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Alzheimer’s disease (AD) is a fatal dementing neurodegenerative disease, currently
lacking an efficacious disease-modifying therapy. In the last years, there has been
some interest in the use of homotaurine as a potential therapeutic compound for AD,
but more work is still needed to prove its efficacy as disease modifier in dementia.
Since inflammation is believed to play a key role in AD development, we sought to
investigate here the in vivo homotaurine effect on inflammatory response in patients at
the earliest stages of AD, i.e., suffering from amnestic mild cognitive impairment (@MCI).
Thus, the present study aims to evaluate the effects of homotaurine supplementation on
cytokine serum levels and memory performances in MCI patients. Neuropsychological,
clinical and cytokine assessment was performed at baseline (TO) and after 1 year (T12)
of homotaurine supplementation in 20 patients categorized as carriers (1 = 9) or no
carriers (n = 11) of the ¢4 allele of the apolipoprotein E (APOE) gene, the strongest
genetic risk factor for AD. The serum levels of the pro-inflammatory mediators Interleukin
(IL) 1B, Tumor necrosis factor-alpha (TNFa), IL-6 and IL-18, contextually with the
anti-inflammatory molecules IL-18 binding protein (IL-18BP) and Transforming growth
factor-beta (TGFB), were analyzed to explore significant differences in the inflammatory
status between TO and T12 in the two APOE variant carrier groups. No significant
differences over time were observed in patients as for most cytokines, except for IL-18.
Following homotaurine supplementation, patients carrying the APOEe4 allele showed
a significant decrease in IL-18 (both in its total and IL-18BP unbound forms), in turn
associated with improved short-term episodic memory performance as measured by the
recency effect of the Rey 15-word list learning test immediate recall. Thus, homotaurine
supplementation in individuals with aMCI may have a positive consequence on episodic
memory loss due, at least in part, to homotaurine anti-inflammatory effects. This study
strongly suggests that future research should focus on exploring the mechanisms by
which homotaurine controls brain inflammation during AD progression.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by progressive deterioration in cognition,
functional ability and behavior, but its underlying causes are to
date unclear and a disease-modifying cure is still unavailable.
Dysfunction in the clearance of Amyloid p-protein (Af) and
neuroinflammation are two functionally linked pathological
aspects of key importance in the development and progression
of the disease (Heppner et al., 2015).

Homotaurine is an aminosulfonate compound naturally
found in red algae, which has been demonstrated to have
neuroprotective effects in rats systemically administered with
kainic acid (Fariello et al., 1982) or following ischemic stroke
(Wu et al,, 2014). As a possible therapeutic agent for AD
treatment, homotaurine reduces AP levels in CSF of patients
with mild to-moderate disease (Aisen et al., 2006), slows brain
atrophy (Gauthier et al, 2009) and exerts positive effect on
cognitive impairment (Saumier et al., 2009). In a phase III AD
clinical trial, homotaurine does not satisfy pre-fixed primary
outcomes failing to demonstrate changes in cognitive function
compared to placebo, but this result is possibly confounded
by high statistical variability of data and is paralleled by
post hoc analyses in a subgroup of patients, revealing some
protective effects on hippocampal volume loss (Aisen et al.,
2011). Thus, although safe and well tolerated, homotaurine
is not authorized as a new AD drug, but it is currently
used as a nutraceutical for memory protection and its use
in treatment of cognitive decline symptoms is still considered
promising. According with its potential favorable effects, we
recently demonstrated that homotaurine supplementation has a
positive consequence on hippocampus atrophy and short-term
episodic memory loss in individuals at the earliest clinical
state of AD, namely subjects suffering from amnestic mild
cognitive impairment (aMCI; Spalletta et al., 2016). Regardless
the favorable disease-modifying activities of homotaurine, its
therapeutic efficacy and mechanism of action have yet to be fully
elucidated.

Intriguingly, the protective activity of homotaurine appears to
be especially evident in AD patients carrying the apolipoprotein
E (APOE) ¢4 alleles (Caltagirone et al, 2012), suggesting
that its effects might be influenced by APOE &4 genotype,
the most powerful genetic risk factor of AD. Since APOE
proteins appear to modulate AB clearance (Kim et al., 2009)
and from in vitro and preclinical studies homotaurine reduces
soluble levels of AP, inhibits its aggregation and decreases
its toxic effects on neurons (Gervais et al., 2007), it is
tempting to speculate that homotaurine may act, at least
in part, in an APOE-dependent way. Furthermore, since AP
clearance defect might also be both cause and consequence of
the chronically activated neuroinflammatory pathways, which
in turn concur to cause neuronal death, we addressed this
study to evaluate the ability of homotaurine supplementation
in modulating the inflammatory response in treated aMCI
patients. In fact, several studies indicate that cerebral AP
deposits elicit a chronic, disseminated inflammatory response
producing neurodegeneration in AD (Akiyama et al., 2000)

and, more recently, a skewed immune response both in brain
and periphery has been blamed for a defective AP clearance
leading to AD development (Heneka et al, 2015; Marsh
et al.,, 2016; Ransohoff, 2016). In this regard, accumulation of
reactive (and possibly functionally flawed) microglia in damaged
brain regions and increased cerebral/peripheral expression of
pro-inflammatory cytokines have been broadly described in AD
patients. Of note, in response to a peripheral inflammatory
stimulus, pro-inflammatory cytokine production is higher with
APOE ¢4 genotype, compared to the other APOE allele, and
recent observations suggest a role for APOE in modulating
AB-induced neuroinflammation (Tai et al., 2015), supporting the
relevance of APOE genotype-specific homotaurine therapeutic
potential.

By a mechanistic point of view, Af may trigger an innate
response through the activation of NALP3 inflammasome
(Halle et al., 2008), a multi-protein innate immune pathogen-
sensing complex, which is essential for the release of specific
inflammatory mediators, determining the cytokine milieu in
the brain. Indeed, the two inflammasome-dependent molecules
Interleukin (IL)-1f and IL-18 have been shown to be crucial
regulators in AD pathology (Shaftel et al., 2008; Bossu et al,
2010). These two cytokines may exert their inflammatory
action at both brain and peripheral level. While circulating
IL-1B is generally low in normal conditions, with serum
concentration often below level of detection and very small
visible effects in the periphery, serum IL-18 is constitutively
present in high amounts but is regulated by a highly
specific natural inhibitor, named IL-18 binding protein (IL-
18BP).

Therefore, with the aim to evaluate the potential
immunomodulating effects of homotaurine in the serum of
APOE genotyped aMCI patients, in this study we measured
a panel of pro- and anti-inflammatory cytokines, including
other than IL-1B, Tumor necrosis factor-alpha (TNFa), IL-6
and Transforming growth factor-beta (TGFf), also IL-18BP and
IL-18. The latter was evaluated in both its forms, i.e., the total
form, including the cytokine bound and unbound to its inhibitor,
and the free, unbound and biologically active form. Because of
previous evidence that the compound is effective on patients
carrying the APOEe4 allele, we hypothesized that homotaurine
has an effect on memory deficit and immunomodulation in this
subgroup only.

MATERIALS AND METHODS

Subjects

Twenty subjects with aMCI were included in this study.
Only patients without significant clinical factors that promote
inflammation were selected. Particular attention was given
to exclude patients suffering from those diseases that are
known to be associated with altered cytokine production that
may be common in elderly people, such as autoimmune
diseases (e.g., Crohn’s disease, rheumatoid arthritis, systemic
lupus erythematosus), infections and cancer. Nine of the
20 aMCI patients were carriers of the APOEe4 allele (including
eight patients with e3/e4 and only one with e4/e4 APOE
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genotype) and 11 were no carriers (including 10 patients with
€3/e3 and 1 with €2/e3 APOE genotype).

A trained senior research psychiatrist (GS) made the
diagnosis of aMCI and two trained post-doc neuropsychologists
made the cognitive assessment. All the clinical evaluation
and blood sampling were performed at the baseline and
after 12 months of supplementation with homotaurine.
Medical and psychiatric histories were obtained from each
subject, and they all underwent a series of standard clinical
examinations, including physical, neurological and mental
status examinations, neurocognitive tests, and brain magnetic
resonance imaging. No patient had taken antidementia
drugs lifetime, or psychotropic drugs (i.e., antidepressants,
benzodiazepines and antipsychotics) in the previous
12 months.

Inclusion criteria for aMCI were: (1) diagnostic evidence
of amnestic MCI consistent with Petersen guidelines (Petersen
et al., 1997) and (2) a Mini Mental State Examination (MMSE)
score >23. In particular, for the diagnosis of aMCI was required
impaired performance on at least one memory test in association
or not with impaired performance in at least one additional
cognitive domain (i.e., praxis, attention, language and executive
functions) in the absence of functional impairment. Exclusion
criteria were: (1) major medical illnesses and autoimmune-
inflammatory diseases; (2) co morbidity of primary psychiatric
or neurological disorders and any other significant mental or
neurological disorder; (3) clinically important infection within
the last 30 days (e.g., chronic persistent or acute infection,
such as bronchitis or urinary tract infection); (4) implant of
carotid or coronary stent or other major surgical interventions;
(5) use of anti-inflammatory drugs within the last 60 days
(e.g., corticosteroids or nonsteroidal anti-inflammatory drugs).
(6) MRI evidence of focal parenchymal abnormalities or
neoplasm. The included aMCI patients underwent the first
diagnostic assessment for memory problems in the Santa
Lucia Foundation outpatient memory clinic in Rome and
were treated with homotaurine tablets, 50 mg, QD for
2 weeks and BID for the next year. Informed written
consent was obtained from all subjects or, when necessary,
from their proxies in accordance with the Declaration of
Helsinki. The protocol was approved by the “Fondazione
Santa Lucia Ethics committee.” Demographic and clinical
characteristics of subjects included in the study are summarized
in Table 1.

Neuropsychological and Functional

Assessment

The MMSE was administered to obtain a global index
of cognitive impairment at the baseline and the Mental
Deterioration Battery (MDB; Carlesimo et al., 1996) to measure
performance in specific cognitive domains at baseline and the
1-year follow-up. In particular, the MDB was administered to
make a comprehensive cognitive examination at the diagnostic
level.

In order to measure episodic memory performance, Rey’s
15-word list learning test (RLT) was administered. In this task
participants are given a list of 15 unrelated words that are
repeated in five different trials and asked to recall them in any
order immediately afterwards (immediate recall (I-RLT); score
range: 0-75). After a 15-min interval, during which non-verbal
tasks are given, the patient is asked to recall, without list
repetition, as many words as possible in any order (delayed
recall (D-RLT); score range: 0-15). The task allows characterizing
patterns of performance relative to the position of the items in
the word list, because recall accuracy varies as a function of the
item’s position in the study list, i.e., it is greater for words at
the beginning (primacy effect) and the end (recency effect) of
the list compared to the mid-list (intermediate) items (Murdock,
1962). Special scoring of word-list recall data for serial position
has been suggested to improve discrimination of normal aging
from dementia. Specifically, the number of correctly recalled
words in the early list positions (from word 1 to word 5), the
intermediate list positions (from word 6 to word 9), and the
number of correctly recalled recency items (from word 10 to
word 15) was calculated. The latter effect is the most efficient
measure of the short-term component of episodic memory as
recency items are stored in a short-term phonological buffer and
probably still present in working memory when recall is solicited
(Vallar and Papagno, 1986).

Functional impairment evaluated by assessing
instrumental activities of daily living (IADL; Lawton and
Brody, 1969). The IADL include abilities that allow a person
to live independently (e.g., food preparation, housekeeping
and laundry, managing financial matters, shopping and using
a telephone). When the ability is fully or at least partially
preserved a score of 1 is assigned; when the ability has been lost
a score of 0 is assigned. Thus, a total score ranging from 0 (total
dependance) to 8 (5 for men) for IADL (total independance) is
obtained.

was

TABLE 1 | Sociodemographic and clinical characteristics at the baseline in amnestic mild cognitive impairment (aMClI) patients treated with homotaurine carriers and no

carriers of the apolipoprotein E (APOE) ¢4 allele.

Individuals
NO 4

Characteristics n =11; Mean = SD n =9; Mean = SD T or chi-square df p
Age 71.14 £ 6.01 73.36 £ 7.46 —-0.926 31 0.362
Educational level 9.77 £3.70 11.64 £ 4.30 —1.293 31 0.206
Gender male (n, %) 6 (55%) 5 (55%) 0 1 >0.999
MMSE score (baseline) 26.95 + 2.08 26.82 + 2.04 0.179 31 0.859
MMSE score (follow-up) 26.36 + 2.4 25.98 +2.43 1.567 31 0.1279
IADL 6.82 +1.68 7.54 +1.92 —-1.119 31 0.272

SD, standard deviation; MMSE, Mini-Mental State Examination; IADL, instrumental activities of daily living.
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Blood, APOE Genotyping and Cytokine

Measurement

Blood from included aMCI subjects, who had been fasting
for approximately 10 h, was drawn in the morning, both at
the baseline (T0) and at 1-year follow-up from homotaurine
supplementation (T12).

Genomic DNA was purified from whole blood drawn
at baseline and the APOE genotyping assessed by real-time
polymerase chain reaction (PCR) using the LightCycler ApoE
Mutation Detection Kit (Roche Diagnostics).

Serum samples were obtained at both TO and T12 time
points by centrifugation of clotted blood and aliquots were
stored at —80°C until cytokine assays. All serum cytokines
were measured by commercially available enzyme-linked
immunosorbent assay (ELISA), in accordance with the
manufacturer’s instructions. Specifically, IL-18, TNFo and
IL-6 were evaluated by high sensitivity ELISA kits named
Human Quantikine HS (R&D Systems, Minneapolis, MN,
USA), with detection limits equivalent to 0.125, 0.5 and
0.156 pg/ml, respectively. TGFB was measured by Human
TGFP1 cytoset kit (Invitrogen) and the detection limit of the
assay was 31 pg/ml. IL-18 levels, corresponding to the total
amount of the cytokine, i.e., both its forms: bound and not
bound to its natural inhibitor IL-18BP, were determined using

coating antibody (clone 125-2H), detecting antibody (clone
159-12B) and standard human recombinant IL-18 (MBL,
Nagoya, Japan). IL-18BP levels were measured by an ELISA
kit specifically recognizing IL-18BPa, the prevalent isoform in
humans (R&D Systems, Minneapolis, MN, USA). Detection
limit for both IL-18 and IL-18BP assays was 12.5 pg/mL.
Concentrations of free IL-18, namely bioactive IL-18 unbound
to its inhibitor, resulted from calculation based on the law
of mass action, considering 1:1 stoichiometry in the complex
of IL-18 and IL-18BP and a dissociation constant (Kd) of
0.4 nM, as elsewhere reported in more detail (Migliorini et al,,
2010).

Statistical Analysis

StatView (SAS, San Francisco, CA, USA) and GraphPad (Prism
Version 4, San Diego, CA, USA) software were used for
statistical analyses. Because the data do not follow normal
distribution (as showed in Figure 1), non-parametric statistical
tests were used. In particular, the differences between continuous
variables at baseline and after 12 months of homotaurine
supplementation were evaluated using Wilcoxon Signed Ranks
test. Kendall Rank Correlation assessed relationship between
IL-18 values and memory (i.e,, I-RLT primacy and recency
effects) performances. P-values less than 0.05 were considered
statistically significant.
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FIGURE 1 | Cytokine serum levels. The concentration of serum cytokines in amnestic mild cognitive impairment (@MCI) subjects genotyped as apolipoprotein E
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SD, standard deviation; I-RWLLT, Rey 15-word list learning test immediate recall.

RESULTS

Reduced Serum IL-18 Levels After
Homotaurine Supplementation in MCI
Patients Carrying the APOE ¢4 Allele

The cytokine serum levels of aMCI subjects, as evaluated
at the baseline and after 12 months from homotaurine
supplementation, are illustrated in Figure 1. Given the potential
impact of ApoE genotype on inflammatory status, patients were
categorized as APOE &4 carriers (n = 9) and no APOE &4 carriers
(n =11) and cytokine levels were evaluated accordingly, both at
baseline and 1-year follow-up.

Regardless of some apparent fluctuations, especially about
IL-6, there were not significant changes between baseline and
follow-up levels regarding IL-6, TNFa and TGEFf, both in
¢4 carriers and no carriers patients (Figure 1 upper panels).

Notably, among all cytokines tested, only IL-18 levels resulted
significantly different between before and after homotaurine
supplementation. In fact, aMCI patients carrying the APOE
e4 genotype showed reduced levels of both total and free
(biologically active) IL-18 after 12 months of homotaurine
supplementation, as compared to baseline (Figure 1, lower left
and lower central panels, respectively). This decrease was not
paralleled by changes in the IL-18BP levels. At variance, patients
not carrying the APOE ¢4 allele exhibited a slight increase of
the IL-18 inhibitor following the homotaurine supplementation
(Figure 1, lower right panel), with values approaching the
statistical significance.

The levels of IL-1B were always below the sensitivity of our
assay and therefore undetectable in all patients (not shown).

Correlation Between Serum IL-18 Levels
and Memory Performance Scores
(Recency Effect) in MCI Patients

Values of Primacy and recency effects of the I-RLT are reported
in Table 2. Delta scores (considered as follow-up values minus
baseline values) were calculated for the primacy and recency
effects of the I-RLT and for the IL-18 cytokine. The Kendall
Rank correlation analysis indicated a significant relationship
(Tau = —0.395; Tied Z-value = —2.507; p = 0.012) between
delta values of total IL-18 levels and recency effect score. In
addition, results approached the significance (Tau = —0.300;
Tied Z-value —1.915; p = 0.055) for relationship between
delta values of free IL-18 levels and recency effect score. In
both cases, decreased cytokine level over the supplementation
therapy was correlated with increased memory performance
(Figure 2).

DISCUSSION

The main outcome of this study reveals that in aMCI patients,
who carry the APOE ¢4 allele, a 12-month supplementation
with homotaurine is specifically associated with a decrease
in the serum levels of the pro-inflammatory cytokine IL-18,
in turn related to improved episodic memory performances.
This finding corroborates previous data showing that the
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AP aggregation-preventing compound homotaurine exerts
protective effects on AD in conditions of APOE €4 genotype
(Caltagirone et al., 2012) and in the early stages of the disease, as
holding a positive effect on hippocampus atrophy and short-term
episodic memory loss in amnestic MCI patients (Spalletta et al.,
2016). Of importance, the present work offers novel evidence on
homotaurine anti-inflammatory potential in the very precocious
clinical phases of aMCL

Indeed, neuroinflammation is involved early in the
pathogenesis of AD neurodegeneration by taking part in a
vicious cycle of AB deposition, neuronal death and cognitive
decline (Eikelenboom et al., 2010; Heppner et al., 2015).
Pro-inflammatory cytokines, including those released into
the brain as well as in the periphery, like IL-18, are able to
modulate the activation of resident microglia and participate
in neuronal degeneration through different mechanisms. An
increase in circulating pro-inflammatory factors, including
IL-18, has been often observed in patients, as compared
to healthy controls (Yaffe et al., 2003; Oztiirk et al., 2007;
Swardfager et al., 2010; Trollor et al., 2010; Brosseron et al., 2014;
Saleem et al., 2015). However, several reports have described
controversial results on cytokine blood levels in AD or MCI,
mainly because of high inter-individual variability, clinical
confounders and differences in assay procedures. Thus, if
on the one hand, these observations confirm the potential of
circulating inflammatory mediators as index of disease, on the
other hand they encourage performing further longitudinal
studies that may clarify the issue. In fact, despite the fact we
did not observe any difference of serum cytokine levels between
baseline and 12 months supplementation with homotaurine
in our whole group of aMCI, we found the intriguing result
when we split the group based on APOE genotype, according
with our hypothesis. Such result confirms the need to limit
heterogeneity among patients to identify potential cytokine
markers of disease.

Noteworthy, the only over time change in aMCI subgroups
is IL-18, making this cytokine an inflammatory mediator
of special interest not only in association with homotaurine
supplementation but, possibly, in the overall MCI context.
In addition, since IL-18 herein exemplifies an inflammasome-
dependent cytokine (unfortunately serum levels of IL-1f
were undetectable), our results suggest that the activation
of the inflammasome complex may play an important role
in homotaurine action and conceivably in neurodegenerative

dementia progression, as indeed recently reported (Saresella
etal., 2016).

Furthermore, the observed homotaurine supplementation-
dependent reduction of IL-18 concerned the two circulating
forms of IL-18: both total and free, IL-18BP-unbound cytokine,
with no effects on the inhibitory molecule IL-18BP. Differently,
a trend towards IL-18BP increase was observed in treated MCI
not carrying the APOE e4 allele, suggesting that homotaurine
plays a different regulation of IL-18, depending on the
APOE genotype. The latter is a quite intriguing result, which
strongly encourage driving additional research efforts to the
comprehension of the interconnected molecular pathways
linking APOE and neuroinflammation to the increased risk
to develop AD, as well as to the potential effects played by
homotaurine in this context. In fact, as previously reported,
ApoE isoforms affect inflammatory processes (Vitek et al,
2009), with APOE e4 carriers having lower brain levels
of ApoE protein, enhanced neuroinflammation, and greater
accumulation of AP. Hence, the AD-linked inflammatory
events may be influenced by the function of ApoE proteins,
giving rise to an interesting interpretation that Ap-dependent
inflammation may participate in neurodegenerative processes
involving ApoE-mediated mechanisms (Tai et al, 2015). In
particular, since AP-dependent triggering of inflammation
involves the activation of both the transcription factor Nuclear
Factor kappa B (NF-kB) and NLRP3 inflammasome (Halle
et al., 2008; Vallabhapurapu and Karin, 2009), which together
lead to IL-18 production, it is possible that homotaurine, by
lowering AP levels can also negatively modulate AB-dependent
NF-kB signaling, inflammasome activation and, eventually, IL-18
release.

The second achievement of this study points to an association
between the homotaurine-dependent decrease of serum
IL-18 and the improvement of short-term episodic memory
performances. Although it remains unclear whether IL-18 plays
a role (either primary or secondary) in neurodegeneration-
associated cognitive decline, the observed decrease of serum
IL-18 after homotaurine supplementation and its significant
correlation with clinical parameters sustain the pathogenic
importance of IL-18 in AD. Our result complements a whole
body of literature describing that IL-18 might inhibit the
cellular mechanisms underlying learning and memory (Curran
and O’Connor, 2001) and participate in different ways to
neuronal damage (Alboni et al, 2010), proposing that this
pro-inflammatory cytokine and its related molecular pathways
are of some relevance in AD pathogenesis (Bosst et al., 2010).

The present piece of work suggests that homotaurine
supplementation in aMCI individuals carrying APOE €4 has a
positive consequence on episodic memory loss due, at least in
part, to homotaurine anti-inflammatory effects targeting IL-18.
While some studies highlighted the potential of homotaurine
and its derivatives to benefit patients with MCI (Martorana
et al., 2014; Spalletta et al., 2016), and to modulate inflammation
in mouse models (Sternberg et al, 2012), this is the first
evidence ever provided that homotaurine supplementation
holds anti-inflammatory properties associated with memory
improvement in patients with cognitive impairment.
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This finding sheds a new light on the therapeutic potential
of homotaurine, sustaining its beneficial disease-modifying
effects, encouraging further confirmatory studies for treating
genetically-defined populations with moderate AD (Abushakra
etal, 2017), and also inspiring future research aimed at exploring
the mechanisms by which this compound might control
brain inflammation during progression of neurodegenerative
dementias.
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