:1/6:0) 5000 CHCl3 5

PE (17:0/17:0) 10,000 CHCl3:MeOH:H2O 50

PC (19:0/19:0) 10,000 CHCl3 10

TG (13:0/13:0/13:0) 10,000 CHCl3 5

TG (17:0/17:0/17:0) 10,000 CHCl3 5

Cer(d18:1/17:0) 10,000 CHCl3 10

ChoE(12:0) 10,000 CHCl3 250

Multivariate data analysis of all CSF samples, pool samples and quality control (QC)
samples was initially performed. Score scatter plot corresponding to PCA analysis of these
samples is shown in Figure 2. Proximity and overlap of the Pool and QC injections provides
a good indication of the reproducibility and quality of the measurements.

Figure A1. Score scatter plot of the PCA model of CSF, Pool and QC samples. Pool: 15 μl of each CSF
sample was collected and pooled together. Model diagnostics (A = 6, R2X = 0.829, Q2X = 0.496).
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After validating the quality of the experiment, the Pool and QC injections were
removed from the analysis and a score scatter plot of the PCA model of all cerebrospinal
fluid samples was generated.

Figure A2. Score scatter plot of the PCA model of CSF samples. Model diagnostics (A = 6, R2X = 0.807,
Q2X = 0.401).

The Shapiro–Wilk test was used for testing the normality of data (results included
in Table S1), revealing that the majority of the metabolites measured in the CSF samples
from PD patients were not following a normal distribution. Then, the Box–Cox method
for correcting non-normally distributed data by variable transformations was applied,
identifying the square root transformation as optimal for most of the metabolites. This kind
of transformation is a common pre-treatment method in metabolomics for the conversion
of the data, which corrects aspects that hinder the biological interpretation of data sets
by emphasizing the biological information and thus, improving their physiological inter-
pretability. Score scatter plot corresponding to PCA analysis of CSF samples after square
root transformation of the data is shown in Figure A3.

Figure A3. Score scatter plot of the PCA model of CSF samples after square root transformation of
the data. Model diagnostics (A = 4, R2X = 0.752, Q2X = 0.505).
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This score scatter plot showed certain clustering of samples according to the presence
or absence of the disease and identified sample PD353 as a potential outlier, since it
appeared outside the Hotelling´s T2 ellipse. Following Chauvenet’s criterion, further
inspection of the data relating to this sample revealed that it presented elevated levels of
sphingolipids compared to the rest of the samples from the PD group. However, the levels
of the majority of the metabolites in this sample were similar to those of the samples from
the same group and thus, it was not excluded from the multivariate and univariate analyses.
Metabolites responsible for this certain separation observed between CSF samples of PD
and control subjects can be observed in the loadings scatter plot (Figure A4), which is a
graph related to the score scatter plot shown in Figure A3.

Figure A4. Loadings scatter plot of the PCA model of cerebrospinal fluid samples after square root
transformation of the data. Model diagnostics (A = 4, R2X = 0.752, Q2X = 0.505).

Lipids lying away from the plot origin have a stronger impact on the model; besides,
variables positively correlated are grouped together, while variables negatively corre-
lated are positioned in the opposite sides of the plot origin. In this case, the metabolites
responsible for the differences observed were mainly glycerolipids (monoacylglycerols
(MAG), diacylglycerols (DAG), triacylglycerols (TAG)), fatty acids (saturated fatty acids
(SFA), monounsaturated fatty acids (MUFA)), primary fatty amides (FAA), glycerophos-
pholipids (phosphatidylcholines (PC), phosphatidylethanolamines (PE)) and sphingolipids
(ceramides (Cer), sphingomyelins (SM)), which were increased in PD compared to the
control group; and lysoglycerophospholipids (lysophosphatidylcholines (LP), lysophos-
phatidylethanolamines (LPE), lyshophosphatidylinositols (LPI)) and bile acids (BA), which
seemed to be increased in controls compared to the PD group.
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Abstract: A family history (FH+) of Alzheimer’s disease (AD) and ε4 allele of the ApoE gene are the
main genetic risk factors for developing AD, whereas ε4 allele plays a protective role in age-related
macular degeneration. Ocular vascular changes have been reported in both pathologies. We analyzed
the choroidal thickness using optical coherence tomography (OCT) and the foveal avascular zone
(FAZ) using OCT-angiography and compared the results with ApoE gene expression, AD FH+,
and the presence or absence of hard drusen (HD) in 184 cognitively healthy subjects. Choroidal
thickness was statistically significantly different in the (FH−, ε4−, HD+) group compared with (i)
both the (FH−, ε4−, HD−) and the (FH+, ε4+, HD+) groups in the superior and inferior points at
1500 μm, and (ii) the (FH+, ε4−, HD+) group in the superior point at 1500 μm. There were statistically
significant differences in the superficial FAZ between the (FH+, ε4−, HD+) group and (i) the (FH+,
ε4−, HD−) group and (ii) the (FH+, ε4+, HD−) group. In conclusion, ocular vascular changes are
not yet evident in participants with a genetic risk of developing AD.

Keywords: Alzheimer’s; family history; ApoE ε4; AMD; choroid; foveal avascular zone; hard drusen;
retina; OCT; OCTA

1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia, responsible for
60–70% of cases [1]. This neurodegenerative disease is characterized by a continuous
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and irreversible pathological process that begins 15–20 years before the onset of clinical
symptoms [2]. The main pathological features are the hyperphosphorylation of the Tau
protein and deposition of amyloid β-protein (Aβ) [3], which aggregates in the cerebral
vessel walls [4], leading to cerebral amyloid angiopathy (CAA) [5]. These vascular amyloid
deposits primarily consist of Aβ1–40 and Aβ1–42 [6], but N-terminal-truncated forms of
Aβ and other proteins such as Apolipoprotein E (ApoE) and the α2-macroglobulin recep-
tor/LDL receptor-related protein are also found in these deposits [7,8]. Reduced blood
and lymphatic flow [9], the impairment of the gliovascular unit [10], and alterations in
both vessel diameter and peripheral immune cell accessibility [11] can result in cerebral
vascular deposits and lead to a series of events that result in neurodegeneration [12]. About
85% of AD patients exhibit CAA [13], and it has been reported to be an early and funda-
mental contributor to the development of the disease and a reliable predictor of cognitive
decline [14].

There are similarities between cerebral and retinal vessels [15], and the vascular
changes that occur in AD share common pathogenic mechanisms in both tissues [15–17].
For this reason, the retinal vascular changes observed in AD can be used to monitor
alterations caused by this pathology in the central nervous system. Ocular vascularization
has the particularity of being supplied by two different systems, which differ in their
regulatory mechanisms and perfusion pressure [18]. While the inner retina is nourished by
blood vessels derived from the central retinal artery (CRA), the outer retina is supplied by
the choriocapillaris of the choroid [18].

Genetic factors play a critical role in the development of late-onset AD. Two of the
most important risk factors are (i) having a first-degree family history of the disease [19]
and (ii) being a carrier of at least one ε4 allele of ApoE [20]. Children of parents with AD
have a six-fold greater risk of developing the disease compared with those without a family
history [21].

ApoE is a multi-function protein; it is polymorphic and has three isoforms (ε2, ε3,
and ε4). This protein is highly expressed in the liver, brain, and retina [22,23], where
the retinal pigmented epithelium (RPE)/choroid complex has significant levels of ApoE
mRNA [23]. The ε2, ε3, and ε4 isoforms exhibit differences in lipid binding and confer
genetic risks for several diseases of aging, including atherosclerosis, AD, and age-related
macular degeneration (AMD) [24]. A single ε4 allele increases the risk of developing
AD [20], whereas it is associated with a protective effect against AMD [25]. In AD, the ε4
allele alters the way that neurons process the amyloid precursor protein (APP) through
a cholesterol-mediated pathway [24]. Carriers of two copies of ApoE ε4 have shown
reduced C-reactive protein (CRP) levels compared with non-carriers, suggesting that the
ApoE isoform plays a mediating role in the inflammatory response involved in AMD
etiology [26].

In addition, the role of ε2, which is protective against AD [20], has been extensively
studied in AMD [24,25]. It is associated with a slightly increased risk of developing late
AMD, and female ε2 carriers have a higher risk of progression compared with female ε3
carriers [27].

AMD is a degenerative disorder of the central retina. This pathology has a higher
prevalence in patients over 65 years of age and is the main cause of blindness in this age
group [28]. In early stages, the pathological changes are characterized by the presence of
drusen and changes in the RPE. Drusen are focal deposits composed mainly of extracellular
matrix deposits and inflammatory components located between the basal lamina of the
RPE and the inner collagenous layer of Bruch’s membrane. The formation of these deposits
is due to the continuous phagocytosis and deposition of photoreceptor outer segment
components, resulting in an imbalance between the production and clearance of lipid
material [29]. AD and AMD share environmental risk factors and histopathological features,
particularly the deposition of Aβ in ocular drusen and in senile brain plaques [30]. Analysis
of the eyes of aging individuals with AMD by electron microscopy revealed that the
basement membranes of retinal capillaries were considerably thicker compared with those
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of younger individuals. In addition, advanced cases of AMD were associated with a higher
proportion of acellular capillaries, which were non-functional, predisposing these patients
to ischemia in the inner retina [31]. Changes in the choroid and choroidal microcirculation
have been reported in AD [32–34] and play an important role in the pathogenesis of
AMD [35].

The aim of the present study was to analyze differences in choroidal thickness and the
retinal foveal avascular zone (FAZ) and assess whether the findings were associated with
ApoE gene expression, AD family history, and the presence or absence of hard drusen in
cognitively healthy subjects.

2. Materials and Methods

2.1. Study Design

This study is part of the project “The cognitive and neurophysiological characteristics
of subjects at high risk of developing dementia: a multidimensional approach” (COGDEM
study) conducted by the Ramon Castroviejo Institute of Ophthalmic Research (IIORC)
of the Complutense University of Madrid (UCM), the Centre for Biomedical Technology
(CBT), and the Hospital Clínico San Carlos (HCSC), Madrid, among others. All participants
provided written informed consent, and the research followed the tenets of the declaration
of Helsinki. This study was approved by the local Ethics Committee (HCSC) with the
internal code 18/422-E_BS.

The inclusion of patients is summarized in Figure 1. We analyzed two major groups:

- Group 1 is a control group, which consisted of middle-aged subjects without a first-
degree family history of AD (FH−).

- Group 2 comprises subjects with a family history of AD (FH+). Subjects were middle-
aged with at least one parent with sporadic AD. To verify the AD diagnoses of
parents, a review of their medical records was conducted by a multidisciplinary
diagnostic consensus panel. Only diagnoses that were made under internationally
accepted criteria were included. Because autopsies were not performed in most AD
patients, postmortem reports were welcome but were not used as the basis of inclusion.
Relatives with known autosomal dominant mutations (i.e., preseniline-1 or 2) were
not included.

Figure 1. Flow diagram of the patients included in the present work. FH+: subjects with a family history of Alzheimer’s
disease (AD); FH−: Subjects without a family history of AD.
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Both groups were matched in terms of age, socioeconomic status, and other demo-
graphic characteristics and had no history of neurological or psychiatric disorders or serious
medical conditions. Both groups had normal scores on the Mini-Mental State Examination
(MMSE) (above 26) and normal MRIs, with no evidence of brain lesions or pathology.

The two main groups were each subdivided into four subgroups. First, carriers and
non-carriers of ApoE ε4 were assigned to different groups, which were then subdivided
into groups with and without hard drusen in the retina.

The groups are represented as follows:

1.1. FH−; ApoE ε4−; No Drusen (FH−, ε4−, HD−).
1.2. FH−; ApoE ε4−; Drusen (FH−, ε4−, HD+).
1.3. FH−; ApoE ε4+; No Drusen (FH−, ε4+, HD−).
1.4. FH−; ApoE ε4+; Drusen (FH−, ε4+, HD+).
2.1. FH+; ApoE ε4−; No Drusen (FH+, ε4−, HD−).
2.2. FH+; ApoE ε4−; Drusen (FH+, ε4−, HD+).
2.3. FH+; ApoE ε4+; No Drusen (FH+, ε4+, HD−).
2.4. FH+; ApoE ε4+; Drusen (FH+, ε4+, HD+).

2.2. Subjects

In this prospective study, we included participants from COGDEM’s Database, which
consists of 251 subjects. The participants had to be free of ophthalmological pathology,
which we confirmed through phone screening.

The participants were examined in the clinic of IIORC. The phone screening questions,
visual exams, and inclusion criteria are described in Table 1.

Table 1. Ophthalmological evaluation of COGDEM participants.

Ophthalmological Evaluation

Screening Questions Visual Exam Inclusion Criteria

Do you use glasses? Yes/no
Do you know if you have myopia, hypermetropy, or

astigmatism? Yes/no
Do you know your diopter measurements? Yes/no

Do you have any ocular pathologies? Yes/no
Do you receive any type of ocular treatment? Yes/no

Have you undergone any type of ocular surgery? Yes/no

Refraction
Visual acuity

Biomicroscopy
Intraocular pressure

OCT/OCTA

±5 Spherocylindrical refractive
>0.5 dec

<21 mmHg
Free of ocular disease

Free of congenital malformation
Free of known or suspected

glaucoma

OCT: optical coherence tomography; OCTA: OCT angiography; dec: decimal scale.

We included 57 and 127 participants with and without a family history of AD, respec-
tively. In addition, we classified participants on the basis of whether they carried the ApoE
ε4 allele and whether they had hard drusen.

Figure 1 shows a flow diagram that illustrates the different study groups included in
the present work.

2.3. ApoE Genotyping

Genomic DNA was extracted from whole blood in EDTA using standard DNA isola-
tion methods (DNAzol®; Molecular Research Center, Inc., Cincinnati, OH, USA) from FH+
and FH− subjects. Two single-nucleotide polymorphisms (SNPs), rs7412 and rs429358,
were genotyped using TaqMan Genotyping Assays on an Applied Biosystems 7500 Fast
Real-Time PCR instrument (Applied Biosystems, Forster City, CA, USA). APOE haplotypes
were accordingly established. Sample controls for each genotype and negative sample
controls were included in each assay. Several intra- and interplate duplicates of DNA
samples were included.
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2.4. Spectral-Domain Optical Coherence Tomography (OCT) Imaging: Choroidal Thickness and
FAZ Measurement

The choroidal thickness and the foveal avascular zone (FAZ) were measured by
OCT Spectralis (Heidelberg Engineering, Heidelberg, Germany). High-quality scans were
defined by a minimum signal-to-noise ratio of 25 and an average of 16 B-scans. The
choroidal thickness was delimited manually and perpendicularly to the retina by the same
examiner using the measurement function in Heidelberg software (Heidelberg, Germany,
version 1.10.4.0). The choroidal thickness was measured from the outer hyper-reflective
line to the sclerochoroidal interface of the RPE. These measurements were made in the
subfoveal choroid and superior, inferior, nasal, and temporal sectors at 500, 1000, and
1500 μm from the center of the fovea (Figure 2A,B).

Figure 2. (A,B) measurement of the choroidal thickness. (A) Retinal zone analyzed. The 13 red
points indicate where the choroidal thickness measurements were carried out. Sup: superior; Nas:
Nasal; Inf: Inferior; Temp: Temporal. (B) Choroidal thickness measur measurements (μm). (C,D),
measurement of FAZ. (C) OCTA of superficial vascular plexus, with the avascular area outlined in
yellow. (D) OCTA of deep vascular plexus, with the avascular area outlined in yellow and, (E) and
(F), hard drusen analysis by OCT. (E) The yellow arrow shows hyper-reflective shapes in the HRA
fundus image. (F) Cross-Sectional OCT. The yellow arrow indicates hard drusen localized between
the basal lamina of the RPE and the inner collagen layer of Bruch’s membrane.
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The Spectralis OCT angiography (OCTA) module was used to measure the superficial
and deep FAZ. The avascular area of each plexus was delimited manually with the area
measurement tool in Heidelberg software (Figure 2C,D).

Hard drusen were identified as hyper-reflective shapes on high-reflectance acquisition
(HRA) fundus images and as hyper-reflective material located between the basal lamina of
the RPE and the inner collagen layer of Bruch’s membrane on cross-sectional OCT scans
(Figure 2E,F). All OCT scans were analyzed by the same ophthalmologist who determined
the type of deposit.

Both the measurements that were performed manually and the classification of the
deposits were carried out blindly to avoid the possibility that the information from the
participants could influence the measurements carried out by the professionals.

2.5. Statistical Analysis

SPSS 25.0 (SPSS Inc., Inc., Chicago, IL, USA) was used to perform the statistical analysis.
The differences between study groups were analyzed using the Mann–Whitney test. Data
are reported as the median (interquartile range). The chi-square test was used for the
analysis of qualitative variables. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Demographic Data

Eight study groups were included in this work. The demographic data are shown in
Table 2.

Table 2. Demographic data on the participants in the different study groups.

Demographic/
MMSE Data

FH− FH+

ApoE ε4− ApoE ε4+ ApoE ε4− ApoE ε4+

No HD HD No HD HD No HD HD No HD HD

Group 1.1 Group 1.2 Group 1.3 Group 1.4 Group 2.1 Group 2.2 Group 2.3 Group 2.4

N 29 14 9 5 57 17 35 18

Age
59.0

(54.0–65.0)
62.5

(56.0–69.0)
63.0

(54.0–70.0)
63.0

(58.0–76.5)
58.0

(53.0–62,0)
63.0

(56.5–58.5)
57.0

(57.0–65.0)
55.5

(51.0–63.0)

Sex Male/Female 12/17 6/8 3/6 0/5 22/35 6/11 11/24 9/9

MMSE
29.0

(28.0–29.0)
29.0

(29.0–29.0)
29.0

(28.0–30.0)
29.0

(29.0–30.0)
29.0

(28.5–29.0)
29.0

(28.0–29.0)
29.0

(29.0–29.0)
29.0

(28.0–30.0)

Median (interquartile range); FH+, subjects with a family history of Alzheimer’s disease (AD); FH−, subjects without a family history of
AD; ApoE, Apolipoprotein E.

Groups 1.1, 1.2, 1.3, and 1.4 consisted of individuals without a family history of AD.
Group 1.1 (FH−, ε4−, HD−) was formed by 29 subjects (12 males) with a mean age of 59.0
(54.0–65.0) and mean MMSE score of 29.0 (28.0–29.0). Group 1.2 (FH−, ε4−, HD+) was
formed by 14 participants (6 males) with a mean age of 62.5 (56.0–69.0) and mean MMSE
score of 29.0 (29.0–29.0). Group 1.3 (FH−, ε4+, HD−) had 9 subjects (3 males) with a mean
age of 63.0 (54.0–70.0) and mean MMSE score of 29.0 (28.0–30.0), and Group 1.4 (FH−, ε4+,
HD+) had 5 participants (0 males) with a mean age of 63.0 (58.0–76.5) and mean MMSE
score of 29.0 (29.0–30.0).

Groups 2.1, 2.2, 2.3, and 2.4 included individuals with a family history of AD. Group 2.1
(FH+, ε4−, HD−) comprised 57 participants (22 males) with a mean age of 58.0 (53.0–62.0)
and mean MMSE of 29.0 (28.5–29.0). Group 2.2 (FH+, ε4−, HD+) had 17 subjects (6 males)
with a mean age of 63.0 (56.5–68.5) and mean MMSE score of 29.0 (28.0–29.0). Group 2.3
(FH+, ε4+, HD−) included 35 subjects (11 males) with a mean age of 57.0 (57.0–65.0) and
mean MMSE score of 29.0 (29.0–29.0), and Group 2.4 (FH+, ε4+, HD+) had 18 subjects
(9 males) with a mean age of 55.5 (51.0–63.0) and mean MMSE score of 29.0 (28.0–30.0).
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3.2. Choroidal Thickness

The choroidal thickness of Group 1.2 (FH−, ε4−, HD+) was statistically different
(p < 0.05) from that of (i) Group 1.1 (FH−, ε4−, HD−) in the superior and inferior points at
1500 μm, (ii) Group 2.2 (FH+, ε4−, HD+) in the superior point at 1500 μm, and (iii) Group
2.4 (FH+, ε4+, HD+) in the superior and inferior points at 1500 μm (Tables 3 and 4).

Table 3. Median and interquartile range of the FAZ and choroidal thickness in the study groups.

Vascular Areas Analyzed

FH− FH+

ApoE ε4− ApoE ε4+ ApoE ε4− ApoE ε4+

No HD HD No HD HD No HD HD No HD HD

Group
1.1

Group
1.2

Group
1.3

Group
1.4

Group
2.1

Group
2.2

Group
2.3

Group
2.4

FAZ

Superficial
0.47 (0.39–

0.62)
0.45 (0.42–

0.68)
0.47(0.37–

0.84)
0.47 (0.37–

0.82)
0.51 (0.39–

0.62)
0.67 (0.62–

0.80)
0.54 (0.44–

0.68)
0.59 (0.43–

0.83)

Deep
0.23 (0.18–

0.31)
0.22 (0.16–

0.34)
0.24 (0.2–

0.359)
0.23 (0.12–

0.34)
0.26 (0.39–

0.33)
0.29 (0.24–

0.38)
0.28 (0.23–

0.33)
0.29 (0.21–

0.41)

Choroidal
Thick-
ness

Subfoveal
268.0

(213.5–
307.5)

249.5
(176.8–
268.0)

257.0
(234.0–
318.0)

252.5
(164.5–
279.8)

273.0
(231.0–
309.5)

255.0
(215.5–
287.0)

263.0
(212.0–
302.0)

241.0
(224.5–
296.5)

Temporal

500 μm
260.0

(210.5–
325.0)

234.0
(159.8–
259.0)

266.0
(231.5–
316.0)

256.5
(173.3–
296.3)

263.0
(220.5–
302.0)

252.0
(199.5–
292.0)

256.0
(228.0–
295.0)

252.0
(222.8–
297.3)

1000 μm
248.0

(207.5–
316.0)

219.5
(161.8–
267.50)

276.0
(202.5–
300.0)

256.5
(176.5–
310.3)

263.0
(218.5–
288.5)

248.0
(195.5–
292.0)

253.0
(219.0–
287.0)

247.5
(217.5–
282.0)

1500 μm
232.0

(202.0–
296.0)

222.5
(157.5–
255.3)

254,0
(186.5–
343.0)

255.0
(189.8–
292.5)

255.0
(216.0–
288.5)

251.0
(202.5–
282.0)

250.0
(215.0–
280.0)

265.0
(214.5–
291.0)

Nasal

500 μm
261.0

(204.5–
313.5)

230.5
(177.0–
252.5)

238.0
(228.0–
302.5)

256.5
(180.3–
292.3)

267.0
(220.5–
295.0)

234.0
(198.5–
285.5)

249.0
(199.0–
297.0)

244.0
(224.0–
286.2)

1000 μm
233.0

(195.5–
303.5)

206.0
(150.8–
282.0)

223.0
(204.5–
291.5)

257.0
(173.3–
295.8)

255.0
(190.5–
299.0)

225.0
(191.0–
274.5)

240.0
(182.0–
281.0)

248.5
(198.8–
268.0)

1500 μm
221

(175.50–
278.5)

182.5
(140.5–
269.3)

217.0
(171.0–
278.0)

271.0
(134.0–
300.0)

228.0
(183.5–
274.5)

205.0
(170.5–
242.0)

218.0
(174.0–
265.0)

252.0
(179.8–
263.0)

Superior

500 μm
262.0

(218.0–
301.0)

222.0
(170.8–
273.5)

260.0
(228.5–
311.5)

265.5
(182.8–
292.8)

265.0
(228.0–
299−0)

262.0
(219.5–
282.5)

257.0
(209.0–
309.0)

252.5
(222.0–
284.0)

1000 μm
255.0

(218.5–
297.0)

227.0
(170.8–
263.8)

256.0
(227.5–
308.5)

272.5
(180.8–
281.8)

271.0
(228.5–
302.0)

259.0
(217.5–
289.0)

267.0
(223.0–
299.0)

252.5
(234.3–
288.0)

1500 μm
259.0

(209.5–
306.5)

223.0
(147.0–
253.3)

250.0
(225.5–
319.0)

269.0
(174.0–
298.0)

261.0
(224.5–
305.5)

261.0
(206.0–
286.0)

262.0
(226.0–
300.0)

257.5
(233.3–
290.3)

Inferior

500 μm
262.0

(209.5–
311.5)

222.5
(172.8–
274.3)

256.0
(222.0–
308.5)

272.0
(179.5–
284.3)

270.0
(231.5–
304.0)

252.0
(208.5–
276.5)

265.0
(216.0–
310.0)

251.5
(216,3–
301,3)

1000 μm
266.0

(217.0–
306.5)

219.0
(165.0–
270.8)

267.0
(229.5–
308.5)

267.5
(171.0–
296.5)

271.0
(227.5–
295.5)

252.0
(211.5–
268.0)

270.0
(216.0–
322.0)

243.0
(219.8–
287.3)

1500 μm
264.0

(213.5–
312.0)

217.0
(169.0–
257.25)

262.0
(218.5–
300.5)

271.5
(183.0–
276.0)

268.0
(224.0–
304.0)

257.0
(211.0–
266.5)

250.0
(214.0–
317.0)

269.0
(216.0–
309.5)

Median (interquartile range); FH+, subjects with a family history of Alzheimer’s disease (AD); FH, subjects without a family history of AD;
HD, hard drusen; ApoE, Apolipoprotein E; FAZ, Foveal avascular zone.
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Table 4. Significant p−values for differences between groups in the FAZ and choroidal thickness. p−values are in parentheses.

Study Groups

FH− FH+

ApoE ε4− ApoE ε4+ ApoE ε4− ApoE ε4+

No HD HD No HD HD No HD HD No HD HD

Group
1.1

Group 1.2
Group

1.3
Group

1.4
Group

2.1
Group 2.2 Group 2.3

Group
2.4

F
H
− A

p
o

E
ε

4
− N

o
H

D

1.1

Choroid:
Sup 1500

(0.030), Inf
1500 (0.028)

H
D 1.2

Choroid:
Sup 1500

(0.039)

Choroid:
Sup 1500
(0.019),
Inf 1500
(0.040)

A
p

o
E
ε

4
+

N
o

H
D

1.3

H
D 1.4

F
H

+

A
p

o
E
ε

4
−

N
o

H
D

2.1
Superficial

FAZ
(<0.001)

H
D 2.2 Superficial

FAZ (0.013)

A
p

o
E
ε

4
+

N
o

H
D

2.3

H
D 2.4

p-values are in parentheses. FH+, subjects with a family history of Alzheimer’s disease (AD); FH−, subjects without a family history of AD;
HD, hard drusen; ApoE, Apolipoprotein E; FAZ, Foveal avascular zone.

3.3. Foveal Avascular Zone (FAZ)

There were statistically significant differences in the superficial FAZ between Group
2.1 (FH+, ε4−, HD−) (0.51 (0.39–0.62)) and Group 2.2 (FH+, ε4−, HD+) (0.67 (0.62–0.80))
(Tables 3 and 4). In addition, there were significant differences (p < 0.05) in the superficial
FAZ between Group 2.2 (FH+, ε4−, HD+) (0.67 (0.62–0.80)) and Group 2.3 (FH+, ε4+, HD−)
(0.54 (0.44–0.68)) (Tables 3 and 4).

4. Discussion

The present study demonstrates that ocular vascular changes are not yet evident in
participants with a genetic risk of developing AD, while in participants without genetic
risk for developing AD who have HD, changes in choroidal thickness are presented. In
addition, superficial FAZ also showed small changes between the (FH+, ε4−, HD+) group
and the (FH+, ε4−, HD−) and the (FH+, ε4+, HD−) groups.

Changes in the retinal vasculature have been identified as potential biomarkers of
AD [36–38]. One of the most important ocular vascular layers is the choroid, whose flow is
supplied by the posterior ciliary arteries, which are branches of the ophthalmic artery [39].
The choroid has one of the highest blood flows of any tissue in the body, and its primary
function is to provide nutrients and oxygen to the outer retina, including the RPE and
photoreceptors [40,41]. The choroidal circulation is controlled mainly by autonomic and
sensory innervation and not by a self-regulatory mechanism [39,42]. Nerve fibers that
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regulate choroidal vascularization are predominantly located in the submacular region,
where most NPY+ and TH+ ganglion cells are also concentrated [43]. This neuronal
distribution in the submacular region suggests the possibility that vascular conditions
of certain eye diseases, such as diabetic macular edema or AMD, may be related to the
dysfunction of these cells [44]. Some authors have correlated AD with AMD, so it is not
surprising that choroidal vascular changes appear before retinal changes in AD [30].

A decrease in choroidal thickness has been reported in patients with AD compared
with healthy older subjects [15,33,34,45–49]. These changes have also been observed in
early stages of the disease [32], including in patients with preclinical and prodromal
AD [49] and those with mild cognitive impairment (MCI) [41]. Choroidal thinning may
indicate abnormal choroidal blood supply associated with hypoperfusion or atrophic
changes related to various pathological events, with cerebral Aβ accumulation being the
main trigger [33]. Capillary occlusion detected in imaging studies provides a possible
explanation for hypoperfusion in AD brains [50,51].

In the present study, no differences were observed between groups with a high genetic
risk of developing AD (subjects with a family history and carriers of ApoE ε4) and control
groups (participants without a family history and non-carriers of ApoE ε4). One possible
explanation is that our participants are cognitively healthy people, and it is unknown
whether they will develop the disease in the future. Although genetic factors play an
important role in determining a person’s risk of developing the disease [52], there are other
contributing factors, such as the influence of the environment or modifiable risk factors,
including physical activity, diet, and alcohol consumption, all of which can modify the
course or even the onset of the disease [53].

The statistically significant differences found in our study are in groups that have
hard drusen. In addition, the thinnest choroids correspond to subjects who have no family
history of the disease and are non-carriers of ApoE ε4 (Group 1.2; FH−, ε4−, HD+).
ApoE ε4 is known to be a protective factor for AMD, and the risk of late (end-stage)
AMD in individuals of Caucasian descent is 20–50% lower than that of carriers of the
ε3 allele [54,55], while the ε2 allele is associated with increased disease progression in
women [27]. However, the association between ApoE ε4 and protection is stronger than
that between ε2 and risk [25].

The allelic variants of the ApoE gene represent one of the most important genetic risk
factors for developing AMD [55]. ApoE plays a role in cell-membrane remodeling and
is essential for the normal function and maintenance of the retina [54]. Lipid transport
across Bruch’s membrane is easier in carriers of the ε4 allele compared with ε2 and ε3 allele
carriers. The positive charges in proteins coded by ε4 alleles account for their improved
ability to clear debris because they interact with the hydrophobic barrier generated by the
accumulation of neutral lipids [56].

The formation of drusen is not random but is influenced by the anatomy of the choroid,
and the mechanisms leading to the formation of these deposits in intercapillary areas or
areas devoid of capillary lumens are unknown [57]. Drusen are associated with decreased
choriocapillaris density and decreased choroid flow [57–59]. Similarly, reduced blood flow
to the choriocapillaris can lead to dysfunction of the RPE, promoting further accumulation
of debris in the form of drusen or basal lamellar deposits [58]. In early AMD, choroidal
thickness already tends to be thinner than in normal eyes [60]. The exact cause of this
thinning is unknown; it may be a response to choroidal atrophy or hypoxia, or it may be a
secondary response to the accumulation of deposits or damage to the RPE [60].

Numerous studies with different imaging techniques have shown choroidal changes
in AMD, but no consensus has been reached. Previous studies with fluorescein angiog-
raphy have reported abnormalities in choroidal perfusion, such as decreased blood flow,
increased fluorescein blockage [61,62], and areas of delayed choroidal perfusion, which
were associated with decreased visual function [63]. In another study, slow choroidal filling
on fluorescein angiography was reported to be a significant risk factor for developing
geographic RPE atrophy, suggesting the importance of ischemia in this etiology [64]. In
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addition, in another study in subjects with dry AMD, an increase in arterial filling time
was found, suggesting a decrease in choroidal blood flow [65].

In a recent study using color Doppler imaging, AMD patients showed decreased blood
velocity and increased pulsatility in the central retinal artery and posterior short ciliary
arteries [66]. In other neurodegenerative diseases, such as AD or previous stages such as
MCI, the accumulation of vascular deposits in the retina (Aβ40 and Aβ42) is also associated
with vascular changes [67]. The accumulation of Aβ was shown to reduce the expression of
LDL receptor-related protein-1 (LRPG), leading to a decrease in the expression of vascular
platelet-derived growth factor receptor-β (PDGFRβ) and an increase in pericyte death by
apoptosis [12]. Brain pericytes and vascular smooth muscle cells are critical in regulating
blood flow and the integrity of the blood–brain barrier [68]. Because of its similarity to the
blood-retinal barrier, damage at this level is implicated in pathologies such as AMD and
diabetic retinopathy [12]. Although drusen are one of the first signs to appear in AMD, the
subjects in our study do not have AMD, so we cannot claim that the changes in choroidal
thickness are comparable to those found in patients with AMD. The vascular changes in
the choroid in our patients may be a very early sign secondary to altered blood flow.

On the other hand, retinal circulation is characterized by low blood flow, high perfu-
sion pressure [39], and three distinct structures: radial peripapillary capillaries, superficial
vascular, and deep vascular plexus [15]. In the foveal zone, in both the deep and superficial
plexus, there is a capillary-free zone called the FAZ [69]. The enlargement of the FAZ is a
sign of ischemia and is detected in cases of diabetic retinopathy and macular vein branch
occlusion [70]. This parameter has received interest as a biomarker for the monitoring and
follow-up of pathologies such as AD [15]. For this reason, the FAZ has been studied at
different stages of the disease using OCTA.

In our study, among the participants without drusen, we found no statistically sig-
nificant differences between those with a high genetic risk of AD (group 2.3) and those
without a genetic risk of AD (group 1.1). Our results are similar to those of a previous
study in preclinical AD, in which no differences in the FAZ were found between Aβ+
patients and controls (Aβ−), who had lower vascular density [71]. However, in a previous
study, the FAZ of cognitively healthy individuals who had preclinical AD and positive
biomarkers for AD, such as PET scanning for PiB or 18F-AV-45 and Aβ42+ levels in the
cerebrospinal fluid (CSF), was increased in comparison with participants without these
biomarkers. However, information about the family histories of the participants and results
of genetic testing (ApoE ε4 status) were not collected [72]. In our analysis of the FAZ, the
only statistically significant differences were in the superficial FAZ in Group 2.2 (FH+, ε4−,
HD+) in comparison with both Groups 2.1 (FH+, ε4−, HD−) and 2.3 (FH+, ε4+, HD−).
These changes are consistent with those found in studies of patients with MCI, who showed
a decrease in vascular density and, therefore, an increase in the FAZ area [38,73,74]. In a
recent study in patients with MCI, an increased deep FAZ was observed compared with
controls. The same study analyzed the influence of ApoE ε4 on vascularization in people
with and without MCI and found no significant differences [75].

The results obtained in FAZ analyses in AD patients are quite diverse. Some stud-
ies have found no statistically significant differences between the FAZ of AD patients
and healthy controls [32,76]. However, others have found differences in both the super-
ficial [15,77] and deep FAZ [78] compared with controls. An increased FAZ is attributed
to reduced angiogenesis, a consequence of decreased vascular endothelial growth factor
(VEGF), which binds to Aβ protein plaques [15], as well as the competitive binding of Aβ

to the VEGF-2 receptor [79,80].
These discrepancies in the results of different studies may be explained by the degree

of cognitive impairment of the participants. However, our participants were cognitively
healthy, so the increased area of the superficial FAZ could reflect compromised blood
perfusion, which may trigger the deposition of drusenoid material.

One of the strengths of this study is the strict selection of participants. Only young,
cognitively healthy participants with a family history of Alzheimer’s disease were included
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in the study. Another strength is the knowledge of the genetic characterization of the
subjects. However, among the main limitations of the study are the small sample size
in some of the study groups (there are groups with only 9 and 5 participants) and its
retrospective character. Longitudinal studies will be necessary to know the evolution of
all participants.

5. Conclusions

In conclusion, in this study, ocular vascular changes are not yet evident in healthy
cognitive participants at high genetic risk of developing AD. The statistically significant
differences in our study are in subjects who have hard drusen who should be evaluated
periodically. In addition, the thinnest choroids correspond to subjects who have no family
history of AD and are non-carriers of ApoE ε4.
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Abstract: Monomeric C-reactive protein (mCRP), the activated isoform of CRP, induces tissue
damage in a range of inflammatory pathologies. Its detection in infarcted human brain tissue and its
experimentally proven ability to promote dementia with Alzheimer’s disease (AD) traits at 4 weeks
after intrahippocampal injection in mice have suggested that it may contribute to the development
of AD after cerebrovascular injury. Here, we showed that a single hippocampal administration of
mCRP in mice induced memory loss, lasting at least 6 months, along with neurodegenerative changes
detected by increased levels of hyperphosphorylated tau protein and a decrease of the neuroplasticity
marker Egr1. Furthermore, co-treatment with the monoclonal antibody 8C10 specific for mCRP
showed that long-term memory loss and tau pathology were entirely avoided by early blockade
of mCRP. Notably, 8C10 mitigated Egr1 decrease in the mouse hippocampus. 8C10 also protected
against mCRP-induced inflammatory pathways in a microglial cell line, as shown by the prevention
of increased generation of nitric oxide. Additional in vivo and in vitro neuroprotective testing with
the anti-inflammatory agent TPPU, an inhibitor of the soluble epoxide hydrolase enzyme, confirmed
the predominant involvement of neuroinflammatory processes in the dementia induced by mCRP.
Therefore, locally deposited mCRP in the infarcted brain may be a novel biomarker for AD prognosis,
and its antibody blockade opens up therapeutic opportunities for reducing post-stroke AD risk.

Keywords: monomeric C-reactive protein (mCRP); biomarker; Alzheimer’s disease; mouse model of
mCRP dementia

1. Introduction

Sustained neuroinflammation is a risk factor for age-related diseases, including cere-
brovascular injuries and Alzheimer’s disease (AD) [1,2]. Systemic inflammatory conditions
may trigger or aggravate a range of cardiovascular and metabolic diseases that also con-
tribute to brain dysfunction and dementia [3,4]. Indeed, inflammatory processes are
increasingly being considered the culprits of frailty and disease in the elderly. As a re-
sult, the search for reliable inflammatory biomarkers and intervention targets to combat
dementia and other disabling conditions has intensified.
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C-reactive protein (CRP) is a widely used peripheral marker of inflammatory processes.
It was identified by Tillet and Francis in 1930 in the blood of patients with pneumococcal
infection [5], and its synthesis in the liver is stimulated by circulating pro-inflammatory
cytokines during the acute phase of infection [6]. Chronic moderately elevated expression
of CRP is associated with an increased risk of a wide range of diseases [7–9], and CRP
has been proposed as a biomarker for several inflammatory-associated ailments [10,11].
High-sensitivity CRP (hsCRP) testing, able to detect values under 3 mg/L, is a sensitive
test of low-grade inflammation, whereby the normal population presents mean hsCRP
levels of 2 mg/L, but desirable values are less than 1 mg/L [8]. CRP molecules that circu-
late in blood have the structure of a pentamer with five identical monomers in a β-jelly
roll characteristic of the pentraxin superfamily of proteins. Pentraxins are evolutionary
conserved proteins involved in immunological responses. Interestingly, native pentameric
CRP may suffer conformational changes into the isoforms, termed pCRP*, or dissociate into
modified or monomeric CRP (mCRP), where pCRP* and mCRP expose functionally active
neoepitopes that carry out highly pro-inflammatory functions [12]. Molecular studies ex
vivo have shown that CRP activation occurs in damaged vessels and other tissues, where
pro-inflammatory forms may activate immune cells and complement reactions [13]. Depo-
sition of mCRP, which has a much lower aqueous solubility than CRP, has been shown in
the brain in infarcted areas of AD patients [14] and in regions with amyloid burden [15], in
atherosclerotic plaques in vascular disease [16] and in other foci of inflammatory tissue
injuries [17,18]. An unbound fraction of mCRP has also recently been reported in serum
of patients with high levels of circulating native CRP (>100 mg/L, in the range of acute
inflammatory response), although the dissociation site of origin is unclear [19]. Further-
more, mCRP has been detected in U937-derived macrophages [20] and exosomes derived
from monocytes of patients with coronary artery disease [21]. Additionally, other cell
types such as neurons in the AD brain may produce CRP, albeit in lower amounts than
hepatocytes [22]. New specific antibodies and upcoming analytical tools for quantifying
the different forms of CRP will help to understand the functionality of the complex CRP
system [23]. However, whereas CRP is essential in host defense and clearance of apoptotic
cells, mCRP seems to exert severe pro-inflammatory and tissue damaging effects and is
emerging as a target for anti-inflammatory therapies in chronic diseases [24,25].

Specific targeting of mCRP can be a therapeutic approach in areas in which rapid
increases in its local generation are expected, such as stroke-affected brain areas, in order
to halt subsequent neurodegeneration and dementia. The prevalence of dementia in stroke
survivors is about 30%, and a high proportion of these patients suffer AD (in addition
to those with either vascular or mixed AD plus vascular dementia) [26]. Furthermore,
cerebrovascular pathological findings are common in post-mortem AD brain [27]. Inflam-
matory damage spreading from small blood vessels and linked dysregulation of amyloid β

metabolism in the neurons have been implicated in the origin of AD [28]. It is known that
mCRP accumulates in brain micro-vessels after ischemic stroke [14], where it promotes
aberrant angiogenesis [29], accumulation of amyloid β [30] and probably de novo synthesis
of amyloid β [31]. Therefore, mCRP may cause both vascular and neuronal degeneration
and underlie the processes leading to poststroke dementia [14,28]. Furthermore, in a previ-
ous experimental study, we demonstrated that mCRP injected into the hippocampus of
mice induces memory loss after 4 weeks, as well as other traits of AD such as mild amyloid
and tau pathology in neurons of the hippocampus and cortical areas [30]. We have also
shown that intrahippocampal mCRP may partially spread through the microvasculature to
the cortical and hypothalamic areas [32]. Neurotransmission dysfunction in cortical-limbic
areas causes behavioral alterations, known as ‘behavioral and psychological symptoms of
dementia’ (BPSDs), that are common in patients of AD and other dementia [33]. Anxiety,
depression and apathy are some of these behaviors that may be reproduced in AD mouse
models [34].

We hypothesize that mCRP is a biomarker of AD prognosis in the infarcted brain
and probably also in other inflammatory brain pathologies that increase the risk of AD.
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In this study, we wished to further characterize the mCRP mouse model of poststroke
dementia to investigate whether memory loss, the concomitant presence of BPSDs and
pathological pro-neurodegenerative processes are maintained in the long term, up to
6 months after intrahippocampal injection of mCRP. We also used a specific antibody
against mCRP, the monoclonal 8C10 antibody [29], to test whether blockade of mCRP
may halt subsequent damaging mechanisms and confer long-term neuroprotection in this
proposed model of neurodegeneration. We aimed to prove that mCRP can be therapeuti-
cally inhibited once injected into the mouse hippocampus. We also aimed to analyze the
inflammatory mechanisms in mCRP-induced dementia by using 1-trifluoromethoxyphenyl-
3-(1-propionylpiperidin-4-yl)-urea (TPPU), an inhibitor of the epoxide hydrolase enzyme,
since inhibition of this enzyme has recently been proposed as a protective mechanism
against neuroinflammation [35]. Finally, we wished to characterize the modulation of the
well-known inflammatory pathways of nitric oxide by mCRP, 8C10 and TPPU in an in vitro
setting using the BV2 microglial cell line.

2. Material and Methods

2.1. Experimental Agents

Monomeric C-reactive protein (mCRP) was generated from a commercial source of
recombinant human native CRP using the Potempa method [32]. Briefly, 1 mL commercial
CRP protein was chelated in a 1:1 ratio with EDTA/urea buffer (10 mM EDTA, 8M urea)
and incubated at 37 ◦C for 2 h and further dialyzed (20 kDa MWCO) in buffer (25 mM
Tris–HCl, 50 mM NaCl; pH 8.3) for 24 h to recover a solution of pure monomers of mCRP.
Native CRP was obtained from YO Proteins (Ronninge, Sweden); all other reagents were
from Sigma (St. Louis, MO, USA) where not otherwise indicated.

Mouse monoclonal antibody against human mCRP clone 8C10 was obtained from
Dr L.A. Potempa by hybridoma technology and fully characterized, as described previ-
ously [29,36]. The non-purified hybridoma culture supernatant was directly used as an
experimental 8C10 solution. We have shown its ability to block mCRP, preventing the
activation of U937 monocytes [13].

The soluble epoxide hydrolase inhibitor TPPU was used as a reference anti-inflammatory
agent. TPPU was purchased from MedChemExpress (Monmouth Junction, NJ, USA).

2.2. Animals and Experimental Design

One hundred and fifty-two C57BL/6J male mice were used in this study. Mice bred
by Janvier Labs (France) were purchased from Novaintermed (Pipera, Romania) and
maintained for the study in the Animal Unit of the University of Barcelona (UB), Spain.
Animals were individually housed in Makrolon cages (Techniplast, Buguggiatte, Italy)
with free access to food and water in a temperature-controlled room (22 ± 2 ◦C) with a 12 h
light/12 h dark cycle. All the animal procedures, including surgery, behavioral testing and
necropsies, were performed at the UB animal facilities. The study design and protocols
were approved by the UB Ethics Committee for Animal Experimentation (Comitè Ètic
d’Experimentació Animal, CEEA-UB) under the guidelines of the Animal Experimentation
Commission of the Autonomous Government of Catalonia (Comissió d’Experimentació
Animal, Generalitat de Catalunya) (Approval references: #6991 and #10921). All procedures
were carried out in accordance with the Directive 214/97 of the Generalitat de Catalunya,
Spanish legislation (Real Decreto 1386/2018), and the European Union (EU) Directive
2010/63/EU for animal experiments.

We performed 3 independent studies with intrahippocampal mCRP treatment over
periods of 1 month, 3 months and 6 months respectively, to test neuroprotection by 8C10.
Animals received a single bilateral intrahippocampal injection (see Section 2.3 for details)
of 1 μL mCRP at 3.5 μg/μL and/or 1 μL 8C10 antibody solution. Dosage was selected
in a preliminary study. Volume in the mice dosed with either solution was completed
to 2 μL, with 1 μL of artificial solution of CSF (NaCl 148 mM, KCl 3 mM, CaCl2 1 mM,
MgCl2 0.8 mM, Na2HPO4 0.8 mM, NaH2PO4 0.2 mM). Mice in the control group received
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a bilateral injection of 2 μL CSF. Therefore, for each study, the experimental groups were as
follows: control (CSF), mCRP, mCRP plus anti-mCRP antibody (mCRP + 8C10) and anti-
mCRP antibody (8C10). Experimental procedures were established in a previous 1-month
study with the mCRP mouse model of dementia [30]. An additional study was performed
with the same intrahippocampal mCRP treatment for 1 month to test neuroprotection
by oral TPPU dosing. TPPU was administered orally beginning 2 days before a single
bilateral mCRP or CSF injection, and throughout the study in the drinking water, mixed
with cyclodextrin 3% to improve its solubility. The control group received the same
dose of cyclodextrin in the drinking water. TPPU was added to the drinking water at a
concentration that yielded a daily dose of 5 mg/kg body weight. The initial concentration of
TPPU was established in a preliminary study of water consumption per mouse. Thereafter,
the water consumption and body weight of the mice were measured twice a week and
the TPPU concentration was adjusted accordingly in a freshly prepared drinking solution.
This treatment regimen was found to be neuroprotective in AD mouse models [37]. The
experimental groups were: control (CSF), mCRP and mCRP plus TPPU (mCRP + TPPU).
A schematic drawing of the experimental design is shown in Figure 1a. The number of
animals per group was as follows: (i) 1-month mCRP/8C10 study, CSF N = 6, mCRP
N = 9, mCRP + 8C10 N = 12 and 8C10 N = 6; (ii) 3-month mCRP/8C10 study, CSF N = 13,
mCRP N = 12, mCRP + 8C10 N = 12 and 8C10 N = 11; (iii) 6-month mCRP/8C10 study, CSF
N = 11, mCRP N = 11, mCRP + 8C10 N = 12 and 8C10 N = 10; (iv) 1-month mCRP/TPPU
study, CSF N = 9, mCRP N = 9 and mCRP + TPPU N = 9. Mice were visually inspected and
weighed on a regular basis throughout the studies in order to control their general health
status. All animals survived to termination.

Heterozygous transgenic AD mice of the strain 5XFAD [38] and their wild-type siblings
(WT), 7-month-old males, were used for a selected analysis (see Section 2.6). All mice,
N = 8 per group, were bred from first progenitors obtained from Jackson Laboratory (Bar
Harbor, ME, United States) and maintained in the same housing conditions as described
for the C57BL/6J mice.

2.3. Hippocampal Surgery and Treatment Administration

Treatments of mCRP and 8C10 were administered in the CA1 region of the mouse hip-
pocampus by stereotactic surgery procedures, as previously performed [30]. Three-month-
old C57BL/6J mice were anesthetized with 100 mg/kg ketamine (Ketolar 50 mg/mL, Pfizer,
Alcobendas, Madrid, Spain) and 10 mg/kg xylazine (Rompun 2%, Bayer, Leverkusen, Ger-
many) mixture i.p., and immobilized in a stereotactic apparatus (David Kopf Instruments,
Tujunga, CA, USA). The experimental agent solutions were infused bilaterally into the
CA1 area of the hippocampus. Injections were performed at a rate of 5 × 10−4 mL/min
at coordinates relative to Bregma of −2 mm A/P, ±1.3 mm M/L, −1.6 mm V/D. Two mi-
croliters of each solution were delivered to the application point with a 2 μL 25-gauge
7000 series Neuros Syringe (Hamilton Central Europe S.R.L., Giarmata, Romania). The
syringe was attached to a micro-infusion pump (Bioanalytical systems Inc., West Lafayette,
IN, USA) and left in position for 5 min after delivery in order to prevent the solution from
surging back.

2.4. Behavioral Testing

All animals were tested for behavioral changes induced by the specific treatments.
Age at testing was 4, 6 and 9 months for the 1-, 3- and 6-month mCRP exposure studies,
respectively. A battery of tests was applied in daily consecutive sessions, as was performed
in previous studies [39,40]. After a handling habituation, animals were analyzed for
sensorimotor changes and BPSD-like behaviors, such as neophobia, apathy to exploration,
anxiety and depression. Learning and memory were analyzed with tests focused on
recognition memory and spatial memory.

Handling habituation was performed to minimize animal stress during subsequent
testing. In the handling procedure, the mouse was picked up by its tail and held in the
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hand for 2 min, and mice were allowed to move along the experimenter’s arm before being
returned to their home cage. This procedure was repeated twice a day for 3 days with all
mice. Gloves and cover sleeves were cleaned with 70◦ ethanol to eliminate olfactory cues
between the mice.

Figure 1. Monomeric C-reactive protein (mCRP) treatment in C57BL/6J male mice. (a) Scheme of
the experimental design (see Methods Section for details). (b) Body weight control for the 1-, 3- and
6-month studies assaying a protective treatment with the anti-mCRP antibody 8C10 and (c) for the
1-month study assaying a protective treatment with Trifluoromethoxyphenyl-3-(1-propionylpiperidin-
4-yl)-urea (TPPU). Progression of body weight confirmed the absence of unwanted systemic effects.
Values are mean ± SEM ((b) 1-month graph: CSF N = 6, mCRP N = 9, mCRP + 8C10 N = 12 and 8C10
N = 6; 3-month graph: CSF N = 13, mCRP N = 12, mCRP + 8C10 N = 12 and 8C10 N = 11; 6-month
graph; CSF N = 11, mCRP N = 11, mCRP + 8C10 N = 12, 8C10 N = 10. (c) CSF N = 9, mCRP N = 9
and mCRP + TPP N = 9).

The following specific tests were applied to all mice except for the two alternative
spatial memory tests, as indicated.

Sensorimotor responses. Visual reflex and posterior leg extension reflex were mea-
sured by holding the animal by its tail and slowly lowering it toward a black surface.
Motor coordination and equilibrium were assessed with a 20 s trial by the distance covered
and the latency to fall off a horizontal wooden rod and a metal wire rod. Each trial was
performed twice. Prehensility and motor coordination were measured as the distance
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covered on the wire hang test, in which the animal was allowed to cling from the middle of
a horizontal wire (2 mm diameter × 40 cm length) with its forepaws for two trials of 5 s
and a third trial of 60 s.

Open-field test. This test analyzes general behavior and activity. Mice were placed in
the center of the apparatus (home-made, wooden, white, 55 × 55 cm surface and 25 cm high
walls) and observed for 5 min. Patterns of horizontal locomotor activity (distance covered
and thigmotaxis) and vertical movement (rearings) were analyzed throughout the test.
Initial freezing, self-grooming behavior and the number of urine spots and defecation boli
were also recorded. A computerized tracking system (SMART v3.0, Panlab S.A., Barcelona,
Spain) was used to measure the distance covered, along with the ambulatory pattern.

Corner test. Neophobia to a new home-cage was assessed by introducing the animal
into the center of a standard square cage (Makrolon cage 35 × 35 × 25 cm) with fresh
bedding, and counting the number of corners visited and rearings during a period of 30 s.
The latency of the first rearing was also recorded.

Boissier’s four-hole-board test. Exploratory and apathy-like behavior were mea-
sured as the number of head dips and time spent head-dipping on each of the four holes
(3 cm diameter) equally spaced in the floor of the hole-board (woodwork white box of
32 × 32 × 32 cm). The latencies of movement, first dipping and four holes dipping were
also recorded.

Dark and light box test. Anxiety-like behavior was measured in a dark–light box.
The apparatus consisted of two compartments (black: 27 × 18 × 27 cm with a red light;
white: 27 × 27 × 27 cm with white lighting intensity of 600 lux) connected by an opening
(7 × 7 cm). The mice were introduced into the black compartment and observed for
5 min. The latency to enter the lit compartment, the time spent in the lit compartment, the
number of crossings to each compartment and the vertical movement (number of rearings)
were recorded.

Tail suspension test. To assess depression-like behavior, mice were suspended by the
tail 30 cm above the surface. The tail was fixed with adhesive tape at 1 cm from its tip. The
duration of immobility (defined as the absence of all movements except for those required
for respiration) was scored over a 6 min period.

Novel object recognition test (NORT). This test assesses recognition memory. It is
based on the spontaneous tendency of rodents to spend more time exploring a novel
object than a familiar one. Animals were placed in the middle of a black rectangular box
(30 × 40 × 30.5 cm) with a lighting intensity of 100 lux. The objects to be discriminated
were made of plastic (6–10 cm high). After three days of habituation, the animals were
submitted to a 10 min acquisition trial (first trial), during which they were placed in the
cage in the presence of two identical novel objects (A + A) placed equidistant from each
other. A 10 min retention trial (second trial) was performed 2 h later, replacing object A
in the cage with object B. Another 10 min retention trial (third trial) was performed 24 h
later, replacing object A in the box with object C. The trials were recorded using a camera
mounted above the testing box; later, the time that the animal explored the new and the old
objects was analyzed. The ratio between the time taken to explore the new object and the
time spent on both objects provides an index of recognition memory in the short (2 h) and
long term (24 h). In order to avoid object preference biases, the sequence of presentation of
the different objects was counter-balanced in each experimental group. The cage and the
objects were cleaned with 70◦ ethanol between different animals to eliminate olfactory cues.

Object location test (OLT). The OLT assesses cognition, specifically spatial memory and
discrimination. This test is based on the ability of rodents to recognize when an object has
been moved from its previous position and their spontaneous tendency to spend more time
exploring the relocated object than the one in a familiar position. Testing was performed in
a black box (30 × 40 × 30.5 cm), where the animals are first habituated for 10 min. The next
day, two identical objects were introduced in the dark box. Objects were placed equidistant
from each other with space around them so that the mice could explore them (A1 + A2).
Each mouse was allowed to explore the objects for 5 min. Object exploration was defined
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as the orientation of the nose to the object at a distance of less than 2 cm. In the second trial
conducted 2 h later, the animal again encountered the two objects, but one of them had
changed position (A1 + A3). The trials were also video recorded, and for each mouse, the
amount of time spent exploring each object was scored. The object location discrimination
index was calculated as the ratio between the time spent exploring the relocated object and
the total time spent on both objects, in order to evaluate spatial memory. This test was used
in the 1-month mCRP exposure study.

Morris water maze test (MWM). The MWM was used to test animals for spatial
learning and memory. The test consisted of one day of training and six days of place task
learning for spatial reference memory, followed by one probe trial. Mice were trained to
locate a hidden platform, 10 cm in diameter, located 20 cm from the wall and 0.5 cm below
the water surface. The platform was placed in a circular pool 100 cm in diameter, 40 cm
high, with 22–24 ◦C opaque water, surrounded by black curtains. The animals learned to
find the platform using 4 distinctive landmarks as visual cues attached to the pool wall
and placed equidistant from each other. The platform was placed between two of these
landmarks. Five trial sessions of 60 s per day were performed. In each trial, the mouse
was gently released (facing the wall) from one randomly selected starting point (N, S, E
or W) and allowed to swim until it escaped onto the platform. Mice that failed to find the
platform within 60 s were placed on it for 20 s, the same period as was allowed for the
successful animals. On day 7, the platform was removed, and the mice performed a probe
trial of 60 s to test learning retention. The computerized tracking system (SMART) was
used to measure the distance covered during the learning tasks, along with the time spent
in each quadrant of the pool after the removal of the platform in the probe test. The MWM
test was used in the 3- and 6-month mCRP exposure studies instead of the OLT test, for a
more potent analysis of spatial memory.

2.5. Western Blot Analysis of Hippocampus Tissue

After completion of the behavioral tests, mice were sacrificed by dislocation and
the brains were dissected on ice to obtain the hippocampus. The tissue was frozen with
liquid nitrogen and stored at −80 ◦C until protein analysis by Western blot, as previously
described [41], with some modifications. Hippocampi (right hippocampus samples) were
suspended in 15 volumes of ice-cold RIPA buffer (1% IGEPAL, 0.5% sodium deoxycholate,
0.1% SDS in PBS) supplemented with 1 mM orthovanadate, 5 mM sodium fluoride and
Complete Protease Inhibitor Cocktail (#11697498001; Roche, Mannheim, Germany). Sam-
ples were sonicated and, after centrifuging (13,000× g, 10 min, 4 ◦C), supernatants were
collected. The protein concentration of cell lysates was determined using the Bradford pro-
tein assay (#5000002; Bio-Rad, Munich, Germany), and equal quantities of proteins (20 μg)
were denatured by boiling at 95 ◦C for 5 min in loading buffer (2% SDS, 10% glycerol, 0.05%
bromophenol blue and 50 mM DTT in 50 mM Tris-HCl buffer pH 6.8) and separated by
SDS-PAGE at 100 V for 2 h. Polyacrylamide gels were prepared with 30% Acrylamide/Bis
Solution 29:1 (#1610156, Bio-Rad) at 10% or 15% according to the target protein size, Tris-
HCl/SDS, 10% (w/v) ammonium persulfate and TEMED [42]. Electrophoresed proteins in
the gels were transferred to 0.45 μm PVDF membranes (Immobilon-P, Millipore, Burlington,
MA, USA) at 200 mA for 1 h 30 min. The different membranes were blocked for 1 h at room
temperature with TBS-T buffer containing 5% Blotting-Grade Blocker (#170-6404; Bio-Rad).
Subsequently, the membranes were incubated overnight at 4 ◦C with primary antibodies di-
luted 1:1000. Total tau clone HT7 mouse monoclonal antibody (#MN1000; Pierce Endogen,
ThermoFisher Scientific, Waltham, MA, USA), p-tau clone AT8 mouse monoclonal antibody
(#MN1020; ThermoFisher Scientific), and p-tau Ser396 rabbit polyclonal antibody (#44752G;
Life Technologies, Carlsbad, CA, USA) were used for immunodetection of tau-related
changes. Mouse monoclonal antibody against amyloid β clone 4G8 (SIG-39220; BioLegend,
San Diego, CA, USA) were used to detect increased amyloid pathology. Ionized calcium-
binding adapter molecule 1 (Iba1) (#019-19741; Wako; Richmond, VA, Canada) were used
to immunodetect activated microglia. Furthermore, monoclonal 8C10 antibody obtained as
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described above was used to detect mCRP. However, the Western blot technique will not
discern between CRP isoforms because the pentameric form will dissociate to monomers
in the presence of reducing and denaturing reagents of the blotting buffers [29]. After
washing, the corresponding secondary antibody (1:2000) was prepared for 1.5 h incubation
at room temperature. Antibodies used for loading control were rabbit polyclonal actin
(20–33) (#A5060; Sigma-Aldrich) and monoclonal β-tubulin (#T4026; Sigma-Aldrich) at
1:10,000. Secondary antibodies were peroxidase-conjugated. Antibodies were diluted in the
West Vision Block and Diluent SP-7000 (Vector Labs Inc., Burlingame, CA, USA). Proteins
were visualized using enhanced chemiluminescence (ECL) detection (Chemidoc™ Imaging
System, Bio-Rad, Hercules, CA, USA) and the semi-quantitative fold differences were
identified using Image Lab software (v3.0.1; Bio-Rad). Proteins were normalized to actin,
to β-tubulin or to the total form for phosphorylated proteins, always analyzed in the same
membrane. When p-tau and total tau could not be analyzed in the same membrane, both
proteins were previously normalized to actin or to β-tubulin. All membranes contained
samples from the control group and the other experimental groups. Normalized densitom-
etry value for each sample was calculated relative to the mean of the values of the control
sample in each membrane. To increase the reliability of the results in the mouse Western
blots, we analyzed some of the samples in duplicate membranes. In this case, we used
the mean value obtained from each hippocampus sample as a value for statistical analysis.
Cell culture samples were more readily available, and each well extract was analyzed once.

2.6. Quantitative PCR Analysis of Hippocampus Tissue

We determined the transcription levels of the gene Early growth response protein
1 (Egr1), as an indicator of hippocampal plasticity underlying neuron dysfunction and
memory loss, by real-time quantitative PCR (qPCR). Analysis was performed in the hip-
pocampus of mice submitted to the diverse treatments for 6 months. As a reference for the
severity of any decrease found after mCRP treatment, Egr1 activation was also analyzed in
the hippocampus of 5XFAD mice with advanced AD pathology. RNA was extracted from
hippocampus samples (left hippocampus) using mirVana miRNA Isolation Kits (#AM156;
Life Technologies), following the manufacturer’s instructions, to obtain RNA, including
small RNA. The quantity and quality of the RNA samples were determined using a ND-
1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Random-primed
cDNA synthesis was performed using high-capacity cDNA Reverse Transcription Kits
(#4368814; Life Technologies). Gene expression of Egr1 and the reference gene TATA-box
binding protein (Tbp) was determined using TaqMan Fluorescein amidite (FAM)-labeled
specific probes (Egr1, #Mm00656724_m1 and Tbp, #Mm00446971_m1; Applied Biosystems)
and Quantimix Easy Probe kits (#10.601-4149; Biotools, Madrid, Spain) in an RFX96TM
real-time system (Bio-Rad). qPCR assay was run with cDNA obtained from 3.75 ng of RNA.
Samples were analyzed in duplicate. Data were normalized to Tbp gene expression using
the Comparative Cycle Threshold method (ΔΔCT).

The transcription level of the Crp gene was also analyzed by qPCR in the hippocampus
tissue to discern any contribution of endogenous CRP throughout the 6-month treatment
time. For this purpose, we analyzed mouse tissue at 1 month, 3 months and 6 months after
CSF or mCRP injection. Crp expression was very low in the hippocampus, as expected for
brain tissue, and the analysis required a preamplification step. Specific preamplification
of Crp and Tbp cDNA was simultaneously performed using TaqMan Preamp Master Mix
(#4391128; Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. Next, gene expression of Crp was determined using TaqMan Fluorescein
amidite (FAM)-labeled specific probes (Crp, #Mm00432680_g1; Applied Biosystems). qPCR
assay was run with cDNA obtained from 10 ng of RNA and submitted to 14 cycles of
preamplification. Samples were analyzed in duplicate. Data were normalized to Tbp
expression after simultaneous preamplification, using the ΔΔCT method. Two samples of
liver cDNA from the same strain of mice were used as a positive control.
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2.7. Assays in the Microglial BV2 Cell Line

We analyzed inflammatory changes in an in vitro experimental setting by the determi-
nation of nitric oxide generation in the mouse microglial cell line BV2 (#ATL03001, ICLC,
Banca Biologica e Cell Factory, Genova, Italy). BV2 cells were grown in T25 flasks (NuncTM,
ThermoFisher Scientific) with culture medium composed of RPMI 1640 with L-glutamine
2 mM, gentamycin 50 μM and 10% heat-inactivated fetal bovine serum (FBS), at 37 ◦C in
a humidified incubator with 5% CO2. Cells were sub-cultured at a 1:10 ratio when they
reached 80–90% of confluence. Each set of experiments was performed with cells of at
least 3 independent passages. For experiments, cells were seeded in 96- or 12-well plates
at 2–3 × 105 cells/mL (1.42 × 105 cells/cm2). After 24 h, the medium was replaced with
fresh culture medium without FBS containing vehicle or anti-inflammatory agents. Anti-
inflammatory treatments were TPPU at 50 or 100 μM and 8C10 monoclonal antibody at 1:20
dilution. DMSO 0.1% was used as a vehicle in the TPPU treatment experiments. After 1 h of
incubation, the cells were treated with the proinflammatory chemicals lipopolysaccharide
(LPS; 0.1 μg/mL) or mCRP (100 μg/mL), and further incubated for 24 h. Native pentameric
CRP at 100 μg/mL was also assayed as an additional control.

Nitric oxide generation by activated BV2 was measured by the colorimetric Griess
reaction [43] that detects nitrite (NO2

−), a stable reaction product of nitric oxide and
molecular oxygen. Briefly, 50 μL of conditioned medium was incubated with 50 μL of
Griess reagent for 10 min at room temperature. Optical density was measured at 540 nm
using a microplate reader (iEMS Reader MF; Labsystems, Vantaa, Finland). Nitrite con-
centration was determined from a sodium nitrite standard curve and was then expressed
as a percentage of the average maximal values given by the pro-inflammatory agent for
each experiment.

Level of inducible nitric oxide synthase (iNOS), the enzyme that catalyzes nitric
oxide generation, was analyzed in cell extracts. After incubation, cells were washed
with cold PBS and immediately homogenized in ice-cold RIPA buffer supplemented with
protease and phosphatase inhibitors. Cell extracts were processed for Western blot analysis
following the procedures described for hippocampus tissue extracts. For iNOS immuno-
testing, membranes were incubated overnight with purified mouse anti-mouse iNOS
clone 54/iNOS (#610431; BD Transduction Laboratories, BD, San José, CA, USA) at the
concentration of 1:500.

2.8. Statistical Analysis

Results are shown as mean ± SEM. The distribution of the data was checked with
the Shapiro–Wilk normality test. Data were analyzed by ANOVA, where not stated other-
wise. Results were considered significant when p < 0.05. Post-hoc Fisher’s LSD test was
performed to compare the means between groups. Statistical analysis was performed using
GraphPad Prism v6 (GraphPad Software, San Diego, CA, USA) and IBM SPSS Statistics v23
(IBM Corp., Armonk, NY, USA). Exact N value per group is provided in the figure legends.

3. Results

3.1. General Indicators of Body Health Were Not Modified by mCRP

Several experimental groups of 3-month-old male C57BL/6J mice were used to an-
alyze the neuroprotection of the antibody 8C10 against mCRP-induced dementia at 1, 3
and 6 months and of TPPU at 1 month, as described in the experimental design (Figure 1a).
Body weight did not change significantly in any of the treatment groups in either 1-month
study and progressed similarly over time for all the treated groups in the 3- and 6-month
studies of mCRP treatment to assay 8C10 protection (Figure 1b) or the 1-month study to
assay TPPU protection (Figure 1c) (two-way ANOVA, main effect of age: F (3, 116) = 9.959,
p < 0.001 and F (6, 203) = 17.79, p < 0.001 for 3 and 6 months with 8C10, respectively). The
statistical analysis did not show alterations in vertical and horizontal activities or in the
pattern of movement evaluated in the open-field test, or in the Sensorimotor tests for motor
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coordination studies (Supplementary Figure S1). Furthermore, all animals in all experimen-
tal groups had preserved vision, as indicated by the presence of visual reflex and posterior
leg extension reflex. Body weight, sensorimotor abilities and mobility were recorded as
general indicators of the systemic condition of the mice. Visual inspection throughout
the study did not reveal any abnormal appearance of the mice or their behavior in the
home-cage. Thus, no gross body health alterations were induced by intrahippocampal
mCRP treatment or by the neuroprotective treatments with the anti-mCRP antibody 8C10
or the reference anti-inflammatory drug TPPU.

3.2. Anti-mCRP Antibody 8C10 Protected Against Anxiety Induced by mCRP at 6 Months
of Treatment

Tests used to detect BPSD-like behaviors did not show significant effects in the mice
treated with mCRP for 1 month or 3 months of exposure. In contrast, mCRP hippocam-
pal injection induced symptoms of anxiety after 6 months of treatment, observed as the
trend toward an increased latency to enter the lit area during the dark and light box test
(Figure 2a) (one-way ANOVA, F (3, 40) = 2.566, p = 0.068; Control vs. mCRP by two-tailed
Student’s t-test, t (20) = 2.381, p = 0.027). A similar trend was observed for the increase in
grooming time in the open-field test, which is considered an indicator of stress (Figure 2b)
(F (3, 40) = 2.701, p = 0.058; Control vs. mCRP, t (20) = 2.350, p = 0.029). These anxiety
symptoms at 6 months of treatment were not present with the joint injection of mCRP
and the 8C10 antibody, indicating a neuroprotective effect of 8C10. No changes in other
BPSD-like behaviors tested, such as neophobia, apathy and depression, were detected in
any of the experimental groups, as analyzed in the Corner test, Boissier’s four-hole-board
test and Tail suspension test, respectively (Supplementary Figure S2).

Figure 2. Anxiety induced by mCRP treatment was not evident in the co-treatment with 8C10
antibody. Six months of exposure to mCRP induced traits of anxiety, as shown by increased latency to
enter to the lit area in the dark and light test (a) and increased grooming time in the open-field test (b).
8C10 showed a clear trend toward protecting against anxiety. Values are mean ± SEM (CSF N = 11,
mCRP N = 11, mCRP + 8C10 N = 12 and 8C10 N = 10). Statistics: one-way ANOVA showed a trend
to significance (a) p = 0.068, (b) p = 0.058; $ p < 0.05 compared to control by Student’s t test.

3.3. Anti-mCRP Antibody 8C10 Protected against Loss of Recognition Memory Induced by mCRP
at 1, 3 and 6 Months of Treatment

The results of the NORT analysis showed a total loss of recognition memory at 1, 3 and
6 months after infusion of mCRP in the mouse hippocampus, but also showed that injection
of mCRP with 8C10 monoclonal antibody protected against this loss (Figure 3a) (one-way
ANOVA 1-month study, F (3, 29) = 5.081, p = 0.006 and F (3, 29) = 4.087, p = 0.016, at 2 and
24 h of testing, respectively; 3-month study, F (3, 44) = 6.009, p = 0.002, F (3, 44) = 4.680,
p = 0.006, at 2 and 24 h of testing, respectively; 6-month study, F (3, 40) = 8.755, p < 0.001,
F (3, 40) = 10.76, p < 0.001, at 2 and 24 h of testing, respectively). NORT showed that all
mice explored two identical objects for a similar time. However, the mCRP group of mice
did not recognize the novel versus the familiar object in the test after a time interval of 2 h
or in the retest after a time interval of 24 h. In contrast, the experimental group treated
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with mCRP plus 8C10 performed the test at the same level as the control group, with
similar discrimination indexes (around 0.2 and above), indicating a significantly longer
time spent exploring the novel object than the familiar one (see Figure 3a legend for graph
details). Therefore, anti-mCRP antibody 8C10 showed neuroprotective effects against
mCRP cognitive loss in both short and long time-intervals.

Figure 3. Long-term loss of recognition memory induced by mCRP was prevented by 8C10 antibody. (a) 1, 3 and 6 months
of exposure to mCRP induced total memory loss shown at 2 and 24 h after an assay of recognition learning in the Novel
object recognition test. 8C10 totally prevented memory loss for all the assayed periods. (b) TTPU similarly protected
against loss of recognition memory after 1 month of exposure to mCRP. Values are mean ± SEM ((a) 1 month: CSF N = 6,
mCRP N = 9, mCRP + 8C10 N = 12 and 8C10 N = 6; 3 months: CSF N = 13, mCRP N = 12, mCRP + 8C10 N = 12 and
8C10 N = 11; 6 months: CSF N = 11, mCRP N = 11, mCRP + 8C10 N = 12, 8C10 N = 10. (b) CSF N = 9, mCRP N = 9 and
mCRP + TPP N = 9). Statistics: * p < 0.05, ** p < 0.01, *** p < 0.001, compared to Control group; # p < 0.05, ### p < 0.001
compared to mCRP group.

3.4. TPPU Protected Against Loss of Recognition Memory Induced by mCRP at 1 Month
of Treatment

The reference anti-inflammatory compound TPPU showed a protective effect against
the mCRP-induced loss of recognition memory assayed by NORT 1 month after treatment
(Figure 3b) (one-way ANOVA, F (2, 24) = 16.48, p < 0.0001 and F (2, 24) = 8.613, p = 0.0015,
at 2 and 24 h of testing, respectively). One animal of the mCRP group was discarded from
the basal values because it did not reach a minimum exploration time at 0 h, but showed
exploratory activity at 2 and 24 h. Similar to the protective treatment with 8C10, TPPU
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administered orally to mice injected with mCRP blocked the memory loss that appeared in
the mCRP group (see Figure 3b legend for details). Cognitive protection was present at the
test time of 2 h and also at the longer test time of 24 h.

3.5. Anti-mCRP Antibody 8C10 Protected Against Loss of Spatial Memory Induced by mCRP at 1,
3 and 6 Months of Treatment

The results of the OLT showed a loss of spatial memory response in mCRP-injected
mice, but not in the mice also treated with 8C10 antibody (Figure 4a) (one-way ANOVA,
F (3, 29) = 4.139, p = 0.015 in the study at 1 month). Mice treated with mCRP did not
discern between an object that was maintained in the same position and one that had been
relocated to a new position at 2 h after previous exploration. In contrast, the experimental
group treated with mCRP plus 8C10 performed the test at the level of the control group.
These results on spatial memory confirmed the previous protective effects on cognition
through recognition memory preservation by 8C10.

For the confirmation of the protective effects of 8C10 after 3 and 6 months of treatment
with mCRP, spatial memory was analyzed using the widely known test of MWM instead of
OLT. Results of the MWM for the 3- and 6-month studies showed a loss of spatial memory
in the mCRP group and total preservation in the mCRP + 8C10 group (Figure 4b) (two-way
ANOVA, effect of the percentage of time spent in each quadrant of the pool during the
probe test, F (3, 149) = 3.779 p = 0.0119 and F (3, 164) = 9.596, p < 0.001 for 3- and 6-month
treatments, respectively). A few mice that floated instead of actively swimming, as detected
in the videotape examination, were not included in the analysis, where discarded animals
were: N = 1 in mCRP 3-month group, N = 2 in mCRP + 8C10 3-month group, N = 2
in CSF 6-month group and N = 1 in mCRP 6-month group. Mice in the mCRP groups
spent a random amount of time (around 25%) swimming in the pool quadrant where
the escape platform was located during the previous acquisition training; however, mice
treated with mCRP + 8C10 showed a distinct preference for swimming into the area of
the target quadrant, suggesting a preserved spatial memory after 24 h. Otherwise, the
acquisition curves, either latency time or swimming distance to the scape platform, did not
reach statistical differences between groups, as analyzed by repeated measures ANOVA
(Supplementary Figure S3). Therefore, there was some preservation in the learning capacity
under our intense protocol of 5 trials per day over 6 days, but memory was totally abolished
by mCRP. The group treated with 8C10 alone behaved similarly to the control group treated
with vehicle (CSF) in this and all the previous behavioral and cognitive tests.

3.6. TPPU Protected against Loss of Spatial Memory Induced by mCRP at 1 Month of Treatment

The protective effect of TPPU against loss of spatial memory induced by mCRP was
demonstrated by OLT (Figure 4c) (one-way ANOVA, F (2, 24) = 28.14, p < 0.001). Mice
injected with mCRP and dosed with TPPU for 1 month were able to recognize the relocated
object from the one whose position was maintained 2 h after the previous exploration. Their
OLT discrimination index was significantly higher than that of the mCRP-injected mice,
which were unable to discriminate between the different spatial positions of the object.

3.7. Anti-mCRP Antibody 8C10 Inhibited Tau Hyperphosphorylation Induced by mCRP at
6 Months of Treatment

Western blot analysis of tau protein of the hippocampus extracts revealed changes in phos-
phorylation levels in the 6-month study (Figure 5a,b and Supplementary Figures S4 and S5).
Mice treated with mCRP showed significant hyperphosphorylation by two antibodies di-
rected to different tau epitopes that detect pathological tau in AD. Antibodies presented
an approximately two-fold increase of p-tau Ser202/Thr305 (clone AT8) (Figure 5a and
Supplementary Figure S4) and p-tau Ser396 (Figure 5b and Supplementary Figure S5) by
mCRP after normalization for tau content (clone HT7) (one-way ANOVA, F (3, 22) = 3.667,
p = 0.028 and F (3, 26) = 4.816, p = 0.008 for the ratios AT8/HT7 and S396/HT7, respectively).
Notably, the hippocampus of mice treated with mCRP and 8C10 showed normalized levels
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of p-tau as compared to controls. In this group, we discarded an outlier sample that
showed very high levels of both AT8 and HT7. Treatment with 8C10 alone did not interfere
with the p-tau levels. No changes were detected in the shorter time studies. However,
no significant increase of amyloid β in the hippocampus was detected by Western blot
after mCRP treatment (Supplementary Figure S6). Therefore, increased p-tau may reflect
long-term changes of cognitive loss and neurodegeneration caused by mCRP. Finally, treat-
ment with mCRP or 8C10 antibody did not induce changes in the protein levels of Iba1
(Supplementary Figure S7). Iba1 is a pan-microglial marker, but its expression increases
with microglial activation [44]. Therefore, treatments did not cause a generalized activation
of microglia to a reactive phenotype, indicating absence of a major inflammatory response.

Figure 4. Long-term loss of spatial memory induced by mCRP was prevented by 8C10 antibody.
Exposure to mCRP induced total loss of spatial memory, which was prevented by 8C10, as shown by
the Novel object location test in the 1-month assessment (a) and by the Morris water maze test in the
3 and 6-month assessments (b). (c) TTPU similarly protected against loss of spatial memory after 1
month of exposure to mCRP, as shown by the Novel object location test. Values are mean ± SEM
((a) CSF N = 6, mCRP N = 9, mCRP + 8C10 N = 12 and 8C10 N = 6; (b) 3 months, CSF N = 13,
mCRP N = 11, mCRP + 8C10 N = 10 and 8C10 N = 11; 6 months, CSF N = 9, mCRP N = 10,
mCRP + 8C10 N = 12 and 8C10 N = 10. (c) CSF N = 9, mCRP N = 9 and mCRP + TPP N = 9). Statistics:
* p < 0.05, *** p < 0.001, compared to Control group; # p < 0.05, ### p < 0.001 compared to mCRP
group; + p < 0.05, ++ p < 0.01, Platform quadrant compared to the average of the other quadrants.
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Figure 5. Tau pathology induced by mCRP was prevented by 8C10 antibody. Protein extracts of the
whole hippocampus tissue showed higher levels of hyperphosphorylated tau (p-tau) after 6 months
of mCRP treatment, but 8C10 prevented this pro-neurodegenerative change. Protein levels detected
by p-tau antibodies AT8 (a) and Ser396 (b) were calculated as a ratio of the levels detected by total tau
antibody HT7. (c) Protein levels of mCRP detected by 8C10 antibody in the hippocampus 6 months
after the intrahippocampal injection were not decreased by co-treatment with 8C10. Representative
blots of each experimental group are shown in the same order as the densitometric analysis values in
the histograms. The images presented in this figure reproduce the cropped gels, while full-length gels
are presented in Supplementary Figures S4, S5 and S8, respectively. Values are mean ± SEM ((a) CSF
N = 7, mCRP N = 9, mCRP + 8C10 N = 5 and 8C10 N = 5; (b) CSF N = 9, mCRP N = 10, mCRP + 8C10
N = 6 and 8C10 N = 5; (c) CSF N = 5, mCRP N = 6, mCRP + 8C10 N = 6 and 8C10 N = 6). Statistics:
* p < 0.05, ** p < 0.01 compared to Control group; # p < 0.05 compared to mCRP group.

Increased levels of mCRP protein were found in the hippocampus of mice 6 months after
the injection (Figure 5c and Supplementary Figure S8) (one-way ANOVA, F (3, 18) = 5.137,
p = 0.010). Interestingly, mCRP was detected at similar rates in mice receiving treatment with
mCRP + 8C10. Proteins are denaturized during the Western blot procedure; therefore, the
previous binding of mCRP with 8C10 was destroyed, allowing for fresh 8C10 antibody
detection. Pentameric CRP is also disassembled and only mCRP can be detected, as
indicated in the Methods Section. However, the 8C10 antibody, although generated against
human mCRP, showed immunodetection of mCRP in all the mice and did not discern
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endogenous from injected mCRP. Nevertheless, transcriptomic analysis showed that Crp
mRNA levels did not increase significantly in hippocampal tissue after mCRP injection
compared to CSF injection (Figure 6) (two-way ANOVA, factors age and treatment, and
interaction age x treatment, all p > 0.05). Although the specific cDNA preamplification
step required for near-undetectable Crp expression by standard procedures increased data
dispersion, qPCR results ruled out a significant contribution of endogenous CRP or mCRP.

Figure 6. Exposure to mCRP did not induce a significantly increased expression of endogenous
Crp gene at different times after its injection into the mouse hippocampus. Expression of Crp was
normalized to the corresponding expression of Tbp gene and calculated as fold change of the 1-month
CSF group. Values are mean ± SEM (1 month, CSF N = 6, mCRP N = 6; 3 months, CSF N = 5, mCRP
N = 6; 6 months, CSF N = 5, mCRP N = 5).

3.8. Anti-mCRP Antibody 8C10 Palliated the Decrease of a Neural Plasticity Marker by mCRP at
6 Months of Treatment

The injection of mCRP significantly decreased the levels of Egr1 mRNA in the hip-
pocampus, as detected at 6 months of treatment, and 8C10 showed a trend to avoid loss
of this plasticity marker by maintaining Egr1 levels in the same range as that of control-
treated mice (Figure 7a) (one-way ANOVA, F (3, 17) = 3.525, p = 0.037). The protective
effect of antibody treatment did not reach statistical significance according to the post hoc
analysis (mCRP + 8C10 did not differ from any other group). Therefore, results indicated
only a partial prevention of Egr1 expression loss by 8C10 treatment. In addition, 8C10
may have some unexpected effect that prevented maximum Egr expression, as the 8C10
group showed levels similar to the CRP + 8C10 group. Untreated AD transgenic 5XFAD
mice showed a similarly reduced level of Egr1 gene expression as compared to WT mice
(Figure 7b) (t (14) = 3.590, p = 0.0030).

3.9. Anti-mCRP Antibody 8C10 and TPPU Reduced Inflammatory Activation of BV2 Cells
by mCRP

The generation of nitric oxide by BV2 microglial cells was analyzed in order to evalu-
ate the pro-inflammatory effects of mCRP and the protective effects of the 8C10 monoclonal
antibody and the anti-inflammatory compound TPPU. First, the anti-inflammatory proper-
ties of TPPU in this cell system were demonstrated against a pro-inflammatory stimulus of
LPS (Figure 8a) (two-way ANOVA, effect of TPPU F (2, 87) = 18.80, p < 0.001, effects of LPS
and interaction between the two factors also p < 0.001). A significant increase in generation
was observed when treating BV2 with LPS 0.1 μg/mL for 24 h in comparison to the basal
values in control-treated cells. However, the LPS increase was significantly diminished by
TPPU at 50 and 100 μM concentrations.

Next, we evaluated the reaction of microglial BV2 cells to mCRP. In a preliminary
assay, we established that the concentration of 100 μg/mL of mCRP showed significant pro-
inflammatory effects (Supplementary Figure S9). Nitrite assay demonstrated that mCRP,
but not native pentameric CRP, had pro-inflammatory effects on BV2 cells incubated for

105



Biomedicines 2021, 9, 828

24 h, which were protected by both 8C10 (1:20) and TPPU at 100 μM (Figure 8b) (one-way
ANOVA, F (4, 35) = 62.62, p < 0.001). Therefore, mCRP showed a major pro-inflammatory
effect that was inhibited by 8C10 when simultaneously added to the culture medium of
BV2 cells. Analysis of iNOS protein levels in the BV2 cell extracts confirmed that mCRP
activated the iNOS pathway, and this effect was abolished by 8C10 and partially inhibited
by TPPU (Figure 8c and Supplementary Figure S10) (one-way ANOVA, F (3, 47) = 4.555,
p = 0.004).

Figure 7. Decreased expression of the neural plasticity marker Egr1 induced by mCRP was partially
prevented by 8C10 antibody. RNA extracts of the whole hippocampus tissue showed reduced levels
of expression of the Egr1 gene after 6 months of mCRP treatment, but 8C10 showed a trend to palliate
this decline (a). Egr1 expression was decreased in the hippocampus of 5XFAD mice to a level similar
to mCRP-injected mice (b). Expression of Egr1 was normalized to the corresponding expression of
Tbp gene. Values are mean ± SEM ((a) CSF N = 5, mCRP N = 6, mCRP + 8C10 N = 5 and 8C10 N = 5,
and (b) WT N = 8 and 5XFAD N = 8). Statistics: ** p < 0.01 compared to Control group.

Figure 8. Nitric oxide generation by mCRP in BV2 microglial cells was inhibited by 8C10 and
TPPU. (a) TPPU decreased the generation of nitric oxide induced by lipopolysaccharide (LPS), as
shown by nitrite detection in the culture media of BV2 cells after 24 h of incubation. (b) Increased
nitric oxide generation by 24 h exposure to mCRP was decreased by both the antibody 8C10 and the
anti-inflammatory agent TPPU, while pentameric native CRP (nCRP) had no effect. (c) Levels of iNOS
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protein increased in BV2 cells treated with mCRP, and the increase was inhibited by 8C10 and TPPU.
Representative blots of each experimental group are shown in the same order as the densitometric
analysis values in the histogram, the blot images reproduce a cropped gel, and full-length gel is
presented in Supplementary Figure S10. Values are mean ± SEM ((a) TPPU 0 μM Control N = 22, LPS
N = 26; TPPU 50 μM Control N = 7, LPS N = 16; TPPU 100 μM Control N = 8, LPS N = 14. (b) Control
N = 12, CRP N = 6, mCRP N = 12, mCRP + 8C10 N = 4 and mCRP + TPPU N = 6. (c) Control N = 18,
mCRP N = 14, +TPPU N = 10). Statistics: *** p < 0.001 compared to the corresponding Control group,
+++ p < 0.001 compared to the LPS (+) group without TPPU in (a); * p < 0.05, *** p < 0.001 compared to
the Control group, ### p < 0.001 compared to mCRP group in (b); ** p < 0.01 compared to the Control
group, # p < 0.05 and ## p < 0.001 compared to mCRP group in (c).

4. Discussion

Intrahippocampal treatment of mCRP in young adult, 3-month-old mice, induced
total memory loss that was detected up to 6 months later when the mice were assessed at
9 months. Here, we extended previous results obtained after 4 weeks of mCRP exposure in
this mouse model of dementia [30]. Our results suggest that a single lesion may produce
long-lasting cognitive impairment and late anxiety. Mice showed impairment in paradigms
for assessing recognition memory and spatial memory at all age points tested. Anxiety
behavior shown after 6 months of mCRP exposure is a common BPSD in AD mouse models
with advanced pathology [39]. In order to avoid the effects of senescence, we used young
animals; however, we may speculate that the dementia induced will be maintained as age
advances. Equivalent timing in humans would mean that a single cerebrovascular episode
inducing mCRP local deposition [15,30] would cause injuries lasting for a period of more
than 20 years [45], and probably for the remainder of the lifetime. The mCRP molecules
self-aggregate into diffuse matrix-like structures, reducing aqueous solubility [36]. Indeed,
we found significant levels of the injected mCRP remaining inside the hippocampus, and
some mCRP molecules were previously detected by immunostaining in blood vessels and
neurons of surrounding brain areas in this experimental model [30]. Furthermore, mCRP
is mostly associated with human tissue, indicating that it is a tissue-based rather than a
serum-based form of this protein [46]. The hippocampus has a central role in learning
and memory, and specifically, the targeted CA1 area is a very sensitive region to AD
neurodegeneration [47]. Interestingly, long-term potentiation at CA1–CA3 hippocampal
synapses is considered the major reflection of synaptic plasticity [48], and we found that
injection of mCRP into CA1 reduced both memory responses and gene expression of
the transcription factor Egr1. Egr1 regulates many synaptic functions and is specifically
involved in long-term potentiation and memory consolidation in the hippocampus [49,50].
It is remarkable that Egr1 expression decreased to a similar level in mCRP-treated mice as
in the 5XFAD transgenic mouse model of AD [38]. 5XFAD mice suffer from early memory
loss [51], as we showed here for mCRP mice. Overall, then, these factors validate our
model of mCRP-induced dementia. Considering mCRP as a significant contributor to the
triggering of AD after stroke [14,30] and to the progression of neuroinflammation and loss
of synaptic function in AD [14], effective treatments against it may be able to decrease
poststroke AD cases and other diseases involving CRP activation.

The antibody against mCRP, 8C10, protected against the memory loss induced by
mCRP at the three treatment periods assayed up to a maximum of 6 months of exposure.
Both spatial memory and recognition memory were preserved by 8C10 in mice, which
showed the same level of test performance as control mice despite mCRP dosing. However,
we did not find significant protection against the decrease in the Egr1 neuroplasticity
marker by 8C10. Although an upward trend in Egr1 may have caused some improvements
in neuroplasticity, other pathways may be involved, and future studies to discern specific
neuroprotective mechanisms are warranted. A trend toward higher anxiety in mCRP mice
was also prevented by 8C10, indicating protection against the spread of damage from
the hippocampus to connected brain areas. Indeed, the mCRP protein was detected in
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the hippocampus of the mice injected with mCRP, but also in those injected with mCRP
and the 8C10 antibody. Therefore, it is likely that the antibody blocks the active region
of the mCRP molecule and that this is enough to protect against any damage inflicted
to the hippocampal tissue. It is known that 8C10 binds to the N-terminal part of human
mCRP through aa 22–45, and that this may not allow mCRP binding to cholesterol through
aa 35–47, thus preventing mCRP anchorage to the lipid rafts microdomains, which is
considered its mechanism of cell interaction [13,52]. Protection by 8C10 was maintained
throughout the 6-month period, and therefore it is not anticipated that mild aggregation
changes of deposited mCRP molecules [36] may diminish their affinity for the antibody.

Tau pathology in the hippocampus of mCRP-injected mice was avoided with 8C10.
Increases in immunostaining of p-tau have been found in neurons of brain tissue one
month after mCRP intrahippocampal injection, and a double immunofluorescence analysis
has demonstrated neuronal co-localization of mCRP and p-tau [30]. Here, the high levels
of p-tau reached at several pathological sites after 6 months of mCRP damage were readily
detected by Western blot. The high levels of p-tau were paralleled by mCRP deposits also
detected by Western blot. These results are supported by previous histological demonstra-
tion of mCRP in the brain one month after its experimental injection [30,32]. Furthermore,
we can speculate on an exogenous origin of the mCRP deposits according to the lack of
increased gene expression of Crp at any of the analyzed time points of 1 month, 3 months
and 6 months after surgery. If this were the case, the long-term neuroprotection attained
with 8C10 despite the maintained presence of exogenous mCRP into the mouse brain is
intriguing and warrants further analysis of the mCRP-antibody dynamics. Interestingly,
in vitro experiments with cultured neurons and bovine aortic endothelial cells incubated
with mCRP have also shown increased p-tau levels, which may be protected by 8C10 [30].
Therefore, our overall in vivo and previous in vitro results suggest that the prevention of
mCRP interaction with the cell membrane by the antibody avoids the subsequent activation
of cellular cascade systems, leading to a neurodegeneration stage reflected by tau pathology
and loss of synaptic function. Tau pathology is a hallmark of AD and other dementia types
and its progression correlates with AD stages and dementia severity [53]. It is also involved
in the chain of poststroke neurodegenerative changes leading to dementia; specifically,
increased p-tau was found in tissue from infarcted patients [14] and also in experimental
models of cerebral hypoperfusion [54] and ischemia [55]. Protection of tau pathology by
8C10 in vivo confirms the potential of the antibody against the potential development of
neurodegeneration by mCRP. Increase of pathological tau phosphorylation by mCRP is in
agreement with the activation of the p38 MAPK pathway as a cytotoxicity effector of mCRP,
that has been identified in human coronary artery endothelial cells [56–58] and human
U937 macrophages [13]. Activation of p38 MAPK is involved in tau phosphorylation and
in the pathological changes in AD [59], and would support tau pathology and AD traits of
the mCRP mouse model.

Microglia cells are the first-line immune defense in the brain and are key players
in neuroinflammatory processes. Activated microglia increase their phagocytic activity
and release oxygen species and inflammatory molecules, as do macrophages. The direct
activation of microglia by mCRP has not been demonstrated, although mCRP can be
detected in microglia cells alongside neurons in areas surrounding the peri-infarcted
regions of ischemic stroke tissue [30]. The absence of significant microgliosis in the mCRP
mouse model, as indicated by unaltered Iba1 levels in the whole hippocampus extracts,
may be due to a local effect on microglia cells next to mCRP deposition sites, and this
would need confirmation in future studies. Here, we demonstrated that mCRP, but not
CRP, activated the mouse microglial cell line BV2, as shown by the increased generation of
nitric oxide. Notably, 8C10 blocked this effect, therefore preventing the activation of the
inducible nitric oxide synthase (iNOS) pathway by mCRP. mCRP has also been shown to
increase iNOS levels and NO generation in the human macrophage-like cell line U937 [60].
Overactivated iNOS has been implicated in many inflammatory pathologies, including
AD [61]. It is plausible that a vicious or sustained activation of microglia by mCRP may
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induce a spiral of neuroinflammation and neurodegeneration [62]. In addition, microglia
perform a wide range of physiological functions in normal conditions, contributing to brain
homeostasis and neuron functionality [63]; therefore, we may speculate that microglia
activation by mCRP makes a key contribution to the poststroke dementia and AD.

The pro-inflammatory mechanisms of mCRP are not fully known, but it is known to
cause the activation of platelets, leukocytes and endothelial cells, and also of complement
via C1q binding [12], all of which may potentially lead to a cascade of inflammatory
damage in the cerebral microvasculature. For instance, high levels of mCRP have been
detected in the AD microvasculature positive for the neovascularization marker CD105,
suggesting activation and possible potential for aberrant angiogenesis [30]. Furthermore,
the blood–brain barrier may be damaged in infarcted areas, facilitating the infiltration of
activated leukocytes and mCRP and thus promoting poststroke AD. Finally, a sustained
interaction between mCRP-induced brain pathology and AD pathology itself would further
activate neuroinflammation and associated neurodegeneration [10]. For instance, mCRP is
also generated by CRP interaction with amyloid β plaques in AD brain [15].

TPPU-induced neuroprotection against memory loss in mCRP-injected animals con-
firms the presence of neuroinflammation and related neurodegenerative processes underly-
ing this mouse model of dementia. TPPU is a well-characterized soluble epoxide-hydrolase
inhibitor that can readily cross the blood–brain barrier. Inhibition of this enzyme in or-
der to halt the hydrolysis of beneficial epoxyeicosatrienoic acids to their corresponding
metabolites is a novel approach against neuroinflammatory pathologies [35]. TPPU has
been found to be neuroprotective in experimental models of chronic hypoperfusion [64],
reperfusion after focal ischemia [65] and AD [37]. Soluble epoxide hydrolase blockade by
another experimental drug has proven to reduce microglia activation in vivo, induced by
experimental traumatic brain injury, and in vitro, proven in BV2 cells injured with LPS [66].
In line with these findings, we showed that TPPU is protective against the increase of
nitric oxide by LPS in BV2 microglial cells. We also demonstrated that TPPU reduced the
activation of the pro-inflammatory pathway of nitric oxide activation induced by mCRP
incubation. Finally, we showed a differential effect of mCRP and native CRP in the iNOS
activation, suggesting that this pathway is a target effector of mCRP neuroinflammation.

5. Conclusions and Future Directions

In conclusion, in this study, we provided proof of the long-term deleterious effects
of mCRP after its deposition in the hippocampus of mice. The induction of processes
promoting neurodegeneration as shown by increased p-tau in vivo and nitric oxide in BV2
microglial cells can be blocked by the 8C10 antibody, which is specific for the monomeric
CRP but does not associate with the pentameric CRP. Furthermore, using TPPU confirmed
that the proinflammatory pathways are the main inducers of neuronal damage by mCRP.
The induction of dementia with AD traits by mCRP confirms the link between cerebrovas-
cular injury and AD and identifies mCRP as a druggable therapeutic target.

Specific blockade of mCRP is a promising therapy for reducing the neurodegeneration
after a cerebrovascular injury and the development of AD, the most common form of
dementia in the elderly population. Furthermore, mCRP can be a useful biomarker of the
prognosis of neurodegenerative processes associated with neuroinflammation, when it
could be detected by non-invasive techniques. Advances in mCRP detection and therapeu-
tic approaches open up new avenues in the fight against all the pathological conditions
affected by the damaging interaction between mCRP and cells and tissues.

6. Limitations

The simultaneous injection of 8C10 antibody with mCRP demonstrated the beneficial
effects of mCRP blockade that happen most probably before it can enter into the cells, but
cannot be used as an antibody therapy test. Subsequent in vivo assays for immunotherapy
require independent administration of the neutralizing monoclonal antibody 8C10 at dif-
ferent times after mCRP injury, using a peripheral dosing regimen tailored to its hitherto
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unknown bioavailability and pharmacokinetic properties. Furthermore, intracellular deliv-
ery of the antibody to directly block mCRP in the cytoplasm of neurons will require the
development of a specific carrier system across cell membranes [67].

Additional control groups were not considered at this point, so as to use the minimum
number of animals. However, the inclusion of control antibody groups with a scrambled
8C10 protein injected together with CSF and with mCRP, or the assay of other potential
candidate antibodies, would be required to fully characterize the effects of mCRP blockade.
Furthermore, a control TPPU group would be desirable, although this agent is known not
to cause harmful effects in mice at the dose used [37].

Here, we did not trace the injected mCRP throughout the timeline. Assessment of
the exact localization and stability of mCRP deposits in both mCRP- and mCRP + 8C10-
injected hippocampus and the weight of partial spreading to other brain areas [32] would be
convenient for a comprehensive characterization of the model of mCRP dementia in mice.
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Maze Test after 3 and 6 months of mCRP and 8C10 treatments, Figure S4: Blots of the cropped image
shown in Figure 5a, Figure S5: Blots of the cropped image shown in Figure 5b, Figure S6: Protein levels
of amyloid β in the hippocampus tissue after 6 months of mCRP and 8C10 treatments, Figure S7:
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Abstract: Background: Accumulations of stressful life events result in the onset of major depressive
disorder (MDD). Comprehensive genomic analysis is required to elucidate pathophysiological
changes and identify applicable biomarkers. Methods: Transcriptomic analysis was performed on
different brain parts of a chronic mild stress (CMS)-induced MDD mouse model followed by systemic
analysis. QPCR and ELISA were utilized for validation in mice and patients. Results: The highest
numbers of genes with significant changes induced by CMS were 505 in the amygdala followed by
272 in the hippocampus (twofold changes; FDR, p < 0.05). Enrichment analysis indicated that the
core-enriched genes in CMS-treated mice were positively enriched for IFN-γ response genes in the
amygdala, and hedgehog signaling in the hippocampus. Transthyretin (TTR) was severely reduced
in CMS-treated mice. In patients with diagnosed MDD, serum concentrations of TTR were reduced
by 48.7% compared to controls (p = 0.0102). Paired samples from patients with MDD demonstrated a
further 66.3% increase in TTR at remission compared to the acute phase (p = 0.0339). Conclusions:
This study provides comprehensive information on molecular networks related to MDD as a basis
for further investigation and identifies TTR for MDD monitoring and management. A clinical trial
with bigger patient cohort should be conducted to validate this translational study.

Keywords: major depressive disorder; transthyretin; chronic mild stress; transcriptome; amygdala

1. Introduction

Major depressive disorder (MDD) is a potentially life-threatening disorder with a
complicated etiology that imposes a major public health and economic problem worldwide.
According to a World Health Organization (WHO) report, it may become a leading cause of
disability by the end of 2030 [1]. Patients with MDD exhibit a diverse range of symptoms,
including psychomotor retardation, agitation, reduced motivation, depressed mood, and
suicidality [2,3]. An epidemiological survey conducted on the working population high-
lighted the correlations between both chronic psychosocial stress and depression with heart
disease, high blood pressure, and high blood glucose [4]. Stress and depression both cause
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neural atrophy and apoptosis in different areas of the brain, including reduction in the
numbers and size of neurons and glial cells, and decreased neurogenesis in the prefrontal
cortex (PFC) or hippocampus of patients with depressive disorders [5]. Stress can also
affect brain function and inflammatory activity by enhancing the expression of cytokines
or suppressing the immune system [6–8]. In addition, it can increase activation of the
hypothalamus–pituitary axis (HPA) and promote depressive-like behavior [9]. Therefore,
several components of the HPA axis are involved in the development of MDD-related
changes in the hippocampus, amygdala, and PFC [10]. However, the detailed molecular
mechanism underlying these changes, as well as the pathogenesis of MDD, including onset
and progression, have not yet been fully clarified due to the wide spectrum of symptoms
and complicated etiology.

The prediction, diagnosis, and treatment of MDD has become an emerging issue,
where current antidepressants are only effective in approximately 40–50% of patients [11].
In addition to subjective criteria, objective biomarkers that reveal the pathophysiological
changes specific to MDD are required to ensure that effective treatments are developed.
Therefore, an animal model of MDD may facilitate the development of applicable biomark-
ers, novel drug discovery, and pre-clinical trials. Until now, the validated mouse model of
human MDD induced by the unpredictable chronic mild stress (CMS) had been widely
utilized. However, it is also subject to variability related to animal strain, environmental
factors, the strength and frequency of treatment, stressor variety, and technical diversity,
all of which are still unable to be avoided [12]. Several previous reports have highlighted
that CMS reduces aggressiveness and male sexual behavior, and generates both behavioral
and physiological abnormalities characteristic of human depression. One previous study
suggested that CMS is associated with behavioral changes, body weight loss, and learning
and memory impairments [13]. Another study using microarray analysis showed that
CMS affects several genes in the cerebral cortex and hippocampus, and that these genes
are involved in multiple functions, such as the regulation of neurotransmitters and growth
factors [14]. Further to this, using microarray analysis, Yamanishi et al. reported that
Hnf4a directly affects various genes associated with several metabolic processes in the
prefrontal cortex [15]. Therefore, a comprehensive, systemic, and comparative analysis of
different brain areas involved in emotion and the stress response should be conducted. In
addition, developing a potential biomarker to predict MDD and monitor outcomes from
genomic studies would be extremely beneficial; however, this remains to be identified.
In this study, we provided comprehensive genomic information related to MDD, and
identified transthyretin (TTR) as a gene significantly downregulated in most brain areas
as well as in the peripheral blood of CMS-treated mice. Importantly, we found TTR to be
significantly elevated in the serum of MDD patients during the remission phase compared
to paired serum samples from the acute phase. Thus, this study identified TTR as a possible
biomarker for MDD monitoring.

2. Materials and Methods

2.1. Animals

Six- to eight-week-old adult male C57BL/6 mice were purchased from the National
Taiwan University Laboratory Animal Center. To minimize variation, the mice were al-
lowed to remain in the transport cage for seven days prior to stress induction. Mice had
free access to food and water, and were housed at 22 ± 1 ◦C with 50 ± 2% humidity and
a 12 h light/12 h dark schedule, except for when the CMS procedure required continu-
ous overnight illumination. All experiments were carried out with the agreement and
approval of the Institutional Animal Care and Use Committee (IACUC) of National Taiwan
University Medical College (approval number 20120060).

2.2. Chronic Mild Stress Procedures

Mice were randomly divided into two groups (n = 6 each), the CMS group and the
control group. The CMS experimental group underwent unpredicted unique or combined
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stressors exposure 6 days a week for 4 weeks. All CMS treated mice experienced the same
sequence of stressors. The stressors consisted of the followings.

2.2.1. Fear Stress

Mice were housed together with a rat. They were introduced in a customized metallic
mesh cage (21 cm × 18 cm × 14 cm), which were place in the central of a rat home space
(60 cm × 45 cm × 30 cm). The exposed time was about 8 to 12 h; food and water were
freely available.

2.2.2. Cage Tilting

Mice were placed in a 45◦ tilted cage for 2 or 8 h according to CMS schedule.

2.2.3. Cage Shaking

Mice were placed in the cage on the shaking machine with 80 to 100 rpm horizontal
shaking for 10 min and rest for next 10 min. The procedure was repeated 6 times within
2 h period.

2.2.4. Wet Sawdust Bedding

Three hundred ml water was added to wet the bedding and mice were placed in this
cage for 2 or 8 h according to the CMS schedule.

2.2.5. Physical Restraint and Social Stress

Mice were separated individually in a restraint space for physical restraint stress and
ten mice were placed together in one cage for social stress. The duration was according to
the CMS schedule. During treatment, mice had free access to food and water.

2.2.6. Water Emergency

The mice were placed in another cage without sawdust bedding and filled with tepid
water (about 2 cm in depth) for 10 min and rest for next 10 min. The procedure was
repeated 6 times within 2 h period.

2.2.7. Tail Pinching

A 3 cm long artery clip with the branches of 1 cm long, 1.5 mm in diameter is used to
press the base of mice’s tail for ten minutes. This was repeated 6 times at 10 min intervals.

2.2.8. Continuous Overnight Illumination

Mice mere housed in a separated cage with converted dark to light cycle for 12 h.

2.3. Behavioral Testing Assessments
2.3.1. Running Wheel Test

Mice were placed into a customized running wheel (5 cm wide, 15 cm diameter) and
allowed to run freely for five minutes. Running cycles were counted manually.

2.3.2. Forced Swimming Test (FST)

The FST was performed according to the protocol of a previous study [16]. Briefly,
mice were placed in a glass cylinder (45 cm high, 15 cm diameter) filled with water to a
depth of 30 cm (23–25 ◦C). Water was changed between each mouse test. Immobility time
was recorded over a 6 min period with a digital camera and analyzed using DepressionScan
Suite software (CLEVER Sys. Inc., Reston, VA, USA).

2.3.3. Tail Suspension Test (TST)

The TST was carried out according to the protocol of a previous study [17]. Briefly,
mice were securely fastened by the 1.0–1.5 cm tip of their tail to a flat metallic surface using
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medical adhesive tape and suspended ~30 cm above the ground in a 40 cm3 box, thus
isolating the mice from visual distractions while permitting observation of their behavior
from above. Immobility time was defined as the absence of limb or body movement within
the 6 min testing period. Criteria were defined and data analyses were performed using
DepressionScan Suite.

2.4. Expression Microarray Experiments and Data Analysis

The GeneChip Mouse Genome 430 2.0 Array (Affymetrix, Santa Clare, CA, USA)
was used to perform whole genome expression profiling. The procedures were per-
formed according to the manufacturer’s manual. Briefly, 100 ng of pooled RNA was
used for the Two-Cycle cDNA Synthesis Kit. Biotin-labelled cRNA was produced through
in vitro cDNA transcription (IVT Labeling Kit, Affymetrix). Fragmented cRNA (20 μg)
was hybridized to the chip by using the Affymetrix Fluidics Station 450 (Affymetrix).
The arrays were washed and stained according to the supplied protocols followed by
GeneChip Scanner 3000 (Affymetrix) scanning. The raw data contained in the CEL file
were further analyzed using GeneSpring GX software (Agilent Technologies, Santa Clare,
CA, USA) with the GCRMA summarization algorithm and baseline to mean normaliza-
tion. The original CEL files, normalized data, and experimental information were de-
posited in the Gene Expression Omnibus (accession number GSE151807). Significant genes
were selected by statistical analysis performed with false discovery rate (FDR) correlated
p value < 0.05 and fold change greater than 2 in CMS treated mice compared with control
mice for Metacore software (Thomson Reuters) pathway analysis. The gene expression
data generated by cDNA expression microarray were analyzed using GSEA 4.1.0linebreak
(http://software.broadinstitute.org/gsea/index.jsp, accessed on 30 July 2020) to extract
biological knowledge. Highly significant enriched gene sets are shown. The false discovery
rate (FDR) is calculated by comparing the actual data with 1000 Monte Carlo simulations.
The normalized enrichment score (NES) computes the density of modified genes in the
data set with the random expectancies, normalized by the number of genes found in a
given gene cluster, to consider the size of the cluster.

2.5. QPCR Validation

Quantitative PCR (QPCR) was performed in a 96-well format. The SYBR green primers
of the genes were designed by Primer Express 3.0. The cDNA amplification was carried
out using an ABI 7700 Sequence Detection System (Applied Biosystems), and the detection
was carried out by measuring the binding of the fluorescence dye SYBR Green I to double-
stranded DNA. The relative expression level of the target gene compared with that of the
mouse TBP (TATA box binding protein) was defined as −ΔCT = (CTgene − CTmTBP). The
gene mRNA/mTBP mRNA ratio was calculated as 2−ΔCT. The primers used for qPCR are
listed in Supplementary Table S1.

2.6. Immunohistochemical (IHC) Staining

Mice brains at the end of experiments were isolated for post fixation overnight in
the 4% paraformaldehyde at 4 ◦C and embedded in paraffin. Five-micrometer-thick
coronal sections were deparaffinized followed by epitope retrieval with citrate buffer.
After treating with 3% H2O2, primary antibodies were incubated for overnight at 4 ◦C.
Immunostaining was performed by liquid DAB-substrate-chromogen system (DAKO,Cat.
K3467, Santa Clare, CA, USA) for 10 min and counterstain with hematoxylin (Sigma-
Aldrich, Cat. GHS316, Burlington, MA, USA) for 10 s. Slides were stained with anti-Tau1
(Sigma-Aldrich, Cat. MAB3420, Burlington, MA, USA), anti-MAP2 (Abcam, Cat. ab5392),
anti-synapsin (Abcam, Cat. ab64581, Cambridge, UK), and anti-ki-67 (Abcam, Cat. ab15580,
Cambridge, UK) antibodies.
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2.7. TTR ELISA

TTR ELISA was performed by Enzyme-linked Immunosorbent Assay Kit for
Transthyretin (TTR) (Cat. E90726Mu) (Uscn Life Science, Wuhan, China) according to
the user manual.

2.8. Patient Samples

Twelve patients who were diagnosed with MDD according to the criteria of the Diag-
nostic and Statistical Manual of Mental Disorders, 5th version (DSM-5) and had sufficient
specimens for testing were consecutively referred to the study by psychiatrists from central
and regional hospitals in Taipei. Twelve case-control participants were obtained from the
community in matched catchment areas. Case-controls had no past diagnosis of major
psychiatric disorders, including anxiety disorder, mood disorder, schizophrenia, mental
retardation, or substance use disorder. Acute manic patients were followed until they
achieved full remission or for at least 2 months. In total, six patients with paired and suffi-
cient serum samples were collected for testing. All participants signed informed consent
forms after the study procedures were fully explained. The tests used in this study were
approved by the institutional review board of all participating hospitals.

2.9. Statistical Analysis

All results are shown as the mean ± standard deviation (SD) of n observations. The
sample size was determined based on the results from pilot studies and previous experience
regarding the variability of each data set within experimental and control groups. Each
experiment was repeated at least three times, resulting in the same conclusion. Data
analysis was performed using GraphPad Prism 8. Statistical analysis for behavioral tests
was performed using two-way ANOVA and mixed-effects model. Statistical analysis
for expression data was performed using an unpaired, two-tailed Student’s t-test. TTR
concentrations in paired patient serum samples were analyzed using a paired, two-tailed
Student’s t-test. Differences between the means of two compared groups considered to be
statistically significant were denoted as * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results

3.1. Mice That Underwent CMS Gained Less Body Weight and Exhibited Reduced Mobility

The CMS procedure involved the combination of ten various, unpredictable, mild
stressors (Figure 1). To evaluate the induction efficacy of CMS, body weight monitoring
and behavioral tests, including the running wheel test (RWT), forced swimming test (FST),
and tail suspension test (TST), were performed before and each week after CMS treatments
according to the schedule (Figure 2). Mice that underwent CMS (n = 6) gained significantly
less weight over the 4-week treatment period compared to controls (n = 6; Figure 2a).
Using ANOVA, time [F (4, 40) = 23.00, p < 0.001] and CMS treatment [F (1, 10) = 20.42,
p < 0.01] were identified as significant main effects. In addition, a significant interaction
was identified between time and CMS treatment [F (4, 40) = 10.31, p < 0.001]. CMS
was also found to significantly reduce motor activities according to a RWT performed in
CMS mice (n = 6) compared to control mice (n = 6; Figure 2b). Again, ANOVA revealed
time [F(4, 40) = 7.86, p < 0.001] and CMS treatment [F (1, 10) = 27.88, p < 0.001] to be
significant main effects. In addition, a significant interaction was found between time
and CMS treatment [F (4, 40) = 15.88, p < 0.001]. Significant increases in immobility
during the FST and TST were also observed in CMS mice (n = 6) compared to control mice
(n = 6; Figure 2c,d). ANOVA revealed time [F (4, 40) = 20.82, p < 0.001] and CMS treatment
[F (1, 10) = 61.47, p < 0.001] to be significant main effects, and an interaction between time
and CMS treatment [F (4, 40) = 14.05, p < 0.001] in FST was also found. Meanwhile, a
significant main effect of time [F (4, 40) = 7.739, p < 0.001] and an interaction between time
and CMS treatment [F (4, 40) = 3.164, p = 0.0238] were observed for TST, but no significant
effect was found for CMS treatment [F (1, 10) = 1.209, p = 0.2972].
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Figure 1. The induction schedule of chronic mild stress (CMS) treatment. Mice were allowed to remain in cages for a week
before stress induction to eliminate the environment as a potential confounding factor. According to the protocol, CMS-
treated mice underwent unpredicted unique or combined stressor exposure at a frequency of 6 days per week for 4 weeks.
All CMS-treated mice experienced the same sequence of stressors; meanwhile, control mice were housed in standard
conditions. At the end of the experiments, mice were sacrificed, and brain areas including the amygdala, hippocampus,
prefrontal cortex, and cerebral cortex were isolated and collected. A, housing of rats; B, 45◦ cage tilt; C, cage shaking every
10 min; D, wet sawdust bedding; E, physical restraint; F, flash lighting; G, water emergency every 10 min; H, physical and
social stress; I, tail pinching every 10 min; J, continuous overnight illumination; RW, running wheel; FST, forced swimming
test; TST, tail suspension test.

3.2. Histopathological Analysis of CMS-Treated Mouse Brains

To test the impact of CMS on histopathological and anatomical brain changes,
immunohistochemical staining was performed on axons and dendrites using antibodies
against Tau-1 and MAP2, respectively (Supplementary Figures S1 and S2). No obvious
significant abnormality in neurite structures was found. However, the MAP-2-positive
neurites in the hippocampus CA1 region of CMS-treated mice seemed to be mildly
shrunken and disorganized in appearance. There were no obvious differences between
CMS and control mice.

3.3. Identification of MDD-Related Gene Signatures Using Whole-Genome Transcriptomic Analysis

Whole-genome transcriptomic analysis was performed using expression cDNA mi-
croarrays to identify genetic biomarkers associated with MDD-like behavior in the CMS-
induced mouse model. Brain areas, including the amygdala (Amy), hippocampus (Hippo),
prefrontal cortex (PFC), and cerebral cortex (CC), were separated into independent anal-
yses comparing CMS and control mice. Each brain area from three independent mice in
both the CMS and control groups was assessed in the described assays, and data were
analyzed (Figure 3). Principal component analysis (PCA) was used to illustrate the global
gene expression changes among the different areas and treatments (Figure 3a). A Pearson
correlation cluster heatmap showed that the gene expression profiles were more similar
between CMS treatments than between brain areas (Figure 3b). Interestingly, the hippocam-
pus exhibited relatively unique patterns in comparison with other areas. Volcano plot
analysis demonstrated that probes of genes were significantly correlated in each of the
four brain areas (FDR p < 0.05 and over twofold change [blue dots]; Figure 3c). Among
these brain areas, the amygdala exhibited the greatest number of probes with significant
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changes in abundance. Probes of genes with significant changes included the following:
182 upregulated and 323 downregulated in Amy; 266 upregulated and 65 downregulated
in CC; 229 upregulated and 43 downregulated in Hippo; and 23 upregulated and 28 down-
regulated in PFC (Figure 3d). The expression levels of the top ten CMS-affected genes
in all brain areas ranged from 39.30 to 3.94 among upregulated genes and 100.00 to 2.33
among downregulated genes (Supplementary Table S2). A Venn diagram was generated to
visualize the intersecting and unique genes that were significantly affected among the four
brain areas (Figure 3d). Furthermore, 16 genes with significant changes were present in at
least three brain areas, where S100a8 commonly affected by CMS in all four brain areas.
A heat map was created with unsupervised clustering using a total of 1006 probes with
significant changes in the four brain areas, and demonstrated that all conditions were well
differentiated according to treatment groups and brain areas (Figure 3e).

Figure 2. Behavioral tests of mice after CMS stimulation. (a) Body weight recording during 4-week
CMS treatments. (b) Running wheel test results. Mice were placed on the running wheel for 5 min.
Running cycles were recorded using a video camera then counted manually. (c) Forced swimming test
results. Mice were placed in a glass cylinder filled with water for 6 min. Their time spent immobile
was recorded, followed by analysis with DepressionScan Suite software. (d) Tail suspension test
results. Mice were placed in a box to isolate them from visual distractions, and securely fastened
and suspended for 6 min. Their time spent immobile was recorded, followed by analysis with
DepressionScan Suite software. Statistical analyses were performed using two-way ANOVA and
mixed-effects model (n = 6 for CMS and control groups). The significant interaction between time
and CMS treatment was analyzed. *, p < 0,05; ***, p < 0.001.

3.4. GSEA Predicts Potential Biological Function Related to CMS Induction

To clarify the potential underlying pathways involved in CMS stimulation, GSEA was
further utilized as a means to identify hallmark gene signatures differentially regulated
by stimuli (Figure 4 and Supplementary Table S3). According to combined four parts
analysis, we identified several core gene clusters which were enriched in CMS-treated or
control mice and were involved in several hallmarks among the four brain areas (Figure 4a).
Among these hallmarks, specifically, the most enriched hallmark in Amy (Figure 4b), CC
(Figure 4d), and PFC (Figure 4e) of CMS-treated mice were IFN-γ response, oxidative
phosphorylation, and oxidative phosphorylation, respectively. Interestingly, Hippo was a
unique part with only a hallmark enriched in hedgehog signaling (Figure 4c).
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Figure 3. Whole-genome transcriptomic analysis for genes with significant alterations in brain areas due to chronic mild
stress (CMS) stimuli. Brain areas from CMS and control mice (n = 3 for each group, biological repeats) were assessed for
expression microarray experiments followed by Genespring (Agilent Technologies, Santa Clara, CA, USA) software analysis.
(a) PCA correlation of individual samples. (b) Pearson correlation coefficient-based heat map of individual experiments.
(c) Volcano plot of log2 fold change versus log10 false discovery rate (FDR)-correlated p value for all genes among four brain
areas. Blue dots represent significant correlated genes with FDR p < 0.05 and fold-change >2. (d) Comparison of genes with
significant changes and Venn diagram illustration of the four brain areas. (e) Heat map diagram with two-way unsupervised
hierarchical clustering of significant union genes and samples. Each column represents a gene and each row represents
a sample. The gene clustering tree is shown on the top, and the sample clustering tree is shown on the left. The color
scale shown in the map illustrates the relative expression level of a gene across all samples: red represents an expression
level above the mean and green represents expression lower than the mean. Amy, amygdala; hippo, hippocampus; PFC,
prefrontal cortex; CC, cerebral cortex.
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Figure 4. Gene set enrichment analysis (GSEA) of expression results in brain areas induced by chronic mild stress (CMS)
stimuli. (a) Heat map showing core enriched gene clusters involved in several significant differences in hallmark signatures
among the four brain areas, including IFN-α response, IFN-γ response, E2F targets, UV response, oxidative phosphorylation,
G2M checkpoint, mitotic spindle, heme metabolism, p53 pathway, and TNF-α signaling. (b) Graphical representation
of core-enriched genes in the CMS-treated amygdala showed positive enrichment for the IFN-γ response. (c) Graphical
representation of core-enriched genes in the CMS-treated hippocampus showed positive enrichment for Hedgehog signaling.
(d) Graphical representation of core-enriched genes in the CMS-treated CC showed positive enrichment for oxidative
phosphorylation. (e) Graphical representation of core-enriched genes in the CMS-treated PFC showed positive enrichment
for oxidative phosphorylation. Amy, amygdala; hippo, hippocampus; PFC, prefrontal cortex; CC, cerebral cortex; NES,
normalized enrichment score; FDR, false discovery rate.

3.5. Pathway Prediction and Regulatory Network Construction in CMS-Treated Mice

Metacore software was utilized to analyze regulatory signaling affected by CMS in
all four brain areas. The differentially expressed genes were then categorized according
to process networks, disease, and GO processes (Supplementary Table S4). The top ten
significantly enriched terms were listed for each brain area after analysis using a thresh-
old of FDR p < 0.01. The results indicated that CMS may affect several developmental
processes in neurons and in the immune system. The most abundant gene alterations
were found in the amygdala; therefore, we focused on this area for further analysis and
regulatory network construction. Firstly, we validated transcriptomic results in Amy
using qPCR (Figure 5a). The top three upregulated and downregulated genes in Amy
also demonstrated significant changes, consistent with the transcriptomic results. The
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underlying regulatory network was constructed based on the transcriptional regulation
module. We determined that two core transcription factors, NRSF and E2F1, which are
downstream of BRM/SWI2-related gene 1 (BRG1) and GSK3β, respectively, had direct
interactions with many genes related to neuronal functions (Figure 5b). Specifically,
CMS may affect processes including cell–cell signaling, brain development, intracellu-
lar transport, neurogenesis, forebrain development, and nervous system development
via modulation of NRSF and E2F1. Moreover, two important genes in this network,
neuropillin-1 and cerebellin-1, related to neurite outgrowth were significantly downreg-
ulated in CMS-treated mice (Figure 5c), which further validates the impact of CMS on
neurite trajectory observed through IHC staining (Supplementary Figures S1 and S2).

Figure 5. qPCR validation and network construction for underlying chronic mild stress (CMS)-induced
molecular regulation. (a) qPCR validation for CMS-induced genes with significant alterations. Top
three upregulated genes (left panel) and top three downregulated genes (right panel) in the CMS-treated
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amygdala. (b) Regulatory network construction based on transcriptional regulation. Genes display-
ing significant changes in the CMS-treated amygdala were subjected to further pathway analysis
using Metacore software. NRSF and E2F functioned as two core transcription factors under BRG1
and GSK3β stimulation, respectively. Fold changes in gene expression are indicated with numbers,
and genes with functions related to neurodevelopment and neurogenesis are highlighted. Green
arrows indicate positive regulation/activation, red arrows indicate negative regulation/inhibition,
and gray arrows indicate inconclusive regulation. (c) qPCR validation for neurite growth-related
genes, neuropillin-1 and cerebellin-1. The results from both the expression array and qPCR were
compared in parallel. GPR6, G protein-coupled receptor 6; GRM2, glutamate receptor metabotropic 2;
USP31, ubiquitin specific peptidase 31; KCNQ5, potassium voltage-gated channel KQT-like subfamily
5; CUTL2, cut-like homeobox 2; PMCA2b, plasma membrane calcium ATPase 2; SLC18A3, solute
carrier family 18; PC1, proprotein convertase subtilisin/kexin type 1; BRG1, BRM/SWI2-related gene
1; ID4, inhibitor of DNA binding 4; VHL, von Hippel-Lindau tumor suppressor; ACTB, beta-actin;
Apaf-1, apoptotic peptidase activating factor 1; FGFR2, fibroblast growth factor receptor 2; ABCB7,
ATP-binding cassette B7. Statistical analysis was performed using unpaired, two-tailed Student’s t
tests. * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.6. Transthyretin (TTR) Is a Biomarker for MDD Monitoring

The identification of an applicable biomarker for MDD is necessary to improve di-
agnosis and monitoring in clinical settings. We filtered the results of the transcriptomic
analysis to identify genes with a greater than twofold change in at least three of the four
brain areas based on the previous analysis (Figure 3d). A total of 17 genes were selected
for further analysis (Figure 6a). Notably, TTR was dramatically reduced in Amy, CC, and
PFC after CMS treatment. We further confirmed this by three independent qPCR primer
sets in Amy highly related to emotion regulation (Figure 6b). ELISA also validated the
finding of reduced serum TTR concentrations in CMS-treated mice (Figure 6c). Finally,
we assessed whether the TTR concentration in the serum could distinguish patients with
MDD (Supplementary Table S5; Figure 6d). Patients with diagnosed MDD were found
to exhibit significantly reduced serum TTR compared with health controls. Furthermore,
paired serum samples from MDD patients in acute and remission stages showed that TTR
levels were significantly enhanced in the remission stage compared with the acute stage
(Figure 6e).
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Figure 6. Transthyretin (TTR) is a serum biomarker for major depressive disorder (MDD).
(a) Expression profiling of genes with significant changes and consistent trends in response to
CMS treatment in at least three of the four brain areas. TTR exhibited significant downregulation in
the amygdala, prefrontal cortex, and cerebral cortex after CMS treatments. (b) qPCR validation of
TTR expression in the amygdala using three independent sets of primers. (c) Serum TTR concentra-
tions in CMS-treated and control mice according to ELISA (n = 20 independent mouse serum samples
from three independent CMS treatments per group). (d) Serum TTR concentrations in patients with
diagnosed MDD and case-controls. (e) TTR concentrations in paired serum samples from patients at
acute and remission phases of MDD. Statistical analysis was performed using an unpaired, two-tailed
Student’s t-test (d) and a paired, two-tailed Student’s t-test (e). Amy, amygdala; hippo, hippocampus;
PFC, prefrontal cortex; CC, cerebral cortex. * p < 0.05, and *** p < 0.001.

4. Discussion

Although novel antidepressant therapies are currently emerging, challenges remain
due to very limited knowledge of the molecular etiology and clinical complexity of MDD.
CMS animal models are valuable tools to help improve understanding of the pathological
processes underlying MDD. They can be used to identify specific biomarkers for disease
monitoring and support the development of novel antidepressant treatment strategies [18].
In the present study, we found that the amygdala of CMS-treated mice displayed the great-
est number of altered genes compared with other areas, which suggests that it was highly
affected by CMS. It is not surprising that the amygdala exhibited the greatest number of
gene expression changes following CMS treatment, since it plays a crucial role in regula-
tion of the stress response and mediates the influence of stress on memory consolidation
and recall [19]. Patients with depression and anxiety have been found to exhibit specific
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amygdala reactivity [20]. Furthermore, the amygdala represents the node of an extended
corticolimbic circuit that supports emotion processing and stress responsiveness [21]. It
interacts with other areas in the brain, including the hippocampus and prefrontal cortex, to
promote enhancement of several forms of perceptual processing as well as attention, which
serve to create memory of emotional material [22]. Accumulating evidence has shown that
in the hippocampus, chronic stress may alter cellular functions and plasticity of neurons,
and result in dendritic atrophy as well as inhibition of neurogenesis [23]. In particular,
chronic stress can also induce dendritic atrophy and reduce the length of apical dendrites of
pyramidal neurons in the CA1 and CA3 regions, which may reduce neuroplasticity [24–26].
Furthermore, since GABAergic interneurons of the hippocampus are important in the
regulation of cellular and neural circuit function, their roles in the pathogenesis of MDD
have been well documented [27]. Our results indicate that neurite outgrowth may also be
affected by CMS.

In CMS-induced physiological and functional alterations, firstly, based on GSEA re-
sults, gene changes related to CMS in the amygdala are highly enriched in IFN-γ responses
(Figure 4b). This indicates that the immune system and inflammatory response of mice may
be induced by CMS. It has been reported that subjects with depression exhibit elevated
levels of inflammatory immune activation [28]. Increases in pro-inflammatory cytokines,
especially IL-1, IL-6, TNF-α, and IFN-γ, may exert neurotoxic effects on specific brain areas
implicated in emotional regulation, including the amygdala, hippocampus, and cerebral
cortex [29]. Secondly, sonic hedgehog signaling (Shh) was found to be significantly en-
riched in the hippocampus (Figure 4c). This is supported by a previous study, which found
that impaired Shh signaling contributes the pathogenesis of several neurological disorders,
including MDD [30]. Thirdly, both PFC and CC exhibited enrichment in the oxidative
phosphorylation family of genes, suggesting that metabolic alterations may reflect the con-
sequence of CMS stimulation. Accumulated evidence has revealed the link between CMS
and alteration of metabolism. For example, stressed animals demonstrate decreased food
intake and preference, as well as decreased appetite hormone homeostasis and systematic
metabolome changes [31,32]. Upon deeper examination, we found significant changes in
gene families related to electron transfer in the mitochondria complexes of stressed mice,
suggesting that energy consumption may be affected by CMS (Figure 4d,e).

According to enrichment analysis, significant changed genes were highly correlated
with pathways and signaling involved in the neural system (Supplementary Table S4).
Specifically, we found alteration in NRSF and E2F1 transcriptional networks under BRG1
gene regulation in the amygdala (Figure 5b). In particular, NRSF exerted direct effects
on various genes related to neurogenesis, metabolic processes, axonal guidance, and
immunological regulation in the amygdala. The genes downstream of NRSF were also
significantly altered in CMS-induced mice. Although NRSF is a well-known transcriptional
regulator involved in neurogenesis and differentiation, its role in neurological disorders
and diseases such as schizophrenia [33], Alzheimer’s disease [34], mood disorders [35], and
other physiological functions remains controversial [36]. From a clinical perspective, NRSF
may be a specific molecular target able to be suppressed by lithium, a mood-stabilizing
drug [37]. Other previous studies have found, using transcriptional analysis, that the
GSK3β-E2F1 axis may be involved in neuronal apoptosis and differentiation [38], as well
as tumor growth [39], and has several direct effects on its downstream effectors. This
implies that targeting of GSK3β-E2F1 or NRSF signaling may be able to reduce the effects
of CMS-induced bipolar disorder.

In terms of the regulatory network, our results show that two important genes, GSK3β
and BRG1, were significantly upregulated after CMS administration (Figure 5). This
upregulation consequently resulted in downstream gene expression changes related to
several neurophysiological functions, predominantly through two core transcription factors,
E2F1 and NRSF. Although GSK3β and BRG1 have been suggested to have an integral
role in neurophysiological function, the molecular basis remains difficult to characterize
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in MDD [40,41]. This may support the development of therapeutic targets by identifying
potential drugs that can reverse or regulate genes involved in MDD pathogenesis.

It has been demonstrated that stress can induce not only depressive-like behaviors,
but also alterations in oxidative stress, inflammation, neurogenesis, DNA damage, and
apoptosis, where the reduction of these changes can efficiently reverse psychopathological
and behavioral abnormalities [42,43]. Our enrichment analysis results are also consistent
with these studies, and indicate that greater numbers of physiological processes are en-
riched after CMS treatment (Supplementary Table S2). For example, accumulating evidence
has shown that MDD is accompanied by the activation of immune/inflammatory-related
cytokines and acute-phase proteins [44,45]. Two meta-analyses have demonstrated a cor-
relation between the expression of several inflammatory cytokines and clinical bipolar
disorder using a case-control study [46,47].

This study identified TTR as an applicable biomarker not only for MDD evaluation,
but also for disease monitoring (Figure 6). TTR is a protein synthesized and secreted
into peripheral blood and CSF, responsible for retinol and thyroxin transportation, and
known as prealbumin [13]. It had been reported to associate with several diseases as
well as neurological disease. It may aggregate into fibrils and be deposited into the
nervous system and result in neuropathy called transthyretin amyloidosis. Some foster the
dissociation of TTR tetramer and some facilitate misfolding and denaturation of monomers
to cause the irreversible formation of amyloid fibrils. Furthermore, in addition to deposited
amyloid fibrils, non-fibrillar circulating formations confer to neurotoxicity and organ
disfunction [48]. This can support that lower TTR in peripheral blood may indicate
neuropathogenesis. On the other hand, increasing of serum TTR levels by administrating
TTR stabilizers may indicate a positive prognostic response to therapy [49]. Patients
treated with TTR stabilizers by binding TTR to reduce dissociation of TTR showed reduced
morbidity and mortality in a large clinical trial [50]. On the other hand, lower levels
of TTR were observed during malnutrition or inflammation as a negative acute-phase
reactant [51,52]. This evidence supports our transcriptomic findings that CMS may cause
alterations in immune responses, inflammation, and metabolism (Figure 4; Supplementary
Table S4) that may be correlated with TTR reduction. Although low TTR may be highly
correlated with MDD, and suicidal ideation and low serotonin function in patients have
been documented [53,54], the mechanism involved in CMS induced TTR reduction is still
enigmatic. It is possible that CMS-induced GSK3β (Figure 5) reduces TTR expression
via repressing heat shock factor 1 (HSF1) activation [55–57]. Manipulation including
exogenous overexpression or endogenous knockdown as well as inhibition by drugs of
GSK3β followed by TTR characterization should be considered to reveal the relationship
between TTR and GSK3β pathways in the future. This may provide a potential actionable
strategy for MDD treatments.

The current study was limited by several factors. Firstly, choosing the most ideal
MDD animal model remains a controversial question. Therefore, it cannot be excluded
that several confounding factors, such as environments, stressors, animal strains, and
treatment strategies, may influence gene expression patterns. We used a CMS strategy
with various unpredictable stressors to model MDD. It should be noted that MDD is not
a homogenous disorder; it is diagnosed when a certain minimal number of symptoms
are displayed in humans. Thus, a limitation of this study was that it may not have
allowed clear differentiation of MDD depression subtypes, such as melancholic or
atypical depression. Secondly, it should be noticed that MDD is a sex-biased (high
occurrence in females) disease. Although only male mice were included for the CMS-
induced MDD model, based on the consideration of estrogen interference, it cannot be
excluded that some biases may exist. However, the validation in patients (75% females),
which indicated that TTR was still highly correlated to MDD, suggested that it may
be independent from sex. Thirdly, the sample size of patients with MDD was few and
several confounding factors that may affect the power of TTR were difficult to analyze.

128



Biomedicines 2021, 9, 1124

In order to validate the clinical utilities of TTR, it is necessary to conduct a clinical trial
with a large and comprehensive cohort in the future.

5. Conclusions

The current study utilized an MDD animal model to comprehensively dissect the
underlying molecular mechanisms of MDD. CMS may induce MDD-like pathogenesis
accompanied by physiological changes such as IFN-γ response, hedgehog signaling, and
oxidative phosphorylation in different brain parts. This provided rationales for further
MDD-related investigations. Furthermore, current results also identified TTR as a potential
diagnostic and monitoring marker for clinical applications in the future.
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Abstract: A six-month double-blind, placebo-controlled randomized study was conducted to ascer-
tain whether low-dose daily niacin supplementation would improve motor symptoms in Parkinson’s
disease (PD) patients. A total of 47 PD patients were assigned to receive low-dose niacin or a
placebo. At the end of the double-blind phase, all participants received open-label niacin for the next
six months. All patients were evaluated at baseline, after six months, and after one year of treatment.
The primary outcome measure was the Unified Parkinson’s Disease Rating Scale III (UPDRS III)
scores. Secondary outcome measures were depression, sleep quality, mental flexibility and cognition,
and physical fatigue. Niacin treatment was well-tolerated by forty-five subjects. The mean [95% CI]
change in UPDRS III scores at six months of placebo was −0.05 [95% CI, −2.4 to 2.32], and niacin
was −1.06 [95% CI, −3.68 to 1.57]. From six to twelve months when both groups received open-label
niacin supplementation, the average UPDRS III scores significantly decreased for the placebo group
by 4.58 [95% CI, −0.85 to 8.30] and the niacin group by 4.63 [95% CI, 1.42 to 7.83] points. Low-dose
niacin supplementation is a well-tolerated adjunct therapy and may improve motor function in PD
when taken over a longer period.

Keywords: Parkinson’s disease; movement disorder; niacin; UPDRS III; fatigue

1. Introduction

Parkinson’s disease (PD) is one of the most common movement disorders afflicting
approximately 1% of the population above the age of 60 and 4% by age 80. A definitive
diagnosis for PD requires an autopsy, and there is no cure or definitive disease-slowing
therapy despite extensive investigation [1]. Sinemet (carbidopa/levodopa) remains the
cornerstone of PD therapy but can lead to significant motor complications (wearing off and
dyskinesia) over time [2].

Numerous pathophysiological processes interplay in PD, but neuroinflammation and
mitochondrial dysfunction remain at the core of PD pathology [3–6]. Niacin is, therefore,
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a promising choice as an adjunct therapy in PD since it is anti-inflammatory and boosts
mitochondrial function by providing NAD [5,6]. Parkinson’s disease is accompanied by
non-motor symptoms such as lack of sleep, depression, and fatigue, resulting in poor
quality of life [7–9]. Medications that reduce motor symptoms further aggravate non-motor
symptoms in PD patients [10]. Moreover, carbidopa in Sinemet is known to deplete niacin
levels in treated PD patients [11]. Chong et al. recently investigated niacin in a three-month
effectiveness trial, showing improvements in quality of life and motor symptoms in PD
patients [12]. Our group and others have indicated that niacin supplementation may
influence outcomes in PD patients [5,12,13].

The present study investigates the effects of low-dose niacin treatment and improve-
ment in tremor, rigidity, and overall Unified Parkinson’s Disease Rating Scale III (UPDRS
III) scores in US veterans with PD. Compared to the study by Chong et al. [12], this trial has
a longer randomized, double-blind, placebo-controlled phase, followed by an additional
six months of open-label niacin.

2. Materials and Methods

2.1. Participants

The study was a single-center prospective trial conducted at Charlie Norwood Veter-
ans Affairs Medical Center (CNVAMC, GA, USA) neurology clinic and Augusta University
Medical Center (AUMC, GA, USA) Tertiary Movement Disorders Center (clinicaltrials.gov
identifier: NCT03462680). The patients were enrolled from October 5th, 2016 to September
18th, 2019, and tested every six months. The inclusion criteria were: (1) mild to moderately
severe PD patients according to the United Kingdom Parkinson’s Disease Society Brain
Bank Diagnostic Criteria [14], (2) Hoehn and Yahr (H&Y) scores between 0.5–4, (3) stabi-
lized on all PD medications prior to enrollment with expected medication stability for at
least six months, and (4) mini-mental state exam (MMSE) scores above 24. The exclusion
criteria were: (1) other severe neurological problems, previous brain surgery, functional
blindness, inability to participate in visuomotor or gait assessments, (2) an allergy to niacin,
(3) other severe illnesses, (4) previously undergone deep brain stimulation, or (5) dementia.
An attending expert neurologist used his clinical judgment to determine if a patient was
suitable for the study, including an optional spinal tap. The study was conducted according
to the Declaration of Helsinki (1997) and approved by The Institutional Review Board
at AUMC (750415). Demographic, clinical, and medication data were captured from the
patient database. All subjects signed a written informed consent to participate in the study.

2.2. Intervention

A total of 47 patients, stabilized on medications three months prior, were enrolled in
the study. The subjects were kept on the same dose of medications for the first six months
of the study. Patients were randomized and blinded to receive either 250 mg of niacin
once daily or placebo in accordance with the sequestered fixed randomization schedule
(Figure 1), using balanced blocks to ensure an approximate 1:1 ratio of the two treatment
arms for early-stage (H&Y 0.5–2) or late-stage patients (H&Y 2.5–4). The VAMC pharmacy
generated the randomized sequence for the group assignment. Study subjects and the
researchers were blinded to the allocation. Grouping was also concealed by dispensing the
supplements (placebo and niacin) in an opaque pouch. The randomization code was not
revealed to the investigators until the study was completed in April 2020. The facility for
performing outcome measures was provided by the CNVAMC.
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Figure 1. Flowchart showing participant flow in the Niacin for Parkinson’s disease trial. A total of
47 participants enrolled in the study were randomly placed into the placebo or niacin-treated group.
The randomized, double-blind portion lasted six months; then, a subsequent open-label niacin phase
was implemented from six to twelve months.

2.3. Outcomes of the Study

The study’s primary outcome was a change in the UPDRS III scores from baseline to
six months and one year. Based on pilot data, the margin of superiority representing the
minimal clinically meaningful change in score, δ, is 5. This value is the expected median
annual rate of decline in the UPDRS III score of +5.5 points [15,16]. Secondary outcomes
included depression rating by the Geriatric Depression Scale (GDS), fatigue rating by the
Fatigue Severity Scale (FSS) and Visual Analogue Fatigue Scale (VAFS), mental resilience
measured by Trail Making Test (TMT) A and B (the difference between TMT-B and TMT-A
was considered as a measurement of cognitive flexibility) [17], cognitive ability and mental
fatigue through the Stroop Test, overall cognitive function by MMSE, amino acid and
serotonin levels, and physical strength and fatigue through a grip strength test. A single
assessor took all measurements to eliminate interrater differences. Patients were tested at
baseline, after six months of daily 250 mg niacin or placebo, and then again after six months
of open-label 250 mg daily niacin. There were no treatment changes (regarding medications
and dosages) made during the double-blind trial period.
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2.4. Statistical Analysis

The trial data was analyzed according to the intent to treat and per-protocol methods.
Means, standard deviations or standard errors, and ranges were calculated for continuous
and numerical data. Categorical data were presented as counts and percentages, analyzed
by chi-sq test. Statistical differences were tested between the treatment groups and time
points by ANOVA with Tukey’s post hoc corrections for primary outcomes. All p-values
were adjusted for multiple comparisons according to Bonferroni’s correction. A p ≤ 0.05
was considered statistically significant; all p values were two-sided.

The sample size of thirty-nine analyzed patients was determined to give 80% power
(α = 0.05) to detect a reduction of 2.5 points in UPDRS III scores after six months of
treatment [15,16]. For a significance level (α) of 5% and a power (1-β) of 80%, an expected
standard deviation of the difference between data pairs was 3.9, and the minimum sample
size was 13 participants per group. Our study sample was substantially increased to take
into account potential dropouts or unexpected increases in variability.

Data for age, sex, race, and PD medications and dose were documented from the pa-
tient records system. Laboratory data on serum levels of serotonin was also obtained. Data
for all participants was entered into an Excel sheet (Microsoft Excel v2016) for subsequent
analysis. Outcomes of all 39 participants who completed the six-month trial were analyzed
according to their randomization groups, comparing differences between treatments and
differences between time points of baseline, six months, and one year.

One outlier was removed from UPDRS III scores based on the ordinary least-squares
regression test (Q = 10%). All other outcome data had no outliers removed by the robust
regression and outlier removal test. All analyses were performed using Prism (v8.0,
Graphpad, San Deigo, CA, USA).

3. Results

3.1. Subjects

Between 2016–2019, 47 participants were enrolled at the CNVAMC; 39 returned for
the six-month evaluation. Participants were randomly assigned to the placebo (n = 21) or
250 mg daily niacin (n = 18) group (Figure 1). The mean age was 68.4, with a mean duration
of PD being 5.8 years (Table 1). A total of 36 participants were Caucasian, and three were
African American; four participants were women. Based on H&Y scores, the subjects were
divided into early (n = 28) and late-stage (n = 11) groups. Veterans (n = 25) constituted 64 %
of the total study subjects (n = 39), while remaining patients were non-veterans (n = 14)
(Table 1).

A total of 35 subjects were on Sinemet as their primary Parkinson’s medication
throughout the study. The neurologist changed the medication dose of five patients
during the open-label phase of the study (Table 1). Other medications or supplements
taken by subjects included Trihexyphenidyl (n = 2), Donepezil (n = 1), Simvastatin (n = 1),
Diclofenac (n = 1), Temazepam (n = 1), Aspirin (n = 7), Ropinirole (n = 8), Rasagiline (n = 9),
Pramipexole (n = 13), Amantadine (n = 1), Vitamin D3 (n = 2), multivitamin (n = 5), and
Vitamin C (n = 1). None of the subjects in this study were on SSRIs.

The six-month follow-up was completed by 39 of the 47 enrolled patients. Of these,
eight of the 39 patients did not complete the optional six-month open-label portion of
the study (Figure 1). Participants discontinued due to the flushing effect of niacin (n = 2),
voluntary discontinuation (n = 7), or the SARS-CoV-2 shut-down of clinical research (n = 7).
Chi-squared and Fisher tests showed no significant differences in the dropout rate between
the groups, p = 0.65 and 0.72, respectively. Although both groups took niacin from six to
twelve months, the group who took the placebo for the first six months will continue to be
referred to as the placebo group for this study (Figure 1).
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Table 1. Demographic and baseline characteristics of the participants (n = 39).

Treatment Groups
Characteristics Placebo (n = 21) Niacin (n = 18) p-Value

Sex, N (%)
Men 19 (90.5) 16 (88.9)

1 a
Women 2 (9.5) 2 (11.1)

Race/ethnicity, N (%)
Non-Hispanic White 18 (85.7) 18 (100)

0.29 a
Non-Hispanic Black 3 (14.3) 0 (0)
Veteran status, N (%)

Veterans 15 (71.4) 10 (55.6)
0.5 a

Non-Veterans 6 (28.6) 8 (44.4)
Age, mean (SD), y 68.0 (10.7) 68.2 (6.0)

Duration of PD, mean (SD), y 5.6 (4.2) 6.0 (6.0)
Age of Onset, mean (SD), y 61.6 (10.9) 63.3 (7.2)

Disease Stage, N (%)
Early (H&Y < 2.5) 14 (66.7) 14 (77.8)

0.68 a
Late (H&Y ≥ 2.5) 7 (33.3) 4 (22.2)

Medications, mg/day
Sinemet intake, N (%) 20 (95.2) 15 (83.3) 0.5 a

Levodopa dosage, mean (range) 488.9 (300–1000) 480.8 (200–800)
H&Y staging, mean (range) 2.2 (1.5–4) 1.8 (0.5–4)

UPDRS III Scores, mean (SD) 22.4 (11.8) 21.3 (15.8) 0.99 b

Rigidity 1.69 (2.23) 1.5 (1.92) 0.99 b

Resting Tremor 4.52 (2.87) 3.11 (2.82) 0.34 b

Bradykinesia 4.5 (4.6) 4 (4.5) 0.98 b

Cognitive flexibility 73.38 (57.11) 79.42 (62.46) 0.99 b

Grip Strength, PSI
First affected hand 305.09 (105.26) 297.04 (125.68) 0.99 b

Non (or later) affected hand 300.43 (80.49) 284.1 (123.09) 0.98 b

FSS 36.65 (13.02) 40.28 (11.99) 0.76 b

VAFS 5.4 (2.23) 5.17 (2.23) 0.96 b

REM sleep, % 15.19 (12.1) 22.5 (13.36) 0.32 b

GDS 6.2 (5.87) 7.89 (7.31) 0.66 b

Stroop 3 trial 8.13 (6.64) 6.18 (7.92) 0.81 b

Walk and Turn, s 11.47 (3.46) 10.33 (3.16) 0.66 b

Valine, mg/dL 229.33 (51.78) 245.64 (33.42) 0.69 b

Tyrosine, mg/dL 73.93 (14.77) 64.93 (16.28) 0.35 b

Tryptophan, mg/dL 60.87 (11.39) 53.5 (10.81) 0.23 b

Serotonin, mg/dL 89.56 (60.5) 84.21 (68.17) 0.99 b

Phenylalanine, mg/dL 74.47 (12.59) 73.07 (9.74) 0.98 b

Leucine, mg/dL 136.87 (38.75) 143.07 (27.71) 0.95 b

Isoleucine, mg/dL 72.14 (24.2) 73.36 (15) 0.99 b

Values presented are proportions and mean (SD). a—differences were tested by chi-squared test, b—differences in
means was test by t-test. UPDRS III–Unified Parkinson’s disease Rating Scale III, H&Y-Hoehn and Yahr Scale for
Parkinson’s Disease Staging. Levodopa dosage was determined as mg/day. * Medication information on two
subjects in the niacin group was not available.

3.2. Primary Outcome: UPDRS III
3.2.1. Six Months of 250 mg Niacin vs. Placebo

In intention-to-treat (ITT) analysis, there were no significant differences (Figure 2a,c,e,f).
We then analyzed the data on a per-protocol (PP) basis (Figure 2b,d,f,h). The mean UPDRS III
scores at baseline for placebo (22.4 ± 11.8) and niacin (21.3 ± 15.8) groups were comparable
(Figure 2b and Supplementary Table S1). The mean changes in UPDRS III scores at six months
for niacin (−1.06 [−3.68 to 1.57]) and placebo (−0.05 [−2.4 to 2.32]) groups were not significant
(Table 2). No significant changes were noted in rigidity, bradykinesia, or resting tremor in
either placebo or niacin-treated subjects. However, non-significant differences in the mean
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scores between baseline and six months were observed in both groups for these variables
(Table 2). Average scores for rigidity non-significantly decreased in the placebo (0.14 [−0.14 to
0.42]) and niacin (0.03 [−0.26 to 0.31]) groups. The average score for resting tremor changed
by 0.05 [−0.54 to 0.64] in the placebo group and −0.17 [−0.49 to 0.16] in the niacin-treated
group. Mean scores for bradykinesia changed by 0.07 [−0.35 to 0.49] in the placebo group
and by −0.39 [−1.42 to 0.65] in the niacin group (Table 2).

Figure 2. Mean Unified Parkinson’s Disease Rating Scale III (UPDRS III) scores for two treatment
groups analyzed per-protocol (right) and intention-to-treat with last observation carried forward
(left). (a,b) Bar plot comparing changes in UPDRS III scores at baseline, after six months (6MO) of
placebo (grey bars) or niacin (open bars), and after six months of niacin thereafter (12MO) (maximum
points: 108). (c,d) Bar plot for rigidity scores (maximum points: 20), as a component of the UPDRS III
scores, (e,f) Bar plot showing resting tremor scores (maximum points: 20), as a component of UPDRS
III scores, and (g,h) Bar plot showing for bradykinesia scores (maximum points: 20), as a component
of UPDRS III scores. * 12-month compared to baseline p < 0.05, † 12-month compared to 6-month
p < 0.05. Values presented are mean ± SEM.
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Table 2. Differences in motor and cognitive scores during the randomized trial period (baseline vs. 6MO).

Clinical Baseline Values, Mean ±SD 6-Month Change (Randomized, Placebo-Controlled Trial)

Variable, Units Placebo Group Niacin Group Placebo Group
Change

Niacin Group
Change

Between Group
Difference

UPDRS III Scores 22.4 ± 11.8 21.3 ± 15.8 −0.05 (−2.4–2.32) −1.06 (−3.68–1.57) 1.13 (−10.40–12.65)
Rigidity 1.69 ± 2.23 1.5 ± 1.92 0.14 (−0.14–0.42) 0.03 (−0.26–0.31) 0.19 (−1.47–1.85)

Resting Tremor 4.52 ± 2.87 3.11 ± 2.82 0.05 (−0.54–0.64) −0.17 (−0.49–0.16) 1.4 (−0.87–3.7)
Bradykinesia 4.5 ± 4.6 4 ± 4.5 0.07 (−0.35–0.49) −0.39 (−1.42–0.65) 0.5 (−3.15–3.7)

Cognitive flexibility 73.38 ± 57.11 79.42 ± 62.46 −3.04 (−28.04–21.96) 5.44 (−30.78–41.67) −6.04 (−54.93–42.85)
Grip Strength, PSI
First affected hand 305.09 ± 105.26 297.04 ± 125.68 5.88 (−14.19–25.94) −22.56 (−53.54–8.43) 8.05 (−132.3–148.4)

Non (or later) affected
hand 300.43 ± 80.49 284.1 ± 123.09 3.73 (−35.11–42.56) −31.67 (−63.74–0.39) 16.33 (−110–142.7)
FSS 36.65 ± 13.02 40.28 ± 11.99 −0.06 (−2.5–2.37) 1.78 (−5.5–9.05) −3.63 (−13.79–6.53)

VAFS 5.4 ± 2.23 5.17 ± 2.23 −0.22 (−0.97–0.53) −0.44 (−1.74–0.85) 0.23 (−1.58–2.05)
REM sleep, % 15.19 ± 12.1 22.5 ± 13.36 −6.26 (−11.05–1.47) * 1.39 (−5.42–8.2) −7.31 (−17.62–3.0)

GDS 6.2 ± 5.87 7.89 ± 7.31 0.25 (−0.53–1.03) 1.17 (−1.75–4.08) −1.69 (−7.14–3.76)
Stroop 3 trial 8.13 ± 6.64 6.18 ± 7.92 −0.59 (−3.17–1.99) −2.19 (−5.93–1.54) 1.96 (−4.16–8.08)

Walk and Turn, s 11.47 ± 3.46 10.33 ± 3.16 0.44 (−1.08–1.96) 0.18 (−0.61–0.96) 1.14 (−1.61–3.88)
Valine, mg/dL 229.33 ± 51.78 245.64 ± 33.42 1.83 (−27.05–30.72) −0.71 (−35.17–33.74) −16.31

(−57.55–24.93)
Tyrosine, mg/dL 73.93 ± 14.77 64.93 ± 16.28 8.82 (−2.2–19.84) −0.5 (−10.82–9.82) 9.01 (−5.75–23.76)

Tryptophan, mg/dL 60.87 ± 11.39 53.5 ± 10.81 7.48 (−0.39–15.34) −0.07 (−6.1–5.96) 7.37 (−3.13–17.86)
Serotonin, mg/dL 89.56 ± 60.5 84.21 ± 68.17 25.34 (5.79–44.89) * 1.21 (−17.82–20.25) 5.35 (−55.03–65.72)

Phenylalanine, mg/dL 74.47 ± 12.59 73.07 ± 9.74 3.74 (−8.48–15.97) −1.64 (−8.62–5.33) 1.40 (−9.23–12.02)
Leucine, mg/dL 136.87 ± 38.75 143.07 ± 27.71 9.26 (−15.26–33.77) −4.64 (−28.45–19.16) −6.21 (−38.02–25.61)

Isoleucine, mg/dL 72.14 ± 24.2 73.36 ± 15 4.03 (−14.21–22.26) −4.79 (−19.34–9.77) −1.21 (−20.89–18.47)

All of the study personnel and patients were blinded to the group assignment. The treatment group assignment code was disclosed at
the completion of the study in April 2020. VAFS: Visual analog severity scale, GDS: Geriatric depression scale, FSS: fatigue severity scale.
Values presented are Mean ± SD or Mean (95% CI). * p < 0.05.

3.2.2. Six to Twelve Months of 250 mg Niacin

At the twelve-month visit, the mean UPDRS III scores significantly decreased by 4.58
[0.85 to 8.30] points in placebo compared to the six-month visit (Table 3). In the niacin group,
the mean UPDRS III scores significantly decreased by 4.63 [1.42 to 7.83] points (Table 3).
Bradykinesia scores were reduced in the placebo (1.13 [0.25 to 2.02]) and niacin (1.21 [0.36
to 2.06]) groups at the twelve-month visit compared to the six-month visit (Table 3). At
the twelve-month visit, rigidity scores significantly decreased in the placebo group (0.75
[−0.01 to 1.51], p = 0.05), while no changes were observed in the niacin group (0.008 [−0.47
to 0.49]. No significant changes were observed in resting tremor scores for placebo (0.92
[−0.12 to 1.96]) or niacin (0.1 [−0.56 to 0.76]) groups.

Table 3. Comparative differences in motor and cognitive scores during the open-label trial.

Clinical 6-Month Values (Mean ±SD) 6–12 Month Change (Open-Label Niacin Treatment)

Variable, Units Placebo Group Niacin Group Placebo Group
Change

Niacin Group Change
Between Group

Difference

UPDRS III Scores 22.4 ± 14 22.3 ± 16.4 4.58 (0.85–8.30) * 4.63 (1.42–7.83) * 0.12 (−12.29–12.53)
Rigidity 1.5 ± 2.1 1.5 ± 1.9 0.75 (−0.01–1.51) * 0.008 (−0.47–0.49) 0.08 (−1.522–1.673)

Resting Tremor 4.5 ± 3.3 3.3 ± 2.7 0.92 (−0.12–1.96) 0.1 (−0.56–0.76) 1.20 (−1.17–3.57)
Bradykinesia 4.4 ± 4.4 4.4 ± 4.9 1.13 (0.25–2.02) * 1.21 (0.36–2.06) * 0.04 (−3.74–3.82)

Cognitive flexibility 76.4 ± 63.1 74 ± 54.7 −15.18 (−40.6–10.24) 4.9 (−27.8–37.6) 2.44 (−47.02–51.91)
Grip Strength, Newtons

First affected hand 299.2 ± 107.5 319.6 ± 118.2 −23.58
(−79.14–31.98) −80.3 (−176.2–15.65) −20.38 (−167.4–126.7)

Non (or later) affected hand 296.7 ± 89.4 315.8 ± 119.4 −11.84
(−56.59–32.92) −54.72 (−128.8–19.38) −19.07 (−152.8–114.7)

FSS 36.7 ± 14.2 38.5 ± 11 2.89 (−1.62–7.4) 4.36 (1.59–7.13) * −1.79 (−11.91–8.34)
VAFS 5.6 + 2.5 5.6 ± 2.2 −0.76 (−1.75–0.24) −0.39 (−0.92–0.14) 0.008 (−1.88–1.89)

REM sleep, % 6 ± 5.9 6.7 ± 5.9 1.92 (−7.2–11.03) −4.32 (−10.32–1.68) 0.34 (−11.09–11.77)
GDS 21.5 ±16.3 21.1 ± 11.6 1.08 (−1.12–3.28) 1.37 (−0.5–3.23) −0.77 (−5.53–3.99)

Stroop 3 trial average 8.7 ± 6.9 8.4 ± 5.6 −0.78 (−5.47–3.91) −0.78 (−2.85–1.28) 0.35 (−4.9–5.61)
Walk and Turn, s 11 ± 3.2 10.2 ± 3.4 0.75 (−0.53–2.02) 1.72 (0.59–2.84) * 0.87 (−1.95–3.69)
Valine, mg/dL 227.5 ± 45 246.4 ± 29.7 4.29 (−32.51–41.08) 21.07 (−16.01–58.15) −18.86 (−52.4–14.69)

Tyrosine, mg/dL 65.1 ± 15.5 65.4 ± 14.4 1.83 (−11.66–15.31) 4.57 (−5.33–14.47) −0.32 (−13.74–13.11)
Tryptophan, mg/dL 53.4 ± 11.6 53.6 ± 10.9 −4.11 (−12.97–4.75) 4.29 (−4.75–13.32) −0.18 (−10.28–9.92)
Serotonin, mg/dL 64.2 ± 44.5 83 ± 75.2 −18.11 (−37.97–1.75) −13.36 (−58.77–32.06) −18.78 (−77.83–40.27)

Phenylalanine, mg/dL 70.7 ± 20.6 74.7 ± 9.8 −0.85 (−12–10.3) 2.43 (−9.35–14.21) −3.99 (−18.11–10.12)
Leucine, mg/dL 127.6 ± 32.5 147.7 ± 21.7 −1.75 (−29.99–26.5) 14.86 (−9.31–39.02) −20.1 (−44.43–4.23)

Isoleucine, mg/dL 68.1 ± 20.4 78.1 ± 15.2 1.26 (−14.45–16.97) 8.64 (−4.48–21.77) −10.03 (−26.28–6.230)

Six to 12 months, all the participants were given 250 mg niacin once a day. All the study personnel and patients were blinded to the
group assignment. Treatment group assignment code was disclosed at the completion of the study in April 2020. Values are presented as
Mean ± SD or Mean (95% CI). * p < 0.05.
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3.2.3. Baseline to Twelve Months

Compared to baseline, a trend towards reduction in the mean UPDRS III scores
was observed in the placebo (4.52 [−0.16 to 9.21]) and niacin (3.57 [−1.02 to 8.16]) groups
(Table 4). At twelve months, scores for rigidity (0.90 [−0.05 to 1.84]) and resting tremor (0.97
[−0.16 to 2.09]) showed slight, non-significant decreases in the placebo group. Compared
to baseline, bradykinesia scores at twelve months significantly decreased in the placebo
(1.21 [0.19 to 2.23]) and niacin (0.82 [−0.004 to 1.65]) groups (Table 4).

A significant decrease occurred across both groups over a treatment period of one
year (p = 0.012), but no significant differences were found between treatments at any time
point (Figure 2d and Table 4).

Table 4. Differences in motor and cognitive scores between baseline and 12-month visit.

12-Month Values (Mean ±SD) 12- Month Change

Clinical Variable, Units Placebo Group Niacin Group Placebo Group
Change

Niacin Group Change
Between Group

Difference

UPDRS III Scores 17.9 ± 9.2 17.7 ± 13.3 4.52 (−0.16–9.21) 3.57 (−1.019–8.16) 0.17 (−10.66–11.01)
Rigidity 0.8 ± 1.5 1.5 ± 1.9 0.90 (−0.05–1.84) 0.04 (−0.43–0.5) −0.67 (−2.25–0.91)

Resting Tremor 3.6 ± 2.9 3.2 ± 2.7 0.97 (−0.16–2.09) −0.07 (−0.94–0.81) 0.38 (−2.18–2.94)
Bradykinesia 3.3 ± 2.8 3.2 ± 4.3 1.21 (0.19–2.23) * 0.82 (−0.004–1.65) * 0.12 (−3.34–3.57)

Cognitive flexibility 91.6 ± 72 69.1 ± 55.5 18.22 (−42.79–6.35) 10.35 (−17.7–38.39) 22.52 (−36.72–81.77)
Grip Strength, Newtons

First affected hand 322.8 ± 91.7 399.9 ± 54.1 −17.71
(−62.17–26.75) −102.9 (−218.8–13.14) −77.1 (−186.4–32.22)

Non (or later) affected hand 308.5 ± 84.6 370.5 ± 75.3 −8.12 (−56.34–40.13) −86.4 (−187.8–15.05) −61.96 (−181.5–57.59)
FSS 33.8 ± 13.6 34.1 ± 12 2.83 (−2.15–7.81) 6.14 (−1.59–13.86) −0.32 (−12–11.37)

VAFS 6.4 ± 2.2 6 ± 2.5 −0.98 (−2.2–0.25) −0.83 (−2.16–0.49) 0.38 (−1.84–2.59)
REM sleep, % 4.9 ± 4.9 5.4 ± 5.3 −4.34 (−11.45–2.76) −2.93 (−11.11–5.26) −5.9 (−20.57–8.78)

GDS 19.5 ± 16.8 25.4 ± 14.1 1.33 (−1.01–3.66) 2.53 (−1.56–6.62) −0.48 (−5.24–4.28)
Stroop 3 trial average 9.5 ± 7.5 9.2 ± 6.3 −1.37 (−5.41–2.67) −2.98 (−7.73–1.78) 0.35 (−6.45–7.14)

Walk and Turn, s 10.3 ± 2.8 8.4 ± 1.7 1.19 (−0.38–2.76) 1.89 (0.55–3.23) * 1.84 (−0.39–4.07)
Valine, mg/dL 223.2 ± 37.7 225.3 ± 37.9 6.12 (−29.16–41.4) 20.36 (−17.62–58.33) −2.07 (−38.5–34.35)

Tyrosine, mg/dL 63.3 ± 12.1 60.9 ± 9.2 10.65 (1.19–20.1) * 4.07 (−8.28–16.42) 2.43 (−7.98–12.84)
Tryptophan, mg/dL 57.5 ± 9.3 49.3 ± 10.8 3.37 (−5.21–11.94) 4.21 (−3.69–12.12) 8.21 (−1.54–17.97)
Serotonin, mg/dL 82.3 ± 31.6 96.4 ± 56.3 7.23 (−24.06–38.51) −12.14 (−49.59–25.31) −14.02 (−58.56–30.51)

Phenylalanine, mg/dL 71.6 ± 11 72.3 ± 13.5 2.9 (−6.82–12.61) 0.79 (−10.03–11.6) −0.71 (−12.62–11.19)
Leucine, mg/dL 129.4 ± 24.6 132.9 ± 28.9 7.51 (−18.63–33.65) 10.21 (−21.1–41.53) −3.5 (−29.45–22.45)

Isoleucine, mg/dL 66.9 ± 11.2 69.5 ± 16 5.29 (−8.82–19.39) 3.86 (−10.4–18.12) −2.64 (−16.11–10.82)

The study personnel were blinded to the group assignment; the randomization code was revealed at the completion of the study. Values
presented are Mean ± SD or Mean (95% CI). * p < 0.05.

3.3. Correlation with on/off Phenomenon with UPDRS III Scores

The placebo group showed a positive correlation (p = 0.031) between UPDRS III
scores and the time since their most recent dose of PD medication (on/off phenomenon)
(Figure 3a). Subjects in the niacin group showed a negative correlation (r = −0.15), suggest-
ing that the on/off phenomenon has no effect on UPDRS III scores in patients taking niacin
(Figure 3b).
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Figure 3. Correlation between time since last medication (x-axis) versus Unified Parkinson’s Disease
Rating Scale III (UPDRS III) scores (y-axis) for the (a) placebo and (b) niacin groups. The UPDRS III
scores and the change in the time between the last dose of medication and the appointment were
used to calculate the difference between visits; this data was used to construct dot plots and run a
correlation analysis.

3.4. Secondary Outcomes

Grip strength, a measure of motor function and muscle energetics, showed a trending
increase in the niacin group for each hand (22.56 [−53.54 to 8.43]); (31.67 [−63.74 to 0.39]
PSI). However, those who took the placebo showed no change in either hand (5.88 [−14.19
to 25.94] PSI); (3.73 [−35.11 to 42.56] PSI) (Table 2). The difference between TMT-B and
TMT-A is a measurement of cognitive flexibility while removing the factors of motor and
visuoperceptual deficits. The change in cognitive flexibility between all the comparisons
was not significant. Mean differences between the placebo and niacin groups changed
from −6.04 to 22.52 over the study period (Table 2). Blood serotonin levels significantly
decreased in placebo by 25.34 mg/dL [95% CI, 5.79 to 44.89] while staying relatively stable
between baseline and six months of niacin supplementation (Table 2).

Rapid eye movement (REM) sleep changed significantly by 6.26% [−11.05 to −1.47]
with placebo, but not with niacin (1.39% [−5.42 to 8.2]). FSS scores at twelve months
decreased by 4.36 [1.59 to 7.13] points in the niacin-treated group (Table 3). No significant
differences were observed for VAFS, GDS, or Stroop test (Table 2). Serum levels of amino
acids valine, tyrosine, tryptophan, phenylalanine, leucine, and isoleucine were also not
different between the treatment groups. Sleep efficiency or percentage of light sleep, deep
sleep, or awake time did not significantly differ during the study (Table 2).

3.5. Adverse Events

Adverse events were similar between the niacin and placebo groups. Out of 47 re-
cruited patients, eight patients dropped out during the first six months, and eight more
dropped out before the one-year time point. The flushing effect of niacin occurred and
caused discontinuation for two patients, one in each group. Unrelated injuries occurred in
one patient in the niacin group and one in the placebo group, although neither resulted
in the discontinuation of the study. One patient complained of leg cramps at the end of
the study, but it was likely dehydration rather than supplement intake, assessed by the
neurologist. No other adverse events were reported. Seven patients could not complete the
study due to the SARS-CoV-2 shut-down.

4. Discussion

In this single-center, double-blind, placebo-controlled, randomized clinical trial com-
prising patients with early- and late-stage PD, supplementation of a single daily dose
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of niacin for twelve months improved the rigidity, bradykinesia, and overall UPDRS III
scores. In a serendipitous finding, a high-dose niacin supplement was observed to reduce
bradykinesia and rigidity in a PD case report [18]. Niacin supplements and agonists of
the niacin receptor are shown to be neuroprotective and lead to enhanced motor function
in animal models of PD (BHB, niacinamide, PINK1 fruit fly study) [19–21]. The current
study demonstrated a significant decrease in UPDRS III scores from six to twelve months,
in which both groups took the open-label niacin supplement. Both groups, when com-
paring baseline to one year, demonstrated a trend towards reduction in UPDRS III scores.
There was a significant decrease in bradykinesia between baseline and twelve months
and between six months and twelve months in both placebo and niacin-treated groups. A
significant decrease in rigidity was observed in the placebo-treated group from six months
to one year when they received niacin. Although the overall tremor score did not show
any significance in the niacin-treated group, individual limb tremor scores decreased in
the niacin-treated group. The placebo group showed a reduction in tremor scores from
six months to twelve months after receiving niacin. Since some of the scores began higher
(although insignificant) in the placebo group than niacin, such as with resting tremor, then
there is more room for improvement; this may have contributed to the significant changes
with only six months of niacin during the open-label portion for the placebo group opposed
to the niacin group in the first six months. Taken together, small changes in these sub-scores
reflect a decrease in UPDRS III scores at twelve months.

Numerous studies have attempted either raising NAD levels or directly providing
NAD in PD. Niacin remains a natural source for NAD and binds to the niacin receptor, G
protein-coupled receptor 109A (GPR109A), unlike other forms of vitamin B3. GPR109A is
predominantly expressed in adipose tissue and immune cells, including macrophages [22].
We have previously shown that RAW264.7 macrophage cells stimulated with lipopolysac-
charide express increased levels of GPR109A, and treatment with niacin reduces these
levels [23]. Previously, niacin has been shown to have anti-inflammatory effects on acti-
vated macrophages in cardiovascular disease [24]. Animal and human evidence suggests
that inflammation and activation of microglia in the brain are associated with the develop-
ment and progression of PD [13,25,26]. Microglial cells in the brain are a modified form
of macrophages that reside in the brain; we theorize that niacin supplement provides the
anti-inflammatory response to these microglial cells to reduce the neuroinflammation in
PD patients.

Figure 3 partially explains the effect of decreased UPDRS III scores in the placebo
group during the first six months. Since Sinemet’s effects are only motor, this correlation
likely does not affect data involving the non-motor abilities of the subjects enrolled in the
clinical trial.

We have previously shown that niacin and NAD levels in PD patients are decreased
compared to age-matched controls. Fatigue, depression, strength, sleep, and quality of
life indicators may be affected by the reduction in niacin levels. In this study, six months
or one year of niacin reduced typical PD motor symptoms and fatigue and stabilized
serotonin levels and REM sleep percentage. These effects are highly beneficial for the PD
patient’s quality of life. Many PD patients complain of both depression and fatigue. This
study showed a halting or slowing of the drop in serotonin levels by niacin, which could
potentially reduce depression or improve mood. Additionally, fatigue is likely enhanced by
increasing NAD, which is low in aging populations and even lower in PD. Grip strength,
although not significant, showed a trend of increasing strength bilaterally in the niacin
group, but not with placebo over six months of treatment. Grip strength is well-known
to correlate with longevity, so this could be a predictor of increased life expectancy by
taking niacin [27]. Almost all reported secondary measures demonstrated a trend towards
improvement over one year.

Most notably, serotonin levels, fatigue, and grip strength stood out in our study.
Serotonin levels were significantly lowered in the placebo-treated group but not in the
niacin-treated group after the first six months. The FSS scores were markedly better in
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the niacin-treated group but not the placebo group from six to twelve months. Both of
these findings may explain the reporting of an uplift in mood reported by PD subjects who
received niacin for one year.

To our knowledge, this is the first trial where niacin (a form of vitamin B3) is tested at
a low dose for PD in a randomized, placebo-controlled, double-blind, prospective trial. A
250 mg daily dose of niacin produced negligible flushing symptoms when consumed after
meals as instructed. Our previous preliminary studies helped us decide the low dose for
niacin [12,13]. Different low-dose regimens, longer duration of intervention, multicenter
trials, and inclusion of niacinamide would be pertinent future investigations.

4.1. Study Strengths

The commonly used therapies for PD subjects do not currently include niacin. It is a
novel approach utilizing an over-the-counter vitamin supplement at a low dose in PD. A
placebo control was used for the first six months, and codes were not broken until patients
completed the twelve-month study. The flushing effect of niacin was negligible and did not
deter the PD patients from the study. The PD patients and caregivers were very enthusiastic
after the six-month open-label niacin supplementation. Dropout rates were low. A single
rater captured the motor outcome scores for all of the subjects, which extended higher
confidence in the reliability of the outcomes. Since PD is a slow, progressive disease, and
thus, six months may not be enough to detect all meaningful changes in symptoms and
may require longer durations, such as twelve months or longer interventions (9).

4.2. Study Limitations

The sample size is small. We did not titrate the dosages of niacin. The clinical trial
recruited patients primarily through the Charlie Norwood VA Medical Center. Due to
veterans and PD patients being predominantly men, we could only recruit seven women
(four were included in the analysis). Therefore, the potential gender bias was not adequately
addressed. In addition, the sample population was primarily Caucasian (three African
American subjects).

Many outcome scores within the trial were self-reported surveys, including the FSS,
VAFS, and GDS, although the groups were not found to be different at baseline. Further-
more, one year of niacin supplementation may be necessary to find significant differences
from placebo; thus, a more extended placebo-controlled study should be performed in
the future.

5. Conclusions

The findings presented here show that treatment with low-dose daily niacin sup-
plementation compared to placebo resulted in significantly improved motor function
outcomes. We have already demonstrated that niacin acts by polarizing the activated
microglial cells in the brain and reducing GPR109A expression in white blood cells, thus
reducing neuroinflammation. Our findings support the use of low-dose niacin supplemen-
tation in PD as an adjunct therapy that can reduce neuroinflammation and improve motor
functions in PD patients.
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Abstract: Background: the study of movement disorders associated with oncological diseases and
anticancer treatments highlights the wide range of differential diagnoses that need to be considered.
In this context, the role of immune-mediated conditions is increasingly recognized and relevant, as
they represent treatable disorders. Methods: we reappraise the phenomenology, pathophysiology,
diagnostic testing, and treatment of movement disorders observed in the context of brain tumors,
paraneoplastic conditions, and cancer immunotherapy, such as immune-checkpoint inhibitors (ICIs).
Results: movement disorders secondary to brain tumors are rare and may manifest with both hyper-
/hypokinetic conditions. Paraneoplastic movement disorders are caused by antineuronal antibodies
targeting intracellular or neuronal surface antigens, with variable prognosis and response to treatment.
ICIs promote antitumor response by the inhibition of the immune checkpoints. They are effective
treatments for several malignancies, but they may cause movement disorders through an unchecked
immune response. Conclusions: movement disorders due to focal neoplastic brain lesions are rare but
should not be missed. Paraneoplastic movement disorders are even rarer, and their clinical-laboratory
findings require focused expertise. In addition to their desired effects in cancer treatment, ICIs can
induce specific neurological adverse events, sometimes manifesting with movement disorders, which
often require a case-by-case, multidisciplinary, approach.

Keywords: movement disorders; paraneoplastic; oncology; immune-checkpoint inhibitors; autoimmune

1. Introduction

The study of movement disorders occurring in the context of oncological diseases
highlights the wide spectrum of differential diagnoses that need to be considered, including
direct (structural or compressive) etiologies and indirect (immune-mediated or treatment-
related) complications. On a mechanistic standpoint, it also sheds light on the potential
role of the immune system in conditions—such as paraneoplastic neurological syndromes
(PNS)—which can sometimes present similarly to neurodegenerative diseases. The link
between cancer and neurodegeneration is intriguing as they represent two apparently
opposite phenomena: dysregulated cell proliferation and cell death, respectively, that may
be linked in some specific conditions and may be influenced by genetic, environmental,
and immune system-related factors [1–3].

Movement disorders as focal manifestations of primitive and secondary brain tumors
are rare [4]. Brain tumors, particularly those affecting the basal ganglia or brainstem,
may often cause variegated movement disorders. There are no robust epidemiological
data, but a survey of published cases shows that hyperkinetic disorders are more common
than parkinsonism (60% versus 40% of cases, respectively) [4]. Paraneoplastic movement
disorders are conditions associated with antineuronal antibodies targeting intracellular
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or neuronal surface antigens, with different prognoses and treatment response. Immune-
checkpoint inhibitors (ICIs) are drugs promoting antitumor immune response by the
inhibition of the immune checkpoints [5]. They are effective treatments for several tumors,
but they may cause immune-mediated movement disorders as side effects.

In the present review, we critically reappraise the phenomenology, pathophysiology,
diagnostic strategies, and treatment of movement disorders associated with malignancies
of the brain, with paraneoplastic conditions, and finally with the intriguing new field of
cancer immunotherapy such as immune-checkpoint inhibitors (ICIs).

2. Movement Disorders in the Context of Brain Malignancies

Movement disorders as focal manifestations of brain tumors are rare conditions and
may manifest as hyperkinetic more than hypokinetic disorders [4]. Here, we will briefly
summarize the main movement disorders found in association with brain tumors.

Hemichorea-hemiballism is a rare movement disorder characterized by high amplitude,
flinging movements of an entire limb (or limbs) on one side of the body, which can be violent
and stressful. The acute development of hemiballismus is usually caused by focal lesions
in the contralateral basal ganglia, typically (but not exclusively) in the subthalamic nucleus.
Many etiologies exist for this disorder, as for example vascular causes and nonketotic
hyperglycemia, the latter representing one of the most common causes [6,7]. In rare cases,
tumors localized in the brain (glioma, cavernous angioma, metastases, primary central
nervous system lymphoma) can be the underlying cause of this disorder [8–10]. Prognosis is
favorable for more than 60% of the patients with complete resolution without treatment [11].

Symptomatic hemidystonia is defined as dystonia involving the ipsilateral face, arm, and
leg [12]. Rare patients with symptomatic hemidystonia due to tumor, arteriovenous mal-
formations, stroke, or hemiatrophy were described so far [12,13]. All had typical dystonic
movements and/or postures, identical to those seen in idiopathic (primary) torsion dysto-
nia. The site(s) of the lesion responsible, as defined by CT scan or pathological examination,
was in the contralateral caudate nucleus, lentiform nucleus (putamen), or thalamus, or in a
combination of these structures [12,13].

Hemifacial spasm (HFS) is characterized by involuntary unilateral contractions of the
muscles innervated by the ipsilateral facial nerve, usually starting around the eyes before
progressing to the lower facial muscles [14]. Its prevalence is relatively high, 9.8 per 100,000
persons [14]. The accepted pathophysiology of HFS suggests that it affects the root entry
zone of the facial nerve [15]. HFS can be divided into two types: primary and secondary.
Primary HFS is triggered by vascular compression whereas secondary HFS comprises all
other causes of facial nerve damage. Ponto-cerebellar angle tumors are rarely associated
with HFS [14]. In a series of 214 patients with HFS by Colosimo and colleagues [14], only
one case (0.47%) secondary to acoustic schwannoma was found.

Parkinsonism is defined as the presence of bradykinesia, in combination with at least
one between resting tremor and rigidity [16]. Parkinsonism seems to be very rare in in-
dividuals with tumors located in the basal ganglia [17]. Similarly, mass lesions in the
brainstem or within the posterior fossa are rarely associated with parkinsonism [17]. Con-
versely, supratentorial tumors sparing the basal ganglia were found to induce parkinsonism
and/or rest tremor in 0.3% of the cases. Supratentorial meningioma is the most frequent
cause of tumor-induced parkinsonism [17]. Bilateral thalamic tumors were also reported
by a few authors to cause parkinsonism [4,17]. Basal ganglia tumors associated with
parkinsonism may compress nigrostriatal neurons or their terminal axons and may in-
duce damage to both presynaptic dopaminergic neurons and postsynaptic dopamine
receptors, thus causing parkinsonian symptoms [4]. Hence, space-occupying lesions may
induce similar dopaminergic nigrostriatal dysfunction as seen in idiopathic Parkinson’s
disease (PD) [4]. In this regard, abnormal single photon emission computed tomography
(SPECT) studies were occasionally reported in parkinsonism due to brain tumors. Benin-
casa and colleagues [18] reported a case of hemiparkinsonism due to frontal meningioma,
which, completely resolved after tumor removal, including the SPECT-related abnormali-
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ties. Secondary hemiparkinsonism (associated with a mesencephalic tumor) may respond
to dopaminergic therapies, as documented by Yoshimura and colleagues [19]. Also, an
abrupt change in the response to dopaminergic therapy was described in a pre-existing
parkinsonism with superimposed frontal lobe tumor [20]. Again, after tumor removal
(meningioma), the patient regained a marked response to levodopa treatment [20]. Exten-
sive infiltration of the basal ganglia and thalamus by tumors may also be associated with
atypical parkinsonian syndromes, particularly progressive supranuclear palsy (PSP). The
distribution of neoplastic lesions in these patients is like that of PSP-tau pathology, namely
in the subthalamic nucleus and brainstem, especially the midbrain tectum and the superior
cerebellar peduncle [21]. The case by Posey and Spiller (1904-05), who reported a patient
with progressive ophtalmoparesis and loss of balance, regarded as the earliest reported
case of PSP, had in fact a midbrain sarcoma involving the right cerebral peduncle and
periaqueductal area [22]. However, parkinsonism caused by mass lesion in the brainstem is
rare, and there are several possible explanations to this finding. Firstly, movement disorders
may be concealed by other neurological deficits, such as signs of pyramidal dysfunction or
ataxia. Secondly, signs of parkinsonism may not be present until degeneration has occurred
in more than 50% of the nigrostriatal fibers. Thirdly, nigrostriatal fibers are thin, and they
may be more resistant to compression than well-myelinated fibers [4].

3. Paraneoplastic Movement Disorders

Paraneoplastic movement disorders include, by definition, any nonmetastatic, immune-
mediated, hyperkinetic, or hypokinetic conditions associated with a neoplasm [23]. The
spectrum of paraneoplastic movement disorders encompasses several conditions, with
acute/subacute onset, rapid evolution, and multifocal localizations [24]. PNS are condi-
tions in which autoantibodies are produced as a reaction to antigens shared by the tumor
and the nervous system [25]. This phenomenon may occur for different mechanisms.
PNS-associated tumors may harbor mutations in genes encoding onconeural proteins,
thus leading to the production of highly immunogenic neoantigens [26]. Alternatively, in
non-paraneoplastic context, autoimmunity may be due to molecular mimicry mechanisms
(e.g., similarities between foreign and self-peptides causing the cross-activation of autoreac-
tive B-cells by pathogen-derived peptides) [26]. Antibodies directed against intracellular
neuronal antigens are named onconeural antibodies and are found in association to specific
cytotoxic T-cells which are supposed to have a direct pathogenic role [27]. These onconeural
antibodies are strong markers for an underlying malignancy and are therefore labelled
“high-risk antibodies” in the updated diagnostic criteria for paraneoplastic neurologic syn-
dromes [28]. Despite their relevant role as biomarkers, they do not have a direct pathogenic
role. Conversely, antibodies against neuronal surface antigens (NSA-Ab) have a direct
pathogenic role but have an intermediate or rare association with cancer (“intermediate
or low-risk antibodies”). NSA-Abs are directed against receptors, ion channels, or compo-
nents of neural plasma membranes [24]. The difference between onconeural and NSA-Abs
is important also for therapeutic implications, in fact, immunomodulatory treatment is
mainly effective in the presence of NSA-Abs, while when autoantibodies are directed
against intracellular antigens, it has less marked therapeutic impact (See also Section 5).

Following a syndromic approach, paraneoplastic movement disorders may be clas-
sified in the subsequent categories: ataxia (paraneoplastic cerebellar degeneration, now
labelled “rapidly progressive cerebellar syndrome” [28], chorea, dystonia, myoclonus (and
opsoclonus-myoclonus ataxia syndrome—OMS), parkinsonism, paroxysmal movement
disorders, stiff person spectrum disorders, and tremor. Similar disorders can develop in
autoimmune (nonparaneoplastic) encephalitides, which is broad term used to indicate
inflammatory brain disorders characterized by subacute onset of working memory deficits,
altered mental status or psychiatric symptoms, along with new focal CNS findings (in-
cluding new-onset movement disorders or seizures), with magnetic resonance imaging
(MRI) or cerebrospinal fluid (CSF) evidence of inflammatory alterations, after exclusion of
alternative diagnoses [27,29].
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Below, we will give a brief description of each of the categories in which the para-
neoplastic movement disorders are classified, the main antibodies and tumors found in
association [30]. The main antibodies and tumors found in association with paraneoplastic
movement disorder are displayed in the Table 1.

Table 1. Main antibodies and related tumors found in associations with paraneoplastic movement disorders.

Antibody
Antigen
Location

Cancer Risk Cancer Type
Associated Movement

Disorders
Other Clinical Features

Anti-Yo I High Breast cancer, ovary cancer Ataxia Uncommon
Anti-

Hu/ANNA1 I High SCLC, NSCLC Ataxia, chorea, OMS SN, EM, LE

Anti-Ri/ANNA2 I High Breast cancer in women,
lung cancer in men

Ataxia, OMS,
parkinsonism, jaw

dystonia, laryngospasm
BE

Anti-Tr/DNER I High Hodgkin lymphoma Ataxia Uncommon

* Anti- KLHL11 I High Testicular germ cell cancer
(Typically, “burned-out”)

Ataxia (including
paroxysmal) BE, myelitis, LE

Anti-PCA2 I High SCLC, NSCLC, breast
cancer Ataxia Neuropathy, EM

Anti-Ma2 I High Testicular cancer and
NSCLC Parkinsonism LE, BE, diencephalitis

Anti-
CV2/CRMP5 I High SCLC and thymoma Ataxia, chorea SN and EM

Anti-
Amphiphysin I High SCLC and breast cancer SPS EM, SN,

polyradiculoneuropathy
Anti-GABAB-R E Intermediate SCLC Ataxia, OMS LE

Anti-CASPR2 E Intermediate Thymoma Ataxia (including
paroxysmal), chorea

LE, Morvan syndrome,
neuromyotonia

Anti-NMDA-R E Intermediate Ovarian or extra-ovarian
teratoma

Dyskinesia (orofacial and
limb), chorea, dystonia,

stereotypies, myoclonus,
ataxia, parkinsonism

Encephalitis

Anti-AMPA-R E Intermediate SCLC and thymoma Tremor LE

Anti-LGI1 E Low Thymoma
Facio-brachial dystonic

seizures, chorea,
myoclonus, tremor

LE

Anti-GAD S/I Low Rare (SCLC and thymoma) Ataxia (including
paroxysmal), SPS LE

Anti-DPPX E Low Lymphoma
Tremor, myoclonus, startle,

ataxia, parkinsonism,
PERM, SPS

Encephalitis

Anti-GFAP I Low Ovarian teratoma and
adenocarcinoma Ataxia, tremor Meningoencephalitis

Anti-Glycine-R E Low Lymphoma, thymoma and
lung cancer PERM and SPS LE

Anti-mGLUR-1 E Low Lymphoma Ataxia, myoclonus,
dystonia, tremor Behavioral changes

I: intracellular; E: extracellular (Neural surface); LE: limbic encephalitis; BE: brainstem encephalitis; EM: en-
cephalomyelitis; NHL: non-Hodgkin lymphoma; NSCLC: non-small cell lung cancer; OMS: opsoclonus-myoclonus
ataxia syndrome; PERM: progressive encephalomyelitis with rigidity and myoclonus; S/I: synaptic intracellular;
SN: sensory neuronopathy; SCLC: small cell lung cancer; SN: sensory neuronopathy; SPS: stiff-person syndrome.
* Represents a newly described antibody associated to cerebellar syndrome [31].

Ataxia of paraneoplastic origin should be considered in cases showing a rapidly
progressive cerebellar syndrome, particularly if involving predominantly the vermis over
the cerebellar hemispheres [31]. Involvement of the cerebellum can present as predominant
or isolated form, especially in patients with anti-Yo and anti-Tr/DNER antibodies, or
in association with extra-cerebellar manifestations, which may in turn inform on the
targeted antigen (e.g., subacute sensory neuropathy/limbic encephalitis are common in
anti-Hu cases, jaw dystonia and parkinsonism can accompany anti-Ri syndrome, while
diencephalitis/limbic encephalitis are the hallmarks of anti-Ma2 antibodies) [28,32].

Chorea of paraneoplastic origin is often accompanied by subacute cognitive decline,
progressive ataxia with or without neuropathy, behavioral changes, weight loss, dysauto-
nomic symptoms, sleep disturbances, and bulbar symptoms [24,33].

Dystonia of paraneoplastic origin is characterized by subacute onset with usually asso-
ciated other symptoms like chorea, orofacial dyskinesia, stereotypies, and encephalopathy
or psychiatric features [30,34]. Children and young adults are more frequently affected.

Myoclonus of paraneoplastic origin has typically a subacute onset and is associated
with encephalopathy, brainstem involvement, possible seizures, dysautonomia and sleep
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disturbances. In some cases, myoclonus can be found in association with opsoclonus
and/or ataxia, thus configuring the OMS [35].

Parkinsonism of paraneoplastic origin is characterized by a subacute atypical syndrome
frequently due to a brainstem encephalitis with ocular abnormalities (vertical gaze palsy)
and associated sleep disorders [36,37]. PSP-like symptoms with sleep disturbances are
suggestive for IgLON5-related disease, which is rarely paraneoplastic [38].

Paroxysmal movement disorders of paraneoplastic origin are characterized by sudden
and repetitive dystonic or dyskinetic movements. Dystonic posturing of the face and the
limbs characterizes facio-brachial dystonic seizures (LGI1-antibodies), a condition that is
rarely paraneoplastic [39]. Painful dystonic posturing was described in optic neuromyelitis
and associated to the AQP4 antibodies [30].

Stiff person spectrum disorders of paraneoplastic origin are a spectrum of disorders
characterized by stiffness, spasms, and hyperekplexia (e.g., excessive startle reaction to
sudden stimuli as noise, movement, or touch) [24]. The classic form is characterized by
muscle stiffness and painful spasms, involving trunk and proximal limb muscles [24]. In
the stiff-limb syndrome (SLS), stiffness is more distal and confined to a limb [30]. Some
variants of this condition include the so-called progressive encephalitis with rigidity and
myoclonus (PERM) [40].

Tremor of paraneoplastic origin is usually found in association with other symptoms
within the context of an autoimmune encephalitis and was described with various anti-
bodies typically associated with widespread encephalopathy [30,34]. It is important to
underline that myoclonus may be misdiagnosed as tremor.

4. Immune-Checkpoint Inhibitors Associated Movement Disorders

ICIs revolutionized cancer treatment, improving survivals and prognosis of several
malignancies. Immune-related adverse events (irAEs) are side effects caused by ICIs. They
are triggered by the inhibitions of negative regulators of the immune response with the
primary aim of boosting the antitumor immunity. Therefore, ICIs may be responsible
of different effects which resemble autoimmune conditions affecting several organs and
systems. Indeed, endocrine, gastrointestinal, pulmonary, cardiac, renal, hematological,
rheumatological and dermatological irAES were described [41]. The frequency of neuro-
logical irAEs (n-irAEs) varies from 1 to 12%, and both the CNS and peripheral nervous
systems may be involved, the latter three times more [42,43]. Recently, a multi-institution
group of neurologists, oncologists, and experts in irAEs developed consensus guidelines
to classify the n-irAEs appropriately [42]. Seven core syndromes were defined, of which
four involve the CNS and three the peripheral nervous system. IrAEs involving the CNS
include immune-related (ir)-meningitis, ir-encephalitis, ir-demyelinating diseases, and
ir-vasculitis [42]. The ir-encephalitis encompasses several clinical presentations of move-
ment disorders, namely cerebellitis, OMS, and stiff person spectrum disorders/PERM [42]
(Figure 1). There are clinical scenarios in which n-irAEs satisfy the criteria for the diagno-
sis of paraneoplastic syndromes (positive “high-risk” antibodies and compatible clinical
syndrome) [44]. There is both experimental [45] and real-life experience [46] that ICIs may
induce PNS. Indeed, a retrospective single-center study detected an increase (+112%) of
Ma2-associated paraneoplastic syndromes diagnoses since the implementation of ICIs in
France [46]. Importantly, patients with ir-encephalitis can present sometimes as movement
disorders, especially in the cases linked to antiphosphodiesterase 10A-Abs [47].
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Figure 1. Immune-related adverse events of central nervous system associated with immune
checkpoint-inhibitors. Figure is derived from observations of Marini et al. [43]. Ir-encephalitis
represent 55% of cases, and movement disorders are associated in 1 out of 5 cases. Ataxia is present
in 1 out of 4 cases of “Other ir-CNS syndromes”. Movement disorders are rare in other ir-related
conditions. MRI, magnetic resonance imaging; CSF, cerebrospinal fluid; Anti-PDE10A Abs, antibodies
anti phosphodiesterase 10A; OCBs, oligoclonal bands.

5. Diagnostic Algorithm and Testing

When dealing with movement disorders with an acute/subacute onset, in general, once
other secondary causes were ruled out, clinicians should consider oncological diagnoses
according to the clinical presentation. Brain malignancies are easily individuated through
neuroimaging studies. Differently, paraneoplastic syndromes are more difficult to diagnose,
as the neurological syndrome typically antedates the discovery of a systemic cancer. Con-
versely, for the ICIs-related movement disorders, the history of a systemic cancer treated with
immunotherapy is the most important clue. In the case of brain tumors and paraneoplastic
syndromes, the goal is the diagnosis and treatment of the underlying tumor when possible.
In PNS, prompt initiation of drugs which acutely modulate the immune system is necessary
(e.g., steroids or intravenous immunoglobulin as first-line, followed by cyclophosphamide
or rituximab in nonresponsive cases). When dealing with n-irAEs, the withdrawal of ICIs
followed by steroid treatment are often needed. In both PNS and n-irAEs, however, the
first step is always to exclude other (more common) diagnoses, including direct neoplastic
involvement (as in the case of carcinomatous meningitis, which can be difficult to demon-
strate) or neuro-infectious conditions. In case of paraneoplastic conditions, the likelihood
for a tumor to be the underlying cause of immune-mediated process is higher for conditions
associated with onconeural antibodies (“high-risk “antibodies) compared to that of condi-
tions associated with NSA (“intermediate-” or “low-risk” antibodies) [24]. This occurrence is
relevant in the clinical practice. In fact, for a given clinical phenotype (for example, limbic
encephalitis), the antibody’s type may suggest the possibility of having associated a cancer
or not, thus directing the tumor search [28]. Typically, intracellular proteins derived from
tumor apoptotic cell initiate the immune response in case of PNS and, therefore, most of the
high-risk antibodies are directed towards antigens located in the nucleus or cytoplasm. A
flow-chart with the main antibodies to be tested, based on the clinical picture and the related
probability of having associated a neoplastic condition is proposed in Figure 2.
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Figure 2. Main antibodies found in association with different paraneoplastic movement disorders,
stratified per probability of having an underlying neoplastic condition. High-risk antibodies are associated
with 70% probability or more of an underlying cancer. Intermediate risk antibodies with 30–70%, and
low-risk antibodies with less than 30% probability of developing cancer, respectively. Each movement
disorder is represented within one of three categories, together with most relevant associated antibodies.
A huge overlap exists between some of these conditions, and same antibody may be found in association
with different movement disorders. OMS, opsoclonus-myoclonus; OMS, opsoclonus-myoclonus ataxia
syndrome; PERM, progressive encephalomyelitis with rigidity and myoclonus.

The final diagnosis of a brain tumor is mainly based on the histologic examination
of the lesion [48]. Brain tumor-derived biomarkers, and in particular wet biomarkers,
constitute a growing field of interest in oncological research as an alternative for invasive
tumor tissue biopsy [49]. Tumor-derived biomarkers include nucleic acids, proteins, and
tumor-derived extracellular vesicles that accumulate in blood or CSF and may be routinely
used in the clinical diagnostic evaluation, according to the single center’s experience [50].
Hematological malignancies involving the brain can be also easily individuated through
biofluid analysis [51].

Paraneoplastic conditions might be diagnosed by testing the different antibodies in
blood and/or CSF samples (ideally both for increasing specificity and sensitivity). The
diagnosis is based on a combination of immunoblotting (used mainly for intracellular anti-
gens), cell-based assays (CBAs) (used mainly for extracellular antigens), and tissue-based
assays (TBAs) [52]. In selected cases, these tests can be supplemented by extra tests in dedi-
cated laboratories using live cells and hippocampal rat neurons [30] or alternative tests for
specific antibodies (e.g., enzyme-linked immunoassays for anti-GAD, radio-immunoassays
for anti-VGCC).

Usually, the testing strategy starts with the more common antibodies, and then if
they result negative, specialized TBAs and CBAs can be used in dedicated laboratories to
monitor for further fewer common antibodies [30]. However, this approach for antibody
detection based on commercial kits is limited by the high rate of false positive results [53],
and current diagnostic criteria recommend the use of at least two distinct techniques to
confirm the test results [28].

Seronegative results are common even with widespread testing. On the opposite
side, incidental findings of antibodies in patients with movement disorders not due to
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immune-mediated conditions may be common too and may vary according to the dif-
ferent laboratories and techniques adopted [30]. Possible clues that may suggest a false
positive/incidental finding in antibody testing are an atypical clinical presentation and
the presence of antibodies only in serum and not in CSF, or at low titers. Some anti-
bodies like anti-LGI-1 may frequently test negative in the CSF (therefore, it is important
to test serum together with CSF). Regarding the n-irAEs, the diagnosis of a definite ir-
encephalitis/movement disorder associated with ICIs may be challenging and requires a
clinical presentation consistent with encephalitis/movement disorder, with the exclusion
of secondary causes (e.g., infectious states, cancer, and radiotherapy-induced necrosis)
and the presence of CNS inflammation (documented on imaging/CSF/neurophysiological
studies followed by improvement with immunomodulation—steroids—and/or ICIs dis-
continuation, or demonstrated directly on biopsy) [42].

6. Therapeutic Approach

Within the context of brain malignancies, the gold standard is the complete or partial tu-
mor removal, based on its location, and/or the prompt initiation of chemo/radiotherapy [54,55].
Again, in the case of paraneoplastic conditions, the first therapeutic step is the oncological
treatment of the underlying tumor (if diagnosed), and, when necessary, the administration of
first-line drugs able to suppress the immune response, such as intravenous (IV) steroids, IV
high-dose immunoglobulins, and plasma-exchange [24]. Second-line drugs that can be used are
rituximab (monoclonal antibody anti-CD20 receptor on the B cells surface), cyclophosphamide
(alkylating agent crosslinking DNA), and other drugs including azathioprine and mycophe-
nolate mofetil. Those immunomodulatory treatments, despite depressing/modulating the
immune response, are considered safe given that they do not affect the prognosis of the cancer
per se (e.g., they do not worsen it).

Building-up a multidisciplinary team with both neurologists and oncologists is strongly
encouraged in these cases. In fact, an intensive oncological follow-up and a neurological
evaluation may be required if the disease tends to relapse, or if second-line treatments are
required [56]. Onconeural antibodies are more frequently associated with an underlying
tumor, compared to NSA antibodies. In addition, the presence of onconeural antibodies is
also associated to a lesser response to immune suppressive therapies [24,34]. Unfortunately,
our knowledge and guidelines on how to manage these immune-mediated conditions is
based on the single-centers’ and physicians’ experience, given the scarce amount of random-
ized clinical trials on this topic. To the best of our knowledge, only two clinical trials was
conducted on the utilization of high-dose IV immunoglobulins: in one case for stiff-person
syndrome [57] and in another for LGI1/CASPR2-Ab-associated epilepsy [58], with positive
results in both of them. Patients with ir-encephalitis triggered by ICIs should be managed
according to National Comprehensive Cancer Network guidelines [59] ICIs should be held,
and steroids administered—preferentially IV methylprednisolone— followed in case of
no response or worsening by intravenous immunoglobulin or plasmapheresis. Additional
treatments (including second-line immunosuppression) may be considered in refractory
cases.

Symptomatic therapy may be of relief for patients and may vary according to the
specific underlying neurological symptoms. As an example, tumor-related or paraneoplas-
tic forms of dystonia may benefit from botulinum toxin injections into affected muscles,
according to standardized dosages [24]. Tumor-related parkinsonism may show a good
response to levodopa [19]. Paraneoplastic chorea can be treated with dopamine deple-
tory agents (caution is imperative with these compounds, to prevent tardive parkinson-
ism) [60]. Finally, muscle relaxants (benzodiazepines or baclofen) and gabapentin, may be
used for stiffness [24].

7. Challenges and Future Directions

Although movement disorders due to focal neoplastic brain lesions are rare, this
diagnosis should not be missed. Clinicians should be able to recognize or suspect the
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presence of a brain malignancy when dealing with a hyperkinetic or hypokinetic movement
disorder with atypical features, suggestive of a secondary etiology. They should also
consider that, other than tumor removal, there may be several symptomatic therapeutic
options to ponder. Paraneoplastic movement disorders are even rarer, but their peculiar
clinical and laboratory findings should always prompt the neurologist to search for occult
tumors. In addition to their desired effects in cancer treatment, ICIs can break immune
tolerance to self-antigens and induce specific n-irAEs, including movement disorders. What
to do in those cases, must be discussed on a case-to-case basis. So far, our knowledge about
movement disorders in oncology is limited due to their relative rarity and difficulty in
promptly achieving the correct diagnosis. The introduction of ICIs in the clinical practice
has opened a new window on possible adverse events induced by the immune system to
consider when administering these life-saving treatments.

The effective role of antibodies found in PNS, and the related pathogenic mechanisms
still needs some clarifications. Several studies pointed out the presence of these antibodies
not only in paraneoplastic and immune-mediated neurological syndromes, but also in
neurodegenerative diseases. In some cases, autoimmune-related neurodegeneration may be
misdiagnosed as idiopathic PD, multiple system atrophy, PSP, frontotemporal dementia, or
even Alzheimer’s disease [61–63]. Interestingly, the presence of NSA-Ab was demonstrated
in these neurodegenerative diseases. The percentage of positivity to NSA-Ab antibodies
among neurodegenerative diseases was estimated around 14–16% according to different
studies [64–66]. More importantly, NSA-Ab are usually found in patients with an atypical
disease progression or with atypical clinical phenotypes [63]. Further studies are needed to
clarify the role of autoantibodies in patients with neurodegenerative disorders.

Another intriguing field of intersection between movement disorders and oncology is
represented by the CAR T-cell therapies, which include genetically modified T-cells express-
ing chimeric antigen receptors (CAR T-cell). CAR T-cell treatment is an emerging strategy
for hematological malignancies, and was associated with neurotoxicity [67]. Although the
characterization of movement disorders caused by CAR T-cell treatments as side effects is
still underreported, it would be important to further monitor its possible occurrence with
future retrospective multicentric studies, given the broader application in the future of this
therapeutic option [68]. The early identification of these adverse events would be essential
to optimize the functional outcome and oncologic management of patients [68].

8. Final Remarks

In the present review, although with some limitations as the nonsystematic approach
and the relatively small number of studies analyzed, we provided a comprehensive revision
of movement disorders in oncological diseases, including their clinical features, associated
biomarkers, and the relationship with underlying tumors. Clinicians in general, and
neurologists specialized in movement disorders in particular, should be aware of these rare
but serious conditions. They should be able to diagnose and then treat these conditions.
Also, when dealing with a given movement disorder that could be caused by an oncological
condition, clinicians should promptly start a diagnostic and therapeutic work-up based
on neuroimaging and, if needed also on antibody testing. They should also consider
recommending drugs that module the immune system, as steroids, or stopping current
anticancer therapies if the movement disorder is a side effect of the treatment per se and
according to its severity.

For the next future, we envision a broader diffusion of validated kits for the detection
of antibodies and other biomarkers associated with oncological conditions, a widespread
knowledge of the possible CNS-associated side effects caused by ICIs (and by CAR T-cell
therapy), and finally a systematic enrollment of patients in clinical trials testing putative
disease-modifying drugs. Additionally, an early detection of these conditions is essential
for the therapeutic success, thus increasing the patient’s chance of maintaining the greatest
quality of life achievable. Also, a deep understanding of immune-mediated movement
disorders will help to achieve a better knowledge of the interaction between the immune
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and nervous system, investigating mechanisms of cell death that are frequently found in
the most common neurodegenerative disorders.
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Abstract: We describe the clinical and neuropathologic features of patients with Lewy body spec-
trum disorder (LBSD) carrying a nonsense variant, c.604C>T; p.R202X, in the glucocerebrosidase 1
(GBA) gene. While this GBA variant is causative for Gaucher’s disease, the pathogenic role of this
mutation in LBSD is unclear. Detailed neuropathologic evaluation was performed for one index
case and a structured literature review of other GBA p.R202X carriers was conducted. Through
the systematic literature search, we identified three additional reported subjects carrying the same
GBA mutation, including one Parkinson’s disease (PD) patient with early disease onset, one case
with neuropathologically-verified LBSD, and one unaffected relative of a Gaucher’s disease patient.
Among the affected subjects carrying the GBA p.R202X, all males were diagnosed with Lewy body
dementia, while the two females presented as PD. The clinical penetrance of GBA p.R202X in LBSD
patients and families argues strongly for a pathogenic role for this variant, although presenting with
a striking phenotypic heterogeneity of clinical and pathological features.

Keywords: Gaucher’s disease; glucocerebrosidase; genetics; Lewy body dementia; mutation;
neuropathology; Parkinson’s disease; sequencing

1. Introduction

Intracellular aggregation of α-synuclein is a pathological hallmark of Lewy body
spectrum disorders (LBSD), a heterogeneous group of neurodegenerative diseases that
includes Parkinson’s disease (PD), Parkinson’s disease with dementia (PDD), and dementia
with Lewy bodies (DLB). Clinical manifestations of LBSD are highly diverse, with high
variability in age-at-onset, disease progression, occurrence of motor symptoms, and as-
sociated cognitive impairment [1]. Genetic variants in the apolipoprotein E (APOE), tau
(MAPT), α-synuclein (SNCA), or glucocerebrosidase (GBA) genes have been associated
with LBSD [1].

GBA variants that are causative for Gaucher’s disease (GD, OMIM#230800) are a
significant risk factor for PD and related α-synucleinopathies [2,3]. Almost 500 different
GBA variants have been associated with GD. Predominantly, recurrent or founder mutations
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in the GBA gene are present in PD patients with Ashkenazi Jewish ancestry (minor allele
frequency (MAF) ranging from 10 to 31%). In contrast, GBA variants in non-Ashkenazi
backgrounds occur at a lower MAF (ranging from 3 to 12%) and encompass a wider array
of variants than the handful of founder mutations seen with Ashkenazi ancestry [4,5].

In the current work, we present detailed clinical and pathological case descriptions of
two non-Ashkenazi, European-American families with LBSD who carry a rare GBA non-
sense variant (NM_000157.3:c.604C>T, NP_000148.2:p.R202X, rs1009850780). We present
other GBA p.R202X carriers based on a structured literature review and database search. We
compare the present cases to the previously described cases and describe a pathogenic role
for this mutation. Finally, considering the rapid growth of whole-exome and whole-genome
sequencing in the clinical research setting, we address challenges related to identifying and
interpreting GBA variants and considerations for clinical practice and genetic counseling.

2. Materials and Methods

2.1. Standard Protocol Approvals, Registrations, and Patient Consents

All individuals provided written informed consent before participating in this study
for clinical evaluation and genetic analysis. The Stanford Institutional Review Board
approved all study procedures.

2.2. Genetic Analysis

DNA of living subjects was collected from saliva samples, dried blood spots, or whole
blood, while the DNA of the index case from Family 1 was extracted from brain-autopsy tissue.

2.2.1. Family 1

The whole exome was captured using SureSelect Human All Exon (Agilent, Santa
Clara, CA, USA.) and sequenced on the Illumina HiSeq2000 platform using a 2 × 100 bp
Paired-End chemistry. Raw data were processed using SeqMule [6]. Variants present in the
father–son pair, which the two healthy aunts did not carry, were kept, and filtered against
4449 control subjects aged 80 and older (1802 males, 2647 females) from the Alzheimer’s
Disease Sequencing Project (ADSP) [7]. Variants not found in any controls were annotated
using the Ensembl Variant Effect Predictor toolkit [8]. Sanger sequencing of GBA exon 6 was
performed using the long-range PCR protocol, as previously described [9]. This protocol
allows the specific amplification of the GBA gene, avoiding the possibility of detecting
false-positive variants due to the existence of the highly homologous (96%) pseudogene
(GBAP1) located downstream from the GBA gene [10].

The index case’s great-granddaughter and her spouse, along with their children, were
tested at PerkinElmer Genomics Laboratory using an ad hoc GBA Gene Sequencing and
Deletion/Duplication Analysis assay. Briefly, genomic DNA extracted from dried blood
spots underwent long-range PCR, designed to avoid GBAP pseudogene contamination. A
custom Agilent SureSelect enrichment kit was used to enrich the regions of interest, and
NGS was performed on an Illumina system with a 2 × 100 Paired-End chemistry. NGS
results were confirmed by Sanger sequence analysis.

2.2.2. Family 2

Targeted sequencing of PD-related genes was conducted for the second family. Sam-
ples were tested using the PD extended NGS panel (Centogene, Rostock, Germany), which
covers the entire coding region of the ADCY5, ANO3, ATP9A, COX20, PARK7, GBA, GCH1,
GNAL, GNE, KMT2B, LRRK2, MCOLN1, PRKN, PDE8B, PDGFB, PDGFRB, PINK1, PLA2G6,
POLG, PRKRA, RAB12, RAB39B, SGCE, SLC20A2, SNCA, THAP1, TOR1A, VAC14, VPS13C,
VPS35, XPR1, and 3 XDP variants (DSC3, DSC12, and rs41438158) genes, including 10 bp of
flanking intronic sequences. Raw sequence data analysis, including base calling, demulti-
plexing, alignment to the hg19 reference genome, and variant calling was performed using
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validated in-house software (Centogene, Rostock, Germany). All variants, except benign or
likely benign variants, were reported.

2.3. Literature and Database Search

A comprehensive literature search was carried out on PubMed using the keywords:
“GBA”, “glucocerebrosidase”, “mutation”, “variant”, “dementia”, “Parkinson” and “Lewy-
body”, applying the following algorithm: (GBA OR glucocerebrosidase) AND (dementia
OR Parkinson OR Lewy-body) AND (mutation OR variant). Several publicly available
genomic databases, including the Genome Aggregation Database (gnomAD) [11], the
Greater Middle East (GME) Variome Project [12], and HEX (Healthy Exomes) [13], were
queried to determine the frequency of GBA p.R202X and its ethnic stratification.

3. Results

3.1. Case Presentation
3.1.1. Family 1

The index case presented at age 73 to the Stanford Center for Memory Disorders with
a three-year history of cognitive decline and parkinsonism. His wife first became concerned
about him when he seemed not to understand the sequence of steps for carving a turkey at
Thanksgiving. At the same time, she noted motor slowing and a shuffling in his gait. He had
a history of dream enactment, an indicator for REM behavior disorder, and subsequently
developed visual hallucinations, meeting the criteria for probable DLB. He died at age 74,
and a brain autopsy demonstrated Lewy bodies and Lewy neurites in the midbrain, pons,
and nucleus basalis of Meynert, as well as a loss of pigmented neurons in the substantia
nigra, consistent with a pathologic diagnosis of diffuse Lewy body disease (Braak 6/6,
NIA-AA Alzheimer’s disease neuropathologic change 3/3) (Figure 1). Neurofibrillary
tangles were confined to the hippocampus, with the presence of mild arteriolosclerosis.
There were no signs of hippocampal sclerosis or TDP-43 inclusions.

A few years after his death, his son, then aged 60, presented to the Stanford Center for
Memory Disorders, reporting a two-year history of visual hallucinations and a slow, shuf-
fling gait, with a recent onset of dream enactment. Though he described mild difficulties
with executive function, word-finding difficulties, and being less comfortable with driving,
he was functionally unimpaired at the time of examination. His symptoms continued to
progress slowly, so that at age 62, he was still driving locally, but dressing himself had
become difficult due to bradykinesia. He made occasional errors in managing his finances
and medications. He enrolled in the Stanford Alzheimer’s Disease Research Center (ADRC)
where he underwent research amyloid and tau PET scans. The amyloid scan was read as
negative, and the tau scan showed limited tracer uptake in the medial temporal lobes that
was consistent with healthy controls at this age. Quantitative PET data for this patient are
shown in Figure 2.

These two individuals belong to a large Irish American family with a documented
history of dementia and PD across three generations (Figure 3A). The index case had three
living sisters (ages 72, 75, and 77) who were contacted to assess their neurologic status. The
oldest sister was cognitively healthy following clinical and neuropsychological evaluations
at the Stanford ADRC. The youngest sister was presumed unaffected based on a Clinical
Dementia Rating [14] score of 0 obtained by a telephone interview. A precise clinical
diagnosis for the middle sister was not possible due to a history of developmental delay
(presumed secondary to scarlet fever) and confounding severe arthritis symptoms with
associated immobility.
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Figure 1. Neuropathologic examination of the index case from Family 1 showing diffuse Lewy body
disease. (A) Hematoxylin and eosin (HE)-stained section from the locus coeruleus, 40× magnification;
(B) phosphorylated α-synuclein [pS129]-stained section from the left amygdala, 20× magnification; (C)
phosphorylated α-synuclein [pS129]-stained section from the right frontal cortex, 40× magnification.

Figure 2. Age and tau PET scans, according to amyloid deposition positivity, in Stanford ADRC partic-
ipants. Family 1: affected son of the index case is reported as a blue square (LBSD). AB = beta-amyloid;
AD = Alzheimer’s disease; HC = healthy control; MCI = mild cognitive impairment.
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Figure 3. Pedigree of the reported LBSD families. Family 1 (panel (A)) and Family 2 (panel (B)).
Arrows indicate the index cases.

Notably, since the initial evaluation of the index case, his granddaughter gave birth to
a girl who was diagnosed with neuronopathic-type GD Type III at age 3 (Figure 3A). Genetic
testing disclosed the presence of compound heterozygous GBA genotype (p.R202X/p.G416S),
with the p.G416S mutation (NM_000157.3:c.1246G>A, rs121908311) inherited from the
father. Both the mother and the unaffected brother (age 5) were found to be carriers of GBA
p.R202X (Figure 3A).

3.1.2. Family 2

At 36 years of age, the index case, of British-American ancestry, developed a left arm
tremor, reduced left-arm swing, and balance problems. She was diagnosed with early-onset,
tremor-predominant PD at age 38. Additional symptoms included anxiety and depression,
constipation, and urinary urgency. She was responsive to dopaminergic therapy. She
scored a 27/30 (normal range) on the Montreal Cognitive Assessment [15] at age 43. She
underwent deep brain stimulation at age 45. Her mother is a carrier of the GBA p.R202X
variant but did not show symptoms at age 72. Her younger brother has reported tremors,
but he has not been formally evaluated. Her maternal grandmother developed unspecified
dementia in her late 70s, with family noting that her “conversations went in circles”. In the
end, she could neither prepare meals, nor understand dates or holidays. She died at age 86.

3.2. Identification of GBA p.R202X Variant

Whole-exome (WES) and targeted sequencing of PD genes in two unrelated European-
American families with index cases presenting with LBSD revealed the presence of a rare
GBA stop-gain variant (NM_000157.3:c.604C>T, NP_000148.2:p.Arg202Ter, rs1009850780,
gnomAD [11] v.2.1.1, global MAF = 9.02 × 10−6) in all affected subjects, the granddaughter
of the index case in Family 1, along with her children, and the unaffected mother of the
index case in Family 2 (Figure 3). The variant was not found among the two unaffected
sisters of the Family 1 index case, nor in any Alzheimer’s Disease Sequencing Project
(ADSP) [7] controls aged 80 and above.

Family 1 members were sequenced using both WES and targeted-sequencing ap-
proaches since the diagnosis of GD in the 3-year-old great-granddaughter of the index case
prompted independent clinical genetic testing.

WES of the four Family 1 members (the index case and three of his first-degree
relatives, including the affected son) yielded 252 million reads for a total of approximatively
25.2 Gbps, resulting in an average depth of target coverage of 68X per sample. The joint
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variant calling by SeqMule [6] yielded 54,104 variants that were filtered according to their
presence in both affected subjects and their absence in the two healthy sisters. We retained
only the non-synonymous (missense, frameshift, and nonsense) variants with a minor allele
frequency (MAF) < 0.05 that were not present in healthy ADSP [7] controls over 80 years of
age. The final list included 32 candidate variants, with the GBA p.R202X being the only
variant predicted to have a high-impact consequence. A literature search for the other
31 candidate variants did not suggest any possible biological link with the affected subjects’
phenotype. Sanger sequencing confirmed GBA p.R202X in the affected son of the index
case and its absence from the two unaffected siblings (Figure 4). No DNA was available for
GBA p.R202X Sanger sequencing of the index case.

Figure 4. Sanger sequencing results of GBA p.R202X in Family 1. The top panel shows the presence
of the G/A (heterozygote) genotype in the affected son of the index case and its absence from the two
unaffected sisters. No DNA was available for GBA p.R202X Sanger sequencing of the index case.

Targeted sequencing of PD genes revealed the presence of GBA p.R202X in both Family
2 members.

3.3. Literature Search of GBA p.R202X Variant Carriers

The systematic literature search for other GBA p.R202X carriers, carried out in June
2021, yielded 812 articles published between 1993 and 2021, 190 of which were review
articles. We adopted the GBA mutation nomenclature according to the Human Genome
Variation Society (http://hgvs.org, accessed on 11 October 2021); the old nomenclature
was based on amino-acid residue numbering, which excludes the first 39 amino acids of
the leader sequence, thus defining the mutation as p.Arg163Ter (p.R163X).

We identified three additional reported subjects carrying the same GBA mutation,
including one PD patient with early-onset illness beginning at 47 years [16–19], one case
with neuropathologically-verified LBSD [1], and one unaffected relative of a GD patient [20].
Only two non-Finnish European subjects (one Swedish and one Estonian) from gnomAD
v.2.1.1 were reported to be heterozygote carriers of GBA p.R202X (gnomAD reports the age,
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between 55 and 60, for one of the two carriers). We did not find additional GBA p.R202X
carriers in the Greater Middle East (GME) Variome Project [12] or the Healthy Exomes
(HEX) database [13].

We describe the clinical and demographic characteristics of the seven GBA p.R202X
carriers in Table 1.

Table 1. Clinical and demographic characteristics of GBA p.R202X heterozygote carriers.

Study Diagnosis Sex
Age-at-
Onset

Age-at-Death
or Last

Assessed
Normal

Autopsy-
Confirmed

APOE
Genotype

Ancestry

Present—Family 1 LBD M 70 74 Y 3/3 Irish-
American

Present—Family 1 LBSD M 58 - - 3/4 Irish-
American

Present—Family 2 PD F 36 - - 3/3 British-
American

Present—Family 2 Unaffected F - 72 - - British-
American

Irwin, D.J., et al. [1] LBSD M 50 57 Y 3/3 NA

Mata, I.F., et al.[16],
Sidransky, E., et al. [17],
Chahine, L.M., et al. [18],

Davis, M.Y., et al. [19]

PD F 47 - - - African-
American

Barrett, M.J., et al. [20] - - - - - - NA

M = Male; F = Female; Y = Yes; LBD = Lewy body dementia; LBSD = Lewy body spectrum disorder; NA = not
available; PD = Parkinson’s disease.

4. Discussion

The presence of the GBA p.R202X mutation in both LBSD families argues strongly
for a pathogenic role for this variant in LBSD, although with phenotypic heterogeneity.
GBA p.R202X is a loss-of-function variant that leads to haploinsufficiency, and we would
anticipate high penetrance for disease. However, we found profound phenotypic variability
among affected family members in the two families, demonstrating rather heterogeneous
effects of this GBA variant on LBSD. The clinical presentation in the affected GBA p.R202X
carriers ranged from early-onset PD for the index case of Family 2 (age-at-onset 37 years) to
neuropathologically confirmed late-onset DLB for the index case of Family 1 (age-at-onset
70 years). Moreover, the cognitively healthy, 72-year-old mother of the index case in Family
2 also carries the mutation. Such phenotypic heterogeneity provides strong support for
the idea that other genetic modifier loci strongly impact the phenotypic presentation of
LBSD. For instance, we can speculate that the significant difference in age-at-onset for the
two male cases in Family 1 (70 years vs. 58 years) could be attributable to the presence
of APOE*4 allele in the earlier-onset subject. APOE*4 is now a confirmed risk factor for
DLB, independent of any co-morbid Alzheimer’s disease pathology [21]. Nevertheless, we
cannot exclude the possibility of other biological factors, not detectable by targeted NGS,
as the basis of the phenotypic heterogeneity characterizing the affected members of the
two families described here. Indeed, it has been shown that telomere length may influence
the occurrence of dementia in PD patients [22]. Additionally, several studies have argued
for the existence of genetic modifiers of PD clinical presentation, such as TMEM106B [23],
SCNA [24], and COMT [25].

Similarly, sex may play a role. Among the affected subjects carrying the GBA p.R202X
variant, all males were diagnosed with LBD, while the two affected females presented
as PD. This is not entirely surprising, as previous studies have highlighted sex-specific
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differences in the phenotype of GBA mutation carriers. While most men presented with
DLB, most women presented with PD [26]; moreover, males with GBA-associated PD have
a higher burden of trait anxiety and depression than females [27].

Undoubtedly, a deeper biological characterization of the two families described here,
obtained by performing a wider genomic investigation (e.g., by whole-genome sequencing
and structural variation typing), eventually coupled with the analysis of epigenomic
changes (e.g., telomere length and methylation profiling), would help to identify new
modifiers of clinical phenotypes in LBSD.

Despite the association of recurrent GBA mutations with PD predominantly in the
Ashkenazi Jewish population [4], the presented results and literature search both point
to a non-Ashkenazi origin for this mutation. However, the GBA locus is characterized by
frequent recombination events involving both gene conversion and reciprocal recombina-
tion [10]. As a result, it is difficult to attribute GBA p.R202X to a specific ethnic background.
Notably, most studies and clinical tests are based on the genotyping of a limited number
of mutations that are most relevant for the Ashkenazi Jewish population. The sequencing
of the whole gene will be of paramount relevance in determining GBA variants in other
ethnic groups that otherwise would be missed.

In this context, special attention must be paid when choosing the genotyping method
of GBA. Since the coding region of the GBA gene is 96% homologous to GBAP, long
amplicons are generally needed to ensure that only the GBA gene is being targeted when
genotyping. Moreover, the frequency of GBA-GBAP1 complex rearrangements makes next-
generation sequencing (NGS) analysis of GBA challenging [28], and adequate strategies
(such as GBA-specific long-range PCR for library preparation, followed by GBA-specific
alignment) must be adopted to avoid misdetection of GBA recombinant mutations. Because
of these challenges, we suspect that the impact of GBA mutations on LBSD may have been
underestimated in large genetic studies that employed NGS (whole-exome and whole-
genome sequencing) and SNP-array-based techniques. Targeted GBA-specific sequencing
in patients reporting LBSD in the future will help to clarify the prevalence of this highly
significant class of pathogenic mutations.

In clinical practice, clinical genetic testing is often performed as a genotyping panel for
the most common GBA variants (e.g., Invitae GBA carrier screening). In this clinical context,
we expect that GBA variants that are not commonly present in the Ashkenazi population
will be undetected, meaning that clinicians may miss rarer, causal variants in other ethnic
backgrounds, including the GBA p.R202X described here.

The cases described in the present study represent the first clinical–genetic report on
the rare GBA p.R202X variant in LBSD. The phenotypic heterogeneity seen in individuals
carrying this variant, even within a single family, is striking. Our report also raises the
possibility of incomplete penetrance, as the mother of the index case in Family 2 carries the
variant but has thus far remained clinically unaffected. These cases emphasize the need
for targeted GBA-specific sequencing in patients with family histories of LBSD or PD to
capture all disease-relevant variants.
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Abstract: Creutzfeldt–Jakob disease (CJD), the most common human prion disorder, may occur
as “pure” neurodegeneration with isolated prion deposits in the brain tissue; however, comorbid
cases with different concomitant neurodegenerative diseases have been reported. This retrospective
study examined correlations of clinical, neuropathological, molecular-genetic, immunological, and
neuroimaging biomarkers in pure and comorbid CJD. A total of 215 patients have been diagnosed
with CJD during the last ten years by the Czech National Center for Prion Disorder Surveillance.
Data were collected from all patients with respect to diagnostic criteria for probable CJD, including
clinical description, EEG, MRI, and CSF findings. A detailed neuropathological analysis uncovered
that only 11.16% were “pure” CJD, while 62.79% had comorbid tauopathy, 20.47% had Alzheimer’s
disease, 3.26% had frontotemporal lobar degeneration, and 2.33% had synucleinopathy. The comorbid
subgroup analysis revealed that tauopathy was linked to putaminal hyperintensity on MRIs, and AD
mainly impacted the age of onset, hippocampal atrophy on MRIs, and beta-amyloid levels in the CSF.
The retrospective data analysis found a surprisingly high proportion of comorbid neuropathologies;
only 11% of cases were verified as “pure” CJD, i.e., lacking hallmarks of other neurodegenerations. Co-
morbid neuropathologies can impact disease manifestation and can complicate the clinical diagnosis
of CJD.

Keywords: Creutzfeldt–Jakob disease; comorbid neuropathology; Alzheimer’s disease; tauopathy;
MRI; beta-amyloid

1. Introduction

Creutzfeldt-Jakob disease (CJD), the most common human prion disorder [1], is neu-
ropathologically characterized by spongiform encephalopathy involving the subcortical
grey matter of the cerebral and cerebellar cortex [2]. It can also be described as encephalopa-
thy with protease-resistant prion protein (PrP) immunoreactivity in the form of plaques,
diffuse synaptic, and a patchy/perivacuolar pattern [2].
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Three types of CJD are distinguished based on different etiologies [3]: in most countries,
sporadic (sCJD) is the dominant form, followed by genetic (gCJD) and acquired CJD, which
has two additional subtypes, i.e., iatrogenic (iCJD) [4] and variant (vCJD) [5]. A worldwide
incidence of 1–2 cases of sCJD per million inhabitants is commonly reported [6]. The
situation in the Czech Republic is similar, but with a slightly higher proportion of genetic
cases [7].

Clinical manifestation (criteria for possible CJD) typically includes dementia with
pyramidal and/or extrapyramidal signs, cerebellar ataxia, visuospatial dysfunction, my-
oclonus, and akinetic mutism [8]. Typical biomarkers can help establish the final clinical
diagnosis: positive 14-3-3 protein in the cerebrospinal fluid (CSF), generalized periodic EEG
patterns, MRI hyperintensities on FLAIR/DWI sequences in the basal ganglia (putamen
and caudate) or cortical areas, i.e., cortical ribboning (criteria for probable CJD) and positive
results from CSF real-time quaking-induced conversion (RT-QuIC) analysis [8]. Definite
CJD is confirmed by neuropathological and immunohistochemistry examination of brain
tissue [8].

CJD has long been considered a homogeneous clinical-neuropathological entity. There
is, however, increasing evidence of a frequent co-occurrence of other neurodegenerative
diseases in CJD cases. Kovacs et al. already published data on the relatively high inci-
dence of tau co-pathology in CJD [9], while Rossi et al. monitored comorbid cases of
CJD and Alzheimer’s disease (CJD/AD) and CJD with primary age-related tauopathy
(CJD/PART) [10].

The aim of our study was to retrospectively analyse neuropathological findings from
autopsy specimens in a large nationwide study of definite CJD cases collected over ten
years by the Czech National Center for Human Prion Disorder Surveillance and compare
them to clinical, radiological, genetic, and biochemical data. We hypothesised that neu-
ropathological comorbidities could be more frequent than previously thought and could
impact disease manifestation or neuroimaging/biochemical results. To our best knowledge,
this is the first comprehensive study comparing non-comorbid to comorbid CJD cases
based on clinical-neuropathological correlations.

2. Materials and Methods

Postmortem confirmed CJD cases resulting from ten years of systematic prion surveil-
lance and available clinical data, neuroimaging findings, and results of neuropathological,
molecular-genetic, and immunological investigations were analysed with statistical com-
parison of non-comorbid versus comorbid cases.

2.1. Patients

A total of 215 patients diagnosed with definite CJD (age range 40–87 years, median
66 years) using current diagnostic criteria were neuropathologically examined, and the
presence of PrPSc in brain tissue was confirmed by both western-blot and immunohisto-
chemical methods. The genetic screening revealed 193 sporadic and 22 genetic cases that
mostly had the E200K mutation in the PRNP gene, but the D178 and P102L mutations
and five octapeptide repeat insertions were also found. Clinical as well as neuroimaging
data (CT or MRI) from all patients were analysed; moreover, in most cases, EEG and CSF
findings were also available.

Characteristics of individual subgroups of pure or comorbid CJD are summarised
in Table 1. The table contains detailed information on age, gender, codon 129 methio-
nine and/or valine polymorphism, eventual PRNP mutation, specification of the type
(type 1 or 2) of abnormal PrPSc isoform, protein 14-3-3 positivity, CSF neurodegenerative
biomarkers (h-tau, p-tau, and Aβ), clinical data regarding dementia, pyramidal and/or
extrapyramidal signs, visuospatial or cerebellar dysfunction, myoclonus, and akinetic
mutism. Supplementary Material also contains EEG and MRI findings. The data were
analysed with respect for patient privacy and with the consent of the local Ethics Committee
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of the Institute of Clinical and Experimental Medicine in Prague and Thomayer University
Hospital, No G-19-18, obtained 26 June 2017.

Table 1. Summary of available epidemiological, neuropathological, immunological and genetic data
in non-comorbid vs. comorbid CJD cases. The first column shows the neuropathological diagnosis of
patients, second shows the total number of cases in each group, third indicate the gender distribution
(female/male). In the fourth column is age range with median age (in years) and the last two
columns show methionine/valine polymorphism and presence of 14-3-3 protein in cerebrospinal
fluid examinated by western blot.

Diagnosis
No.

of Cases
Sex

Age
(Years)

Etiology Genotype
14-3-3

Protein
in CSF

CJD 24 24× F 40–78
(median 60)

21× sCJD
3× gCJD

17× MM
4× MV
3× VV

17× positive
7× negative

CJD/tau 135 73× F
62× M

49–87
(median 65)

119× sCJD
16× gCJD

85× MM
34× MV
16× VV

106× positive
29× negative

CJD/AD 44 24× F
20× M

56–85
(median 71)

41× sCJD
3× gCJD

27× MM
8× MV
9× VV

38× positive
6× negative

CJD/FTLD 7 5× F
2× M

55–78
(median 67) 7× sCJD 4× MM

3× VV
6× positive
1× negative

CJD/synuclein 5 3× F
2× M

59–76
(median 71) 5× sCJD 3× MM

2× VV
4× positive
1× negative

F—female, M—male, MM—Methionine/Methionine polymorphism, MV—Methionine/Valine polymorphism,
VV—Valine/Valine polymorphism.

2.2. Tissue Samples

Brain tissue samples were fixed for 3–4 weeks in buffered 10% formalin. Selected
tissue blocks, using a standardized protocol [11], were then embedded in paraffin using
an automatic tissue processor. Five-μm-thick sections were prepared and stained with
hematoxylin-eosin, Klüver-Barrera, and silver impregnation methods. Thirty-six represen-
tative blocks from standardized regions were chosen for analysis.

2.3. Immunofluorescence and Immunohistochemistry

Briefly, 5-μm-thick sections of formalin-fixed and paraffin-embedded tissue samples
were deparaffinized and then incubated with primary antibodies for 20 min at room
temperature. For Aβ and PrPSc antibody staining, 96% formic acid was applied prior to
the primary antibody. A second layer for light microscopy visualization, consisting of
secondary horseradish peroxidase-conjugated antibody (EnVision FLEX/HRP, Dako M822,
Glostrup, Denmark), was applied for 20 min at room temperature. The samples were then
incubated with DAB (Substrate-Chromogen Solution, Dako K3468, Glostrup, Denmark) for
10 min to visualize the reaction. Mayer’s Hematoxylin Solution was used as a counterstain.

For confocal microscopy, secondary antibodies conjugated to Alexa Fluor® (see be-
low) were used. Paraffin sections were also treated with 20× TrueBlack® (Biotium 23007,
Fremont, CA, USA) diluted in 1× 70% alcohol to quench lipofuscin autofluorescence.

2.3.1. Primary Antibodies

For immunohistochemistry, 5-μm-thick sections of formalin-fixed and paraffin-
embedded tissue were selected from the hippocampal region, including the entorhinal and
transentorhinal cortex. These were incubated with primary antibodies against the following
antigens: (1) PrP (1:8000, mouse monoclonal, clone 12F10; Bertin Pharma A03221, Bordeaux,
France), (2) PrP (1:3000, mouse monoclonal, clone 6H8; Prionics 7500996, Schlieren, Switzer-
land), (3) Aβ (1:1000, mouse monoclonal, clone 6F/3D; Dako M0872, Glostrup, Denmark),
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(4) Phospho-Tau (Ser202, Thr205) Monoclonal Antibody (1:500, mouse monoclonal, clone
AT8; Thermo Fisher Scientific MN1020, Waltham, ME, USA), (5) Ubiquitin (1:500, rabbit
polyclonal; Dako Z0458, Lakeside, UK), (6) Phospho TDP-43 (1:4000, mouse monoclonal,
clone 11-9; Cosmo Bio TIP-PTD-M01, Carlsbad, CA, USA), (7) Alpha-Synuclein (1:1000,
mouse monoclonal, clone 5G4; Dianova NDG-76506, Barcelona, Spain).

2.3.2. Secondary Antibodies

Detection of immunostaining was carried out using horseradish peroxidase–
diaminobenzidine (see above) for immunohistochemistry and secondary antibodies con-
jugated with Alexa Fluor® 488 (1:1000, donkey anti-rabbit, H + L IgG, Thermo Fischer
Scientific, Waltham, ME, USA) and Alexa Fluor® 568 (1:1000, donkey anti-mouse, H + L
IgG, Thermo Fischer Scientific, Waltham, ME, USA) for immunofluorescence staining.
Slides incubated with only the secondary antibody were used as specificity controls.

2.4. Microscopy Evaluation
2.4.1. Light Microscopy

Samples were examined, and the results of immunohistochemical methods were
classified according to currently valid neuropathological criteria for individual neurode-
generative diseases. Moreover, Alzheimer’s disease was subsequently scored using the
National Institute on Aging–Alzheimer’s Association (NIA-AA) consensus scheme [12,13],
and dementia with Lewy bodies (DLB) using the DLB consensus criteria [14] with a deter-
mination of the Braak stage [15].

2.4.2. Confocal Microscopy

Co-expression of pathogenic protein aggregates was imaged using a Leica TCS SP5
confocal fluorescent laser scanning microscope (Leica Microsystems Inc., Wetzlar, Germany).
The HCX PL APO objective was chosen with 60× magnification and an oil immersion
pinhole of 1 AU. Anti-rabbit donkey IgG secondary antibody was conjugated to Alexa
Fluor® 488 and excited at 488 nm from a 65 mW multi-line argon laser, whereas anti-mouse
donkey IgG conjugated to Alexa Fluor® 568 donkey was excited at 561 nm from a 20 mW
DPSS laser.

2.5. Immunological Methods
2.5.1. CSF Analysis

After a single lumbar puncture and collection, CSF samples were centrifuged at
5000 RPM for 5 min and stored in polypropylene tubes at −80 ◦C in aliquots to avoid
thawing and refreezing until the analysis.

The presence of protein 14-3-3 beta (14-3-3β) was determined using a standardized
western blot protocol (adapted from Green et al. [16]) and EURO-CJD standards, with
stringent control quality. Briefly, samples in doublets were separated using sodium-dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto nitrocellulose
membranes. For detection of the 14-3-3β, polyclonal antibody K-19 (1:1000, cat. #sc-629;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), and after being discontinued (in 2017),
monoclonal antibody B-8 (1:1000, cat. #sc-133233; Santa Cruz Biotechnology) were used.
Incubation with an appropriate secondary antibody (1:1000, cat. #sc-2004; Santa Cruz
Biotechnology, later with the change of primary antibody cat. #sc-516102; Santa Cruz
Biotechnology) was followed by chemiluminescent detection (Pierce ECL Plus Western Blot-
ting Substrate; cat. #32132; Thermo Scientific). A weak positive test was interpreted to mean
that one sample load was positive and the other negative (the positive control was always
positive). CSF levels of t-tau, p-tau, and Aβ42 were measured during routine diagnostic test-
ing using commercially available enzyme-linked immunoassay (ELISA) kits (INNOTEST
hTAU Ag, cat. #80323/81572, INNOTEST PHOSPHO-TAU (181P), cat. #80317/81574, IN-
NOTEST β-AMYLOID (1–42), cat. #80324/81576, all Innogenetics/FUJIREBIO); all testing
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was conducted according to the manufacturer’s protocol. Although the individual values
of analytes in the CSF are not entirely decisive and combinations of their ratios would
be more accurate [17], the values are as follows. For t-tau, the cut-off was assessed to be
1160 pg/mL with sensitivity of 90.3 % and specificity of 90.7% (AUC: 0.926, p < 0.0001).
For p-tau and Aβ42, the indicative normative values were determined. The values of p-tau
levels > 60 pg/mL and Aβ42 levels < 430 pg/mL were considered as abnormal. Our labo-
ratory has extensive experience determining CSF biomarkers and successfully participates
in the Alzheimer’s Association’s external quality control program.

2.5.2. Brain Tissue Analysis

Native brain tissue samples were frozen at −80 ◦C until analysis. The presence of
PrPSc was determined using a standardized western blot protocol (adapted from Collinge
et al. [18]). Briefly, brain homogenates were treated with Proteinase K (Proteinase K from
Tritirachium album, cat. #SRE0005; Sigma-Aldrich, St. Louis, MI, USA). Samples were
separated using SDS-PAGE and blotted onto nitrocellulose membranes. For detection of
the PrPSc, two different monoclonal antibodies: 12F10 (1:1667, cat. #A03221.200; Bertin
Bioreagent, Montigny le Bretonneux, France), and 6H4 (1:5000, cat. #01-010 and since 2017
cat. #7500996, Prionics, Zürich, Switzerland) were used. Incubation with an appropriate
secondary antibody (1:2500 and 1:7500, respectively, cat. #P0447; Dako) was followed
by chemiluminescent detection (Pierce ECL Plus Western Blotting Substrate, cat. #32132;
Thermo Scientific, Waltham, MA, USA). After limited proteolysis, three PrPSc glycoforms
were detected.

2.6. Molecular-Genetic Methods

PRNP (NC-000020.11) is a 16 kb long gene located on chromosome 20 (4686151–
4701588). It contains two exons, and exon 2 carries the open reading frame, which encodes
the 253 amino acids (AA) PrP protein. Exon 1 is a noncoding exon, which may serve as a
transcription initiation site. Post-translational modifications result in removing the first
22 AA N-terminal fragments (NTF) and the last 23 AA C-terminal fragments (CTF).

2.6.1. Study Population

Our study was designed as a retrospective. We analysed data from 215 patients
(n = 215), age range 40–87 years, median 66 years. No family history of CJD was retraced.
We included patients with postmortem confirmed sCJD and then collected data regarding
clinical presentation, biochemical analysis, EEG, and neuroimaging.

Gene analysis was performed at the level of genomic DNA, assuming an effect on the
protein sequence. Only the coding part of the PRNP (NM_000311) gene and the adjacent
intronic region were evaluated. Genetic analysis of genes was performed from autoptic
samples of definitively confirmed cases. DNA was isolated from bone marrow (QIAamp
DNA Kits).

2.6.2. Genetic Screen

Mutation analyses by PRNP gene sequencing were performed on genomic DNA
extracted from bone marrow. The targeted gene captured all exons and the flanking
intronic regions of the PRNP gene to cover the splice sites.

Genomic DNA was amplified using two pairs of specific PCR primers (PRNP 1F:
5′ TACCATTGCTATGCACTCATT 3′, PRNP 1R: 5′GTCACTGCCCGAAATGTATGA 3′
PRNP, 2F: 5′AGGTGGCACCCACAGTCAGT 3′ PRNP 2R: 5′ CCTATCCGGGACAAA-
GAGAGA 3′). Primers were designed using mPCR software, and specific target re-
gions were amplified using PCR (temperature profile in the PRNP 1: 95 ◦C/12 min, 29×
(95 ◦C/30′′, 53.1 ◦C/30′′, 72 ◦C/40′′), 72 ◦C/5′, 4 ◦C/∞. Temperature profile in the PRNP
2: 95 ◦C/12 min, 30× (95 ◦C/30′′, 60.5 ◦C/30′′, 72 ◦C/70′′), 72 ◦C/5′, 4 ◦C/∞). PCR
products were enzymatically purified using recombinant Shrimp Alkaline Phosphatase
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(rSAP) and Exonuclease I (Exo I). The purified products were amplified in a sequencing
reaction (temperature profile: 96 ◦C/60′′, 25× (96 ◦C/10′′, 50 ◦C, 5′′, 60 ◦C/30′′), 4 ◦C/∞)
using BigDye Terminator v3.1 Cycle Sequencing Kit’s (Applied Biosystems™). Cleanup
PCR products were sequenced on an Applied Biosystems® 3130 Genetic Analyser (using
the DNA sequencing Standard Operating Protocol SOPV. We use Sequencing Analysis 5.3.1
software (Applied Biosystems, Waltham, MA, USA—Life Technologies), SeqScape v.2.6
(Applied Biosystems, Waltham, MA, USA—Life Technologies) to evaluate electrophoretic
sequencing data.

Results are summarised in Table 2. In our CJD samples, we present an analysis of
codon 129 distribution in 215 cases. Methionine homozygotes represented 63.25%, valine
homozygotes 15.35%, and methionine/valine 21.40%.

Table 2. Distribution of MV polymorphisms in pure and comorbid CJD cases.

Polymorphism Pure CJD CJD/tau CJD/AD CJD/FTLD CJD/Synuclein

MM 17 85 27 4 3
VV 3 16 9 3 2
MV 4 34 8 0 0

TOTAL 24 135 44 7 5
VV—Valine/Valine, MM—Methionine/Methionine, MV—Methionine/Valine, total stands for total number of
cases in each group.

Although the cohort of 215 patients is limited, we noticed that the ratio of valine
homozygotes varied from group to group. In pure CJD, VV homozygotes form 11.00%
of cases, in CJD/tau 12.50%, in CJD/AD 20.45%, in AD/FTLD 43.00%, and in CJD with
comorbid synucleinopathy 40.00% of cases.

2.7. Clinical Data

This study was conceived as a retrospective data analysis. Medical records from
different hospitals across the Czech Republic were assessed; in cases with insufficient data,
the concerned hospitals were directly contacted to retrieve complete data. For this study, we
focused on the presence/absence of key features mentioned by the current WHO diagnostic
criteria for probable CJD, i.e., dementia, pyramidal or extrapyramidal signs, visuospatial or
cerebellar dysfunction, myoclonus, and akinetic mutism (see Supplementary Material).

2.8. Magnetic Resonance Imaging

Available MRI scans were assessed independently by two investigators (J.K. and
R.R.) to confirm typical MRI findings listed in the WHO diagnostic criteria for probable
CJD, i.e., cortical hyperintensities (typically in the frontal and periinsular areas) and basal
ganglia hyperintensities (putamen and caudate) in FLAIR and DWI sequences. DWI
data included in all cases an acquisition with a b value equal to 1000. Hyperintensities
were evaluated qualitatively, ADC maps were used only to confirm the restriction of the
diffusion. No fixed windowing was used as it has been reported to have a lower area under
the receiver operating characteristic curves when used by radiologists [19]. Moreover, we
used semiquantitative scales for detecting focal atrophy in temporal areas (including the
hippocampi) and parietal cortices—for this purpose, we used the MTA scale [20] (measuring
mesial temporal atrophy) and the Koedam score [21] (assessing parieto-occipital atrophy).
Furthermore, cerebrovascular lesions were coded using the Fazekas scale [22]. All available
results are summarised in the Supplementary Material section.

2.9. Statistical METHODS

The data set was split into two groups using additional diagnoses; hypothesis testing
was performed at p = 0.05. Logical explanatory variables were processed using the Fisher
exact test of variable independence in 2 × 2 contingency tables to obtain significant Odds
Ratios (OR). Real explanatory variables were processed using the two-sampled Wilcoxon–
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Mann–Whitney test of median equity. All the calculations were performed in the MATLAB
2019 Statistical Toolbox.

3. Results

3.1. Neuropathological Results
3.1.1. “Pure” CJD

Immunohistochemical methods revealed the presence of several comorbidities in
neuropathological examinations. Of the 215 patients, only 24 cases (11.16%) had pure CJD,
i.e., lacking any other pathological intra- or extracellular aggregates. The age range of the
pure CJD cases was 40–78 years, and the median age was 60 years, which is statistically
significantly younger than in the comorbid subgroups.

3.1.2. Comorbid CJD + Tauopathy

Based on clinical data, patients with neuropathological signs of tauopathy lacking clin-
ical correlate were included in this group. The criteria met one hundred thirty-five patients
(62.79%), of which 99 (46.05% of 215 cases) had primary age-related tauopathy (CJD/PART).
Another 34 cases (15.81%) suffered from CJD/AGD; one patient had CJD/ARTAG (0.47%).
Eighteen cases (8.37%) had a combination of CJD/PART and another tauopathy: 13 cases
(6.04%) had argyrophilic grain disease (CJD/PART + AGD), and five cases (2.33%) had
ageing-related tau astrogliopathy (CJD/PART + ARTAG). Two patients (0.93%) had a com-
bination CJD/ARTAG+AGD, and finally, there was one case (0.47%) with CJD/PART +
ARTAG + AGD. The age range of CJD/tau comorbid cases ranged from 49 to 87 years, and
the median age was 65 years.

3.1.3. Comorbid CJD/AD

The cohort contained 44 comorbid cases (20.47%) of CJD/AD with possible additional
co-pathology. According to the revised “ABC” classification of the National Institute on
Aging–Alzheimer’s Association (NIA-AA) [13], changes were classified as level “none”
(1 case; 0.47%), “low” (23 cases; 10.70%), or “intermediate” (19 cases; 8.84%), no patients
in the “high” category were found. The presence of tauopathies was relatively common
with the Alzheimer’s pathology—ARTAG was diagnosed in 10 cases (4.65%), AGD in four
cases (1.86%); in one of these cases (0.47%), the criteria for ARTAG + AGD was met. The
age range for this group was aged 56–85 years, and the median age was 71 years.

3.1.4. Comorbid CJD/FTLD

Considering comorbid cases of CJD and frontotemporal lobar degeneration (CJD/FTLD)
with characteristic frontotemporal clinical symptomatology, seven cases (3.26%) were found,
of which six cases (2.80%) had FTLD/tau, and one (0.47%) had frontotemporal lobar degen-
eration with positive inclusions for ubiquitin-proteasome system markers (FTLD/UPS).
The age range was 55–78 years, and the median age was 67 years.

3.1.5. Comorbid CJD + Synucleinopathy

Finally, five patients (2.33%) suffered from CJD with comorbid synucleinopathy; four
patients (1.86%) met the criteria for DLB, and one (0.47%) had Parkinson’s disease (PD).
The age ranged from 59 to 76 years, with a median age of 71 years.

3.2. CSF Analysis Results

CSF analysis was performed antemortem in about 80% of cases: 174 (80.93%) patients
were tested for the presence of 14-3-3β, 168 (78.14%) patients were tested for levels of t-tau,
p-tau, and Aβ42. For CJD, the cut-off level for t-tau was set at 1200 pg/mL [17].

Results of the 14-3-3 analysis are summarised in Table 3 (full details are available in the
Supplementary Material). In all groups, 14-3-3β positivity, which is one of the diagnostic
criteria for probable CJD (CDC, 2018), was less common than very high t-tau levels (Table 3).
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Table 3. Numbers (n) and percentage (%) of positive, low positive, negative and unanalysed results
of the presence of 14-3-3β, t-tau levels and the combined presence of 14-3-3β and t-tau protein levels
in CSF. Percentage is related to the whole cohort.

14-3-3β
(n)

14-3-3β
(%)

t-tau
(n)

t-tau
(%)

14-3-3β +
t-tau
(n)

14-3-3β +
t-tau
(%)

pure CJD

pos 12 5.58 17 7.91 11 5.12
low pos 1 0.47 N/A N/A 8 3.72

neg 8 3.72 3 1.40 2 0.93
no 3 1.40 4 1.86 3 1.40

CJD/tau

pos 67 31.16 92 42.79 74 34.42
low pos 16 7.44 N/A N/A 27 12.56

neg 27 12.56 13 6.05 9 4.19
no 25 11.63 30 13.95 25 11.63

CJD/AD

pos 24 11.16 31 14.42 27 12.56
low pos 5 2.33 N/A N/A 6 2.79

neg 4 1.86 2 0.93 0 0.00
no 11 5.12 11 5.12 11 5.12

CJD/FTLD

pos 6 2.79 7 3.26 6 2.79
low pos 0 0.00 N/A N/A 1 0.47

neg 1 0.47 0 0.00 0 0.00
no 0 0.00 0 0.00 0 0.00

CJD/synuclein

pos 2 0.93 3 1.40 2 0.93
low pos 0 0.00 N/A N/A 1 0.47

neg 1 0.47 0 0.00 0 0.00
no 2 0.93 2 0.93 2 0.93

pos = positive; low pos = low positive; neg = negative; no = unanalysed; N/A = not applicable. T-tau cut-off:
1200 pg/mL; lower negative. For the combination of 14-3-3β + t-tau, “pos” means both variables are positive,
“low pos” means that one of the variables is positive, and the other is negative.

When every group was tested separately, the lowest frequency of 14-3-3β positivity
was found in the pure CJD subgroup (12 out of 21, 57.14%). The 14-3-3 positivity was much
higher in the comorbidity subgroups (CJD/tau 67 out of 110, 60.91%; CJD/AD 24 out of 33,
72.73%; CJD/FTLD 6 out of 7, 85.71%; and CJD/others 2 out of 3; 66.67%). In pure CJD,
t-tau was positive in 17 out of 20 (85.00%). T-tau positivity was higher (CJD/tau 92 out of
105, 87.62% and CJD/AD 31 out of 33, 93.94%) in the comorbidity subgroups.

3.3. Clinical Analysis Results

Clinical data were available from all patients and are summarised in Table 1. Diagnos-
tic criteria for possible sCJD [23] were fulfilled in all 215 cases, i.e., all had dementia, and
at least two of the four needed signs, i.e., (1) pyramidal or extrapyramidal signs, (2) visu-
ospatial or cerebellar dysfunction, (3) myoclonus, and (4) akinetic mutism. The distribution
was as follows: pyramidal or extrapyramidal signs 189 cases (87.90%), visuospatial signs
159 cases (73.95%), myoclonus 133 cases (61.86%), and akinetic mutism 99 cases (46.05%).

3.4. MRI Results

MRIs were available in 206 cases (95.81%), and FLAIR/DWI sequences were available
in 188 of these (87.44%; for detailed information, see Table 1). Typical FLAIR and DWI
findings meeting the WHO diagnostic criteria for probable CJD were found as follows:
cortical hyperintensities in 146 of 188 cases (77.66%), basal ganglia (caudate and putaminal)
hyperintensities in 122 of 188 cases (64.89%), and both cortical plus basal ganglia hyperin-
tensities in 109 of 188 cases (57.98%). Manifest mesial temporal atrophy (Scheltens MTA
score 2) was present in 32 of 206 cases (15.53%), severe parieto-occipital atrophy (Koedam
score 2) was present in 22 of 206 cases (10.68%), and potentially clinically relevant ischemic
subcortical white matter lesions (Fazekas score 2 and 3) were present in 32 of 188 cases
(17.02%). For detail see Figure 1.
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Figure 1. MRI in CJD subjects performed at 1.5T field strength: diffusion-weighed images ((A,B),
DWI) with b-factor 1000, FLAIR image (C), coronal T2-weighted images (D–F). In the first column
(A,D) data from subject with pure CJD—no DWI hyperintensity in putamina (arrow) is present
and MTA is 0 (read as normal). In the second column (B,E) subject with tau comorbidity with mild
hippocampal atrophy (MTA 1, arrow on (E)) and DWI (B) hyperintensity in putamina (horizontal
arrow), caudates (vertical arrows) and with cortical ribboning (oblique arrow). In the third column
(C,F) subject with CJD and AD comorbidity is shown. A moderate hyperintensity is visible not only
on DWI (not shown), but as well on FLAIR image (C). Hippocampal atrophy is well pronounced, MTA
2 (arrow from right side of the (F), pointing to the left hippocampus which manifests clear atrophy).

3.5. Confocal Microscopy Colocalization Results

Multichannel fluorescence confocal microscopy was used in comorbid CJD case exam-
inations to monitor the colocalization of individual pathological aggregates. We devoted
our previous publication [24] to the morphology of colocalizing pathological prion protein
and amyloid-beta, as well as pathological tau-positive inclusions. Compound plaques with
either Aβ or hyperphosphorylated tau protein (h-tau) in colocalization with PrPSc were
sparse. In contrast, PrPSc aggregates colocalized predominantly with the non-compact
(diffuse) regions of Aβ plaques, and colocalization of h-tau with PrPSc had a dotted pat-
tern. According to the NIA-Alzheimer’s association guidelines, no association between the
micromorphology of plaques and type of colocalization with polymorphism at codon 129,
type of PrPSc, and the AD ABC score was found. See Figures 2–4.
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Figure 2. (A–C) Immunofluorescence illustration of different patterns of amyloid β (Aβ; red) and
prion protein (PrPSc; green) colocalization in compound plaques in comorbid Alzheimer’s (AD) and
Creutzfeldt–Jakob diseases (CJD) cases. Primary antibodies: anti-PrP (rabbit recombinant monoclonal
antibody) + anti-amyloid β-protein (mouse monoclonal antibody). The secondary antibody was
conjugated with either Alexa Fluor® 488 (anti-rabbit IgG; green) or Alexa Fluor® 568 (anti-mouse
IgG; red). Scale bar indicates 10 μm. Images come from the hippocampal region (archicortical parts).

 

Figure 3. (A–C) Immunofluorescence illustrates h-tau-positive (red) dystrophic neurites colocalizing
with PrPSc (green) extracellular deposits in comorbid CJD/AD cases. Primary antibodies: PrP (rabbit
recombinant monoclonal antibody) + AT8 (mouse monoclonal antibody). The secondary antibody
was conjugated with either Alexa Fluor® 488 (anti-rabbit IgG, green) or Alexa Fluor® 568 (anti-mouse
IgG, red). Scale bars indicate 10 μm. Arrows indicate minor colocalization of AT8 with PrP. Images
come from the hippocampal region (archicortical parts).

 

Figure 4. (A,B) Immunofluorescence illustration of the predominance of non-compound or minimal-
compound plaques with minimal colocalization of Aβ (red) and PrPSc (green) in the majority of
plaques. Primary antibodies: anti-PrP (rabbit recombinant monoclonal antibody) + anti-amyloid
β-protein (mouse monoclonal antibody). The secondary antibody was conjugated with either Alexa
Fluor® 488 (anti-rabbit IgG; green) or Alexa Fluor® 568 (anti-mouse IgG; red). Scale bars indicate
100 μm. Images come from the hippocampal region (archicortical parts).
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4. Discussion

The main findings from comparing pure CJD with different comorbid subgroups
were as follows: (1) pure CJD had a significantly lower age of onset; (2) tau comorbidity
was associated with a higher probability of putaminal hyperintensities and had a lower
MTA score on MRI; (3) AD comorbidity was associated with a higher age of onset, a lower
probability for developing putaminal hyperintensities on MRI, and had significantly lower
beta-amyloid levels in the CSF; (4) pure CJD compared to CJD/AD had a lower age at onset
and a lower MTA score on MRI; (5) comorbid CJD/tau differed from comorbid CJD/AD
by having a lower age of onset, lower MTA scores, and higher beta-amyloid CSF levels,
and (6) comorbid co-pathology is not dependent on codon 129 homo/heterozygosity nor
the genetic background of CJD.

First, the lower age of onset in “pure” CJD cases could be explained by the absence
of age-related changes in the brain tissue. In this subgroup, early-onset prion pathol-
ogy with rapid disease progression probably leads to death before the development of
other comorbidities.

Second, comorbid tauopathies were more likely than in other subgroups associated
with putaminal DWI hyperintensities on MRI. It is known that changes in these signals
correlate roughly equally with vacuolation and the amount of PrPSc deposition (and less
with astrocytic gliosis) [25]. The reason why this hypersignal is more pronounced in
CJD subjects with comorbid tauopathy remains unclear since isolated tauopathies are not
associated with similar MRI findings, and putaminal deposition of tau protein is not typical;
however, it has been reported [26]. We can, therefore, only hypothesise that in subjects with
comorbid CJD and tauopathy, the presence of tau facilitates signal increases on DWI either
by tau and prion protein co-occurrence or by putaminal microstructure changes, since no
micromorphological differences were visible. Lower MTA scores in the CJD/tau subgroup
are even more difficult to understand, as in tau positive FTLD, pronounced frontal and
temporal lobe atrophy is a frequent finding, as well as in AD, for which higher MTA scores
are characteristic [27].

Third, comorbid AD was linked to a higher age of onset. Again, this is a rather
surprising finding; as already discussed above, one would expect neurodegenerative
comorbidities to have a significant impact relative to the destruction of brain tissue and
thus lead to the earlier onset and faster disease progression. Nevertheless, CJD/AD
can be viewed from different angles. Pre-existing AD development is more likely to
be present at older ages, and from this point of view, it would not be unexpected that
comorbid CJD/AD cases are older on average. In one of our previous publications, based
on morphological findings using a multichannel fluorescent confocal microscope, we
speculated that Aβ42 might be acting as PrPSc seeds within the brain [24] since PrP-Aβ

colocalization predominates in the periphery of plaques where Aβ42 is more abundant.
Nevertheless, it is important to emphasise that compound plaques represent only

a minority of plaques since PrP and Aβ plaques tended to be, in most cases, located
separately or formed “minimal compound” plaques. However, even this view of CJD/AD
assumes faster progression in CJD/AD comorbid cases than in “pure” CJD, although the
data obtained from our 10-year surveillance did not support such a tendency. MRI findings
of putaminal sparing can be hypothesised by reduced basal ganglia involvement and fewer
parkinsonian features in non-comorbid AD patients compared to pure FTLD patients. The
observed low beta-amyloid levels in CSF were concordant with current biomarker findings
in pure AD.

A recently published Italian study [10] showed data similar to our observations: the
mean age of the CJD/AD cases (71.07 years for our cohort versus 76.1 years for the Italian
patients) is strikingly higher than in pure CJD cases; no link was found between the
existence of comorbid AD and disease subtype, prion strain, or PRNP genotype; in both
cohorts, there were no patients in the “high” level of AD; data from both cohorts showed
low Aβ levels in the CSF. There was, however, a surprising difference in the percentage of
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cases in which AD was reported: 61.5% of cases with CJD/AD reported in Italy compared
to only 20.47% in our study.

Fourth, some of the previous findings became more obvious when we compared pure
CJD to only comorbid CJD/AD. The difference in age of onset and MTA scores were larger
between pure CJD and CJD/AD than when comparing pure CJD to all subgroups. The
MTA scale is a widely used scoring system for assessing hippocampal atrophy in AD
patients and may also monitor disease progression over time [28,29]. We thus suggest that
AD could be present before prion disease in older patients.

Fifth, the role of AD on clinical manifestations and biomarkers in our cases was visible
when comparing CJD/tau to CJD/AD subgroups. In line with previously discussed points,
higher age of onset, higher MTA scores, and lower beta-amyloid CSF levels were key
features of the impact of AD on our cohort.

Sixth, from the genetic point of view, we found no differences between codon 129
status of the PRNP gene or between genetic and sporadic CJD; in line with our pilot study,
no prominent abnormalities in the deep genetic analysis of “pure” CJD cases and CJD
cases in comorbidity with AD and tauopathies, respectively were seen, nor in the analysis
of 15 genes related to the most important neurodegenerative diseases [30]. It has been
suggested that increased expression of Syntaxin-6 (Stx6) in the basal ganglia could raise
the risk of prion disease, and Stx-6 deposits have been identified as a risk factor for a
4R-tauopathy and progressive supranuclear palsy. The same study also suggests a possible
role for GAL3ST1 [31] in encoding galactose-3-O-sulfotransferase 1, which affects myelin
maintenance. This would be consistent with the finding that sphingolipid metabolism is
disrupted early in the pathogenesis of prion disorders in mouse models [32].

Finally, compared to a study by Kovacs et al. [9] that focused on tau pathology in CJD
and identified 69.3% of cases with prominent tau co-pathology and an additional 16.0% of
cases with discrete non-significant tau-immunoreactive neurites, our percentage (11.16%)
of “pure” cases was surprisingly low. A possible explanation for the difference in the
percentage of “pure” cases by Kovacs et al. is that they did not discuss other pathological
deposits. By contrast, our study revealed cases of rare comorbidities such as CJD/FTLD or
CJD/synucleinopathies; some correlations between imaging findings and co-pathologies
were also found.

The main limitations of our study were the single-center expertise and the very uneven
extent of neuroimaging and clinical data from patients examined in different hospitals.
These factors made a more robust analysis of the data and clinical correlations difficult.

5. Conclusions

We present results from a large cohort of postmortem confirmed CJD patients (with
pure CJD and neurodegenerative comorbidities) with clinical, MRI, CSF, neuropathological,
and immunohistochemical data. Our retrospective data analysis found a surprisingly
high proportion of comorbid neuropathologies, with only 11% of our cases being pure
non-comorbid CJD. These patients were found to have the lowest age of disease onset.

The most interesting findings from our comorbid subgroup analysis were that tauopa-
thy is linked to putaminal hyperintensity one MRIs and that AD is associated with the
age of disease onset, the degree of hippocampal atrophy seen on MRIs (low MTA scores),
and the low beta-amyloid levels in the CSF. However, further investigation on a broader
spectrum of comorbid neuropathologies is needed before evidence of their impact on
the clinical presentation can enter routine practice, especially when new biological and
potentially targeted therapies become available for treating specific proteinopathies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10030680/s1.
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Abstract: Multiple Sclerosis (MS) is a debilitating disease with typical onset between 20 and 40 years
of age, so the disability associated with this disease, unfortunately, occurs in the prime of life. At a very
early stage of MS, the relapsing-remitting mobility impairment occurs in parallel with a progressive
decline in cognition, which is subclinical. This stage of the disease is considered the beginning of
progressive MS. Understanding where a patient is along such a subclinical phase could be critical
for therapeutic efficacy and enrollment in clinical trials to test drugs targeted at neurodegeneration.
Since the disease course is uneven among patients, biomarkers are needed to provide insights into
pathogenesis, diagnosis, and prognosis of events that affect neurons during this subclinical phase
that shapes neurodegeneration and disability. Thus, subclinical cognitive decline must be better
understood. One approach to this problem is to follow known biomarkers of neurodegeneration over
time. These biomarkers include Neurofilament, Tau and phosphotau protein, amyloid-peptide-β,
Brl2 and Brl2-23, N-Acetylaspartate, and 14-3-3 family proteins. A composite set of these serum-based
biomarkers of neurodegeneration might provide a distinct signature in early vs. late subclinical
cognitive decline, thus offering additional diagnostic criteria for progressive neurodegeneration and
response to treatment. Studies on serum-based biomarkers are described together with selective
studies on CSF-based biomarkers and MRI-based biomarkers.

Keywords: neurodegeneration; cognition; progressive multiple sclerosis; biomarkers; diagnosis;
treatment; prognosis; personalized medicine; cytoskeleton; synapse

1. Introduction

Multiple Sclerosis (MS) affects approximately 2.2 million people worldwide, with
prevalence in white northern European descendants, and affecting more women than
men [1–3]. The onset of this debilitating disease is usually between 20 and 40 years, so
the disability associated with MS, unfortunately, occurs in the prime of life, making MS
the most common neurological disability in young adults. While the cause of MS has not
been determined, combinations of epidemiology, genetics, and environment are thought
to contribute.

The risk of developing MS increases with low exposure to the sun, viral infections,
smoking, genetic susceptibility, and location north of the equator. Recent work has shown
that the high prevalence of Epstein-Barr virus is associated with MS [4,5]. Overall MS
disease results from multiple agents priming the immune system over time until the
immune system starts to attack and damage the central nervous system (CNS) [3,5]. Each
patient has unique inflammatory responses as well as interactions between the innate and
acquired immune systems. The involvement of inflammation and complex interactions
between innate and acquired immunity makes the disease unique in each patient with
different impacts on the CNS.

The symptoms of MS include fatigue, depression, vertigo, visual problems, cognitive
dysfunction, muscle-related symptoms, bowel and bladder symptoms, and sexual dys-
functions. The diagnosis of MS is made using a combination of tests, such as magnetic
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resonance imaging, spinal tap, and evoked potential analysis. In addition, the expanded
disability status scale is widely used to measure the degree of disability [6,7]. The use
of diagnostic tools to detect subclinical neuronal functional decline is imperative; a new
MS classification should address the degree of neurodegeneration, which would facilitate
correct enrollment into clinical trials.

MS is a complex disease, having independent and interconnected components [8]. The
subclinical mobility defect detected with the highly sensitive glove test [9] was not included
in the definition of relapsing-remitting (RR)-MS, whereas Benedict et al. [10] described
some recovery of cognitive function throughout the disease; however, that recovery was
partial, which inevitably would result in a progressive decline of cognitive functions.

The main therapeutic challenge is that within an apparent clinically homogenous
group of MS patients, the underlying neurodegeneration might be at earlier or later stages.
Indeed, detecting such subclinical (silent) progression would aid in MS diagnosis, treat-
ment with new therapeutics, and prognosis [11,12]. Neurons damaged during MS release
molecules into the extracellular CNS compartments where they can be re-internalized
and/or destroyed [13]. The extent of re-internalization and/or destruction would deter-
mine the levels of biomarkers detected in cerebrospinal fluid (CSF) and blood samples.
CSF sampling offers a more accurate analysis [13,14]; however, CSF sampling is not easy
for patients. In contrast, blood samples can be obtained from patients with little stress or
discomfort, and serum-based biomarkers are a less expensive means to assess neuronal
degeneration. These tests can be easily repeated at a low cost. In contrast, Magnetic Reso-
nance Imaging (MRI)-based biomarkers can only be performed at select clinical medical
centers, in addition to being expensive and time-consuming.

A personalized medicine approach is greatly needed as a set of biomarkers could
flag each patient affected by MS before and after treatment [15,16]. Biomarkers provide
a platform for identifying disease mechanisms and pharmacological targets. Exploratory
analysis and validation are some of the steps required to validate biomarkers for routine
clinical practice [13,14]. The combined use of several biomarkers could better elucidate the
underlying mechanisms during neurodegeneration. Biomarkers of axonal and neuronal
degeneration could include NFL, tau, P-tau, β-amyloid 1-42, Bri2 (Integral membrane
protein 2B), Bri2-23 (generated from Bri2), the neuronal mitochondrial metabolite NAA
(N-acetyl aspartate), and 14-3-3. At the same time, a biomarker of T-cell-mediated autoim-
munity such as Osteopontin could be added to further analyze disease activity [17–29]. In
addition to the enzyme-linked immunosorbent assay (ELISA), new technologies with in-
creased sensitivity and accuracy have been developed, including electrochemiluminescence
(ECL), single-molecule array (SIMOA) technology, immunomagnetic reduction, immuno-
precipitation/mass spectrometry, and dried plasma spot [30].

It is important to determine the ratio of CSF/plasma of selective biomarkers in disease
models and upon treatment with various therapeutics. The widely used experimental
autoimmune encephalomyelitis (EAE) mice should be used in parallel with additional
models, including the model of MS where oligodendrocyte death results in immune-
mediated CNS demyelination [31]. In addition, the Non-Obese Diabetic (NOD)-EAE model
could also be useful since this model mimics RR-MS becoming Secondary Progressive
(SP)-MS [32].

Synapses are believed to be an early target of MS disease, driving processes that lead
to permanent neuronal loss [33–42]. Such an insidious foe for the synapses and neurons
at the beginning of disease requires insight and targeted therapeutics. The United States
Food and Drug Administration (FDA) has approved drugs that regulate immune-mediated
inflammation. However, subclinical synaptic alterations are largely unmodified by current
approaches, and a set of biomarkers could be used to characterize early vs. late neurode-
generation. Understanding where a patient is along the subclinical neurodegeneration
pathway could be a critical tool for guiding drug enrollment in clinical studies (Figure 1).
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Figure 1. Biomarkers during Subclinical Cognitive Decline. During the subclinical cognitive decline
preceding progressive multiple sclerosis, the patients are in early or late subclinical decline, i.e., far
from, or closer to, developing progressive multiple sclerosis. A set of distinct biomarkers at these two-
time points can provide insight into both diagnosis and treatment. The red dots represent synaptic
dysfunction and neurodegeneration, whereas the panels with biomarkers indicate representative
differences in biomarkers and distinctive signatures.

It is crucial to determine normal and pathological values of biomarkers (Figure 2)
along with their specific fold-increase over longitudinal patient analysis [13,27,43]. Kap-
pos et al. [44] have proposed using a roving reference value in prospective studies rather than
a fixed value. Further, the distinction between biomarker expression during disease activity
and progression must be understood in the context of underlying events, such as increased
protein turnover vs. increased protein levels due, for example, to cytoskeletal disruption.

 

Figure 2. Biomarkers in Multiple Sclerosis. Biomarkers of neurodegeneration and inflammation
are indicated. Neurodegeneration biomarkers include Neurofilament, Tau and phosphotau pro-
tein, amyloid-peptide-β, Brl2 and Brl2-23, N-Acetylaspartate, and 14-3-3 family proteins, whereas
Osteopontin is an inflammation biomarker.
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2. Neurofilaments

Neurofilaments (NFs) are proteins of the axonal cytoskeleton that are critical for
intracellular transport and the health of the axons [45–47]. Neurofilaments consist of
NF-light (L), -middle (M), and heavy (H) chains [48,49]. NF-L is a soluble and abundant
component of neuronal axons.

NF-L is the most abundant and soluble, whereas NF-H is the largest [13]. Both NF-
H and NF-M regulate axonal diameter based on their phosphorylation levels. Highly
phosphorylated NF-H is believed to indicate an axonal injury and may also increase during
the progression of neurological diseases [50,51]. Healthy individuals have low levels of
NF-L in the blood, whereas high levels of NF-L are detected in degenerative diseases,
including Amyotrophic lateral sclerosis (ALS), MS, and Alzheimer’s disease (AD) [52–54].

NF-L levels correlate with axonal damage and with cognitive performance [55,56].
Studies on NF-L in AD could offer insight into approaches to neurodegeneration in MS
because elevated NF-L levels in CSF and plasma indicate a neuronal injury and appear
to be promising markers of AD severity and progression [57,58]. Of note, NF-L levels
are increased in pre-symptomatic and early symptomatic stages of AD and correlate with
cognitive decline, progression of brain atrophy, and decreased survival. Furthermore, the
use of ultrasensitive biomarker assays such as SIMOA has allowed the quantitation of low
NF-L levels in blood samples. Plasma or serum NF-L levels differentiate pre-symptomatic
and early symptomatic AD from controls in studies of familial and sporadic AD, accurately
predicting rates of disease progression over time [46,59].

NF-L increases during the acute phase of MS and high N-FL levels correlate with
disease progression and/or conversion of RR-MS to SP-MS [60–66]. In contrast, the con-
centration of NF-L did not correlate with gender, age, or disease duration [13,67]. Blood
NF-L levels are associated with clinical and MRI-related measures of disease activity and
neuroaxonal damage and have prognostic value. Work by Kuhle et al. [68] supports the
utility of blood NF-L as an easily accessible biomarker of disease evolution and treatment
response. Of interest, the CSF NF-L chain predicts 10-year clinical and radiologic worsening
in multiple sclerosis [69,70]. Lycke et al. [70] also showed that the CSF NF-L protein is a po-
tential marker of activity in multiple sclerosis. Immunosuppressive therapy reduces axonal
damage, and NF-L levels in CSF are a potential marker for treatment efficacy [68,71]. Fur-
ther, diffusely abnormal white matter in clinically isolated syndrome, a first clinical episode
compatible with MS, is associated with parenchymal loss and elevated neurofilament lev-
els [72], and NF-L levels are associated with chronic white matter inflammation [73]. Recent
important work has shown that antibodies to NF-L are potential MS biomarkers [74], and
new MRI activity and NF-L levels effectively monitor MS patients [75]. In summary, NF-L
is recognized as having an important value in both research and clinical trial settings [76].
Barro et al. [53] showed that CFLs predict disease worsening and brain and spinal cord
atrophy in MS. Further, NF-L in CSF and serum is a sensitive marker for axonal white
matter injury [77]. Bridel et al. [78] showed that NF-L is associated with progression in
Natalizumab-treated patients with RR-MS, whereas Kuhle et al. [79] showed a reduction in
sNF-L following early alemtuzumab treatment in RR-MS patients. Cantó et al. [80] showed
an association between sNF levels and long-term disease course, and Kuhle et al. [81]
demonstrated a correlation between high NF-L levels and long-term outcomes. Additional
work is required to investigate whether selected drugs aimed at neuroprotection decrease
NF-L levels in MS patients. Table 1 summarizes neurofilament detection in various types
of human samples using a variety of assays, including ELISA, ECL, and SIMOA.
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Table 1. Neurofilament light is detected in various types of MS patient samples. Neurofilament light
is detected in various types of human samples. The detection methods use a variety of assays as
indicated, including ELISA, ECL, and SIMOA [65,68,82–113].

Sample Detection References

Serum ELISA [65]
ECL [82,83]

SIMOA [84–86]
Blood SIMOA [68]

CSF ELISA [87–103]

Plasma SIMOA [104]
Serum + CSF ELISA [105,106]

ECL [107]
SIMOA [108–113]

3. Total and Phosphorylated Tau

Tau protein is important for the cytoskeleton of both neurons and oligodendro-
cytes [114–117]. Neurons and oligodendrocytes depend on efficient intracellular transport
to accomplish tasks such as synaptic transmission and myelination, which are both essen-
tial for CNS health. Abnormally phosphorylated (P-)tau, a hallmark of CNS degenerative
diseases, was found in chronic EAE and progressive MS [118,119].

Abnormally phosphorylated P-tau in neurons and/or oligodendrocytes causes cells to
deteriorate, which would enhance disease progression [115–117,120,121]. Histological stud-
ies have clearly shown increased levels of P-tau in progressive MS [117–119]. Surprisingly,
studies on total tau and P-tau as MS biomarkers have yielded contradictory data, perhaps
due to a high sensitivity to tau protein degradation during improper samplings [13]. Indeed,
some studies have reported higher levels of tau/P-tau in MS than in controls; however,
others could not confirm this finding. Similar contradictions were reported regarding the
correlation between a disability, inflammation, and age or MS disease duration [13,122].
Prednisolone effectively reduces plasma tau and P-tau in EAE rats [123]. Of interest, Ro-
jas et al. [124] showed that CSF NF-L and tau phosphorylated at threonine 181 (P-tau181)
predict disease progression in Progressive Supranuclear Palsy. It is imperative to investigate
whether drugs aimed at neuroprotection in MS decrease NF-L levels in association with
decreased tau phosphorylated at a specific site. Because cerebrospinal Tau levels predict
early disability in MS [21], NF-L and tau have been proposed as biomarkers to monitor
prognosis and treatment response, distinguishing different MS subtypes [125].

4. Amyloid-Peptide-β, Bri2, and Bri2-23

Amyloid precursor protein (APP) functions as cargo transported by fast anterograde
axonal transport, whereas APP builds up in the cell body during diseases of axons [43].
APP, an integral membrane protein, is cleaved by the integral membrane aspartyl pro-
tease BACE1 (β-site APP-cleaving enzyme 1) into three fragments (α-sAPP, β-sAPP, and
Aβ42) [13]. CSF levels of these fragments were lower in MS patients than in controls. Inter-
estingly, the Bri2 and Bri2-23 molecules interact with APP and regulate amyloid-peptide-β
(Aβ)42 cleavage and aggregation in vivo. Bri2 is a transmembrane protein and Bri2-23 is
a peptide cleaved from Bri2. Because Bri2-23 levels have been suggested as a potential
biomarker for cognitive deficit in progressive MS, studies should assess the effect of drugs
aimed at neuroprotection on APP-derived proteins and on Bri2 and Bri2-23. Finally, Aβ42
does not correlate with age or disease duration [13,126,127].

The extent of APP expression appears to correlate with histopathological lesions,
suggesting that APP detection is a sensitive marker for MS disease progression [126,128].
Insight from studies in AD could help to better tackle the challenges of MS biomarkers.
High levels of CSF tau and/or P-tau181, and low levels of CSF Aβ42, are detected in the
pre-symptomatic stages of AD disease [129]. Importantly, the ratio of CSF tau/Aβ42 or
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CSF P-tau181/Aβ42 indicates the progression of AD pathology, which could also predict
cognitive impairment in cognitively normal individuals [130–132]. The utility of the ratio
of CSF levels Aβ42/Aβ40 or Aβ42/Aβ38 provides a better diagnostic value than the total
levels of CSF Aβ42 [131]. Tau phosphorylation at selective sites, in particular, levels of
CSF P-tau231 (threonine 231) and P-tau181, but not CSF P-tau199 (serine tau 199), differ-
entiate AD from non-AD dementias [131]. CSF P-tau231 aids in differentiating AD from
frontotemporal dementia and CSF P-tau181 differentiates AD from Lewy body dementia
(LBD) [131]. In addition, the levels of CSF P-tau217 (threonine tau 217) increase in AD and
provide a better diagnostic performance in differentiating AD from non-AD dementias
than CSF P-tau181 [133]. The levels of CSF P-tau217 had a stronger correlation with CSF
and positron emission tomography (PET) measures of cortical amyloid deposition than did
CSF P-tau181 [131].

Levels of the blood-based biomarker, plasma P-tau181, increase early in AD, differen-
tiating AD from cognitively normal controls and other dementias [131]. Plasma P-tau181
levels also increase with AD disease progression over time and predict progression to
AD dementia in individuals with mild cognitive impairment (MCI). Plasma P-tau217 has
received attention as a blood-based biomarker for AD [134].

In contrast to AD, MS affects the entire CNS, without predictable insight into which
region of the CNS will be affected in each MS patient. Thus, a form of tau phosphorylated
at a specific site might not be found.

Novel assays, using immunoprecipitation coupled with mass spectrometry or SIMOA,
allow the measurement of plasma Aβ with high precision and demonstrate the ability of
plasma Aβ40/Aβ42 levels to accurately predict amyloid-positive PET scans in cognitively
normal or impaired individuals. The SIMOA platform has also been used successfully for
plasma P-tau181 measurements, demonstrating the ability of plasma P-tau181 to accurately
predict increased brain amyloid and tau on PET scans [30]. For subclinical neurodegenera-
tion in MS, ideally, biomarkers would also need to correlate with changes at the CNS level,
indicating neurodegenerative events.

5. N-Acetylaspartate

N-Acetylaspartate (NAA) is an abundant amino acid (AA) synthesized in neurons [13,135].
Several functions for this AA have been postulated, including working as an osmolyte
important for the removal of water from neurons. Acetate is also important for myelin
synthesis and is a mitochondrial energy source. Acetate is a precursor for N-acetyl aspartyl
glutamate and a ligand for glutamate receptors [13]. Reduced acetate levels have been
found in MS lesions. Of interest, glatiramer acetate, widely used to treat MS, increases
NAA levels in MS lesions [136]. CSF NAA levels decrease during axonal degeneration and
disease progression [13,135–137]. In addition, Narayanan et al. [137] showed that NAA
increases in interferon (IFN) treated vs. untreated groups, suggesting that IFN reverses,
in part, axonal injury during MS. It is imperative to investigate whether drugs aimed at
neuroprotection increase NAA. Of interest, NAA is a marker of disability in secondary
progressive MS as shown in a proton MR spectroscopic imaging study [138].

6. 14-3-3 Family Proteins

14-3-3 family proteins are highly concentrated in the brain and are expressed in the
cytoplasmic and nuclear regions of neurons and glia [13]. These proteins regulate a variety
of intracellular processes by interacting with hundreds of target proteins. 14-3-3 proteins
are also molecular chaperones with anti-apoptotic effects. The presence of 14-3-3 protein
in the CSF establishes Creutzfeldt-Jakob disease, but 14-3-3 protein is also detected in the
CSF during other prion-unrelated conditions associated with CNS tissue damage. In MS,
CSF, 14-3-3 protein levels correlate with a higher relapse rate and more severe disability,
predicting permanent neurological disability after an acute episode [13,139–142]. No study
to date has studied how neuroprotective drugs regulate 14-3-3 protein levels.
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7. Additional Biomarkers of Neurodegeneration

Contactin-1 and contactin-2 in cerebrospinal fluid are potential biomarkers for axonal
dysfunction in MS [143,144]. Contactin 1, a cell adhesion molecule, is a glycosylphosphatidy
linositol-anchored neuronal membrane protein [145], and Contactin-2 is a cell adhesion
molecule critical for neuronal patterning and ion channel clustering [146]. Recent evidence
has shown the importance of MiR-142-3p for synaptopathy-driven disease progression in
MS [147]. Previous studies have also shown glial activation markers in CSF and serum from
patients with PP-MS. The authors suggested that serum glial fibrillary acidic protein (GFAP)
is a potential marker for disease severity progression [148,149]. Further, monitoring reactive
chemical species, oxidative enzymes, antioxidative enzymes, and degradation products
might identify the redox status of MS patients [150], and thiol homeostasis may be useful
to monitor disease activity [151]. The role of low levels of vitamin D in MS progression
is an area of intense research, thus, serum levels of 25-hydroxyvitamin D should also be
monitored during MS disease [152].

8. Osteopontin

Osteopontin (OPN) is an extracellular matrix glycol-phosphoprotein with a role in
autoimmune-mediated demyelinating diseases during multiple sclerosis. OPN regulates
inflammatory and regenerative processes during various diseases of the nervous system.
OPN concentrations are increased in CSF during active multiple sclerosis [153,154].

9. Future Directions

The perspective of serum-based biomarkers described in this review must be combined
with additional diagnostics. Work by LoPresti [33,155] indicated that an early defect at
the level of HDAC6 is present in an animal model of MS. Serum-biomarkers should be
added to in vivo HDAC6 changes. HDAC6 human brain mapping with [18F] Bavarostat as
a radiotracer has been proposed [156] and could be added to serum-based biomarkers to
define MS types based on neurodegeneration, subgrouping MS into those patients with
early or late neurodegeneration.

This review offers a new approach to elucidate a set of neurodegeneration biomarkers
at two distinct time points. The aim is to identify distinct biomarker signatures in early and
late subclinical cognitive decline. Newly identified biomarkers could identify the transition
between early and late subclinical cognitive decline. For example, recent evidence pointed
to GFAP as an important biomarker for progressive MS [148,149], as increased GFAP levels
could help to delineate the transition into the late phase of subclinical cognitive decline,
preceding progressive MS. Another approach could be the analysis of non-coding RNAs
(ncRNAs). Joilin et al. [157] identified a potential ncRNA biomarker signature for ALS. In
MS, a potential area of interest could include ncRNAs that distinguish disease activity from
cytoskeletal disruption.

The biggest challenges in MS are two-fold; first, immune-inflammatory alterations
during the disease are specific to each patient. Second, any area of the CNS can be a target
of the disease. Therefore, by extending the concept of personalized medicine, we propose
that the biomarker signature must be personalized for each patient. For example, standard
assays should establish the baseline signature of selective biomarkers for each patient, and
the evolution of such signature over time would be monitored. The signature shift could
indicate progression along with subclinical cognitive decline, bringing that specific patient
closer to developing progressive MS.

10. Summary

Focusing on neurons in MS patients, synaptic dysfunction and neurodegeneration
should be measured so therapeutics can be planned to target each of these problems. Since
tau protein is present at the synapses, a specific change in tau posttranslational modification
might reveal a synaptic dysfunction, whereas large amounts of tau could indicate tau release
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due to neurodegeneration. Initial studies in mouse models of MS will highlight the relative
importance of a set of serum-based biomarkers that characterizes synaptic dysfunction and
neurodegeneration at early, mid, and late stages. In human samples, we expect distinct
biomarker profiles to be identified in apparently similar types of MS. In particular, analysis
of the blood of MS patients will show that each patient has a unique pattern, irrespective of
their apparent clinical type, providing an educated rationale for intervention with selective
therapeutics to modify the synaptic or neurodegeneration component. As the ability to
distinguish synaptic dysfunction and neurodegeneration is established in each patient, a
new understanding of the disease and therapeutic horizons can be envisioned.

11. Outstanding Questions

a. Would a new classification of MS types have to include silent progression?
b. Within clinically similar MS types, could we identify separate entities based on

biomarkers of synaptic dysfunction and neurodegeneration?
c. Can a biomarker-based diagnostic test determine 1. The rate of subclinical memory

decline, and 2. The time before the transition from subclinical to clinically apparent
neurodegeneration?
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