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ARTICLE INFO ABSTRACT
Keywords: Alzheimer’s Disease (AD) remains one of the most challenging health-related issues for our society. It is becoming
Alzheimer’s disease increasingly prevalent, especially in developed countries, due to the rising life expectancy and, moreover, rep-
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resents a considerable economic burden worldwide. All efforts at the discovery of new diagnostic and therapeutic
tools in the last decades have invariably met with failure, making AD an incurable illness and underscoring the
need for new approaches. In recent years, theranostic agents have emerged as an interesting strategy. They are
molecules able to simultaneously provide diagnostic information and deliver therapeutic activity, allowing for
the assessment of the molecule activity, the organism response and the pharmacokinetics. This makes these
compounds promising for streamlining research on AD drugs and for their application in personalized medicine.
We review here the field of small-molecule theranostic agents as promising tools for the development of novel
diagnostic and therapeutic resources against AD, highlighting the positive and significant impact that thera-
nostics can be expected to have in the near future in clinical practice.

of time, where three phases are usually distinguished, namely preclini-
cal AD (asymptomatic), Mild Cognitive Impairment (MCI, with slight
symptoms not interfering with daily tasks) and Alzheimer’s Dementia
(symptoms start to interfere with daily performance with growing
impact) [2]. The absence of symptomatology in the preclinical stage
. . . ) does not imply a lack of pathogenic mechanisms, which indeed can be
culties, mood and behaviour alterations and daily-task performance observed as early as two decades prior to the onset of the symptoms, a

hindrance. Among t}.le multipl.e causes for dementia, Alzheimer’s D.is— fact that is highly significant in the search for tools for the early diag-
ease (AD) holds the first place in terms of prevalence (60-80%), leading nosis of AD [3]

a list that also includes cerebrovascular disease (5-10%), fronto-
temporal lobar degeneration (5-10%), Lewy body disease (5%), hip-
pocampal sclerosis and Parkinson’s disease [1]. AD, one of the most
common types of neurodegenerative diseases currently accounts for
about 57 million cases worldwide and represents a considerable burden,
especially, but not exclusively, in developed countries [2]. In 2050, AD
is projected to exceed 150 million cases, attesting the substantial impact
of this disease in our current and future society and making AD a
devastating illness not only for patients, but also for their relatives and
caregivers.

The clinical manifestations of AD involve memory loss with difficulty
recalling recent information, mood alterations with depression and
apathy, behavioural changes and other symptoms associated to cogni-
tive impairment, leading in the later stages to physical disability with
compromised walking and speaking and, finally, death. These mani-
festations tend to appear in a subtle manner during an extended period

1. Introduction

Dementia is a generic term describing a group of symptoms including
cognitive impairment with memory decline, problem-solving diffi-

Even though the length of these stages is subject to individual vari-
ations, the progression of the disease is unavoidable, leading to changes
in behaviour and personality and to an ever-increasing dependence for
the most basic daily tasks.

Relentless research efforts notwithstanding, the aetiology of AD re-
mains incompletely understood. Some processes are known to play a
role in the onset and development of the disease, but it is not clear
whether they are a cause or a consequence of the pathogenic mecha-
nisms [1]. Protein misfolding leads to the formation and accumulation
of aggregates that trigger neurodegeneration and neuronal death.
B-Amyloid (Ap) and tau proteins are the two main pathological hall-
marks related to the development of AD, and both of them imply protein
misfolding. Additional mechanisms, including oxidative stress, neuro-
inflammation, mitochondrial dysfunction and imbalances in cholinergic
and glutamatergic tone, are also present in the progression of the
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Abbreviations

Ap Amyloid-p

AD Alzheimer’s Disease

AICD APP intracellular domain
APP Amyloid precursor protein

BBB Blood-brain barrier

CSF Cerebrospinal fluid

EMA European Medicines Agency

FDA U.S. Food and Drug Administration

8EDG-PET '®Fluorodeoxyglucose positron emission tomography
MCI Mild cognitive impairment

MRI Magnetic resonance imaging

NFT Neurofibrillary tangles

NIA-AA National Institute on Aging and Alzheimer’s Association
NIR Near-infrared

PBS Phosphate buffered saline

PET Positron emission tomography

PHF Paired helical filaments

PHTZ Phenothiazine

PiB Pittsburgh compound-B

disease. Some risk factors are associated with the appearance of AD,
such as intrinsic factors like ageing, genetic factors (genes related to
amyloid precursor protein APP, y-secretase — PSEN1 and PSEN2 — and
apolipoprotein E, among others), medical conditions (cardiovascular
disease, traumatic brain injury, infections, diabetes, obesity) and
external factors such as environmental exposure to metals — aluminium,
lead, cadmium — and lifestyle-related factors (unhealthy diets, smoking)
[1,4,5].

Previous reviews highlighted the relevance of the search of novel
therapeutic [6-8] and diagnostic [9-13] approaches against AD, but the
theranostic angle has been reviewed with the focus placed on nano-
therapies [14-16]. The present article provides a critical review of the
most relevant advances in the development of small-molecule thera-
nostic agents against AD.

2. Protein deposition in Alzheimer’s disease
2.1. Amyloid-$ deposition

The processing of amyloid precursor protein (APP), a trans-
membrane protein involved in synaptogenesis and other synaptic
functions, can follow two different pathways.

(a) Through the non-amyloidogenic route, APP is cleaved first by
a-secretase and then by y-secretase into sAPPa and p3 proteins,
which are released to the extracellular environment, and the APP
intracellular domain (AICD), which is able to translocate to the
nucleus for gene expression regulation [1,17,18].

Through the amyloidogenic pathway, APP is cleaved, first, by
B-secretase, and then by y-secretase, to release sAPPf} and amy-
loid-B (AB) proteins to the extracellular media, and AICD. AB
peptides ranging from 43 to 51 amino acids are further processed
in endocytic compartments after temporary internalization, giv-
ing rise to the two extracellular main forms of Af, containing 40
and 42 amino acids of, respectively, and known as AB4o and Af42
[18]. AP4p is the most abundant species in the brain and A4 is
the most aggregation-prone form, involved in nucleation and
seeding [19]. The AP42:AP4p ratio in cerebro-spinal fluid (CSF)
decreases in early AD, and is used as a valuable biomarker [19,
20].

(b

=
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Ap monomers tend to aggregate through nucleation forming oligo-
mers, protofibrils and highly ordered fibrils with cross-p structure [21].
In a larger scale, the assembly of fibrils into plaques represents the last
step of amyloid-f deposition. Soluble monomers and oligomers (aggre-
gates of two to twelve monomers) are known to be the most neurotoxic
species via the induction of mitochondrial dysfunction, calcium signal-
ling disruption, hyperactivation of glutamate receptors and increased
oxidative stress [19,22,23]. Furthermore, plaque-preceding Ap
oligomer-dependent neuronal hyperactivity is considered to contribute
to the system dysfunction present at early stages of AD, supporting the
consideration of monomers and oligomers as the primary causing agents
of the disease [19,23]. Thus, efforts in the search for a valid therapeutic
target have shifted in recent years from the insoluble fibrils and plaques,
thought to be essentially inert and able to serve as a store of excess
amyloid, towards these soluble forms. In this connection, it is thought
that apolipoprotein E helps keeping Ap clustered into plaques rather
than toxic oligomers, which can be considered a neuroprotective
response [24]. This conclusion is reinforced by the observation that
blocking the expression of apolipoprotein E in APP transgenic mice re-
sults in plaque disruption and liberation of toxic Ap oligomers [24].

The role of microglia in Ap deposition is complex. On one hand,
physiological mechanisms involving microglia and astrocytes contribute
to stop the growth of amyloid-p plaques and remove them. Microglia is
able to migrate to the surroundings of AB plaques to prevent the
recruitment of more AP peptide [25]. Microglia also performs the
clearance of AP through the secretion of degrative enzymes and the
internalization of fibrils, but its capacity is limited and diminishes with
ageing [21]. On the other hand, inflammation induced by activated
microglia can also cause fibril formation [26].

Amyloid-p deposition is widely considered as one of the main path-
ological hallmarks of the early onset of AD, being present as soon as 20
years before the first symptoms show up, and its ability to trigger and
spread synaptic damage, neurodegeneration and tau pathology render it
an attractive target for early-stage treatment and diagnosis [3,19]. The
factors causing the transition from Ap homeostasis to the accumulation
of misfolded A oligomers due to imbalances in the formation and
clearance of Ap are still unknown [27].

2.2. Tau protein deposition

Tau protein is a microtubule-associated protein that is involved in
the stabilization and modulation of microtubules and plays a critical role
in axonal transport and growth and neuronal polarization. Tau phos-
phorylation and dephosphorylation regulates its binding to microtu-
bules. Under pathological conditions, tau is hyperphosphorylated and
aggregates into paired helical filaments (PHF) and further into neuro-
fibrillary tangles (NFT), leading to neuronal dysfunction and death [28].
Aggregation of tau protein is a pathological hallmark in AD and is also
under study for its potential as a therapeutic and diagnostic target.

3. Diagnosis of Alzheimer’s disease

Diagnostic methods for AD are scarce and rather limited in their
scope. Available diagnostic tools provide a useful guidance, but are not
able to confirm unequivocally the presence of AD, which can only be
achieved in post mortem histopathological studies. The development of
methods to accurately diagnose AD, especially in the early stages, is key
in the search for effective therapies, since one of the main drawbacks of
current research in this area is that the administration of a treatment
when the disease is too advanced does not allow to properly assess its
effectiveness. Beyond patient and family history and cognitive and
functional assessments, which have been widely used to establish a di-
agnose, structural imaging and biomarker measurements are becoming
routine diagnostic tools against AD, even though it is still not clear in
which order to perform this type of tests [29]. The discovery of bio-
markers in blood, urine, saliva and, specially, cerebrospinal fluid (CSF),
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and the use of magnetic resonance imaging (MRI) to study the
morphology and volume of the brain, the atrophy of regions and the
relationship between grey and white matter [30] is of special relevance.
Neurodegeneration can be assessed by MRI and '®fluorodeoxyglucose
positron emission tomography (*®FDG-PET), but it is not as reliable as
amyloid and tau detection for the early diagnosis of AD since neuro-
degeneration usually occurs years after the deposition of misfolded
proteins has damaged the brain.

3.1. Magnetic resonance imaging (MRI)

Measuring the volume of the brain and ventricles and the atrophy of
certain regions provides useful information for the evaluation of neu-
rodegeneration. Medial temporal lobe atrophy is highly correlated to AD
neurodegeneration and is evaluated through MRI [29]. This technique
measures the progress of atrophy, which is closely related to cognitive
impairment, and it is safe and widely employed [31]. Nevertheless, MRI
is not able to confirm the diagnosis of AD.

3.2. 18FDG-PET

There is strong evidence that hypometabolism of posterior cingulate
and temporoparietal regions is a sign of neurodegeneration in AD, and it
can be evaluated with the 1®F-labelled glucose derivative in '*FDG-PET
[29]. Despite the fact that this is a highly specific and sensitive technique
able to predict AD risk and evolution according to metabolic patterns in
relatively advanced stages of AD, its use is not widespread [31].
Furthermore, the use of a radiolabelled tracer with a short half-life
(109.7 min) makes it necessary to prepare the probe in a cyclotron
right before its administration. There is also increasing evidence that
this technique provides information about glucose consumption not only
by neurons but also by microglia, and in fact it is believed that
18FDG-PET provides a better diagnosis of microglia activation than of
neuronal functionality [32].

3.3. Amyloid-PET imaging

Amyloid-p deposition in the cortical region can be observed through
amyloid-PET imaging, allowing to discard AD if amyloid-f is not pre-
sent. Thus, amyloid-p is the earliest biomarker in AD, but there is not a
clear correlation between plaque deposition and the severity of the
disease, especially in later stages [31]. The first promising amyloid
radiotracer, known as Pittsburgh compound-B (PiB) (Fig. 1), is a
radioactive !'C probe inspired in the thioflavin T dye that can differ-
entiate AD from other dementias like frontotemporal dementia, distin-
guishes among the stages of AD and has a higher diagnostic value when
combined with 8FDG-PET [33-35]. For these reasons, PiB has been
widely used to monitor the anti-amyloid activity of drug candidates in
clinical trials. Nonetheless, this compound has some drawbacks since it
is aimed mainly to fibrils and binds only weakly to soluble A, and it has
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Fig. 1. Hypometabolism (**FDG-PET) and amyloid PET tracers for the diag-
nosis of AD.
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a short half-life (20 min), making necessary to have a cyclotron in the
medical centre. Moreover, a positive with this technique is poorly se-
lective [36-38].

To overcome the short half-life of PiB, 18F-radioligands were devel-
oped and are used as a complementary tool in the diagnosis of AD, but
not as a final confirmation of the disease [39]. To date, there are three
such tracers currently approved by the EMA and the FDA: florbetaben,
florbetapir, and flutemetamol. Florbetaben was the first 18F-radioligand
and, like florbetapir, it is inspired in the structures of dyes such as Congo
Red and Chrysamine G Ap [39]. Flutemetamol is, like PiB, a derivative of
thioflavin T [39]. Although there are not significant differences among
their diagnostic accuracies, '®F-radioligands show a higher non-specific
binding to the white matter than PiB due to their higher lipophilicity,
producing more background noise [39,40]. A novel '®F-radioligand,
18R_NAV4694 or flutafuranol, developed as an analogue of PiB, showed
similar cortical distribution to that of PiB and lower non-specific binding
to the white matter than previous 18p_radiotracers [41].

Although this first generation of PET tracers has improved the
diagnosis of AD, they have important limitations, such as the complexity
of their synthesis coupled to the urgency of their usage after the radio-
isotope preparation, the difficulties found in data analysis, the limited
availability of suitable scanners and the fact that these probes can only
detect amyloid aggregates around 5 years before the clinical syndrome
starts and are not able to detect soluble Ap forms [42].

3.4. Tau-PET imaging

Considering that most anti-Ap drugs have failed in clinical trials and
that tau protein aggregation is more closely related to the clinical pro-
gression of AD, particularly in advanced stages, in recent years many
researchers have focused on the development of tau-PET radiotracers
[39]. There is also evidence that in the first stages of AD Ap oligomers
and tau accumulation products different from neurofibrillary tangles
(NFTs) are responsible of the toxicity and neurodegeneration rather than
the AB plaques and NFTs [39]. ®F-FDDNP (Fig. 2) was the first tau-PET
radioligand, although it could also bind to Ap due to the shared p-sheet
conformation between Ap and tau aggregates [31]. The 1'C-PBB3 tracer
can detect tau protein in AD but also in other tauopathies, and has a
higher binding affinity for tau than to Af [43]. Some inconvenience is
caused by its short half-life (20 min) and by the fact that its principal
metabolite is also able to cross blood-brain-barrier (BBB) [44]. Benz-
imidazole and quinoline derivatives BF-126, BF-158/'!C-BF-158 and
BF-170 were the first selective tau-PET tracers. They showed excellent
brain uptake and rapid clearance from normal brain tissue when
administered to healthy mice, as well as the capacity to mark NFT in AD
brain sections [45]. Further research led to the design and synthesis of
18p THK5105 and '®F-THK5117, which bind to PHF-tau with affinity
and selectivity over AP and are suitable for in vivo application, but
display non-specific binding to the white matter due to the presence of
myelin B-sheet conformation [46-48]. To avoid this problem, the aryl-
quinoline 'F-THK5351 was developed. This compound is efficiently
cleared from the white matter and its binding correlated with tau
deposition in human brain, and demonstrated faster kinetics and higher
contrast than '®F-THK5117 [49]. These findings make 18p THK5351 a
promising tau-PET ligand. Flortaucipir (!®F-T807, ®F-AV1451) and
18F.T808 demonstrated both good affinity and selectivity towards tau
protein over AP, a good brain uptake and a rapid washout [50]. How-
ever, 8F-T808 experienced defluorination in vivo with subsequent ‘8F
uptake by the skull bone [51]. Flortaucipir showed a distribution
consistent with that of tau protein in AD. Flortaucipir received FDA
approval in 2020.

3.5. Cerebrospinal fluid (CSF) biomarkers

CSF biomarkers are very convenient diagnostic tools due the ease
and promptness of their obtention and study, but there is still much
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Fig. 2. Tau PET tracers for the diagnosis of AD.

research to perform to make them a more accurate and reliable method
for the diagnosis of AD. The use of several biomarkers at the same time
as a composite biomarker is thought to be the best manner to efficiently
diagnose AD [30]. AB4y is the AB form most prone to seeding and
forming aggregates, thus being less available as soluble monomers
during the course of AD; this is the explanation for the strong correlation
found between low A4z levels in CSF and significant Ap plaques in the
brain [19,52]. Nevertheless, the AB42:AP4o ratio provides a more accu-
rate image of the progression of AD and is regarded, together with the
level of A4o in CSF, as one of the reference biomarkers to direct the
diagnosis of AD in the recently updated guidelines from the National
Institute on Aging and Alzheimer’s Association (NIA-AA) [20,53]. Tau
detection in CSF, either the total tau protein or only phosphorylated tau
protein, are also reliable biomarkers for the diagnosis of AD and are
established by this organization as a reference in the framework of the
diagnosis of AD [20,54].

3.6. Retinal imaging

Both Af4o and AB4o, AP aggregates, tau protein and NFT have been
detected in the retina of AD patients and proven to show correlation
with the presence of the disease, making this a non-invasive and easy to
access potential technique to diagnose AD [55,56]. Nevertheless, more
studies are needed to strengthen the evidence.

4. Treatment of Alzheimer’s disease

Currently, there is no cure for AD in spite of extended research efforts.
Commercially available drugs only achieve a temporary relief of the
symptoms, but do not cure nor stop the advancement of the disease.
Acetylcholinesterase inhibitors, a NMDA receptor antagonist and two anti-
amyloid monoclonal antibodies are the only approved drugs against AD.

4.1. Small-molecule therapies

Due to the death of cholinergic neurons, AD is associated with
cholinergic deficiency. By inhibiting acetylcholinesterase, these drugs
restore acetylcholine levels, with the consequent symptomatic amelio-
ration. There are three orally administered drugs in this group, namely
rivastigmine, galantamine and donepezil (Fig. 3). While donepezil and
galantamine are rapid-action reversible acetylcholinesterase inhibitors,
rivastigmine is a slow-action reversible inhibitor of both acetyl- and
butyrylcholinesterase [57]. A transdermic formulation of rivastigmine is
also available, which may enhance adherence to the treatment. Tacrine
was also an acetylcholinesterase inhibitor used against AD, but due to
hepatotoxicity issues it is no longer used in clinical practice [58].

Memantine is an antagonist of the NMDA receptor, working as a
partial antagonist with moderate affinity, strong voltage-dependency
and fast kinetics (Fig. 3). As a consequence, the pathological increase
of glutamate is quenched by the blockade of the channel and intracel-
lular calcium accumulation is slowed [57]. It is orally administered and
can be combined with acetylcholinesterase inhibitors, resulting in an
improvement of the state of the patients, usually with additive effects
and with no increase in adverse effects [59].
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Fig. 3. Small-molecule treatments of AD.
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4.2. Anti-amyloid monoclonal antibodies

Aducanumab is a IgG1l monoclonal antibody targeting Af soluble
oligomers and insoluble fibrils [60,61], and is thus considered the first
drug aimed towards one of the causes of Alzheimer’s disease. Aduca-
numab decreases amyloid plaques and, in a small subset of patients,
showed a reduction of phosphorylated tau in CSF and medial temporal
NFT [62]. Not exempt of controversy, the clinical efficacy and safety of
aducanumab in AD has been questioned [63] and, while the FDA
approved the drug and considered it a first-in-class medication, the EMA
rejected it. Due to the very high rate of serious adverse events, caution is
required in its clinical use [64].

Lecanemab is a humanized IgG1l monoclonal antibody that binds
with high affinity to amyloid-p soluble protofibrils [65]. It has been
shown to moderately slow mild cognitive decline and reduce amyloid-p
plaques in patients with early Alzheimer disease and has recently gained
accelerated approval for this indication from the FDA.

4.3. Shortcomings of conventional drug discovery for Alzheimer’s disease

Past efforts at the discovery of anti-Alzheimer drugs were valuable but
missed key aspects of the disease course, progression and pathological
processes, which can explain the repeated failures in clinical trials of
diverse drug candidates aimed at varied different targets and operating by
diverse mechanisms. Thus, in the past years, many promising drug can-
didates failed in their way to approval, including the anti-Ap agents
semagacestat, bapineuzumab and solanezumab, p-secretase inhibitors
lanabecestat, verubecestat and atabecestat, y-secretase inhibitors sem-
agacestat, avagacestat and tarenflurbil (with significant adverse effects),
a-secretase modulators such as etazolate, which promotes the non-
amyloidogenic route mediated by a-secretase through the modulation of
the GABA receptor, metal chelators and many antibodies [59,66]. The
reasons for this failure are not unique, but probably arise from a combi-
nation of the following: (a) the poor understanding of the disease and its
causes; (b) the long preclinical phase without symptoms but with key
underlying pathological mechanisms; (c) administration in a late stage of
the disease after surpassing key thresholds; (d) attempting to address the
problem with single-target molecules; (e) the lack of homogeneity of the
populations of study; (f) the limited diagnosis ability and (g) the lack of
clear biomarkers for the classification of the patients [59].

This scenario calls for the introduction of novel approaches in the
search for diagnostic tools and therapeutic agents against AD and other
neurodegenerative diseases.

5. Theranostic compounds for Alzheimer’s disease
5.1. Introduction to theranostics

Theranostic agents can be defined as molecules able to provide
diagnostic information and therapeutic activity at the same time. The

Therapeutic

Theranostic

Diagnostic
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long-term goal of theranostics is to gain the ability to provide early
diagnosis and fine-tuning of therapy with a degree of control that is
unattainable with current therapeutic tools, paving the way to truly
personalized medicine. This approach allows assessment of the activity
of the molecules under study, the response of the organism to them and
their pharmacokinetics, giving information that can contribute to the
research stage and also to clinical practice. As an additional benefit, this
approach will lead to a better understanding of the fundamental
mechanisms that constitute risk factors able to trigger the development
of the disease (Fig. 4). Amyloid fibrils may be considered both as a
therapeutic target and as a neuropathological hallmark in a variety of
neurodegenerative diseases, and are therefore a suitable target for a
theranostic approach. Importantly, the brain deposition of A precedes
clinical symptoms by several years, making in vivo imaging of Af
particularly suitable for identifying individuals at risk and in the early
stages of AD. This approach seems useful considering that the failure of
Alzheimer drug candidates has been attributed to their administration at
a late stage, when the pathology is too advanced. Therefore, early
diagnosis and disease monitoring appear to be critical for an efficient
therapy, and these issues can be addressed with the theranostic strategy.

There are several types of chemical entities with potential thera-
nostic activity against AD. In this review, recent advances in the field of
conventional small-molecule theranostic agents against AD will be dis-
cussed, although other advances can be pointed out in additional areas
such as nanoparticles [15], nucleic-acid based therapies [67] and pep-
tides [68].

5.2. Initial optical imaging-based theranostic agents targeting A

The near-infrared (NIR) region of the electromagnetic spectrum
(NIR-I region) spans from 650 to 950 nm, and its use in biomedical
imaging has many advantages as a biological window thanks to its
adequate penetrability and reduced autofluorescence causing small
background noise in biological tissue, its non-invasiveness and its
innocuousness [69].

Many candidate probes for AD diagnosis are derived from the
structure of amyloid dyes like thioflavin T or Congo red (Fig. 6), both of
which are able to bind to Ap due to their ability to intercalate in the
B-sheet structure. Even though the initial interest in these compounds
was focused primarily on their ability to bind and mark Af, some of
them, such as Congo red and its analogue chrysamine G, also showed
therapeutic potential through Ap-aggregation inhibition activity
[70-72].

Thioflavin T is an amyloid dye exhibiting fluorescence emission in
the visible range, with a noticeable increase in the fluorescent intensity
upon amyloid binding [73]. Thioflavin T displays a significant shift in
both the excitation and emission maxima towards longer wavelengths of
its fluorescent emission upon binding [74]. As a drawback, Thioflavin T
bears a positive charge, leading to poor permeability across the
blood-brain barrier (BBB) [72]. For this reason, several thioflavin T

* Simultaneous diagnostic information
and therapeutic effect.

¢ Assessment of the molecule activity
and pharmacodynamics.

* Monitoring response to the drug and
pharmacokinetics.

* Helpful in the research stage as well
as in clinical practice.

* Shows potential towards

personalized medicine.

Fig. 4. Some advantages of the theranostic approach.
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against AD.

benzothiazole in 1'C-BTA-1 resulted in the compound called Pittsburgh

~ Na HoN
W or
o N o] N OH
as ST o Y :
& o o
NH, Na
Congo Red Chrysamine G

H3C S CH
/>—< >*N\
N+ CHj
cr CHj;

Thioflavin T
CHa
N
H,C h
\S/ & =
S \\N
NIAD-16
HO

.CHs
STB-8

=z

18F-BF-168

Fig. 6. Early theranostic agents against AD that target Ap



A. Sarabia-Vallejo et al.

compound-B (PiB), described in Section 3 due to its widespread use as a
robust diagnostic tool in research. The process leading to PiB is depicted
in Fig. 5.

Chrysamine G, X-34 and BSB (Fig. 6) are Congo red derivatives that
bind to B-amyloid [72]. Another Congo red derivative, Methoxy-X04,
works as a fluorescent probe marking amyloid deposits while exhibit-
ing relatively high lipophilic character and ability to cross membranes
[77]. Based on both Thioflavin T and in Congo Red, NIAD-4 was the first
probe for amyloid staining that was detected for its fluorescence in the
NIR, opening a new path into optical imaging. This compound was found
to bind to AP with high affinity and specificity and marked the aggre-
gates with high spatial resolution [78]. NIAD-4 crosses BBB, binds
correctly to amyloid aggregates and has a good brain uptake. NIAD-11
and NIAD-16 present better spectral properties, with an emission
maximum over 690 nm [79]. BF-168 is a thioflavin T analogue inspired
in stilbene. ®F-BF-168 labels amyloid deposits with little nonspecific
binding and is a promising agent for the diagnosis of AD [80]. STB-8,
another stilbene-like analogue of Thioflavin T, is also a reliable amy-
loid tracer with good BBB permeability [81].

There are many more amyloid tracers showing potential as diag-
nostic tools for AD that have not been designed or evaluated as thera-
peutic agents [82,83]. None of these compounds have made their way to
clinical practice because of their low affinity, specificity or sensitivity,
inability to cross BBB or significant toxicity. Thus, not many compounds
marking Af have proved to block the aggregation of amyloid. It is true
that most of them were not designed with this dual
diagnostic-therapeutic objective in mind. Nevertheless, some scaffolds
bear promising theranostic properties, such as Congo red and chrys-
amine G.

5.3. Cyanines

The research group led by Wong has made crucial contributions to
the search and discovery of new theranostic compounds against AD.
These probes have in common their ability to target amyloid and their
optical imaging properties (NIR fluorescent imaging), in some cases
added to magnetic resonance imaging in the case of hybrid small
molecule-nanoparticle theranostics.

5.3.1. Carbazole cyanines

The first achievement of the Wong group in this area was the
disclosure of SLOH, a candidate selected from a family of carbazole-
based cyanines [84] (Fig. 7). This compound is fluorescent with an
excitation maximum at A.xy = 462 nm and an emission maximum at Aem
= 677 nm in phosphate buffer, and a low fluorescence quantum yield.
SLOH binds to amyloid peptides, fibrils and plaques and, upon binding,
experiences a strong fluorescence enhancement and a blue shift in its
emission maximum to Aey, = 636 nm. This feature made SLOH suitable
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Fig. 7. Structures of carbazole-derived cyanine theranostic agents against AD.
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for optical imaging of A, as confirmed by in vitro and ex vivo studies. Its
potential therapeutic effect derives from its ability to inhibit Af aggre-
gation and fibrillogenesis, as shown by in vitro tests. An MTT assay with
neuroblastoma SH-SY5Y neuronal cells revealed that SLOH had a good
safety, and in vivo mice studies showed its ability to cross BBB. A sub-
sequent study assessed the therapeutic potential of SLOH in transgenic
AD mice [85]. This in vivo evaluation had a promising outcome since
SLOH reduced Af deposition and tau levels and hyperphosphorylation
through the modulation of AKT and the promotion of protein phos-
phatase 2A activity, achieving a substantial improvement in the cogni-
tive ability of treated transgenic mice. This study also reached the
conclusion that SLOH attenuates synaptic deficit through the regulation
of the signalling pathway Ca?t/CaMKII/CREB, as observed in both in
vitro and in vivo tests. In another study, SLOH was conjugated with
Gadolinium Gd®*-based nanoparticles, furnishing a probe that showed
in vivo and ex vivo NIR imaging ability with high sensitivity and selec-
tivity for Ap oligomers and in vivo MRI with good spatial resolution, with
in vitro potential therapeutic activities against amyloid aggregation and
its toxic effects [86]. Thus, SLOH represents a good starting point for its
theranostic potential against AD.

A fluoro derivative of SLOH (F-SLOH) has exhibited a stronger
binding selectivity when compared to SLOH, due to the combination of
strong n-n stacking and intermolecular non-standard CH---O and CH---F
hydrogen bonds. Interestingly, the interaction and fluorescence
enhancement of F-SLOH was stronger with oligomers than fibrils. As a
drawback, F-SLOH is only weakly fluorescent, with an excitation
maximum at Aey = 470 nm and an emission maximum at Ae, = 643 nm
in phosphate buffer, and a blue-shifted emission and fluorescence
enhancement upon amyloid binding [87]. This compound is an efficient
inhibitor of AP aggregation in vitro, as shown by circular dichroism
spectroscopy and thioflavin T fluorescence assays for Apso, and gel
electrophoresis experiments for AB4s. More recent in vivo studies on
transgenic mouse models revealed that F-SLOH inhibits Af aggregation,
reduces the levels of amyloid monomers, oligomers and plaques, tau
aggregates and APP and relieves synaptic deficits, synaptic memory
function and cognitive impairment in AD mouse models, proving its
promising in vivo therapeutic potential against AD [88]. Mechanistic
studies showed an interesting ability of this compound to cleave a
C-terminal fragment of APP and tau PHF through the activation of
transcription factor EB (TFEB) and proved that it is also a regulator of
autophagy and the autophagy lysosomal pathway. Interestingly, it was
shown that brain clearance of F-SLOH is significantly faster in healthy
mice than in transgenic AD mice, consistent with its binding and
retention in AD brains. MTT assays on SH-SY5Y cells proved F-SLOH to
be non-cytotoxic, and studies on primary hippocampus cells showed
neuroprotective effect against Ap-induced toxicity.

SLM was the first compound in the family to show promising diag-
nostic and therapeutic profiles in in vivo experiments. It is a fluorescent
carbazole-based cyanine derivative with an excitation maximum at Aex
= 455 nm and an emission maximum at Aey, = 677 nm in phosphate
buffer, which undergoes a blue shift upon amyloid binding to an emis-
sion maximum at Aep = 625 nm [84,89]. It has a poor fluorescence
quantum yield, which represents a considerable drawback for its use as a
theranostic. SLM binds strongly and specifically to Ap monomers, olig-
omers and fibrils and, as the previously described compounds, it shows a
strong fluorescence enhancement upon amyloid binding, which allowed
the detection and imaging of Ap species in a transgenic mouse model in
vivo study. SLM behaved as a neuroprotective agent against neurotox-
icity caused by AP42 on primary hippocampal cells and reduced oxida-
tive stress due to reactive oxygen species (ROS) in vitro. This compound
was the first of these cyanine derivatives to undergo therapeutic activity
tests in vivo, and thus its assessment against cognitive impairment was in
transgenic AD model mice by the Morris water maze tests revealed that,
after a 45-day SLM treatment, mice exhibited a significantly shorter
latency to escape as compared to the control transgenic AD mice. The
levels of Ap and tau in the brains of these SLM-treated transgenic mice
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were lower than in control mice, as well as GSK3 activity. Autophagy,
whose dysfunction is linked to AD pathogenesis, was found to be
modulated by SLM, helping to reduce Ap and tau levels. SLM also dis-
played oligomerization inhibition activity in in vitro assays. Cytotoxicity
in SH-SY5Y cells was found to be low by the MTT assay. Finally, in vivo
and ex vivo BBB permeability results, as well as further pharmacokinetic
studies, were satisfactory [90].

In continuation of these research efforts, Slg and Me-slg, two new
carbazole-based cyanine fluorophores, were synthetised and evaluated
in comparison to SLM [91], allowing the identification of Me-slg as the
most promising candidate. This is a specially interesting molecule in this
series due to its nanoscopic fluorescence imaging capability, allowing to
image AP with a better spatial resolution. This feature is key for studying
the toxicity of the different Af species, as conventional fluorescence
microscopy lacked enough spatial resolution to do so. In vitro tests
revealed that Me-slg is valid for real-time nanoscopic imaging of Af
aggregates. In vitro tests on PC12 cells showed that the most toxic Ap
species were aggregates sized under the optical diffraction limit. This
information about the morphology of amyloid aggregates mainly
causing neurotoxicity was obtained thanks to the improved spatial res-
olution in nanoscopic images. Me-slg has an excitation maximum at Aex
= 465 nm and an emission maximum at Aey, = 682 nm in phosphate
buffer (pH 7.4). In vitro assays showed that inhibitor:protein ratios as
low as 0.2 are sufficient for Me-slg to display a strong inhibitory effect on
APy fibrillization. This is mediated by a reduction in p-sheet folding
processes, as observed through circular dichroism spectroscopy and
in-silico modelling predictions. Me-slg also displayed neuroprotective
effect and good biocompatibility in MTT assays on PC12 cell tests. Un-
fortunately, no in vivo studies are available for this compound to date.

5.3.2. Phenylamine-based cyanines

DMA-SLOH, DBA-SLOH and DPA-SLM (Fig. 8) were synthetised in
the pursue of improved performance regarding amyloid affinity, inhi-
bition potency, NIR-shifted emission and BBB permeability [92]. Among
them, the one which showed the best diagnostic and therapeutic activ-
ities was DBA-SLOH. The introduction of lipophilic alkyl chains in-
creases both the biocompatibility and the BBB-crossing ability. It is
fluorescent with an excitation maximum at Aexy = 550 nm and an emis-
sion maximum at Aey, = 672 nm in PBS, but a low fluorescence quantum
yield. DBA-SLOH binds to amyloid species with high affinity and, upon
binding, its fluorescence is enhanced and an approximately 20 nm blue
shift in the emission maximum is observed. The ability of the compound
to track amyloid species was confirmed in in vitro and in vivo
mouse-model studies, representing a step forward from the starting
point of SLOH. DBA-SLOH binds to monomers and aggregates and, in
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spite of its weak affinity to monomers, it prevents them from
self-aggregating and forming toxic oligomers in in vitro experiments, an
observation that reveals this compound as an interesting candidate for
therapy. The compound was not found to be significantly cytotoxic in a
MTT assay with neuroblastoma SH-SY5Y neuronal cells. In summary,
DBA-SLOH is an interesting analogue of SLOH with improved biocom-
patibility and endowed with a theranostic profile.

5.3.3. Naphthylamine-based cyanines

The replacement of carbazole by a 6-dibutylamino-2-naphthyl moi-
ety expanded the chemical diversity of the cyanine AD theranostic
probes and led to DBAN-SLOH, DBAN-SLM and DBAN-OSLM [93]
(Fig. 9). Among them, the most promising one was DBAN-SLM, which
binds with higher affinity to amyloid monomers and oligomers than to
fibrils, as shown by the fluorescence enhancement observations. This
selectivity towards monomers and oligomers is interesting due to their
higher influence on AD pathology compared to fibrils. In vivo experi-
ments with AD mouse models confirmed the targeting of DBAN-SLM
towards Af without further specification of the species of amyloid.
The fluorescent emission of the compound exhibits an excitation
maximum at Aey = 486 nm and an emission maximum at Aep, = 615 nm
in phosphate buffer, with very low fluorescence quantum yields. In
contrast with the hypsochromic effect observed in carbazole- and
phenylamine-cyanines, there is a bathochromic shift in the emission
maximum upon amyloid binding, to wavelengths between 666 and 680
nm. This was further confirmed in ex vivo studies to be A¢y, = 680 nm
upon amyloid binding. DBAN-SLM exerted Ap anti-aggregation activity
in vitro, measured through a thioflavin T fluorescence assay. Regarding
their neuroprotective effect, SH-SY5Y cell viability was compromised
after incubation with amyloid species, but DBAN-SLM significantly
reduced this toxic effect. Similarly, SH-SY5Y cells ROS production upon
amyloid incubation was limited by the effect of DBAN-SLM. Cytotoxicity
was found low in MTT assay on SH-SY5Y cells. These
naphthylamine-derived cyanines are considerably less toxic than their
phenylamine-based counterparts. DBAN-SLM BBB permeation was un-
equivocally observed in vivo using mice models, in contrast to
DBAN-SLOH and DBAN-OSLM, with non-existent or low BBB perme-
ability, respectively. In addition, DBAN-SLM was retained for longer
times and showed stronger fluorescence signal in the brain of AD mouse
models compared to control mice.

5.3.4. Miscellaneous cyanines

The Wong research group also developed hybrid small molecule-
nanoparticle theranostics for AD. One of them was generated by the
combination of the acid-functionalized cyanine sensor SLCOOH with
superparamagnetic iron oxide nanoparticles [94] (Fig. 10). It was
proved to be an effective NIR imaging and magnetic resonance imaging
contrast agent for the imaging of Af species in vivo, with a good toxicity
profile and neuroprotective effect against amyloid-induced toxicity) (see

Another successful study in theranostics is represented by the
conjugation of carbazole-based cyanine tracers with GA(DOTA) that led
to compounds 1 (Fig. 11), with promising properties as theranostic
agents against AD [95]. Moreover, these molecules may be interesting
because of their dual diagnostic nature encompassing NIR and MRI
imaging, and may represent a solution to overcome low fluorescence
quantum yields observed in cyanine-based small-molecule candidates.
Other structurally-related compounds developed by the Wong research
group showed in vivo therapeutic effect against AD, but their diagnostic
potential was not evaluated [96].

SIM is a indolium-based turn-on fluorophore suitable for the quan-
tification of trace amounts of amyloid peptide and tau protein and its
hyperphosphorylated form in CSF, saliva, and urine, after labelling the
corresponding antibodies directed towards these biomarkers [97].
Additional cyanines employed in investigations related to theranostics
in AD include N744, a dye that was shown to block tau fibrillization but
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was not further studied [98,99]. A more recent achievement was the
disclosure of fluorescent trimethine cyanine dyes 2 as sensitive and
biocompatible tracers for optical imaging of tau fibrils in human AD
brain and olfactory epithelium, although lacking therapeutic activity
studies [100]. Another example is ZT-1, a hemicyanine derivative
capable of detecting amyloid aggregates with suitable properties as a
diagnostic tool, but lacking further studied applications for therapeutic
purposes [101].

5.4. Curcumin-based theranostic compounds

The research area was initiated by Ran and Moore with the disclo-
sure of curcumin analogues as potential theranostic candidates against
AD and has given birth in recent years to a growing number of different
molecules with diverse mechanisms for its detection and imaging,
mostly through NIR fluorescent imaging [102].

European Journal of Medicinal Chemistry 255 (2023) 115382

5.4.1. CRANAD-2

Curcumin has long been considered as a good starting point for the
development of diagnostic and therapeutic tools against AD since it can
bind and stain Ap and prevent plaque deposition; on the negative side,
curcumin has a fast metabolism and a short emission wavelength and
shows limited BBB crossing [103,104]. To overcome these drawbacks,
Ran et al. designed a series of curcumin derivatives bearing a difluor-
oboronate moiety. CRANAD-2 (Fig. 12) was found to be the most
interesting one, showing good fluorescent properties with an excitation
maximum at Aey = 640 nm and an emission maximum at Ae, = 805 nm
in PBS, displaying a large Stokes shift, and an improved quantum yield
compared to that of curcumin [105]. In spite of these advantages,
CRANAD-2 has a low fluorescent quantum yield. In vitro tests revealed
that this probe experienced a 70-fold increase of its fluorescent intensity
upon binding to AP aggregates, which can be described as a turn-on
phenomenon, as well as a 90 nm blue shift of the emission maximum.
The suitability of CRANAD-2 to detect Ap was confirmed, first, by in vitro
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tests and later with in vivo AD mouse model fluorescence imaging studies
and ex vivo with histological assays. Its BBB permeability was assessed in
vivo with wild-type mice model, with a positive result. In subsequent
studies it was unveiled that CRANAD-2 cannot detect soluble A species
[106].

5.4.2. CRANAD-6, CRANAD-23, CRANAD-54 and CRANAD-58

Efforts to overcome the inability of CRANAD-2 to detect soluble
amyloid species led to the design of CRANAD-6 and CRANAD-23 [107].
These compounds have extended conjugated rings compared to
CRANAD-2, which was expected to have a positive influence on binding
owing to retention in a hydrophobic site. However, none of these com-
pounds were able to bind to amyloid, which was interpreted to mean
that the binding of CRANAD-2 to amyloid fibrils is sensitive to steric
hindrance, and a new binding site union was hypothesised. To obtain
more information about this hypothesis, CRANAD-54, one half of the
symmetric CRANAD-2, was synthetised and tested, providing new and
valuable information about binding [107]. Additionally, CRANAD-58,
having one half of the molecule with a predominantly hydrophobic
behaviour and the other half displaying a more hydrophilic character
thanks to a pyridyl moiety, was also designed [107]. This compound
showed fluorescence changes upon binding to both soluble and insol-
uble amyloid species in vitro and was able to distinguish between AD
transgenic mice and wild-type mice at an age of 4-months, when no
amyloid plaques are observed yet, thus indicating its interaction with
soluble forms. It can thus be concluded that in vitro and in vivo studies
confirmed CRANAD-58 binding and marking all forms of Ap.

5.4.3. CRANAD-17, CRANAD-44 and CRANAD-28

Copper can coordinate to two imidazole moieties at histidine resi-
dues of Ap, inducing cross-linking of amyloid. CRANAD-17, bearing two
imidazole moieties (Fig. 13), was designed to interfere with this mech-
anism and alleviate cross-linking [107]. In vitro tests, SDS-PAGE gel and
Western blot studies disclosed that CRANAD-17 can inhibit Af4o
copper-induced cross-linking, revealing a mechanism to introduce
therapeutic activity in these scaffolds.

The replacement of the phenyl rings in CRANAD-2 by electron-
withdrawing pyrazoles was expected to reduce electron delocalisation
and increase the quantum yield. Also, pyrazole can coordinate with
copper, potentially inhibiting cross-linking like CRANAD-17. CRANAD-
28 [108] showed an excitation maximum at Aey = 498 nm and an
emission maximum at Aep, = 578 nm in PBS (pH 7.4), and displayed a
high fluorescence quantum yield, as expected. To confirm that the N-1
substitution of pyrazole in CRANAD-28 reduces the non-radiative
emission decay and increases the quantum yield, CRANAD-44 was
synthesised, showing a lower quantum yield and confirming the hy-
pothesis [108]. In vitro assessment of both compounds for their binding
to amyloid was performed. While CRANAD-28 showed an unexpected
decrease of fluorescent intensity upon mixing with soluble and insoluble
forms of AB, CRANAD-44 did not show significant changes with soluble
amyloid. In vitro assays using AD-mouse-model brain slices revealed that
CRANAD-28 labels amyloid plaques properly, while CRANAD-44 does
not. In vivo studies on transgenic AD mouse model with two-photon
imaging confirmed the ability of CRANAD-28 to cross BBB and to
label amyloid plaques and cerebral amyloid angiopathies as well. This is
the proof of the potential diagnostic activity of CRANAD-28. In the
search for a combined therapeutic activity, CRANAD-28 was tested and
confirmed to inhibit not only copper-induced but also natural-occurring
cross-linking in vitro, unlike CRANAD-44 for both phenomena. There-
fore, CRANAD-28 is the first CRANAD curcumin analogue displaying
both diagnostic and therapeutic activity. In subsequent studies,
CRANAD-28 proved to be a promising tool for the visualization and
tracking of amyloid plaque development in vivo and displayed different
spectral characteristics when labelling amyloid at the periphery of pla-
ques with longer emission wavelengths than that of the core region
[109].
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5.4.4. CRANAD-3 and CRANAD-102

CRANAD-3 was involved in the first example of the use of a NIR
fluorescence imaging probe to monitor changes in the load of amyloid in
an AD mouse model during therapy with a known beta-amyloid cleaving
enzyme-1 (BACE-1) inhibitor, LY2811376, and also with CRANAD-17.
CRANAD-3 was found to successfully monitor AD therapy with these
treatments [110], meeting for the first time the need for a versatile,
sensitive, low-cost, easy to obtain, use and data process diagnostic tool,
especially for AD preclinical research. PET probes are useful but lack
these characteristics, their synthesis is complex and needs to be carried
out right before use.

CRANAD-3 was designed by modification of the two phenyl rings of
CRANAD-2, which are related to its inability to bind to soluble amyloid
species and were replaced by two pyridyls, providing the molecule with
a more hydrophilic nature. The fluorescent properties of CRANAD-3
include an excitation maximum at Apax = 600-610 nm and an emis-
sion maximum at Ay = 730 nm in PBS (pH 7.4). It binds strongly to Ap
monomers, dimers and oligomers, and undergoes a wavelength shift
upon binding. In vitro tests showed CRANAD-3 to be selective towards
amyloid and able to bind to soluble and insoluble A, particularly to the
core fragment KLVFF. The compound also labelled amyloid in transgenic
AD mice which could be assessed in vivo through two-photon microscopy
and NIR fluorescence imaging, and on ex vivo histology. Both in vivo -AD
mouse model- and ex vivo studies confirmed BBB permeability of the
molecule. In summary, CRANAD-3 presents a good diagnostic ability
against AD.

CRANAD-102 is a derivative of CRANAD-3 having a phenoxy-alkyl
chain at the central carbon of the dioxaborine system. Stereo-
hindrance tuning by this structural modification resulted in a respect-
able selectivity for soluble over insoluble Ap (68-fold), coupled to a
strong affinity. As a consequence, CRANAD-102 was employed to
dynamically monitor the concentration of soluble Af in both 5-month-
old and 12-month-old AD transgenic [111].

5.4.5. CRANAD-101

This compound was the first PET probe based on a curcumin
CRANAD-like scaffold and was designed to overcome the limitations of
18F.Jabelled first generation probes such as florbetaben, florbetapir, and
flutemetamol. Based on the information obtained from CRANAD-54, the
synthesis of a PET derivative, 18F-CRANAD-54, was attempted, but met
with failure due to low yields, difficult purification and unfavourable
synthetic conditions for PET tracers. For this reason, and based on
CRANAD-28, a half-curcuminoid derivative bearing a cyclobutyl moiety
on the reactive end of the diketone was synthesised, yielding CRANAD-
101, which finally underwent 18F-radiolabelling [112]. In vitro tests
revealed that non-radiolabelled F-CRANAD-101 binds to both soluble
and insoluble amyloid forms, but ex vivo studies could only confirm
binding to insoluble species due to the limits of conventional fluores-
cence microscopy. In vivo assays proved that F-CRANAD-101 can label
amyloid plaques. ®F-CRANAD-101 underwent PET imaging evaluation
in vivo with a transgenic AD mouse model with positive results for am-
yloid labelling and BBB permeation. Further in vivo PET imaging was
performed with a 5-month-old transgenic AD mouse model, in which
soluble Ap are the main species before insoluble fibrils and plaques form,
showing significant retention compared to wild-type mice.

5.4.6. Miscellaneous CRANAD and related compounds

Recently, Fang et al. designed a new set of CRANAD-like derivatives
aimed at improving the relatively short emission wavelength of
CRANAD-58 [113]. Among these molecules, compound 3 (Fig. 14) stood
out as the most promising one. It showed high sensitivity and selectivity
towards Ap and displayed a higher quantum yield and longer fluorescent
emission wavelengths upon binding to amyloid than those of
CRANAD-58 (Aem max = 688-697 nm), also showing a “turn-on”
behaviour upon binding with a remarkable increase in its fluorescent
emission intensity. Compound 3 was found to cross BBB and properly
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label Af in vivo. In in vivo experiments, tests using 6-month-old and
10-month-old AD mouse models (representative of mainly soluble and
insoluble amyloid species, respectively) showed that compound 3 was
able to differentiate them from age-matched wild type mice, confirming
the potential of this candidate to label both soluble and insoluble forms
of amyloid. In vitro assays revealed that compound 3 has a higher
inhibitory activity against amyloid aggregation than CRANAD-58,
making it a potential theranostic candidate against AD.

Other efforts from the Ran group, so far exclusively related to diag-
nostic purposes, include the development of an iminocoumarin-thiazole
probe, ICTAD-1, for the differentiation of A4 and Afag fibrils [114], the
disclosure of CRANAD-88, a probe capable of cascade amplifying NIR
fluorescence signals upon interacting with HoO5 in AD brains [115], and
the application of several curcumin analogues to the detection of amy-
loid species in the retina of AD animal models as an alternative for the
diagnosis of AD [116]. Additional important milestones are the design of
a ROS-sensitive probe, CRANAD-61, which underwent wavelength
shifting upon reaction with ROS [117] and, more recently, the
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development of a turn-on chemiluminescence probe, ADLumin-1 [118].
All of these compounds can provide innovative approaches to diagnose
and monitor AD and its pathogenic mechanisms, and can therefore be
the starting point for key discoveries and the development of novel
diagnostic and therapeutic tools against AD.

5.5. Phenothiazine derivatives

Phenothiazines have been proposed as useful scaffolds for the devel-
opment of theranostic agents against AD. Thus, in 2017, Dao et al. dis-
closed a series of phenothiazine-based compounds with promising
properties as theranostic agents against AD (Fig. 15) [119]. Compound 4,
in particular, showed the highest affinity to Ap aggregates. In vitro, it was
able to bind to and label amyloid plaques in brain slices and retina tissue of
transgenic AD mice. Developed as a NIR fluorescent probe, it has an
excitation maximum at ey = 500 nm and an emission maximum at Aep =
680 nm in PBS (pH 7.4). The emission maximum shifts to 670 nm and
there is a fluorescent emission intensity enhancement upon binding to
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Fig. 15. Phenothiazine-based theranostic agents against AD.
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AB4o amyloid aggregates, but not in response to ABs, monomers. The
cytotoxicity was assessed in the MTT assay with SH-SY5Y neuronal cells,
which showed a good safety of compound 4. The compound exhibited a
strong amyloid aggregation inhibition in vitro and was found to promote
the disassembly of amyloid fibrils in vitro, showing an interesting double
therapeutic profile of anti-aggregation and disintegration activities.
Despite these promising properties, the poor water solubility exhibited by
compound 4 has prevented it from undergoing further development as a
NIR fluorescent probe in vivo [120].

In order improve aqueous solubility of these scaffolds and also to
achieve metal chelating capability, an interesting mechanism to tackle
AD also present in CRANAD-17 and CRANAD-28, new phenothiazine
derivatives (compounds PHTZ) were synthetised and tested [121] and
they exhibited fluorescent emission with their emission maxima over
640 nm in PBS, except for PHTZ-4, making them interesting for NIR
fluorescent imaging. They showed good binding affinity towards Ap
aggregates, and upon binding to them, the emission maxima of PHTZ-1,
PHTZ-2 and PHTZ-3a experienced a blue shift to 615 nm and a fluo-
rescent intensity enhancement. In particular, PHTZ-1 had the highest
binding affinity for amyloid aggregates and a significant increase in
fluorescent emission upon binding. For this reason, PHTZ-1 was chosen
for further assays, which proved its ability to detect and label Af pla-
ques, both in vitro with AD-mouse brain slices and in vivo in AD mouse
models. This molecule also inhibited A aggregation in in vitro assays on
SH-SY5Y neuronal cells with a more potent activity than that of previous
phenothiazine-based compounds. In vitro, all of these new PTHZs were
found to provide a neuroprotective effect against amyloid-induced
toxicity and a reduction of ROS species on SH-SY5Y neuronal cells
studies. These compounds also displayed metal-chelating activity as
tested for Cu®* ions in UV/Vis titration. Cytotoxicity was assessed in the
MTT assay using SH-SY5Y cells, showing a good profile for PHTZs.
Finally, computational predictions demonstrated a better water solubi-
lity for these PHTZs over previously studied phenothiazine-based
compounds.

Another approach to overcome the water-solubility issues associated to
the first generation of phenothiazine-based involved introducing polyether
water solubilizing groups [120]. Compound 5, the most promising of this
series, is a fluorescent molecule with an excitation maximum at Aex = 482
nm and an emission maximum at Ae;, = 670 nm in PBS, the latter un-
dergoing blue-shifting to 610 nm and experiencing a considerable increase
in the fluorescent emission intensity upon binding to Ap aggregates in PBS.
Viability experiments on SH-SY5Y cells showed a low toxicity for com-
pound 5. BBB permeation and amyloid plaque detection and labelling was
efficient in in vivo experiments with AD mice, and its binding to Af plaque
was proved ex vivo on brain slices of previously intravenously injected AD
mice. This molecule displayed amyloid aggregation inhibition in in vitro
assays, as well as a neuroprotective effect against amyloid-induced toxicity
in SH-SY5Y-cell in vitro studies.

5.6. Styrylquinolines

Styrylquinolines have also emerged as promising scaffolds for the
search of theranostic agents in AD. We have shown compound 6
(Fig. 16) to have native fluorescence, with an excitation maximum at Aex
= 370 nm and an emission maximum at Aey, = 557 nm in PBS (pH 7.4). In
vitro studies found this compound able to bind to Ap with high affinity,
to stain it and to inhibit its aggregation. Upon binding to Ap, the emis-
sion maximum shifts to 490 nm. The toxicity profile of the compound
was good, as shown by in vitro tests [82]. Finally, the PAMPA test pre-
dicted that this compound is able to cross BBB. On the basis of these
promising features, a new family of styrylquinoline-based compounds
(compounds 7) was designed, having a push-pull structure where a
malononitrile moiety is the electron-withdrawing group [122]. These
molecules exhibit fluorescent emission shifted towards the NIR region,
with emission maxima above 600 nm in dioxane, with a significant
enhancement of their fluorescent intensity in non-polar solvents as well
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Fig. 16. Styrylquinoline-based theranostic agents against AD.

as upon binding to amyloid fibrils. Some of the compounds were proved
to bind and label Af ex vivo, and all the compounds were able to inhibit
tau aggregation in vitro using an hexapeptide AcPHF6 model. They were
also shown to exert neuroprotective activity in several cellular models of
neurotoxicity related to Alzheimer’s disease. The toxicity of the com-
pounds was tested using the MTT assay, finding no major toxicity issues.
These results confirm the styrylquinoline scaffold as an interesting
structure for the development of theranostic agents against AD.

5.7. Crown ethers and their aza analogues

Some crown ethers and their aza equivalents have demonstrated
potential therapeutic and diagnostic activities against AD. The struc-
tures of the most interesting ones are shown in Fig. 17.

5.7.1. PiB-C

PiB-C, developed by Ran and Moore, results from the combination of
the above-mentioned Pittsburgh compound-B (PiB) with 12-crown-4
ether [123]. Crown ethers are known to form stable hydrogen bonds
with protonated amines, allowing an efficient interaction with basic
residues of A and the subsequent cleavage of salt bridges, key for
protein misfolding, and therefore attenuating amyloid aggregation. For
compound design, 12-crown-4 ether was chosen due to its low molecular
weight and its lack of interference in the homeostasis of the physiolog-
ically important ions Na® and K*. It was found to modify the zeta po-
tential and thus the surface charges of AP and mitigate amyloid
aggregation in vitro. These properties of 12-crown-4 ether were targeted
specifically towards Ap by connecting it to PiB, yielding the PiB-C
compound, which could also modify the zeta potential of the fibrils
and inhibit amyloid aggregation in vitro. The fact that PiB-C displayed
stronger inhibitory activity than PiB meant that the crown ether moiety
contributes to the inhibitory effect. Neuroprotection assays on SH-SY5Y
cells showed that 12-crown-4 ether itself and PiB-C reduced AB-induced
toxicity, while PiB did not. Regarding its evaluation as a diagnostic tool,
in vitro and in vivo studies demonstrated the ability of PiB-C to label
amyloid plaques. BBB permeation was also tested and confirmed in vivo.
PiB-C showed similar fluorescent properties to PiB and was detected
with two-photon imaging. The short wavelength of the fluorescent
emission maximum, found to be below 500 nm, represents a significant
drawback for the application of PiB-C as a diagnostic tool through
fluorescence imaging. This limitation notwithstanding, PiB-C represents
a promising starting point for the development of theranostic candidates
against AD.

5.7.2. TBT

TBT is a fluorescent derivative of thioflavin T and PiB containing a
metal chelator group, which can be viewed as an analogue of PiB-C
[124]. The compound is an aza-crown ether, 1,4,7,10-tetraazacyclodo-
decane or cyclen, a structural analogue of a crown ether, but the strat-
egy towards the treatment of AD differs in comparison to that of PiB-C.
Metal ions like zinc, copper, iron and calcium can promote amyloid
aggregation and toxicity, so metal chelators may represent an oppor-
tunity for the development of therapeutic alternatives against AD [125].
The PiB-like scaffold provides TBT with affinity towards Ap, like in the
case of PiB-C, but the aza-crown ether is aimed at behaving as a metal
chelator group and reduce the metal-induced amyloid aggregation,
instead of interfering with the formation of salt bridges needed for the
interactions of misfolded proteins. These two different approaches for
such similar structures may represent a wider opportunity for the



A. Sarabia-Vallejo et al.

TBT

European Journal of Medicinal Chemistry 255 (2023) 115382

BTTA

Fig. 17. Structures of crown ether and aza crown ether-based theranostic agents against AD.

achievement of therapeutical activity. TBT is fluorescent due to the
PiB-based fragment and this fluorescence is modulated by the photoin-
duced electron transfer effect of the amino groups of the cyclen scaffold
upon its coordination with metal ions. Through fluorescence titration,
TBT was found to firmly bind to Zn?* and Cu®" through the cyclen
moiety, with a high selectivity for Cu?" when compared to other phys-
iologically relevant ions (Na*, K, Ca?", Fe?*, Fe®* and Al>*, among
others). To translate this interesting feature into a potential therapeutic
application, the affinity of TBT towards Zn’>"-AB4, aggregates was
assessed and found to be high, and TBT was also shown to displace
thioflavin T when binding to these associated metal-amyloid species, but
not in the absence of metal ions. In vitro, TBT also displayed a significant
disaggregation activity for Cu?>*/Zn?"-induced Ap4o aggregates, stron-
ger to that achieved by cyclen alone, which points to a synergistic effect
resulting from the combination of the metal chelator moiety and the
amyloid-targeting scaffold. This disaggregation activity could be tracked
in PBS through an increase in the fluorescence intensity of TBT along the
process because of the blockage of photoinduced electron transfer
phenomena with Znt [126]. The disassembly effect was not found for
metal-free amyloid aggregation. The ability to disassemble
metal-induced A4 aggregates was further evaluated in AD-mouse brain
homogenates. TBT produced a significant increase in the amount of
oligomeric amyloid species, thus providing a disaggregating activity. In
this case, a decrease in the fluorescence intensity was observed, which
was related to coordination with Cu?* and its strong paramagnetic
character, and could still be useful for the monitorization of the process
[126]. TBT also relieved the neurotoxicity induced by metal-amyloid
species in MTT assays using PC12 cells. In addition, TBT could cross
BBB and be easily cleared from the brain in vivo. Further in vivo evalu-
ation of the clinical translation of these effects could confirm the po-
tential application of TBT as a theranostic agent against AD. However,
the short wavelength of the emission maximum in response to metal
ions, Aem = 375 nm in buffer (20 mM Tris-HCIl, 150 mM NacCl, 8%o v/v
DMSO, pH 7.4), represents an important drawback of this compound for

fluorescent imaging.
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5.7.3. BTTA

Another interesting PiB-derivative containing the aza-crown ether
cyclen as a metal chelator, namely BTTA, was developed [127]. In this
case, the structure is more similar to PiB-C than that of TBT, with the
introduction of an amide group in the linker between the PiB-like scaf-
fold and the cyclen moiety, which implies the conservation of the
aliphatic nitrogen of PiB that was lost in the design of TBT. These
modifications were prompted by the goal of increasing the fluorescence
quantum yield and diminishing the photoinduced electron transfer ef-
fect of the amines of the cyclen scaffold, thus increasing the selectivity
towards Cu®" ions. Indeed, fluorescence titration experiments show that
BTTA has a high sensitivity and binding affinity towards copper ions
over other metal ions. In a similar way to TBT, BTTA has a higher
binding affinity towards Cu?*-associated amyloid species than to
metal-free aggregates, displacing ThT from its binding to amyloid in the
presence of Cu?" in a competition assay. In vitro studies revealed that
BTTA exhibits copper-associated amyloid aggregates disaggregation
activity, releasing soluble amyloid species, an activity that was not
found towards Cu®*-free amyloid aggregates. In addition, BTTA pro-
vided a protective effect against Cu?*-amyloid induced neurotoxicity, as
revealed by MTT assay with PC12 cells. In vitro, BTTA was found to
disassemble Cu?*-amyloid aggregates and monitor its own dis-
aggregating activity through a decrease in its fluorescence intensity,
both in preformed amyloid aggregates assays and in brain homogenates
of AD mouse models. These effects were not observed on Cu?*-free
amyloid aggregates. Further studies showed that BTTA was able to
detect and label amyloid aggregates through fluorescence imaging ex
vivo. Also, BTTA can cross BBB as proved with in vivo studies on mice.
Further development of this probe is needed because its short fluores-
cence emission wavelength, with an excitation maximum at A¢x = 318
nm and an emission maximum at Aey, = 386 nm in buffer (20 mM
Tris-HCl, 150 mM NacCl, 8% v/v DMSO, pH 7.4), represents an impor-
tant limitation for in vivo imaging.
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Fig. 18. Structures of miscellaneous theranostic agents against AD.
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Table 1
Summary of the characteristics of potential theranostic agents against AD.
Family Compound Type of Diagnostic activity Therapeutic activity Comments
probe
Cyanines SLOH Fluorescent In vitro and ex vivo In vitro and in vivo Low fluorescence
quantum yield
F-SLOH Fluorescent In vitro and in vivo In vitro and in vivo Low fluorescence
quantum yield
SLM Fluorescent In vitro and in vivo In vitro and in vivo Low fluorescence
quantum yield
DMA-SLOH, DBA- Fluorescent In vitro and in vivo In vitro Low fluorescence
SLOH and DPA-SLM quantum yield
Me-slg and Slg Fluorescent  In vitro (nanoscopic resolution) Invitro Low fluorescence
quantum yield. No in vivo
studies
DBAN-SLM, DBAN- Fluorescent In vitro, ex vivo and in vivo (selectivity Invitro Low fluorescence
SLOH and DBAN- towards monomers and oligomers) quantum yield
OSLM
Curcumin CRANAD-2 Fluorescent Invitro, ex vivo and in vivo (cannot detect — Low fluorescence
derivatives soluble A species) quantum yield
CRANAD-6 Fluorescent - - Does not bind to Ap
CRANAD-23 Fluorescent - - Does not bind to Ap
CRANAD-54 Fluorescent Provided important information about - Short fluorescent emission
binding to AP (in vitro) wavelengths
CRANAD-58 Fluorescent In vitro and in vivo - -
CRANAD-17 Fluorescent - In vitro (inhibition of AB4» copper- -
induced cross-linking)
CRANAD-44 Fluorescent - - Does not bind to Ap
CRANAD-28 Fluorescent In vitro and in vivo In vitro (inhibition of copper-induced Unexpected decrease of
and also natural-occurring cross- fluorescent intensity upon
linking of amyloid) binding to Ap
CRANAD-3 Fluorescent In vitro, ex vivo and in vivo (useful for - -
monitorization of amyloid levels during
therapy in vivo)
CRANAD-101 PET In vitro, ex vivo and in vivo - -
Compound 3 Fluorescent In vitro and in vivo In vitro -
Phenothiazines Compound 4 Fluorescent In vitro In vitro Low water solubility
PHTZ-1 Fluorescent In vitro and in vivo In vitro -
Compound 5 Fluorescent In vitro, ex vivo and in vivo In vitro -
Family Compound Type of Diagnostic activity Therapeutic activity Comments
probe
Styrylquinolines Compound 6 Fluorescent In vitro In vitro Short fluorescent emission
wavelength
Compounds 7 Fluorescent Ex vivo In vitro -
Crown ethers and aza PiB-C Fluorescent In vitro and in vivo In vitro (modification of the zeta Short fluorescent emission
crown ethers potential of the fibrils and inhibition of =~ wavelength
amyloid aggregation)
TBT Fluorescent In vitro In vitro (disaggregation activity for Short fluorescent emission
Cu**/Zn**-induced APy aggregates) wavelength
BTTA Fluorescent In vitro and ex vivo In vitro (disaggregation activity for Short fluorescent emission
Cu**-amyloid aggregates and wavelength
monitorization of this disaggregation)
Others FI Fluorescent In vitro In vitro Short fluorescent emission
wavelength
BPB Fluorescent Invitro and in vivo (distinguishes among  In vitro Short fluorescent emission
AB4o and APy, in vitro, and detects wavelength
amyloid oligomers in blood in vivo)
Compound 8 Fluorescent In vitro (fluorescence emission In vitro Short fluorescent emission

activation upon combination with AI**

ions)

wavelength

5.8. Miscellaneous theranostic agents

FI (Fig. 18) is an hydrazone derived from indole-3-carboxaldehyde
and fluorescein with promising features as a theranostic candidate
against AD [128]. From a therapeutic perspective, this molecule was
able to chelate Cu?>* from preformed amyloid aggregates, as stated in
studies where the decrease of the fluorescence of a tyrosine residue of A
due to binding to Cu®>* was used as a reference and a new emission peak
at 518 nm upon excitation with 465 nm light was found, corresponding
to the emission maxima of FI- Cu®* complexes. This was explained as a
consequence of the opening of the spirolactam ring by Cu®" after some
incubation time with Cu?*-amyloid aggregates, thus providing a fluo-
rescent turn-on effect in vitro. On the other hand, incubation with
Cu?*-free AP aggregates did not display this turn-on effect. In addition,

15

FI showed higher affinity for copper ions than Ap4o and potential to
chelate them from Ap. Further experiments using real CSF, lysozyme Af
aggregates and human astrocyte cells proved the ability of FI to chelate
Cu®* from amyloid aggregates and disassemble and prevent reaggre-
gation of amyloid fibrils. This probe could even disaggregate Ap without
copper ions via noncovalent interactions with amyloid fibrils. Additional
imaging techniques could determine the transformation of the B-sheet
structure of AP aggregates into a random coil upon incubation with FI.
MTT assay showed a good toxicity profile for FI, and BBB permeation
was tested in an in vitro model of a monolayer of endothelial cells, which
FI was able to cross. Further studies in vivo are required to fully under-
stand the role of FI as a potential metal-chelator theranostic candidate
for AD.

BPB is a hybrid structure resulting from the combination of two
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Table 2
Summary of the optical features of potential theranostic agents against AD.
Family Compound Excitation wavelength Emission wavelength Fluorescence quantum References
yield in PBS
Cyanines SLOH 462 nm (PBS) 677 nm (PBS)636 nm (with A fibrils) 0.0033 [84-86]
F-SLOH 470 nm (PBS) 643 nm (PBS)620-625 nm (with Ap fibrils) ~ 0.006 [87,88]
SLM 455 nm (PBS) 677 nm (PBS)625 nm (with A fibrils) 0.0014 [84,89,
90]
DMA-SLOH 520 nm (PBS) 664 nm (PBS) 0.007 [92]
DBA-SLOH 550 nm (PBS) 672 nm (PBS) 0.006 [92]
650-655 nm (with Ap fibrils)
DPA-SLM 505 nm (PBS) 685 nm (PBS) 0.003 [92]
Me-slg 465 nm (PBS) 682 nm (PBS) ~ 0.005 [91]
Slg 467 nm (PBS) 674 nm (PBS) - [91]
DBAN-SLM 486 nm (PBS) 615 nm (PBS) 0.02 [93]
666-680 nm (with A monomers,
oligomers and fibrils)
DBAN-SLOH 504 nm (PBS) 611 nm (PBS) - [93]
667-680 nm (with Ap monomers,
oligomers and fibrils)
DBAN-OSLM 521 nm (PBS) 604 nm (PBS) 0.01 [93]
650-685 nm (with Ap monomers,
oligomers and fibrils)
Curcumin derivatives CRANAD-2 640 nm (PBS) 805 nm (PBS) 0.006 [105,106]
715 nm (with Ap aggregates)
CRANAD-6 (Does not bind to Ap) - - [107]
CRANAD-23 (Does not bind to Ap) - - [107]
CRANAD-54 - ~ 625 nm - [107]
CRANAD-58 ~ 630 nm (PBS) ~ 750 nm (PBS) - [107]
680-720 nm (with A monomers,
oligomers and aggregates)
CRANAD-17 - ~ 600 nm (PBS) - [107]
~ 570 nm (with A species)
CRANAD-44 (Does not bind to Ap) - 0.29 [108]
CRANAD-28 498 nm (PBS) 578 nm (PBS) 0.32 [108,109]
560-590 nm (with A monomers and
aggregates)
CRANAD-3 600-610 nm (PBS) 730 nm (PBS) - [110]
650-690 nm (with A monomers,
oligomers and aggregates)
Compound 3 618 nm (CH,Cl»)617-620 nm (with A 668 nm (CH,Cly) 0.02 [113]
monomers, oligomers and aggregates) 688-697 nm (with Ap monomers,
oligomers and aggregates)
Phenothiazines Compound 4 500 nm (PBS) 680 nm (PBS) 0.053 [119,120]
670 nm (with Ap aggregates)
PHTZ-1 495 nm (PBS) 670 nm (PBS) 0.005 [121]
615 nm (with Ap aggregates)
Compound 5 482 nm (PBS) 670 nm (PBS)610 nm (with Ap aggregates) 0.004 [120]
Styrylquinolines Compound 6 370 nm (PBS) 557 nm (PBS) - [82]
490 nm (with Ap aggregates)
Compounds ~ 480 nm (Hexane, Dioxane) ~ 550 nm (Hexane) - [122]
7 ~ 625 nm (Dioxane)
~ 560 nm (with A fibrils)
Crown ethers and aza PiB-C - 490-500 nm (with Ap aggregates) - [123]
crown ethers TBT 305 nm (buffer: 20 mM Tris-HCl, 150 mM 375 nm (with different metal ions) - [124,126]
NaCl, 8%o v/v DMSO)
BTTA 318 nm (buffer: 20 mM Tris-HCl, 150 mM 386 nm (buffer: 20 mM Tris-HCl, 150 mM 0.18 *(Tris-HCI buffer) [127]
NaCl, 8%o v/v DMSO) NaCl, 8%o v/v DMSO, and with Cu®*)
Others FI 465 nm (FI- Cu* complexes in 10 mM 518 nm (FI- Cu®**" complexes in 10 mM — [128]
HEPES buffer) HEPES buffer)
BPB 365 nm (with Ap aggregates) 395, 500 nm (with Ap4y aggregates)510, - [129]
535 nm (with Ap4, aggregates)
Compound 8 375 nm (upon AI** chelation in Tris-HGl 468 nm (upon Al*" chelation in Tris-HCl - [130]

buffer)

buffer)

scaffolds related to thioflavin T, both aimed at labelling and detecting Ap
while chelating metals, increasing the binding affinity towards amyloid
[129]. The incubation of BPB with Af4g led to the appearance of two
peaks at 395 and 500 nm, showing a strong fluorescence emission
enhancement of BPB upon amyloid binding. The incubation of BPB with
Ap4s resulted in the appearance of two peaks in the longer wavelength
region, at 510 and 535 nm. These findings support that BPB can
distinguish among the two forms of amyloid peptide, something of great
importance due to their different role from early-stage AD in the toxicity
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and nucleation-tendency. Different binding abilities of the two thio-
flavin T analogue-moieties in BPB were found, the 2-phenylbenzothia-
zole moiety having a higher affinity towards A as seen upon
incubation with AB4o. In vivo studies using AD mouse models showed
that BPB can cross BBB and detect and label amyloid plaques, emitting
fluorescent radiation upon excitation with 365-nm light. As a higher
plasma AP4o/AP4o ratio accurately predicts the amyloid load in the
brain, the detection and evaluation of amyloid peptides levels in blood
could serve as a biomarker for the diagnosis of AD [30]. Related to these
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Fig. 19. Selected structures associated to theranostic properties against Alzheimer’s disease.

results, the ability of BPB to detect amyloid oligomers in blood was
assessed. After intravenous injection of BPB to wild-type mice and
transgenic AD mice, BPB could be detected for a strong fluorescent
emission at 500 nm in a blood sample from the latter but not from the
former. This experiment reflected that BPB can effectively detect and
label amyloid oligomers in blood and distinguish among wild-type and
AD mice blood with suitable biocompatibility. In vitro studies with AB4g
solutions revealed that this compound can inhibit Zn?*- and Cu®*-in-
duced AP aggregation and interfere with its self-aggregation; further
studies showed that BPB can coordinate to Zn?" and Cu?* and interfere
with the formation of p-sheets, thus explaining these features. BPB could
also disaggregate high molecular weight amyloid aggregates into low
molecular weight ones in brain homogenates of AD mice. BPB also
exhibited neuroprotective effect and reduced ROS generation induced
by Cu?-Ap in vitro. The ability to differentiate between amyloid pep-
tides APs4o and AP4z and its proved suitability to detect amyloid oligo-
mers in mice blood make of BPB a promising theranostic tool against AD.

The biocompatible, non-fluorescent molecule 8 was designed to re-
lief metal-involved AD pathogenesis, while providing diagnostic infor-
mation due to fluorescence emission activation upon combination with
AI®* jons [130]. Compound 8 is highly selective and sensitive for AI**
with a low detection limit, and its fluorescence turns on upon chelation
with carbonyl, imine and hydroxy groups, with an excitation wave-
length Aexy = 375 nm and an emission maximum Aey, = 468 nm in
Tris-HCl (50 mM, pH = 7.4) upon Al** chelation. This phenomenon does
not occur with other metal ions, although 8 could form complexes with
Cu?*, Zn%* and Fe3*. Moreover, compound 8 could inhibit in vitro am-
yloid self-aggregation and Cu®*-induced aggregation in similar and a
stronger manner than that of curcumin, respectively, and displayed
radical scavenging activity, particularly against hydroxyl radicals and
superoxide radicals with a higher and lower capacity than vitamin C,
respectively. Further research in living systems is needed to evaluate the
suitability of 8 as a theranostic agent against AD.
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6. Summary

Table 1 summarises the main therapeutic and diagnostic abilities of
the compounds mentioned in this review regarding their potential
application as theranostic agents against AD. Table 2 collects the optical
properties of the compounds. Finally, we also summarise in Fig. 19 the
main structural chemotypes that have so far yielded compounds of in-
terest as theranostics potentially useful against Alzheimer’s disease.

7. Conclusions

In the past years, many efforts have been devoted to the discovery of
new diagnostic tools and therapeutic agents against AD. The combina-
tion of these efforts has yielded a number of theranostic candidates for
both the diagnosis and treatment of AD. The theranostic approach rep-
resents a useful strategy considering that in AD the treatment is set too
late due to difficulties achieving an early diagnosis. This type of com-
pounds allows the assessment of the molecule activity, the organism
response and the pharmacokinetics, streamlining the research process
and making these compounds promising for personalized medicine.
With a variety of chemical structures, ranging from cyanine, curcumin
and phenothiazine derivatives to styrylquinolines, crown ethers and
other diverse scaffolds, many compounds have displayed promising
properties as tracers of biomarkers such as amyloid-p and showed
several mechanisms to relief and counteract the different processes
involved in the establishment and the development of the disease. There
is no doubt that theranostics will play a key role in the discovery of new
diagnostic and therapeutic resources for many medical conditions, and
specifically for AD.
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